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Abstract: The rapid changes in nanotechnology over the last ten years have given scientists and
engineers a lot of new things to study. The nanofluid constitutes one of the most significant advantages
that has come out of all these improvements. Nanofluids, colloid suspensions of metallic and
nonmetallic nanoparticles in common base fluids, are known for their astonishing ability to transfer
heat. Previous research has focused on developing mathematical models and using varied geometries
in nanofluids to boost heat transfer rates. However, an accurate mathematical model is another
important factor that must be considered because it dramatically affects how heat flows. As a result,
before using nanofluids for real-world heat transfer applications, a mathematical model should be
used. This article provides a brief overview of the Tiwari and Das nanofluid models. Moreover, the
effects of different geometries, nanoparticles, and their physical properties, such as viscosity, thermal
conductivity, and heat capacity, as well as the role of cavities in entropy generation, are studied. The
review also discusses the correlations used to predict nanofluids’ thermophysical properties. The
main goal of this review was to look at the different shapes used in convective heat transfer in more
detail. It is observed that aluminium and copper nanoparticles provide better heat transfer rates
in the cavity using the Tiwari and the Das nanofluid model. When compared to the base fluid, the
Aly,O3 /water nanofluid’s performance is improved by 6.09%. The inclination angle of the cavity as
well as the periodic thermal boundary conditions can be used to effectively manage the parameters
for heat and fluid flow inside the cavity.

Keywords: nanofluids; hybrid nanofluids; mathematical modeling geometries; convective heat
transfer; entropy generation
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1. Introduction

Researchers have worked to comprehend the structure of nanofluids, evaluate their
heat transfer ability, and analyze their heat transmission mechanisms. Nanofluids consist
of a base fluid and a low volume percentage (between 1% and 10%) of solid particles with
diameters typically less than 100 nm.

Oil, water, and ethylene glycol blends, which are commonly used as heat transfer
fluids, are inefficient heat transfer fluids due to the thermal conductivity of the fluid, which
in turn reduces the heat transfer coefficient between the fluid and the heat transfer surface.

Nanofluids possess unique thermal transport abilities and performance characteristics
not found in conventional heat transfer fluids. Nanofluids have the potential to increase
the heat transfer rates in solar collectors, nuclear reactors, and automobile radiators in
comparison to standard solid-liquid suspensions, for these reasons [1,2]:

e  The large surface area for heat transfer among the nanoparticles and the fluid implies
a high effective thermal conductivity.

e The particles move in a dominating Brownian motion, resulting in a high disper-
sion stability.

e  The pumping power is limited to obtain the same heat transfer intensification as
pure liquid.

e  The conventional slurries are less susceptible to particle blockage, making them ap-
propriate for application in microsystems.

e The changes in particle concentration will effectively change a surface’s thermal
conductivity and wettability to meet the requirements of various applications.

Nanofluids play a vital role in heat transfer, solar energy, heat exchangers, the oil and
gas industry, cooling technology, and thermal energy storage systems. Figure 1 explains
the number of publications on nanofluids per year; the number represents the significance
of the nanofluids for researchers. In Figure 2, the graph represents the publications of
different fields, such as engineering, sciences, mathematics, etc. Figures 3 and 4 define the
importance of nanofluid cavities for the different nanofluid applications.

>

Number of Publications

Figure 1. Number of publications published on nanofluids per year (1 January 2010-
31 December 2021, search word nanofluid on Scopus.com).
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Figure 2. The Publications of nanofluids with respect to different fields of research (source:
Scopus.com).
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Figure 3. Area-wise contribution of publications on nanofluids published in different domains
(source: Scopus.com).

Many engineering and industrial processes lead to the production of entropy, which
consumes all the energy in the system. Knowing how quickly entropy is generated is
critical to obtaining the most out of a system and using the least energy. When studying
porous media, it is often vital to know the fields of temperature and velocity, as well as
the pressure and other similar things. Other factors may also be relevant [3-8]. This is
because the second rule of thermodynamics applies to all reversible flow and heat transfer
processes. The reason for this is the fact that heat cannot be created or destroyed. Yet, the
second law of thermodynamics is not often used to study the entropy. Heat transfer has
demonstrated over the past three decades that the second law of thermodynamics must be
applied when making thermal design decisions for porous media. The researchers believe
that this new technology has a good chance of improving the design of thermal systems.
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Figure 4. Publications on nanofluids using cavities in different disciplines.

The review focuses on the following points, which are shown in Figure 5.
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Figure 5. The flow of the review.

2. Literature Review

Many heat transfer engineering applications rely on the basic features of fluid flows
and their importance in cavities. Oil extraction in grooved wet clutches, thermal energy stor-
age, solar collectors, and heat exchange thermal performance augmentation are examples of
such uses [9]. The examples include building cooling systems, food drying, heat exchangers,
and nuclear reactors [10]. In recent years, many writers have examined natural, forced, and
changing convection in the hollows of various geometries. The shape of lid-driven cavities
is accessible in various structures and geometries in engineering applications, including
square, rectangle, triangle, and trapezoidal, as well as other designs with a wide range
of thermal boundary settings. Table 1 summarizes the information and relevance of the
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cavities, the various nanoparticles, and the various heat transfer phenomena investigations
in various fluids.

Table 1. Nanoparticles and cavities studies in convective heat transfer.

Ref. Type of Fluid Cavities Nanoparticles Mechanism Remarks
. When thermal conductivity decreases, the
Nanofluid, . .
[11] . . Square Cu-water Free convection heat transfer rate also decreases inside
viscous fluid .
the cavity.
. Copper nanoparticles exhibit the highest
Nanofluid, .
[12] . . Square Cu, Ag Natural convection heat transfer rates, whereas Ag
viscous fluid . -
nanoparticles exhibit the lowest.
[13] Nanofluid, MHD Wavy wall cavity - Natural convection Increase in Hartmann number, decrease in
heat transfer.
. The rate of heat transmission as well as
Non-Newtonian . . . . R .
[14] . Porous square cavity ~ Cu Natural convection the various irreversibilities all improve
nanofluid . . .
with a higher Rayleigh number.
[15] Nanoﬂuld,. Triangular } Free convection As Rayleigh and I.ﬂew1s values drop,
viscous fluid average Nusselt rises.
The inclination angle = 77/2,
[16] Ferrofluid Trapezoidal Fe304 Natural convection demonstrating the instabilities inherent in
heat and fluid flow.
[17] Nanoﬂuld,. Lid-driven cavity CuO Mixed convection .Addmg. nanoparticles is more valuable for
viscous fluid improving local heat transfer.
Nanofluid, . MHD, Natural Increa§es in the number of un.dulatlons
[18] . . Inclined wavy CuO . result in a decrease in convective flow and
viscous fluid convection . .
an increase in heat transfer.
Nanofluid, Porous undulant wall . As heater temperature rises, fluid Nusselt
[19] . . . - Natural convection number drops. Local Nusselt number
viscous fluid cavity . . Lo
increases when the cylinder is raised.
Nanofluid, . MHD, Free As Darcy and Ralel.gh values increase, so
[20] - . Open porous cavity CuO . does the rate at which warmer
viscous fluid convection .
fluid leaves.
Nanofluid, . MHD, Free Angle of inclination of the magnetic field
[21] . . Rectangular cavity CuO . increases; the average Nusselt number
viscous fluid convection .
decreases as the Hartmann number rises.
The best heat transmission performance
for high and low Ra values can be seen in
Nanofluid cases D (hot and cold points are located at
[22] . ! Porous cavity CuO Natural convection the top of the cavity) and C (hot and
viscous fluid . .
freezing points are located at the top and
bottom of the hot and cold walls,
respectively).
Nanofluid, Lid-driven cubic MHD, Forced A magnetic field enhances the heat
[23] . . . Al O3 .
viscous fluid cavity convection transfer rate.
Temperature gradients are proportional to
) Nanofluid, . . Darcy and Reynolds numbers. Increased
[24] viscous fluid Porous cavity AlOs-H,0 Forced convection Lorentz forces result in a decrease in the
Nusselt number.
The results reveal that using nanoparticles
with a platelet form results in the highest
. . MHD, Forced heat transmission rate. Nusselt number
(251 Nanofluid, Porous cavity Cu-H0 convection increases with the Darcy and Reynolds
numbers but drops as the Lorentz
force increases.
The heat transmission rate increases as the
Nanofluid Porous corrugated Rayleigh number and wavelength
[26] ’ cavity, rectangular - MHD parameter are raised. The Darcy and

viscous fluid

shape cavity

Hartmann numbers have no discernible
influence on the temperature distribution.
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Table 1. Cont.

Ref. Type of Fluid Cavities Nanoparticles Mechanism Remarks
Micropolar As the porosity advances in response to
po‘ar Conjugate natural the low pass, traditional Naiver—Stokes
[27] nanofluid, viscous ~ Square CuO Jug P
fluid ’ 4 convection equations govern the flow of the
nanofluids.
An increase in heat transfer compared to
the base fluid (water) has been seen for all
Nanofluid Rayleigh number ranges (Ra). For the
[28] . 7 Square CuO, Al,O3, Ti,O  Natural convection urpose of describing heat transfer rates
viscous fluid ! purp 5
and temperature patterns created utilizing
heat lines, the presence of viscous or
buoyant forces is critical.
Thermodynamically A significant rise in pore pressure and
[29] Non-viscous fluid  Spherical cavity - coupled dlsplacements.due to the existence of
heat and water flow thermodynamically connected flows, but
does not affect temperature.
The sole use of nanofluid in a transparent
cavity demonstrated that raising the
Nanofluid, . nanofluid volume fraction increases Nu
[30] viscous fluid Square CuO Natural convection for Ra = 103, while there is an ideal
concentration for different Ra values to
optimize the average Nu.
Non-Newtonian Increasing the Lewis number boosts the
[31] nanofluid, Porous cavity - Natural convection overall irreversibility. Mf)re(?ver, as the
viscous fluid number of buoyancy ratios increases, the
overall generation of entropy increases.
The increase in the Hartman number
[32] Ferrofluid Square cavity Cobalt Natural convection negatively impacts isotherms and
streamlines circulations.
Heat transport declines with increasing
[33] Ferrofluid Linearly heated Kerosene and Natural convection volume percentage of ferromagnetic
cavity cobalt particles at the nanoscale for different
Rayleigh numbers.
Nonuniform heating of the bottom wall
] . . . causes a faster rate of heat transfer to the
[34] Viscous fluid Square cavity - Natural convection centre of the bottom wall than uniform
heating does for all Rayleigh numbers.
Calculating maps of local entropy
Newtonian fluid, . . . generation is possible and can provide
[35] . . Inclined cavity - Natural convection 1. ' .
viscous fluid vital information for choosing an
appropriate inclination angle.
Nanofluid, Nanofluid-filled MHD, Natural Heat transport decre.ases when t he
[36] viscous fluid cavit Cu convection Hartmann number rises for various
y Rayleigh numbers.
[37] Nanofluid, Porous wavy wall Natural convection The rate of heat transmission dramatically
viscous fluid cavity increases as dispersion increases.
According to the findings, increasing the
Nanofluid viscosity change parameter enhances
[38] viscous flu’i d Square porous cavity - Natural convection convective flow and heat transmission in a
porous medium but has the opposite effect
in pure fluids.
The thermophoresis, buoyancy ratio, and
phase deviation are progressive functions
[39] Viscous fluid, Square borous cavit ) Natural convection of the Nusselt and Sherwood values.
nanofluid q p y Additionally, this includes the Lewis
number, Brownian motion, and amplitude
ratio’s decrementing functions.
] . Heat transfer and flow have no effect on
[40] I\:;;Cg;siguld’ Square cavity Cu-water Ic\gE\Z’c i\il(?rtlural the direction of a slip wall when slip

parameters are present.
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Table 1. Cont.

Ref.

Type of Fluid

Cavities Nanoparticles

Mechanism

Remarks

[41]

Viscous nanofluid

Square cavity -

Free convection

Heat transfer and flow have no effect on
the direction of a slip wall in the presence
of slip parameters.

[42]

Viscous nanofluid

Lid-driven cavity Cu-water

Mixed convection

Heat transfer could be improved by up to
8.3% with the improved heterogeneous
porous medium.

[43]

Incompressible
viscous, nanofluid

Square cavity -

Natural convection

The effect of thermophoresis results in a
low concentration of nanoparticles near
the porous wall’s hot vertical interface.
However, there is a high concentration
near the cold vertical interface.

[44]

Viscous nanofluid

Square cavity Al,O3 water

MHD, Mixed
convection

With a constant Richardson number, the
maximum stream function value increases
when the porosity parameter and the
Darcy number are increased.

[45]

Nanofluid flow

Rectangular cavity CuO

Natural convection

The rate of heat transfer increases as the
number of grooves on the inner rods
increases.

[46]

Viscous nanofluid

Porous cavity -

Mixed convection

Heat transfer is enhanced when the
number of petals is even, as opposed
to odd.

[47]

Non-Newtonian
nanofluid

Fe3O4, CuO, and

Rectangular cavities ALOs

MHD, Thermal
analysis, entropy
generation

The geometric parameters increase the
local and average Nusselt numbers, as do
the various entropy generation terms.

[48]

Ferrofluid

Porous cavity Fe;04-H,0

Natural convection

The magnetic field is an excellent heat
transfer controller.

[49]

Nanofluids

Square cavity Cu

Natural convection

Cu provides maximum heat transfer.

Nanofluid,
incompressible

Square vented cavity -

Changes in porosity have a more
significant influence on heat transfer with
lower Richardson values. This results in
an increase of around 79 percent in the
Nusselt number in the best condition at
conductivity ratios of 33.33 (Ri = 0.1) and
17.4 percent in the worst situation at
conductivity ratios of 10 (Ri = 10).

Mixed convection

Closed cavity flow and heat transfer problems are more complex than open channel
flow and heat transfer problems. Many challenges must be overcome, including geometry
and boundary conditions, the type of governing equations used, and the finding of the
optimal numerical solution. A large amount of literature may cover these critical physical
difficulties. This crucial research topic has risen to prominence due to its unavoidable ap-
plications. Examples include home heating and cooling, microprocessors, air conditioning,
solar collectors, and other related uses. The researchers have always worked to improve
the performance of such procedures to increase their efficiency.

Many researchers have conducted experimental and mathematical experiments, the
results of which have been published. Due to the low thermal conductivity of conventional
heat transfer fluids such as water, oil, and ethylene glycol, the use of mono and hybrid
nanofluids can provide a higher heat transfer rate. It is the most significant impediment
to improving the performance and compactness of many electrical engineering devices.
The Rayleigh number is an important parameter regulating heat transmission in porous
media. The researchers investigated how the Rayleigh number, the nanoparticles’ solid
volume fraction parameter, the porosity of the porous medium, the porous medium, and
the factual matrix of the porous medium affect the flow field, temperature distribution, and
the Nusselt number [51-53].

Inside the cavity, regardless of the Rayleigh number or the material used to create
the solid porous medium matrix, only one circular circulation flow occurs. The flow cell
elongates along the horizontal axis as the Rayleigh number increases, and the boundary
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layers thicken. It strengthens conventional flow. The increase in Rayleigh numbers for the
glass beads used as the porous medium’s solid matrix results in a decrease in the porosity
range where the heat transmission by convection is low [9-15].

Modern metallurgy and metalworking are fascinated by the MHD flow and heat
transmission of electrically conductive fluid because it transfers a considerable quantity
of energy. In numerous technical applications, such as MHD generators, plasma research,
nuclear reactors, fuel from geothermal sources, and metal from non-metallic enclosures,
MHD generators are researched.

As the Hartmann number (Ha) grows, heat conduction becomes the predominant
mechanism of energy transfer, followed by commensurate declines in the heat transfer rate,
ferrofluid rate, and entropy creation rate. The best values for the magnetic field tilt angle
and intensity selection vary with the engineering application, even if the oscillation phases
for the mean Nusselt number and average entropy generation are the same. When the
porous layer is kept thick, heat transport will be slowed, and entropy will increase.

MEMs, coating and solidification, food processing, and nuclear reactor cooling are all
important geotechnical engineering applications for lid-driven cavities. The interaction
between shear-driven flow and buoyancy is quite complex, and it has a significant impact
on how efficiently flow mixes and heat are transferred. Using numerical simulations for
various flow parameters, it is possible to simulate mixed convection and entropy generation
in nanofluid-filled lidded cavities under the influence of inclined magnetic fields imposed
on their upper and lower triangular domains. The effect of the magnetic tilt angle was
found to be more pronounced for common values of the Richardson number (Ri) and
negligible for high values of Ri. Entropy generation decreases as the Ra value increases.
Due to the high temperature gradients along the bottom, the effect is more prominent in the
lower triangular area. Entropy production declines as the solid volume fraction increases.
As the Ha grows, the suppression of fluid motion inside the cavity for the bottom and upper
triangular domains reduces the total development of entropy [13-15]. The researchers also
work on different non-Newtonian nanofluid models to find out the maximum heat transfer
rate [31,54].

In most engineering applications, the system boundaries can take a curved shape.
This technology is used to build robots, toys, spacecraft, and other electrical gadgets.
The irregularity of the grid at the boundary points makes it more difficult to solve these
geometries using computing than it is to solve problems involving the solution of regular
shapes such as squares, circles, or rectangles. In these kinds of situations, cavities can be
heated by one or two walls running the length of the wall, a full-wall partial heater, or both.
It is common practice in the design of electronic devices for nanofluid or neat fluid-filled
chambers to include either a partially or a completely recessed heating source. It has been
said that the higher the Hartmann number, the less the convection flow and heat transfer
rate, but the overall generation of entropy increases [55,56]. As a result of the fact that
the radiation parameter can be either an increasing or a decreasing function of the Darcy
number, it influences the transmission of heat and the flow of fluid. As a result of the fact
that the heater and the cooler are in separate locations, the angle of inclination of the cavity
shifts quite a bit, which has a significant impact on the flow of fluid and the temperature.
The influence of the magnetic field also has the additional effect of decreasing the heat
transmission rate inside the cavity. This is true because when the magnetic field is applied
in the horizontal direction, pure conduction becomes the primary mode of operation [56].
Free convection and conduction mechanisms are responsible for most of the heat transfer.
When added to the base fluid, nanoparticles have the potential to raise the viscosity of
the nanofluid while simultaneously enhancing the thermal conductivity of the nanofluid,
which has the effect of reducing the strength of the convective flow field. A similar thing
can occur when a porous layer is applied; the rate of heat transfer by conduction will
increase, while the rate of heat transfer via free convection will decrease.

Entropy generation has garnered significant attention owing to its reputation in numer-
ous natural and industrial applications. For example, studying the rate at which entropy
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is created is essential in engineering because it helps them figure out the irreversibility of
thermodynamics more accurately [57-60].

In the past two decades, much of the research has focused on convective heat and mass
transfer through porous media. Numerous engineering applications involving forced and
free convection in permeable channels and cavities with simple and complex geometries,
such as rectangular cavities and cylindrical containers, have been studied using various
numerical, experimental, and analytical techniques.

The entropy generation function quantifies the level of irreversibilities accessible in a
process. When irreversibilities are present, the performance of the engineering equipment
decreases, and the entropy generation function is used to determine this level. As the
development of entropy is the criterion for measuring the available work destruction of
systems, minimizing the effect of entropy is crucial to achieving the optimal design of
energy systems [61].

Additionally, entropy formation causes systems to either decrease usable power cycle
outputs, as with devices that produce power or increase power input and as with devices
that consume energy [62], which is why the second law is more reliable.

3. Significance of The Review

Nanofluids offer an extensive array of applications in engineering challenges, as they
do in aerodynamics, nuclear reactors, heat exchangers, etc. They produce impressive results
that entice researchers to employ them for various applications. Several reviews [62—66]
on nanofluids help researchers and scientists to gain more knowledge and to apply it to
different industrial problems to solve them and obtain convincing results. Still, according
to a thorough literature review, the appropriate mathematical models play a critical role
in enhancing heat transfer, saving energy, and lowering production costs in various real-
world applications. However, there are very few reviews. Much research is currently
being conducted in the literature on the use of cavities in nanofluid flow in convective
heat transfer [10,67-69]. We prepared a review of the mathematical models and the use of
cavities in nanofluid flow for convective heat transfer and entropy generation, which are
giving efficient results in different applications such as thermal energy storage systems,
cooling technology, and temperature control systems in buildings and infrastructure.

4. Mathematical Modeling

In nanofluid flow, different mathematical models are employed to predict how the
flow will behave to improve heat transfer by using different shapes and cavities. The
two-phase nanofluid model of Buongiorno [70], the nanofluid model of Tiwari and Das,
the Brinkmann model, and the Darcy—Forchheimer Extended Brinkmann model [71] are
well-known models. According to the literature, the model of Tiwari and Das is very
efficient for a uniform flow of nanofluids; thus, we delve deeper into the Tiwari and Das
model in this review; however, the study on this model has not been published.

4.1. Tiwari and Das Nanofluid Model

Tiwari and Das [72] created a mathematical model of a single-phase nanofluid to study
nanofluid behavior in a square cavity driven by a differentially two-sided cavity. Three
distinct situations were considered, as seen in Figure 6. The left (cold) wall rises in this
scenario, whereas the right (hot) wall flowers. In cases II and III, the left wall descends,
the right wall ascends, and both walls ascend simultaneously. In all three scenarios, the
moving walls travel at the same speed, and the gravitational force is parallel. The following
steps of the fluid flow were observed:



Processes 2023, 11, 834 10 of 24

d b ¢
adiabatic abatt /
Vp RTHTH@HnrHhoH adiabatic Vp Vp adiabatic L
AN ALY
TC R Th
¢ I g Th Te g Th

adiabatic adiabatic adiabatic
Vp
X X X

Figure 6. The geometry of the Tiwari and Das model (a) case 1, (b) case 2 and (c) case 3 [72].

In Figure 6, V), defines the velocity of the moving liquid, where T; and T}, represent the
temperatures at the hot and cold walls of the cavity and g is gravity. In Figure 6, a, b, and ¢
represent the three different cases of temperature distribution in heat transfer in the cavity.

The mathematical model is composed of the following equations:

ou~  Jdv~
o oy 0 @
ou~ n au:Z n au’._v’ _ 1 aip_ Heff 8211’ a%i* 2
ot dx dy Pnfo 0X Pufo \OX~2  dy~2
00” uwoT 2 1 0p | Feff (v 9%u 1
AT T T T W~ Pufo Oy + Pnf0 (Bx*Z - By*Z) + pnf/o((PPs,Oﬁs‘F (3)

(1= @)osoBs(T—Tc)),

oT ou-.T ov .T (82T aZT)
J— —anf

o T Ty T a2 @

Frari oy 2

Kegs
Xpf = ’ @)
n f ( pCP ) n f,O
where u~, v~ are the x~ and y~ components of the velocities, respectively, and x~, y~ are

the horizontal and vertical components, respectively, of the cavity. The physical parameters
of the nanofluids employed in this model to solve the problem are summarized in Table 2.

Table 2. Thermophysical properties employed in the Tiwari and Das model.

7

Effective Viscosity Heff= (17,;)2-5

Effect of density at reference temperature Puf0 = (1= @)os0+ Ppsp
Heat capacitance (PCP)nf =(1- ?)(PCP)f + ¢(pCp)s

kegr (ks 2kp) =2 (ks —ks)

Thermal conductivity ki T (ko2 )Tk —k.)
.. . K = Ker=ky
Thermal conductivity enhancement coefficient Kric—Ky

The Tiwari and Das models are some of the most attractive models for modeling
Newtonian fluids (nanofluids) among researchers. This model’s capacity to replicate a
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wide range of Newtonian nanofluids is one reason for its appeal. Table 3 summarizes some
of the studies conducted on Newtonian fluids in cavities. These investigations used the
Tiwari and Das models to determine fluid flow in cavities.

4.2. Role of The Entropy Generation in Cavities

Improving heat transfer efficiency in areas such as electronic cooling, heat exchangers,
and food drying is one of the most complex engineering challenges. In certain industrial
applications, the dispersion of solid nanoparticles with high thermal conductivity in a pure
fluid to increase the heat transfer rate has recently gained popularity. For example, one
of the fluid-based coolant alternatives for cooling electronic chips and processors with
high cooling requirements is this fluid-based coolant, which incorporates nanoparticles
suspended in pure liquid [73].

The researchers study entropy generation using square, U-shaped, triangular, and
wavy cavities, copper and aluminium nanoparticles, and the Tiwari and Das nanofluid
mathematical model [58,73-77]. The experts have also researched how nanofluids move
heat through cavities driven by lids using mixed convection. In a variety of industrial
system preferences, mixed convective flow and heat transfer in cavities can be performed,
including ingot solidification, float glass processing, coating or continuous reheat furnaces,
and any other place where a solid material or heat moves from one chamber to another,
because the wall moves and the temperature changes, shear force, and buoyancy force all
play a role in how heat moves.

Adding nanoparticles reduces the buoyancy effects for the current range of parameter
values, and the forced convection heat transfer mechanism takes over as the dominant
heat transfer mechanism. It is possible to achieve much more heat transfer than entropy
generation in a nanofluid at high Grashof numbers. This is true for many Reynolds and
Grashof numbers [74,75]. In a corrugated cavity, increasing the Raleigh number intensifies
the convective flow and heat transfer. In contrast, increased fluid friction causes a decrease
in the average Bejan number. A convective plume forms above the upper wavy ridge as
the Ra increases, as do the non-monotonic changes in the mean Nusselt and Bejan numbers
over time. The primary convective flow inside the cavity becomes more intense as the
number of ripples increases, and the domain of interest cools more rapidly. The effects
of increasing the number of ripples are as follows: as k increases, the heat transfer rate
and average entropy generation due to heat transfer decrease, lowering all the critical
parameters considered [77]. To better understand heat transfer and entropy generation
in a cavity with sinusoidal roughness elements on the bottom wall, the researchers [76]
used numerical simulation. Following careful examination, the results show that entropy
generation due to heat transfer contributes significantly to the increase in total entropy
generation. At low Ra and low Re, the entropy generation could be kept to a bare minimum
at a constant N and A, where A is the amplitude of the roughness surface on the cavity’s
surface. Adding a minor feature to a heated surface could be an excellent alternative to
smooth surfaces to reduce entropy and increase the amount of heat that can be transferred.

The generation of entropy in a nanofluid under LTNE for different positions of the
heated wall of the enclosure has been studied using the nanofluid models of Tiwari and Das.
This research is beneficial in improving system performance while simultaneously reducing
entropy generation. The irreversibility of the system is significantly controlled by buoyancy
and magnetic forces, with the angle of inclination of the magnetic field having only a
marginal effect. When the heated wall is located in the upper part or vertical wall of the
envelope, the geometry of the angle of inclination affects the irreversibility. However, this
does not change the irreversibility of the two heated wall positions on the other side [78].

Finally, it is possible to improve or optimize the thermodynamic performance of
engineering systems by employing strategies such as entropy generation analysis and
minimization, which are both effective approaches. The development of these approaches
spans multiple decades and has resulted in the creation of design processes, the evolution
of which has been driven primarily by the assistance of computer resources. Entropy
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generation analysis is harder to use with non-steady processes because you have to look for
an optimal time history, which means minimizing the amount of entropy made in a finite
amount of time. Because of this, entropy generation is rarely used to deal with transient
operations and conditions that are not what was planned. This is a big gap in the research
because most of the energy systems that people are interested in right now, such as energy
storage, solar systems, and micro-cogeneration, work under unsteady state protocols or are
affected by natural changes in the time of the primary energy inflow.

4.3. Impact of the Correlations of Thermal Conductivity in Cavities

The researchers are trying out different cavities in nanofluid flows to see which ones
allow heat to move the fastest. In this section’s middle part, we will talk briefly about
the extension of the Tiwari and Das single-phase nanofluid mathematical model and the
extension of different correlations in the physical properties of nanoparticles, such as
the thermal conductivity, specific heat capacity, and viscosity correlation of nanofluids
in cavities and how they affect heat transfer. Tables 3 and 4 provide the details of the
thermophysical properties used in different geometries with the Tiwari and Das model.

Table 3. Different thermal conductivity correlations used by researchers using the Tiwari and Das
model for various geometries.

Ref. Cavity/Geometry N.P Thermal Conductivity Remarks
Heat transfer rate increases in the range of
kp+2kp—2¢ (kK &
[791 Square Ag K = kf 2y 20ty p) 6.3-12.4% at @, = 0.05.
kp-+2k+2¢ (k—kp )
Heat flow rate increases with nanoparticle
— 2
(801 Chamber Al2Os kuy = ky (1+2:9449 +19.67297) concentration for high Rayleigh numbers.
. . Less conductivity of the solid material reduces
3eg(kp—k y
[11] Porous square cavity Cu Knng = ki (1 - %) convective heat transport within the cavity.
m\Ep R fTeNt iy
Reduction in the porosity upsurge of the thermal
. . 3eg(kp—k conductivity of the porous matrix, whereas
[81] Porous parabolic cavity Cu, ALL,O3 Knf = km (1 - %) decreased inclination angle and aspect ratio
AR A exacerbate the heat transfer degradation.
. For all Rayleigh numbers, increases the
Triangular . Kotk o —20(kr—k . - .
[82] cavit Cu, CuO, ALO3, TiO, ko —k s T2k —2¢ ( f S) nanoparticle volume in pure water and increases
Y o T vk ok —ks) the rate of change in the heat transfer rate.
83] Square porous cavity Cu, Aluminum foam P 3€¢(kf k) Thgrfrlna.:isftlratlf}.caltéon has a critical effect on heat
mnf = Km PRTRE T P (kp+2kf+¢(kf*kp) and fluid flow fields.
While the combined action of Dufour and Soret
. diffusions increases the heat transfer coefficient,
A — 2 4
[84] Moving needle AlLOs kg = ky (1+2944¢ +19.672¢ ) the mass transfer coefficient shows a dual
behavior.
[85] Triangular cavity ALO; A kp2ky 72(?(,77,{”) 2t4I§12=63/OO, the average heat transfer enhances
nf T kp+2k+o(kr—kp) R
The average Nusselt number decreases with the
. ) _ 2 increasing nanoparticle volume fraction for all
[86] Wavy wall cavity kug = k(1 +2.944¢ +19.672¢%) inclination angles except = /4, where
nanoparticles improve heat transmission.
L . - - The addition of suction and sliding results
ks+2k 29 (k ¢ —k
[87] Shrinking sheet TiO,, ALO3, Cu knp = k¢ (7: = kf " (<k f ks)) ) expands the range of existing dual solutions.
S f f7 S
The skin friction coefficient and the local Nusselt
[88] Shrinking sheet TiO,, Al,O3, Cu P ks+2kp—2¢ (k f *“S) number at the sheet’s surface upsurge as the
nf = e f+(p(k ffkg) suction rate increases.
The addition of ferromagnetic particles
[89] Rotating disk Fe;04 ke — k ks +2kg—2¢ (k f *ks) improves the convective heat transfer coefficient
A I +2kf+¢(kf—k5) of water.
Hybrid nanofluids may be recommended for
[90] Porous cylinder Au-Ag H20 K2 42k, £ -2, (knf*ksz)ksl 12k 29 (kf *k51) heat transfer applications to improve the

Jky thermophysical properties of conventional fluids

kep+2k,, e+ (K r—kgp )ksq +2k 7 (kr—k 5
275 nf 2("/ 52) SIS 1<f 51) and mono nanofluids.

[91]

Sheet

Cu, ALO; or — &y (ks ok f72¢(k f*ks) ) Cu gives best performance as compared

ks+2k g+ (kp—ks ) to AlOs.
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Table 3. Cont.

Ref. Cavity/Geometry N.P Thermal Conductivity Remarks
[92] Sheet Cu, ALO3 _ ks +2k— 2‘”(" - "S) Cu gives maximum heat transfer rate.
up = kp| —L—L g
f= ks+2k -+ (kp—ks )
(93] Vertical cone TiOy, ALOs, Cu Ks 42k Z‘P(kf ks) The size of the nanoparticle is significant in heat
knp = / transfer enhancement.
ks+2k +4)(k ks)
f -
Alumina and copper nanoparticles have the
94 Cone Cu, ALO3 ks +2k ¢ — 29’ k I "5) lowest and highest values of the skin friction
k g
knp = kg ks+2k +q)(k ks) coefficient.
f -
[95] Circular cylinder TiO,, Al,O3, Cu k ks +2k — Zqz(k - kb) Cu gives maximum heat transfer.
np = kg ks+2k +¢(k ks)
f -
[96] Shrinking sheet TiO,, Al,O3, Cu _ ks+2k =2 (kr—ks ) Zq)(k - k<) Cu gives maximum heat transfer.
ng = K k5+2kf+(,u(kf s)
The concentration increases considerably as the
[97] Porous channel Cu —k ks+2k 29k —ks ) 2"’ ) Schmidt number and chemical reaction
P\ ek o (kg ) parameter increase.
Table 4. Specific heat capacity and thermal diffusivity used by researchers using Tiwari and Das
model in different cavities/geometries.
Ref. Cavity Nanoparticles Specific Heat Capacity Thermal Diffusivity
13
[79] Square Ag (0Cp)us = (1= @) (0Cp) s + @(0Cp)p typ = (pcf,f)
n
f
[80] Chamber Al O; (PCp),p = (1= @) (pc); + @(pc)p -
[11] Porous square cavit: Cu T G p)—(eCp), __Fmnf
q y (pCp)m”f =1 o), Cmnf (PCP)y,f
[81] Porous parabolic cavity Cu, Al,O3 (0Cp), - = [1— @ (PCP)f’(PCP)p g = Kn f
ninf (o) (vCp).s
Tri lar .
[82] cavity Cu, CuO, Al,O3, TiO, (0Cp), = (1= @) (Cr); + @(pCp), = ey
[83] Square porous cavit Cu, Aluminum foam _ _ (eCp)p=(rCp), = Fwnf
q P y (pCp)m”f = (pCp),,[1 — €9 o), Xpnf (pCP)nf
[84] Moving needle ALO3 (0Cp),p = (L= @) (pc)  + @ (pc)s -
[85] Triangular cavity AL Os (0Cp),p = (L= @) (pc)ys + @(pc), -
. 3
6] Wavy wall cavity - (0C),y = (1= 9)(p0); + 9(¢0), S
n
f
[87] Shrinking sheet TiO,, Al,O3, Cu (0Cp),r = (L= @) (pc) s + @ (pc); ay = (fﬁ;f)
n
f
(s8] Shrinking sheet TiO, ALO;3, Cu (0Cp)ys = (1= @) (pc)  + plpc); fy = (';‘Pf) .
n
[89] Rotating disk Fe;04 (PCp), ;= (1= @) (pe) s + @ (pc), -
[90] Porous cylinder Au-Ag water (1= 2) {(1— 1) (pCp) s+ 1(0Cp) 1 s+ P21 (pCp)., ay = (péi’?i")f
hnf
3
[91] Sheet Cu, ALOs (pC)yp = (1= @) (pc); + @(pc), Wy = (pcgf) ;
n
[92] Vertical cone TiO,, Al,O3, Cu (PCP>nf =(1- (P>(Pc)f + @(pc), an = (pé;f)
n
f
(931 Cone Cu, ALOs (PCp)yy = (1= @)(pc) s + 9(pc), = %
n
f
[94] Circular cylinder TiO,, AL, O3, Cu (PCp),p = (1= @) (pc) s + @ (pc), a, = (pé’[”J;
nf
[95] Shrinking sheet TiO,, ALO3, Cu (0Cr),r = (1= 9)(pc) ; + (pc), %=1 é,,f)
n
f
3
[96] Porous channel Cu (0Cp) s = (L= @) (pc) ; + ¢(pc), ay = (pcgf) ;
n

Tables 3 and 4 list the different types of nanoparticles, geometries, and cavities and
the correlations between the thermal conductivity, specific heat capacity, and viscosity that
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the researchers found in the nanofluids and hybrid nanofluids using the Tiwari and Das
single-phase nanofluid model to obtain the most heat transfer.

Using nanofluids with different shapes and cavities is a better way to improve thermal
performance than using each method separately. When researchers talk about nanofluids,
they discuss fluids with nanoparticles in them [71,98,99]. Nanofluids are used for several
reasons, the most important of which is that it is well known that they have better ther-
mophysical properties, most notably higher thermal conductivity. Nanofluids are used
for many different reasons, but the most important one is that it is well known that they
have better thermophysical properties. The thermophoresis effect was caused by Brownian
motion, which was caused by the increase in thermal conductivity [100-102]. Numerous
pieces of research have reported on distinct cavities that contain a variety of nanofluids;
these are described in Table 3.

The researchers have extended the Tiwari and Das model by incorporating different
thermal conductivity correlations to achieve the greatest heat transfer rate possible using
different nanoparticles in the nanofluid flow and various geometries. Most authors examine
the thermal conductivity correlations and specific heat capacitance and viscosity with the
Tiwari and Das model, as given in Equations (6)—(8):

ks -+ 2kp — 20 (ky — ks

kpp=ky , (6)
s+ 2k + (kg — ks
(0Cp),r = (1= @) (pc) s + (o), @)
_ K
Hnf = (1 _ (P)2'5 ’ (8)

In Equations (6) and (7), k;s defines the thermal conductivity of the nanofluid; k¢
represents the thermal conductivity of regular fluids; ks defines the thermal conductivity
of the solid, and ¢ defines the nanoparticle concentrations; p defines density; Cp explains
the heat capacity; y explains viscosity; and the subscripts f and nf represent the fluids
and nanofluids. Chen [97] developed the mathematical model in the parameters of the
dimensionless flux function and temperature, taking into account the Darcy—Boussinesq
approximation and other factors.

The numerical analysis was carried out using the Tiwari and Das nanofluid model,
which was updated to include more accurate empirical correlations for the physical
parameters of the nanofluids. The author used the following correlation for thermal
conductivity and specific heat capacity for the porous square cavity, as provided in
Equations (9) and (10):

3eq(k — k
Knf =k | 1 — E(P(f p) )
(e + 2k + @ (kg — )
Cp); — (pC
(0CP g = (0Co)[ 1 — e T~ 0, (10)

(pCP)m

where ks represents the thermal conductivity of nanoparticles inserted in a porous
medium; k;, represents the thermal conductivity of the porous medium,; e represents the
porosity; ¢ represents the initial concentration of the nanoparticles; and the indices f and
p represent the nanoparticles and clear fluid, respectively, and k;; represents the thermal
conductivity of the porous medium. The use of copper nanoparticles in a porous square
cavity results in a significant increase in heat transfer efficiency. The authors use aluminum
foam and a glass bulb as porous media in the problem. The impact of copper nanoparticles
in combination with aluminum as a porous medium increases the thermal conductivity,
and as a result, the maximum heat transfer rate is attained.
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The researchers in [79,80,84,86] use the thermal conductivity correlation and specific
heat capacitance in a nanofluid flow in a chamber, moving the needle and wavy wall cavity
together with the Tiwari and Das model, as given in Equations (11) and (12):

Kug = kg (1 +2944¢ + 19.672(p2) (11)

(0Cp)yp = (1= @) (pc) s + (pc)p (12)

The above correlations also provide a maximum heat transfer rate. In hybrid nanoflu-
ids, the correlation of thermal conductivity and specific heat capacity is defined in
Equations (13) and (14):

Koy + 2Ky — 292 (g = ksy ) sy + 2K — 201 (ky — ks, )
Koy + 2k + @2 (Kug — sy ) s, + 2K + g1 (g — ks,

(13)

(1= 92){ (1= @1)(9Cp) ; +1(oCp),, | + @201 (9Cp),, (14)

In Equations (13) and (14), s; and s, define the solid particles of hybrid nanofluids.
When it comes to improving heat transfer, the thermal conductivity and viscosity of the
fluids play a significant role in the final product. It has been discovered that the utilization
of hybrid nanofluids can boost the thermal conductivity of nanoparticles, which ultimately
results in the highest possible rate of heat transmission.

The thermal conductivity of nanofluids is known to be superior to that of base fluids, as
has been observed by the vast majority of the authors. The greater the concentration of par-
ticles, the higher their value. There are a number of factors, including temperature, particle
size, dispersion, and stability, that influence the nanofluid’s thermal conductivity [103].

4.4. Imapct of the Nanoparticles in Cavities

When it comes to solving a variety of engineering challenges, nanoparticles play an
essential function in increasing heat transmission. The selection of nanoparticles to be
carried by the nanofluid flow results in the highest possible rate of heat transmission. Waini
and colleagues [84] investigated the effects that nanoparticles have on the flow of fluid and
the transfer of heat. The authors were able to realize the flow of the Al,Os-water nanofluid
on a thin moving needle by using the model developed by Tiwari and Das. This model
takes into account the Dufour and Soret effects. If the Schmidt number is 1, it means that the
viscosity and the mass diffusion rates are both the same. The researchers in [81] discovered
an increase in the rate of the heat transfer of nanofluids inside a porous parallelogram
enclosure filled with a nanofluid. These findings were the subject of a numerical study
using copper and alumina nanoparticles, and the researchers discovered that the presence
of nanoparticles decreases the rate of heat transfer in all of the scenarios that were studied.
When applied to porous media, as shown in Figure 7, the nanofluid does not give the
greatest amount of heat transmission. This is demonstrated by the given fact.

The use of nanofluids is not adequate for applications involving heat transmission
in porous media. It is also possible to see that the increase in heat conductivity of the
porous matrix is accompanied by a decrease in the matrix’s porosity. Nevertheless, the
rate at which the heat transfer is reduced would increase with a reduction in both the tilt
angle and the aspect ratio. On the other hand, one may also see that an increase in the
thermal conductivity of the porous matrix is accompanied by a decrease in the porosity of
the matrix. However, a decrease in the tilt angle and an increase in the aspect ratio would
result in a faster rate of heat transfer.
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(b)

Figure 7. Effect of nanoparticles on heat transfer in porous media (a) case 1, (b) case 2 [81]. The

subfigure a and b represent the behavior of nanoparticles in porous media in two different cases.

The author in [84] examines the heat transfer problem by natural convection, identi-
fies the effects of aluminum foam, glass beads, and Cu nanoparticles, and indicates that
nanoparticles in nanofluids can the improve heat transfer performance. Copper nanoparti-
cles perform better than other nanoparticles because Cu has higher thermal conductivity
than the other three nanoparticles; this enhances heat transmission in the given problem.

The authors in [89] examine the ongoing von Karman disc problem by conducting
rotary flow and heat transfer investigations of water-based magnetic nanofluids in the
presence of viscous dissipation while ferrofluid is present in the space above the spinning
disc. According to the findings of this study, increasing the solid volume percentage of the
ferromagnetic particles leads to an increase in the rate of heat transmission through the
wall. This was determined by analyzing the results of the study. In addition to this, the
addition of ferromagnetic particles to water raises the convective heat transfer coefficient.
The researchers in [93], investigate the free convection flow of an electrically conductive
nanofluid in the vicinity of a downward-pointing spinning vertical cone when a transverse
magnetic field is present. In a comparison of several nanofluids, the copper-water nanofluid
was shown to have the highest skin friction coefficient and local Nusselt number. This was
due to the fact that copper had the highest thermal conductivity, which is why it offers the
best possible rate of heat transfer.

Finally, the nanoparticles’ role in improving heat transfer is also very significant be-
cause of the way they behave thermophysically. For example, in the Tiwari and Das model
for different nanofluid flow problems with different geometries, copper nanoparticles have
the highest heat transfer rate compared to the other nanoparticles. Furthermore, adding a
magnetic field to the nanoparticles also gives the highest rate of heat transfer improvement.

4.5. Impact of the Inclined Cavities

The use of cavities and various geometries has become increasingly crucial in nanoflu-
ids and hybrid nanofluids in recent years as the different shapes and structures of the
geometry alter the flow direction and significantly affect the physical conditions of the
problem, thereby assisting in achieving the desired results. The researchers used various
cavities and geometries such as square, rectangular, triangular, vertical plate, channel, and
trapezoidal to observe the effect of heat transfer and achieved fruitful results in control-
ling the temperature in buildings and in cooling technology, solar collectors, and cooling
electronic equipment. The geometry of holes is crucial when it comes to increasing heat
transmission in nanofluid flow. It will improve the numerical convergence of the system.
This attribute pushes researchers to examine the varied cavities (geometries) for heat trans-
fer efficiency in order to improve heat transmission efficiency. It has been demonstrated
that using an inclined porous square cavity [104] in a nanofluid flow can significantly
increase the amount of heat transmitted if the heater installation and inclination angle with
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regard to the nanofluid concentration and porous media are appropriately located. The use
of inclination angle in the heat transfer enhancement is described in Figure 8.
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Figure 8. Effect of inclination angle on heat transfer in the square cavity [104].

According to Figure 8, the largest amount of heat transfer occurs at an angle of
0 degrees, whereas the lowest amount of heat transfer is recorded at an inclination angle
of 60 degrees. However, it is feasible for an inclined cavity with side wall heating to lead
to enhanced heat transfer rates when the convection effects are more prominent than the
conduction effects. The angle of the cavity should be 30 degrees to 0 degrees. Another
aspect of heat transmission events being investigated by researchers [86] is an inclined
wavy hollow. The influence that the cavity’s inclination angle has on the rate at which heat
is transferred is shown in Figure 9.

The angle at which the cavity is tilted is an excellent control parameter that can
improve how heat is distributed. Except for the case in which the angle is 45 degrees, the
average Nusselt number goes down whenever the nanoparticle volume fraction is up. The
processes of heat transport have also been investigated by researchers [105] using a slanted
square cavity. The impact on the circulation of heat is depicted in Figure 10.



Processes 2023, 11, 834

18 of 24

0.8
0.6/
0.4f
0.2/ f

0.8\
0.6
0.4f
0.2t

002 0.4 06 08

@y=0 (b) y = /6 (©y=mn3

Figure 9. Effect of the inclined cavity on heat transfer [85].
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The inclination angle reveals a vibrant factor that significantly impacts the cavity’s
flow fields and temperature lines. The streamlines of the fluid inside the cavity are nearly
stationary for the average angle of inclination (0° < 6 < 60°). At a high Ri, the impact of the
inclination angle is generally observed in the temperature distribution and the fluid flow.

In conclusion, the angle of inclination of the cavity and the periodic thermal boundary
conditions are both effective means of controlling the parameters that govern the movement
of heat and fluid inside the cavity.

5. Future Recommendations

Several recommendations for future research efforts are made considering the liter-
ature review. According to the study, the Tiwari and Das nanofluid mathematical model
and the cavities can be used to analyze heat transmission in various ways. Therefore, the
following recommendations for future research are made:

e In the future, the mathematical model developed by Tiwari and Das can be extended
to include thermal energy storage systems based on nanofluids.

e In the future, the Tiwari and Das single-phase model can be extended for the applica-
tions of solar collectors and the microchannel heat exchanger, along with the use of
square cavities for entropy generation.

e  Because the literature indicates that copper, aluminum, and titanium are the most
frequently employed nanoparticles, it is proposed that additional nanoparticles be
explored to achieve maximum heat transmission.

e  The angle of inclination of the cavity and the periodic thermal boundary conditions can
control the flow of heat and fluid inside the cavity; it is recommended to use inclined
cavities in the cooling of nuclear reactors and in buildings to maintain temperature.
Tilted cavities can also be used to control the flow of heat and fluid outside of the cavity.

e  The recent years have seen more research on synthesizing and the thermophysical
properties of hybrid nanofluids. The free convection of hybrid nanofluids in cavity
flow has been investigated minimally. It is suggested that the Tiwari and Das model
for free convection hybrid nanofluids be extended to include the application of solar
collectors and drug delivery applications.

6. Conclusions

The current report provides a comprehensive overview of the research advances made
in increasing convective heat transfer employing various cavities and geometries based on
the Tiwari and Das nanofluid mathematical model. According to the reviewed literature,
nanofluids and hybrid nanofluids offer a more significant potential for cooling, thermal
storage, solar energy components, heat exchangers, and cooling-related technologies. The
following closing statements are made considering the present review:

e  Furthermore, it is established that copper nanoparticles provide the maximum heat
transmission rate.

e  The highest possible rate of heat transfer can be achieved in a variety of applications
by combining hybrid nanofluids with cavities and geometries. This boosts the thermal
conductivity of the nanoparticles.

e Itis observed that aluminium and copper nanoparticles provide better heat transfer
rates in the cavity using the Tiwari and Das nanofluid model. When compared to the
base fluid, the Al,O3/water nanofluid’s performance is improved by 6.09%.

e  The inclination angle of the cavity as well as the periodic thermal boundary conditions
can be used to effectively manage the parameters for heat and fluid flow inside
the cavity.
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