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ARTICLE INFO ABSTRACT
Keywords: The demand for efficient thermal systems has driven significant interest in nano-coolants due to their superior
Heat exchanger thermal properties as alternatives to traditional coolants like water, ethylene glycol (EG), synthetic oils (poly-

Nano-coolants alphaolefins), and refrigerants (R134a, R410A). These coolants face operational and environmental challenges,

including low heat transfer capacity, corrosion, toxicity and ecological effects that limit their efficiency under
ideal conditions because of their poor thermophysical properties, which hinder their deployment. This review
provides a comprehensive analysis of the prospects, challenges and applications of nano-coolants in various heat
exchanger systems. Nanoparticles such as Al,O3 ZnO, Fe304 SiO, and CNTs are evaluated for their ability to
enhance thermal conductivity, stability and heat transfer performance, with key factors influencing thermal
enhancement, including size, shape, concentration and preparation methods, being critically examined. The
study highlights applications across different heat exchanger configurations, including shell and tube, plate,
double pipe, microchannel and spiral heat exchangers, which are evaluated through experimental and numerical
results. Performance metrics such as Nusselt number, Reynolds number, heat transfer coefficient and overall heat
transfer coefficient are discussed. In addition, the review addresses technical challenges, including agglomeration
sedimentation, toxicity, increased viscosity and environmental impact, hindering widespread adoption.
Furthermore, it outlines emerging prospects, including life cycle assessment, integration with renewablelar en-
ergy and the use of artificial intelligence and machine learning for predictive modeling and optimization, of-
fering sustainable pathways for deployment and system miniaturization. The review demonstrates that, despite
challenges, nano-coolants can effectively and efficiently enhance thermal exchange, impacting heat exchanger
designs across various industries.

Heat transfer
Thermal cooling
Nanoparticles

instrumental in reducing heat in chemical and power processes in power
plants that experience high energy dissipation [2]. Cooling fluids are
crucial for temperature control, as they absorb and transfer heat from a
hotter to a cooler location. This ensures safety and longevity while
preventing overheating and improving system efficiency [3]. Depending
on the application, selecting coolants in thermal systems is crucial
because money and space are limited resources [4]. As thermal systems
grow in complexity, selecting efficient coolants becomes critical to
achieving energy savings [3]. The nature of the working fluid affects

1. Introduction

Effective heat transfer is crucial across various applications in the
thermal industry, as systems require efficient thermal management to
ensure optimal process control and maintain adequate thermal exchange
[1]. The growing energy demand in the thermal industry calls for effi-
cient, miniaturized heating systems that minimize energy loss, making
conventional cooling methods increasingly inadequate. Coolants are
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Nomenclature

NP nanoparticle

EG ethylene glycol

ANN artificial neural network

Al artificial intelligence

ANFIS  adaptive Neuro-Fuzzy Inference System
FEA finite Element Analysis

LCA life cycle assessment

F(z) activation function

wi weight

W, bias

Xj neuron

MSE mean square error

CFD computational fluid dynamics
CNT carbon nanotubes

GNP graphene nanoparticle
MWCNTS multi-walled carbon nanotubes
SHTE shell and tune heat exchanger
PHE plate heat exchanger

MCHE  microchannel heat exchanger

PVT photovoltaic thermal

K thermal conductivity (W/m~'K)

Nu Nusselt number

Re Reynolds number

LMTD logarithmic Mean Temperature Difference (K)
AP pressure drop (Pas)

8) universal heat transfer coefficient (W/m~2K)
h convective heat transfer coefficient (W/m2K)
€ effectiveness

Abbreviations and Terms
REACH Registration, Evaluation, Authorization and Restriction of
Chemicals (EU regulation)

TSCA Toxic Substances Control Act (USA)

OSHA  Occupational Safety and Health Administration
NIOSH National Institute for Occupational Safety and Health
ASTM  American Society for Testing and Materials

ISO International Organization for Standardization

SDS sodium dodecyl sulfate (common surfactant)

GA gum arabic (stabilizer/surfactant)

PVP polyvinylpyrrolidone (surfactant/polymer)

how well heating systems perform, which is a vital function in heat
exchangers. To ensure high thermal exchange, it is necessary to develop
appropriate coolants. Commercially available coolants, such as water,
ethylene glycol (EG), propylene glycol (PG), and synthetic oils like
polyalphaolefins (PAO) and refrigerants (R134a, R410a), differ from
each other. The distinction is determined by heat dissipation capacity,
environment, and operational challenges, such as low heat transfer ca-
pacity, corrosion, toxicity, and ecological effects. These limit their use-
fulness as coolants when used under ideal conditions.

Water is a common coolant, is ubiquitous, and can efficiently absorb
and discharge heat despite its low thermal conductivity. Its viscosity
allows for easy and quick transfer, which enables its adoption as a
process fluid in radiators and condensers. However, its low viscosity and
thermal conductivity (0.064 W/m. K) lead to ineffective heat exchange
compared to other coolants. In addition, it also has a high susceptibility
to corroding metal surfaces and freezing at low temperatures, creating
fears among energy experts about its use [5]. Ethylene glycol (EG),
another commonly used coolant with a high boiling point and solvent
compatibility, is widely employed in refrigeration and automobile
antifreeze [6]. Alongside other variants such as propylene glycol (PEG)
and diethylene glycol (DEG), EG has disadvantages such as low heat
capacity compared to water, thus decreasing the performance of systems
when utilized. It also has significant health risks, leading to its discon-
tinuation in heating, ventilation, and air conditioning (HVAC) systems.

Air is also used as a coolant in cooling towers to cool hot fluids. Its
availability, non-corrosive nature, and light weight make it a popular
choice for systems that value simplicity and reliability, such as air-
cooled engines. However, it has a limited application range due to its
low heat capacity and the noise generated by forced-air systems [6].
Oil-based coolants such as mineral or synthetic oils, like poly-
alphaolefins (PAO), are favored by hydraulic systems and power trans-
formers, because they are non-corrosive and have high boiling points,
which are useful in extreme weather [7]. However, oil-based coolants
face drawbacks such as seal contraction, flammability risk, in-
compatibility with other fluids, and high viscosity under extreme con-
ditions. The high viscosity property of this coolant can also lead to
pumping challenges in extreme weather conditions [8]. The use of re-
frigerants, including CFCs and HCFCs, in closed-loop air conditioning is
frequent because they efficiently heat and cool during the evaporation
and condensation cycles. However, there are environmental concerns
regarding the use of these refrigerants, such as ozone depletion potential

(ODP) and global warming potential (GWP). The presence of chlorine
and fluorine atoms in these emitted halocarbon refrigerants depletes the
ozone layer and causes degradation of the climate [9].

“Nano-coolants enhance thermal performance due to the intrinsic
properties of nanoparticles, such as high thermal conductivity, surface
activity, and tunable behavior [5]. Stability, a key requirement for
sustained heat transfer performance, is often achieved through mecha-
nisms such as thermophoresis and diffusiophoresis, aided by surfactants
like gum Arabic (GA), sodium dodecyl sulfate (SDS), and polyvinyl
pyrrolidone (PVP), which mitigate Van der Waals attraction, particu-
larly for hydrophobic particles like graphene [5,6]. A stable nanofluid is
generally characterized by a dominant electrostatic double-layer
repulsive force (EDLRF) that counters aggregation forces [11].

Nano-coolants formed by dispersing nanoparticles (NPs) in base
fluids significantly improve optimization potential in industrial appli-
cations, helping reduce energy consumption and operational costs [6],
[12]. Their thermal behaviour also lends itself well to computational
modelling using tools such as ANSYS Fluent, OpenFOAM, and COMSOL
Multiphysics [13]. According to Singh et al. [14] and Gupta et al. [15],
incorporating high-conductivity NPs into base fluids like water or EG
leads to improved heat exchanger performance. This enhancement
supports the development of more compact and efficient configurations,
particularly in shell-and-tube heat exchangers (SHTE), where Brownian
motion and micro-convection effects are beneficial at higher particle
loadings [16].

In addition, recent studies have introduced hybrid nano-coolants,
which combine multiple types of NPs to capitalize on synergistic ef-
fects that enhance thermal conductivity, stability, and tunability [17].
These formulations often outperform single-nanoparticle systems, of-
fering further improvements in thermophysical performance.

Nonetheless, practical implementation is challenged by issues such
as increased viscosity at higher nanoparticle concentrations leads to
elevated pumping power requirements [18]. Agglomeration and sedi-
mentation, especially in hybrid systems, can compromise long-term
performance [19]. Environmental and health concerns linked to nano-
particles such as silver, TiOz, and ZnO further limit industrial scalability
[20]. Moving forward, efforts must focus on optimizing nanoparticle
structure, improving dispersion techniques [21] and minimizing envi-
ronmental impacts to enable broader application [22].
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1.1. Impacts of nanoparticles in heat transfer enhancement

Nanoparticles are particularly effective at enhancing fluid thermal
properties due to mechanisms such as:

e Brownian motion, which induces micro-convection and increases
thermal conductivity [23]

e Thermophoresis and diffusiophoresis, which promote particle
migration in temperature and concentration gradients, aiding ther-
mal energy dispersion [24]

o High surface area-to-volume ratios, which increase heat transfer and
surface contact between fluid and pipe walls [25]

The thermal conductivity of base fluids can improve significantly
with just 0.1-0.5 wt% NP concentration, as nano-coolants tend to
exhibit Newtonian behaviour at low concentrations, allowing predict-
able flow regimes under varying conditions [26]. Composite or hybrid
nano-coolants, which combine two or more types of nanoparticles
(Al203-CuO or CNT-TiO2), provide better thermal performance together
than they would separately. These combinations optimize multiple
properties, such as viscosity, thermal conductivity, and stability, better
than single-particle dispersions [23].

1.2. Justification for this review

Over the last two decades, nano-coolants have witnessed an expo-
nential increase in research, as shown in Fig. 1. A Scopus search using
keywords such as "nano-coolants," "nanofluids," and "thermal conduc-
tivity enhancement" reveals a steep rise in published articles, particu-
larly after 2019. This trend underscores both the academic and
industrial interest in nanoparticle-based thermal management solutions.

Table 1 summarizes recent review articles (within the last five years)
focusing on nano-coolants in heat exchangers. It highlights primary
contributions and key limitations in the context of this review. While the
reviews contribute meaningfully to their respective focus areas, several
critical research gaps remain that this review uniquely addresses, such
as regulations and standardization challenges, the integration of AI and
optimization prospects, industrial relevance and scalability challenges.
This review aims to bridge these gaps by synthesizing recent de-
velopments, identifying unresolved challenges, and proposing future
research directions that support the suitability and effective deployment
of nano-coolants in heat exchangers.

By integrating technical, environmental, and computational per-
spectives, this review aspires to serve as a reference for both academic
researchers and industrial practitioners seeking to deploy nano-coolants
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in next-generation thermal management systems.

1.3. Scope and structure of this review

The paper is structured as follows: Section 1 introduces nano-
coolants and reviews related literature from the past five years, high-
lighting how this work is differentiated. Section 2 presents strategies for
heat transfer analysis. Section 3 covers nanoparticle synthesis, charac-
terization, and stability techniques. Section 4 analyzes thermophysical
properties and nano-coolant performance in various heat exchangers.
Section 5 evaluates environmental and economic implications. Section 6
explores optimization approaches using artificial intelligence. Section 7
outlines future research directions, while Section 8 concludes the
review.

2. Nano-coolants in heat exchangers

Heat exchangers are mechanical systems designed to facilitate heat
transfer between two or more fluids [49]. One of the key advantages is
that it ensures a significant temperature difference between the inter-
acting fluids [38]. Understanding the heat transfer dynamics is crucial
for the operation of heating and cooling systems [39]. Optimum utili-
zation of heat exchangers is influenced by the type and composition of
the transport fluid used in the structural design [40]. Research has
shown that heat exchangers can be designed and operated for a
reasonable cost by lowering the thermal resistance of the separating
layers, increasing the heating area, or substituting an engineered fluid as
the thermal transport fluid. The optimal path is to substitute engineered
fluid, as demonstrated by several studies [41]. This is achieved by
creating nano-coolant, which is a mixture of nanoscale particles dis-
solved in base fluids [34]. The study conducted by Gupta et al. [15]
found that NPs possessing superior thermophysical properties to water
can significantly enhance heat transfer rates. The authors demonstrated
experimentally that adding NPs to a system improves its thermal
efficiency.

Base fluids that are frequently used include oils, ethylene glycol (EG)
and water [42]. Numerous investigations, such as Tahmasebiboldaj et al.
[36]; Zolfalizadeh et al.[43]; Godasiaei et al. [44], demonstrated that
nano-coolants possess strong thermal characteristics when dispersed in
base fluids, which enable them to facilitate greater heat exchange in
comparison to traditional working fluids. Multi-walled carbon nano-
tubes (MWCNTS) and graphene, which are believed to be markers of
nanotechnology in thermal operations due to their highly effective
thermal conductivity, were found to perform better than other nano-
particle [37]. Their utilization has been found to provide good
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Fig. 1. Number of publications related to nano-coolants for heat transfer applications.
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Table 1

Summary of recent review articles on nano-coolants in heat exchangers.
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Ref. Tittle Nano- Focus Key Novelty Identified Limitations
coolants
[27] Beyond Thermal Conductivity: A Various types  To review the impacts of ‘Present Strategies to optimize =~ Broad focus with less discussion
Mirahmad Review of Nanofluids for nanoparticles in heat transfer nano-coolant formulations on the integration of sustainability

et al. (2025)

[28]
Atofarati
et al. (2024)

[29]
Huminic

et al. (2024)
[30]
Rehman and
Park (2024)

[31]

Enhanced Energy Storage and
Heat Transfer

Nanofluids for heat transfer
enhancement: a holistic analysis
of research advances,
technological progress and
regulations for health and safety
Application of nanofluids in heat
exchangers - A state-of-the-art
review

Advances in nanofluids for
tubular heat exchangers:
Thermal performance,
environmental effects,
economics and outlook

A Review of Nanofluids as

Various types

Various types

Hybrid

Various types

using mono and hybrid nano-
coolants.

To review thermal capacity
improvements using nanofluids

To review thermal enhancements
in various types of heat
exchangers

To review the potential of nano-
coolants in tubular heat
exchangers

to review the potential of

utilizing solid-solid phase
transitions.

To review the discussion on
regulatory frameworks in
nano-coolant applications.

Detailed discussion on
numerical methods and
characterization techniques.
Detailed discussion on how
turbulent flow impacts
thermal exchange in a finned
tube heat exchanger

Comprehensive review of
nanofluids. It uniquely
emphasizes the challenges
associated with nanofluid
application in heating systems.

investigates the use of
nanofluids and extended
surfaces, which are rarely
employed together, to achieve

and future directions

Focuses on computational work;
lacks experimental insights

Limited applicability to other
sectors and no discussion on
environmental regulations

Wide focus with little information
on sustainability integration

Despite recognizing stability
issues as a major obstacle, it lacks
a comprehensive understanding of
the influencing factors, such as
temperature, pH, particle size, and
concentration

Wide scope but minimal
discussion on heat exchangers

Tao et al. Coolants for Thermal nanofluids as coolants in the
(2023) Management Systems. thermal management systems of
fuel cell vehicles, specifically
emphasizing their heat transfer
enhancement capabilities
[32] A review on nanofluids coupled Various types ~ Review and analyse the combined
Ho et al. with extended surfaces for heat effects of nanofluids and extended
(2023) transfer enhancement surfaces (fins) for heat transfer
enhancement.
[25] A review of synthesis methods, Al,O3/water To review synthesis methods and
Baig et al. properties, recent progress, and discussion on advancements, and
(2021) challenges challenges
[33] A critical insight on nanofluids Various types  To review the potential of thermal
Alami et al. for heat transfer enhancement. enhancer flids in heat exchangers
(2023)
[34] Nanofluids in compact heat MWCNTs, To review the heat transfer of
Ajeeb and exchangers for thermal Al,O3 nanofluids in compact heat
Murshed applications: A State-of-the-art exchangers under different
(2022) review operation conditions
[11] Review on aqueous graphene Graphene/ To review thermal improvements
Hugq et al. nanoplatelet Nanofluids: water using graphene nano-coolant in a
(2022) Preparation, Stability, shell and tube heat exchanger.
thermophysical Properties, and
applications in heat exchangers
and solar thermal collectors
[2] A review on nanofluid: Various To present a comprehensive
Ali and preparation, stability, nano- synthesis of techniques and
Salam thermophysical properties, heat coolants and characterization methods
(2020) transfer characteristics and base fluids

application

enhanced heat transfer
performance.

It emphasizes the future
potential of nanotechnology in
addressing modern challenges
and advancing technology
Detailed discussion on the
Challenges and limitations of
nanofluids.

Present numerical and
experimental studies using
mono and hybrid nano-
coolants

Lacks discussion on
standardization and industrial
scalability

Lacks integration of sustainability,
optimization, and future
directions.

Lacks discussion on
standardization and industrial
scalability

Demonstrates that smaller
particle size aids stability by
comparing several studies.

Lacks integration of sustainability,
optimization, and future
directions

Detailed numerical method of
thermal evaluations using
various nano-coolant models.

Focuses on computational work;
lacks experimental insights. Lacks
discussion on standardization and
industrial scalability.

mechanical properties while maintaining high thermal conductivity
[45].

The potential of using nano-coolants in heat exchangers is massive,
as the demand for efficient, miniaturized, compact, and environmentally
benign cooling fluids has soared across various industries. The advan-
tages of nano-coolants are inexhaustible and include enhanced thermal
conductivity and heat transfer rates, resulting in faster cooling with less
fluid and energy consumption [20]. Nano-coolants permit the compact
design of heat exchangers, which translates to lightweight, which is
particularly beneficial to industries where space and weight are critical
factors, such as automobiles and aerospace. Nano-coolants’
tailor-specific ability makes them suitable for a variety of heat
exchanger applications, including electronics cooling, semiconductor
fabrication, and renewable energy. The efficiency of nano-coolants can
reduce operational expenses by operating at a high convective heat
transfer rate, which results in a reduction in energy inputs [46].
Nano-coolants can promote nanotechnology research by addressing
particle solubility and agglomeration challenges, thereby producing

cost-effective fluids that increase commercialization viability. Thus,
ongoing studies present the potential to redefine thermal management
solutions, leading to more efficient and sustainable designs [47]. This
paper provides an in-depth review of how to thermally augment heat
exchangers with nano-coolants.

2.1. Strategies for heat transfer estimation in heat exchangers

Several strategies and methods have been employed to measure heat
transfer and optimize heat exchangers. Many researchers have utilized
computational fluid dynamics (CFD) tools like ANSYS Fluent, COSMOL
and OpenFOAM [5] to predict nanofluid behaviour in heat exchangers
through numerical analysis. This considers the thermal properties of
base fluid and NPs. These tools are commonly employed in both
academia and industry to simulate flow and heat transfer. The intui-
tiveness and user-friendly graphics of the tools make it easier to set up,
run and analyze simulations at a fast rate. This makes it accessible to
users with limited programming experience as the tools are equipped
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with robust physical models for laminar, turbulent, multiphase flows
and chemical reactions, making them versatile for different applications
[13]. Apart from the high licensing cost of ANSYS , OpenFOAM is an
open source tool and both tools are compatible with other simulation
tools like SolidWorks [48]. CFD can achieve high accuracy, especially
when grid resolutions with fine and appropriate boundary resolutions
are set. The high dependence on grid refinement (mesh) and explicit
boundary conditions makes this method less appealing for complex and
chaotic flows [49].

Finite element analysis (FEA) is another technique used to solve
complex heat transfer problems by breaking complex geometries down
into smaller, compatible finite elements. This technique is suitable for
solid mechanics and structural thermal analysis, as well as multi-layered
systems where versatility is critical in handling irregular shapes and
material properties [50]. The Monte Carlo method is a method similar to
this, in which probabilities are used to predict the possible outcomes in
complex geometries. It requires repeating an experiment several times
and generates a large amount of randomized data that allows trans-
formation using probabilities of single-point outcomes [49]. This tech-
nique is particularly suitable for irregular surfaces. The finite volume
method (FVM) is another method that uses partial differential equations
(PDEs) as an algebraic volume integral of PDEs to model fluid flow and
heat transfer problems using conservation governing equations.
Convergence terms in volume integrals are transformed into surface
integrals using the divergence theorem [51]. Just like in Monte Carlo,
this technique is used for complex geometries as it can handle both
structured and unstructured mesh types. This makes it highly flexible as
the mesh density is known to have a linear relation to the quality of
results and computation time [52].

Artificial intelligence (AI) and machine learning (ML) algorithms are
increasingly being used in thermal analysis to predict heat transfer
performance in linear systems. An artificial neural network (ANN) is a
mathematical algorithm that is based on the human brain. The ability to
learn patterns from data and improve over time without explicit pro-
gramming is what makes it a cluster of networks of neurons. This makes
it an effective tool for regression and pattern recognition. A typical ANN
is structured into three main layers, as illustrated in Fig. 2. The input
layer receives raw data, the hidden layer processes and transforms the
data and the output layer provides the final result.

Each neuron (x;) receives input using the weighted sum calculation;
which is multiplied by the weight (w;) and the sum with bias (w,).

n
Z=W,+ Zwixi

1=1

where x; is the input value, wj is the weight of each input, and w, is the

Hidden Layer

Fig. 2. ANN architecture.
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bias (a constant).

The neuron applies the activation function f(z) to the weighted sum.
This introduces a non-linearity that allows the network to learn complex
patterns using common activation functions such as the:

1
Sigmoid function, F(z) = 77R3LU: f(2)

1+
e —e”*
= max(0, 2), tanh(z) = ( W)

Data flows from input to hidden layers follows forward propagation,
where the output of the hidden layer becomes input for the output layer.
The initial phase of training involves adjusting the weight and biases to
reduce errors, which is frequently calculated using mean square error
(MSE). Optimization is done using gradient descent, an algorithm that
trains machine learning models [18].

ANN is often called a black box model due to the hidden layer’s
opaque nature, which means its decision-making processes are not
transparent. Limited experimental data limits the acceptability of ANN
and other machine learning algorithms’ results, just like other methods.
Inconsistencies arise when the data are sourced from different sources
and complicate machine learning algorithms, causing a decrease in
prediction accuracy. The need for substantial domain expertise com-
plicates the creation of interpretable models for heat transfer in nano-
fluids. ANN has no exact law to determine the best solution, as the best
solution is determined by trial and error [18]. ANN requires hardware
with parallel or dual processors, approaching equipment-dependent
[53]. The process of converting domain expertise into ML-friendly fea-
tures is often not easy, as problems must be converted into values before
being introduced into the ANN. This depends on the user’s proficiency
[54]. The utility of machine learning models may be limited if they are
trained on a specific range of situations and do not generalize well to
other ranges, such as nanofluid behaviors with different shapes, sizes,
and concentrations [18].

The choice of a technique depends on the nature of the problem, the
availability of data and the complexity of the model, as each method has
strengths in a specific depth. CFD is capable of simulating physics-based
phenomena with accuracy and detail due to its use of fundamental
equations such as Navier-Stokes and energy conservation to model
physical processes. Machine learning (ANN) is highly effective in an
environment where data is available, as the training of data depends on
the quantity and quality of the data. This allows for fast prediction,
which is ideal for real-time applications. ANN models are highly
dependent on data, which can lead to inaccurate results and low toler-
ance for complex physics if they haven’t encountered similar scenarios
in training.

A hybrid approach of combining CFD and ANN has been studied by
Du et al. [55], where CFD developed high-fidelity data and ANN per-
formed the analysis with high accuracy and efficiency. Recently, heat
transfer in tubes with turbulent airflow and fluidized bed reactors has
been modeled using ANN and CFD [56]. Using this approach, Yaici [57]
performed a thermal-hydraulic investigation of plate-fin tube heat ex-
changers. A high-performance index of 9-31 % was reported by
Mohebbi et al.[16] and 37 % when CNT or graphene NPs (GNP) are
utilized [43]. Additionally, artificial tools such as fuzzy logic, adaptive
neuro-fuzzy inference systems (ANFIS), and other machine learning al-
gorithms such as genetic algorithms (GA) have been developed and
deployed for heat transfer estimation [58]. Godasiaei et al. [44]
deployed hybrid machine learning, using Python as a programming
language with CFD (Eulerian and Lagrangian methods that consider the
concentration of NPs to calculate diffusion and convection fluid flow in
the liquid phase). This enables a deeper understanding of the Al,O3/-
water nanofluid in a shell and tube heat exchanger.

Additionally, powerful statistical models such as Gaussian process
regression (GPR), linear regression and support vector machine (SVM)
have been used to accurately model the thermal conductivity of nano-
fluids using temperature [59] concentration and particle size as input
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functions [60]. The authors claim that the models achieved a
root-mean-square error of 1.46 for large deviations and 0.97 for high
accuracy in the dataset. Furthermore, the study developed a mathe-
matically customizable model for various nanofluids that utilize thermal
properties. Moreover, Ruhani et al. [61] used a combination of statistical
modeling and experimental analysis to compare and analyze the thermal
increase of cerium oxide nanofluid powder at different temperature
readings. Results demonstrated that ANN could more precisely predict
thermal behavior, and testing revealed higher thermal conductivity. A
statistical investigation was carried out on the thermal enhancement of
hybrid Aly03-CuO nanofluid using a two-dimensional governing equa-
tion to examine it at 1000 W/m? heat flux [62]. The findings showed a
consistent increase in the Nusselt number, typically greater than 1.2
times that of conventional fluid when the concentration rises by 0.5 %.

Utilization of CFD, ML, FEA, and programming languages has
advanced the understanding and increased optimization prospects of
heat transfer in nano-coolant-based heating devices. CFD and FEA are
valuable tools for understanding complex fluid dynamics and tempera-
ture fields. Intricate temperature fields and fluid dynamics can be un-
covered through accurate control over boundary conditions and spatial
resolution in CFD and FEA. Artificial intelligence (AI), particularly
machine learning, has made it possible to design and operate heat ex-
changers more efficiently and uncover hidden patterns in large datasets.
Despite the need for a significant number of resources, experimental
research is still necessary to validate theoretical and computational
models and ensure that Al and CFD simulations accurately reflect real-
world behavior. The integration of these techniques creates a power-
ful, interdisciplinary approach to optimizing nanofluid heat exchangers,
resulting in increased performance and efficiency in a variety of
applications.

2.2. Factors that influence heat transfer using nanoparticles

Heat transfer is a thermal process where energy moves from a hotter
region to a cooler region. The phenomenon is influenced by the tem-
perature gradient. The process is akin to the osmotic behaviour of fluid
concentration. The heat moves from higher to lower temperature re-
gions in various forms, such as conduction, convection, and radiation, to
reach equilibrium. Fig. 3 depicts heat transfer flow, which is critical in
engineering as it relies on the thermal conductivity of materials [63].

To enhance the thermal properties of base fluids (water and EG), NPs
(1-100 nm) are utilized for heat transfer. The improved thermal con-
ductivity and convective heat transfer of the resultant fluids improve
heat dissipation in applications such as heat exchangers, as the NPs
exhibit random movements (Brownian motion). The collision of parti-
cles experienced during this mixing allows the particles to pick up en-
ergy packs [64]. Recently, factors like thermophoresis (colloidal
movement of particles in fluid due to temperature gradient in fluid) [65]
and diffusiophoresis (motion of suspended particles due to concentra-
tion gradient) of NPs have been identified to help distribute heat more
evenly [66]. Over the last decade, experimental research on thermo-
phoresis and diffusiophoresis has grown significantly, leading to the
development of autonomous micromachines [63].

L

T1>T2

T

HEAT FLOW

Fig. 3. Convective and conductive heat transfer.
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Numerous studies have shown that the concentration, size, form,
orientation, and type of NPs, along with the quality of base fluids, play a
critical role in determining the rate of heat transfer [33]. Pooja [67] and
Afshari et al. [68] support this claim, who observed that heat transfer is
more closely linked with size than concentration in experimental or
numerical studies. Furthermore, research by Singh and Sarkar [45], and
Zhang et al. [69] demonstrated that the shape orientations of NPs have a
greater impact on thermal enhancement than other parameters. How-
ever, Alami et al. [33] reported that the methods utilized in both in-
vestigations may have failed to adequately account for the changeable
variables associated with NPs.

Despite the above-mentioned considerations, some obstacles inhibit
the widespread commercialization and extensive implementation of NPs
in heat transfer estimation in heat exchangers. NPs have the same
fouling effects as conventional working fluids. The limitation is because
many studies rely on simple energy equations (q/AT), which fail to fully
capture the complexity of convective heat transfer. The practicality of
NPs is limited by their high production costs and non-reusable nature,
particularly in the case of gold and diamond. Accurate heat transfer
prediction is hindered by the inability to validate heat transfer models
through experimentation. The use of NPs is less appealing due to their
behavioral and unstable interactions, which result in agglomeration and
sedimentation [33].

To address these difficulties, surface treatment and coatings with
surfactants or polymers are utilized to prevent fouling by reducing
agglomeration and improving dispersion. This strategy extends the
equipment’s life span. With the use of machine learning, large datasets
of experimental and simulation results can be analyzed, leading to
improved reliability and opportunities for optimization. To reduce costs,
alternative, less-expensive NPs such as Aly03, SiOo, Fe304, CuO, or CNT
can be used to replace expensive materials like diamond and gold. The
adoption of these NPs over others stems from the combination of per-
formance, cost, stability, environmental considerations and relevance in
recent and future nanofluid research as illustrated in Table 2.

Also, the adoption of scalable techniques such as sol-gel, flame py-
rolysis, and chemical vapour deposition (CVD) can reduce costs [70].
Stability of nano-coolants can be improved by using hybrid or composite
NPs [21], as they offer synergetic stability improvements over single NPs
[71]. By using benchmarks and procedure standards, it will be easier to
predict heat transfers using nano-coolants with accuracy. Similarly,
testing procedures would enhance consistency and reliability [72]. By
adopting these strategies, major challenges facing nanoparticle-based
heat transfer systems can be addressed, which will enhance their ap-
peal for potential widespread use.

Nano-coolants have demonstrated strong potential to enhance the
thermal performance of heat exchangers due to their superior thermo-
physical properties. This makes modeling techniques such as CFD and Al
effective tools for estimating heat transfer, offering opportunities for
continued research to optimize nano-coolant systems for practical and
scalable applications.

3. Synthesis of nanoparticles

As depicted in Fig. 4, there are three primary strategies for synthe-
sizing NPs. Khan et al [76] conducted a study utilizing the physical
strategy, also known as the top-down approach. The process involves
lithography, arc discharge techniques, sonication, laser ablation, sput-
tering, mechanical milling, pulse wire discharge, and the breaking down
of materials to their atomic sizes by applying force. While the method is
effective for NPs with macroscopic links, it is not suitable for particles
with complex sizes and shapes. Since grinding using a ball mill is an easy
process, the mechanical method is the most efficient and economical
method for commercialization [77]. NPs created through mechanical
milling may have inconsistent shapes and sizes, which can reduce sta-
bility and lead to agglomeration [78]. However, cost-effectiveness and
scalability make it an attractive option, especially for non-specialized
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Table 2
Justification for selected nanoparticles used in nano-coolants.
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Arc Discharge

Lithography

Ref NPs Relevance Stability Environmental Impact
[22] Al,03  Widely studied due to its low cost, moderate thermal conductivity and wide High stability when surfactants such as Low toxicity
application areas, making it a common nanomaterial in many studies. Sodium Dodecyl Sulfate (SDS) are utilized.
[22] ZnO offers high thermal conductivity, ease of synthesis, and high availability, making ~ Moderate stability with base fluids Nontoxic, non-flammable and
them suitable for both hybrid and heat transfer analysis. eco-friendly.
[19] SiO, Excellent chemical stability, cost-effective, ease of synthesis and high ability to ~ High stability with base fluids Low toxicity is often used in
impact heat transfer despite low thermal conductivity. biocompatibility
[73] CNT Despite its high production cost, the exceptional heat transfer potential at low Low needs surfactants considerable respiratory
concentrations makes it prime for heat transfer analysis. concerns.
[74, Fe;04  Offers a unique magnetic field and is suitable for magnetohydrodynamics (MHD)  High stability in base fluids Low
75] studies.
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Fig. 4. Synthesis techniques.

heat transfer applications [79]. The term ’bottom-up methods’ refers to
both chemical and biological approaches. The biological approach is
called ’green synthesis’ [79] because it uses plant parts as reducing
agents in a reaction with precursor salt.

NPs synthesized via green methods are an emerging field as they tend
to have good biocompatibility and fewer toxic residues, which is bene-
ficial for eco-friendly and biomedical applications. Despite green syn-
thesis yielding stable NPs, it may be necessary to perform additional
surface treatments to ensure long-term stability and thermal perfor-
mance in nano-coolants. Although it requires a lot of energy, researchers
are increasingly interested in using this method to produce NPs without
using harmful chemicals because of its environmentally friendly
approach [80]. The process of chemical vapour deposition (CVD) in-
volves combining a precursor gas with a substrate and decomposing it
under controlled temperature and pressure to produce NPs. This method
can produce NPs that are extremely pure, uniform, and have specific
sizes and shapes, which are ideal for enhancing thermal conductivity in
nano-coolants. The controlled size and uniformity improve dispersion
stability, reducing the likelihood of agglomeration and ensuring that
thermal conductivity is consistently high. However, CVD is costly and
primarily suited to high-performance applications where cost is less of a
concern [81]. Different synthesis methods produce NPs with unique
characteristics that influence the thermal conductivity, stability, and
heat transfer capabilities of nano-coolants. Table 3 shows how specific
synthesis methods affect the properties of nano-coolants.

Other areas that are currently being developed in nano synthesis

Table 3

Effect of synthesis techniques on nanoparticles and nano-coolants.

Synthesis
Technique

Effect on Nanoparticles

Nano-coolant effect

Laser Ablation

Mechanical

Sol-gel

Chemical Vapour
Deposition
(CVD)

Sputtering

Atomic layer
Deposition

Green synthesis

High purity, narrow size and
good dispersion

Irregular particle size and
shape. Ideal or bulk
production

Control over size and shape

High control over size and
shape. High control

Moderate control over shape
and size

Good control over shape and
size

Biocompatible and eco-
friendly with moderate
control over size

Improved stability and heat
transfer. Suitable or high-
performance uses
Cost-effective with low
stability

Improved dispersion and ideal
for high-performance
operations

High thermal conductivity,
stability and very expensive

Improved heat transfer

Improved heat transfer and
durability in high-
temperature applications
Stable for wide applications

include life cycle assessment (LCA) of nano-coolants and nanoparticle
integration with renewable energy systems. However, there is limited
research on the life cycle assessment (LCA) of nano-coolants.
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Environmental impact studies from synthesis to disposal are crucial
because NP LCA will allow for informed decision-making for sustainable
deployment [82]. In the last decade, there has been a rapid increase in
the number of published LCA studies. This indicates a comprehensive
approach to studying the potential environmental and human health
effects of nanomaterials that are released into the environment.

LCA is a useful technique because it can reveal hidden patterns and
trade-offs between performance and environmental costs (toxicity and
energy demand). Additionally, it provides a framework for the adoption
of nano-coolants with minimal environmental impact in the industry.
According to Grimaldi et al. [83], LCA is crucial for examining nano-
material recycling potential. Salieri et al. [84] and Nizam et al. [85]
recognized three knowledge gaps in modeling LCA analysis: (1) Inade-
quate knowledge on the functional unit that encompasses all nano-
material functions. (2) A lack of life cycle inventory (LCI) and data
creation techniques; and (3) a lack of characterization factors (CF) for
released nanomaterials. These fields provide prospects for further study
into nano-coolants as sustainable technologies in heat transfer
applications.

Furthermore, NP integration with renewables is an emerging area
that represents increased energy efficiency. Systems such as solar col-
lectors and wind turbines may benefit greatly from nano-coolants’ high
heat dissipation [47]. The integration of NPs with renewable energy
research results in significant improvements in sustainability and energy
security. Multiple studies have shown that various types of
nano-coolants (Al,Oz/water, CuO/water, and TiOy/water) can increase
heat transfer in solar systems [86]. The present problem in studying the
heat-dissipation performance of nano-coolants in renewable systems is
sustainability, as NPs settle in systems after their life cycle, indicating
the instability of nano-coolants. Furthermore, high production and
deployment costs, as well as material compatibility (acidic environ-
ments or high-temperature applications) [87], provide research
opportunities.

The challenges and underexplored fields highlighted in this paper
present exciting opportunities for expanding nano-coolant research. In
addition, research in LCA would also provide an opportunity for further
research on the environmental responsibility of nano-coolants and un-
derstanding the integration of renewable energy to improve system ef-
ficiencies and drive global energy transitions. These two areas are a
promising frontier for nano-coolant research’s future.

3.1. Regulatory frameworks applicable to nano-coolants in real-world
applications

Using nanoparticles (NPs) in heat transfer systems, especially as
nano-coolants, can greatly improve how well they work and allow for
smaller designs. However, this advancement must align with emerging
regulatory frameworks and safety standards to ensure environmental
protection, occupational health, and sustainable deployment. As global
investment in nanotechnology is projected to exceed USD 100 billion by
2025 [88], the integration of NPs into real-world applications necessi-
tates compliance with established regulatory frameworks and safety
standards to ensure environmental safety, occupational health, and
long-term sustainability [89]. Concerns such as nanoparticle leaching,
bioaccumulation, and air or water contamination have prompted regu-
latory bodies across North America, Europe, and Asia to develop
frameworks for safer nanomaterial usage. This has led to the study of
nano-ecotoxicology, which is a new discipline that evaluates the impact
of NPs, as undesirable effects can arise, leading to environmental and
health hazards. Although most current frameworks do not explicitly
target nano-coolants, their classification as engineered nanomaterials
means they are subject to chemical, occupational, and environmental
regulations. This includes nanofluids used as coolants in industrial heat
exchangers.

Countries such as the USA, Canada and the United Kingdom and
organizations like the European Union have begun to ask questions on
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“how” companies procure and dispose of nanomaterials from different
products. This pragmatic effort seeks to guide the responsible use of
nano-coolants in thermal systems. Globally, the regulatory and safety
framework is still evolving, with several authorities having developed
preliminary guidance for the application of nano-coolants. Here are
some of the key regulations and guidelines related to nanotechnology:

3.1.1. United States of America (USA)

A plethora of organizations have developed nano-regulations,
including the Environmental Protection Agency (EPA), authorized by
the Toxic Substances Control Act (TSCA) of 1976, to regulate and screen
chemical products imported into the USA to mitigate unreasonable
health and environmental risks [90]. Also, the agency regulates nano-
technology in agriculture by providing pre-manufacturing notifications
for new nanomaterials, while the regulation of biotechnology products
is governed by the U.S. Department of Agriculture (USDA). The Food
and Drug Administration (FDA) and the Consumer Product Safety
Commission (CPSC) require the collection of information about new and
existing nanomaterials within 90 days [91].

3.1.2. European Union (EU)

The European Chemical Agency (ECHA) and the European Food
Safety Authority (EFSA) regulate nanotechnology applications,
including those related to engineered nanomaterials used in thermal
management systems such as heat exchangers. The regulations mandate
companies to submit specific nanomaterial information, such as physi-
cochemical properties, toxicology and ecotoxicological data, to the
Registration, Evaluation, Authorization and Restriction of Chemicals
(REACH) committee that registers nanomaterials produced or imported
at a rate higher than one ton per year. Accordingly, the ECHA catego-
rizes these nanomaterials according to how harmful they are by creating
an inventory of labels to inform consumers [92].

3.1.3. Canada and Asia-Pacific

Canadian legislators adopted the incorporation of nanotechnology
into the Canadian Environmental Protection Act (CEPA) to ensure
effective usage of nanotechnology to protect humans and the environ-
ment [93]. The legislation provides for the risk assessment procedures to
be applied before a nanomaterial is introduced to the market, which
received support from the public. The Korean government implemented
REACH in 2015 to consolidate the European Union’s REACH program by
developing an incentive act like the Ministry of Environmental Waste
Control and Chemical Toxicity Law to promote nanotechnology de-
velopments. Similarly, Japan, realizing the sustainable growth of
nanotechnology, introduced the Council for Science, Technology and
Innovation to promote the safe utilization of nano-products to the public
[94]. In a similar trend, African governments have begun to develop
formal policy frameworks governing nanotechnology research and
development [95].

3.1.4. International standards

Organizations such as the National Institute for Occupational Safety
and Health (NIOSH) and the Occupational Safety and Health Adminis-
tration (OSHA) have developed recommendations and control measures
for exposure to certain nanomaterials, as they recommend certain
measures for controlled usage of nanomaterials such as TiOy which,
when inhaled, cause respiratory challenges [96]. In 2010, the American
Society for Testing of Materials (ASTM), the world’s largest standards
organization, published its standard framework (ASTM E2996-15) for
the adoption of nanomaterials in work environments by ensuring
disclosure of information on nanoparticles in research, laboratory and
other professional environments [97]. The ISO/TS 12901-2:2014 and
ISO/TR 12885:2018 standards offer a control banding approach to
workplace risk management, recommending tiered protective strategies
based on exposure level and material toxicity [98].
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3.1.5. Implications for nano-coolants

Rather than being assigned a distinct class, nano-coolants are
generalized under the broad nanomaterials. Their deployments and
handling in industrial heat exchangers usually fall under work protec-
tion regulations like the use of personal protective equipment (PPE)
while handling and proper storage and waste disposal protocol, which
engineers must ensure when designing and scaling nano-coolant in
commercial heat transfer systems.

3.1.6. Knowledge gaps and future works

There are significant challenges to the acceptance of nano-coolants
as a cooling fluid in laboratories and industrial applications. These
include a lack of a nano-specific exposure limit for NPs in nano-coolants.
Although an impressive effort has been made by OSHA to limit exposure
of TiO5 to 2.4 mg/m3, while exposure limits for other NPs are undefined,
creating ambiguity for industrial implications. Non-availability of uni-
fied international standards for nanofluid classification and waste
disposal is also lacking, and there is a shortage of data on toxicology and
environmental data of NPs, especially CNTs, in thermal studies.

Translating nano-coolants from laboratory-scale discovery to
industrial-scale implementation requires a thorough regulatory outlook.
The responsible use of nano-coolants in thermal systems will be guided
by the use of current safety frameworks (such as REACH, NIOSH, and
ISO standards) in conjunction with focused environmental risk evalua-
tions and lifecycle analyses. To guarantee performance and safety, reg-
ulatory agencies must collaborate with engineers and researchers

Various synthesis techniques have been explored, underscoring the
growing importance of life cycle assessment (LCA) and regulatory
frameworks in ensuring the safe and sustainable deployment of nano-
coolants in industrial applications. As research progresses, aligning
synthesis methods with environmental standards and integrating them
into renewable energy systems will be essential for scalability and
commercialization.

4. Nano-coolants

Nano-coolant is a specially designed fluid created by suspending NPs,
which are typically between 10 and 100 nm in size [99]. Commonly
called a nanofluid. The NPs improve thermal interactions and raise the
nano-coolant heat transfer capacity by many folds [100]. Despite the
encouraging possibilities, stability problems such as sedimentation and
aggregation of NPs in liquids tend to restrict the range of applications.
According to Pandya et al. [47], sedimentation is primarily seen in the
two-step approach for nanofluid preparation and the authors recom-
mended switching to the one-step method, with surfactants as a coun-
termeasure. However, the high surface area ratio of nano-coolants leads
to a rise in pump requirements because of system clogging. Key essential
characteristics of nano-coolants that promote heat transfer were
revealed by Ajeeb et al. [34], Kumar et al. [101] and Gupta et al. [102].
These traits include significant enhancement in heat transmission
because of nanofluids’ potential to greatly improve heat conduction.
This is far above and beyond expected values and theoretical pre-
dictions, which is in the magnitude of 1.21 times compared to pure
water [103]. Nanofluids retain their Newtonian behavior and stability
for months without sedimentation when stabilizing chemicals are used
[35]. Lastly, particle size unlike micrometer-sized particles, NPs allow
for greater heat transfer. It was shown that the concentration and size of
the particles affect heat transfer. Higher thermal conductivity is gener-
ally encouraged by smaller sizes.

4.1. Nano-coolant preparation methods

The need to develop enhanced thermal enhancers (nano-coolants) or
nanofluids has led to the development of methods to prepare nano-
coolants. Fig. 5 depicts the widely used method for preparing a nano-
fluid. Nanofluids are commonly produced using both one-step and two-
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Fig. 5. Nanofluid preparation method [108].

step techniques [104]. Other techniques have also been used to make
nanofluids, including chemical vapor deposition [34], premixed flame,
and arc discharge, [105]. Each of these techniques requires chemical
treatments to enhance stability in base fluids [34]. According to Traciak
and Zyla [106], water and glycol (EG) are the most frequently used base
fluids. For efficient heat transfer in heating systems [107], it is highly
recommended to use fluids with good thermal conductivity that are less
viscous, as shown in Table 4. Water’s high thermal conductivity value
makes it the most widely used base fluid.

4.1.1. Single-step method

The in-situ method, known as single single-step method, is a method
in which NPs are produced and dispersed simultaneously in one single
step [109] This technique involves simultaneously manufacturing and
dispersing NPs in a single step [42]. Vapour deposition techniques and
liquid chemical procedures are the most frequently employed methods.
These techniques make NPs more stable; agglomeration is usually
minimized, and nanoparticle storage, drying, and dispersion are usually
ignored [109]. One of the major drawbacks of this technology is that it is
limited to low-vapor-pressure fluids and cannot be cost-effective for
commercial scale-up [100]. In this method, a magnetic stirrer or an
ultrasonic generator is used to break up nanoparticle clusters and pro-
duce stable solutions, resulting in greater dispersion rates with reduced
sedimentation. This is illustrated in Fig. 6.

Controlling the size and shape of NPs using this method is chal-
lenging and could affect the uniformity of the nanofluid’s properties.
The selection of base fluids for specific operations is limited by the high
temperatures or pressures that some base fluids may not be able to
tolerate [119]. The one-step technique’s main drawback is that the
nanofluid becomes impure due to the remaining reactants from an
incomplete reaction. Despite the drawbacks, this process is becoming
more and more popular because it is simple to use and produces
high-performance nanofluids that are stable and uniform. The improved
thermal properties of nanofluids have led to their widespread use in
cooling and heating devices [19]. To improve dispersion rates and
reduce sedimentation, several researchers have used a magnetic stirrer
and an ultrasound generator to break down nanoparticle clusters and
create stable solutions [47,117].

This method offers significant advantages in producing stable and
effective nanofluids, eliminating the need for separate syntheses and
dispersions. It improves heat conductivity and stability by lowering
agglomeration and sedimentation and guaranteeing uniform particle

Table 4
Properties of base fluids Ajeeb et al. [34].
Fluid Viscosity Thermal Specific Density
(mPas) Conductivity (W/ heat (J/kg (kg/m®)
m.k) K)
Water 0.89 0.604 4183 998.2
Ethylene 5.378 0.216 2.46 1054.8
Glycol
0il 2.89 0.143 2.84 867
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distribution throughout the fluid. Unlike the two-step process, it pro-
vides minimal control over size and shape. Therefore, further research is
required to increase the variety of materials available and increase the
viability of commercialization.

4.1.2. Two-step method

In a two-step process, NPs are scattered in the base fluid before
sonicating the mixture to create a nanofluid [40]. The two-step pro-
cedure is the most preferred and easiest method in nanotechnology for
the commercial production of nanofluids (see Fig. 7). This is accom-
plished by employing the magnetic guiding technique to disperse
nano-sized particles in water, a common base fluid [111]. Research by
Gupta et al. [10] and Herrera et al. [39] showed that the dispersion of
NPs causes the formation of strong van der Waals forces, which enable
neutral molecules to cluster and clog systems. To lessen this issue Pra-
shant et al. [101], Borode et al. [105] and Kumari et al. [112] proposed
the use of anionic surfactants (sodium dodecyl sulfate SDBS and sodium
dodecylbenzene sulfate SDS), or cationic surfactants (cetrimonium
bromide CTAB), and non-ionic surfactants (Triton X-100, PVP) and
tannic acid, which are positively charged surfactants. This method is
most effective when there is a higher concentration of NPs than 20 %.

The method’s flexibility in selecting base fluids makes it highly
versatile for different applications. Additionally, it could attain high
concentrations, which are sought after in various thermal applications.
Like the single-step method, NPs tend to agglomerate, which reduces
surface area and hinders enhanced nanofluid synthesis. While surfac-
tants (SCD, CTAB, SDBS) can enhance stability, they also lead to an
increase in viscosity that could impact the fluid’s thermal conductivity
[113].

Since the tendency of the NPs to aggregate leads to sedimentation,
channel clogging, and a reduction in the thermal conductivity of the
nanofluid, the reliability of nanofluid adoption prepared either through
a one-step or two-step method remains a significant challenge in
nanotechnology [114]. Zeta potential analysis is widely used, among
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— | ——1
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Mixing With Ultrasonic Vibrator

L

many others, to evaluate the stability of a nanofluid. The stability
threshold is achieved when the zeta potential is greater than 25 mV,
regardless of whether it’s positive or negative. Tested modifications
include altering the surface of the nanomaterial, adding surfactants to
the nanofluids, modifying the pH, and extending the ultrasonication
time. To effectively create a stable nanofluid, one can use surfactants as
a rapid and low-cost method [2]. Nonetheless, several variables are
considered to prevent sedimentation or agglomeration and ensure the
stability of nanofluids. This includes the choice of base fluid, the type of
nanoparticle, the duration of mixing and sonication, and the quantity of
surfactant [102].

In preventing sedimentation, Kumara et al. [112] utilized inert gases
to prevent the formation of metallic oxides, as exposure of freshly syn-
thesized NPs to oxygen leads to oxidation, reducing the desired thermal
and electrical properties of NPs. Kapicioglu et al. [115] prepared
Al;0O3/ethylene glycol nanofluid for ground heat exchangers using the
sol-gel method. Sumesh et al. [116] prepared Al,Os/water nanofluid
using green synthesis. Bhattad et al. [117] prepared Al,O3/TiO2 hybrid
nanofluid via ultrasonication. Kamalnayan et al. [37] prepared a
reduced graphene oxide-Aly03 hybrid nanofluid via the two-step tech-
nique. Alklaibi et al. [118] prepared hybrid FesO4/MWCNT coated
MWCNT/water via chemical precipitation and sonicated in distilled
water using a two-step method. Singh et al. [45] synthesized hybrid
Al,03/MWCNT via two-step heat transfer analysis using a tubular heat
exchanger. Despite the advantages of bulk manufacturing, surfactants or
ultrasonication are frequently required to combat the problem of
agglomeration and sedimentation, which can lead to a decrease in sta-
bility. Even though the process is being considered, the technique is
nonetheless reliable and expandable, particularly when used with sta-
bilizers (surfactants) to enhance fluid stability and dispersion in heat
transfer applications. Table 5 depicts the comparison between the two
methods.

Time
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Fig. 7. Schematic procedure of the Two-step method [109].

10



E.T. Bello et al.

Table 5
Comparison of single-step and two-step methods.

Ref. Single-Step method Two-Step method

[101] Stability Highly stable due to in-situ Moderate stability. High risk
procedure. High dispersion of agglomeration. Cheap
with minimum cost. Often requires
agglomeration surfactants

[112] Cost High cost of production due Moderate cost as NPs are
to specialized equipment. produced separately

[119]  Scalability = Limited scalability due to High scalability as large

high-cost for industrial

quantities can be produced

setup

4.2. Application of nano-coolants in heat transfer studies

High thermal performance is frequently achieved with the use of
nano-coolants or nanofluids in heat transfer investigations by re-
searchers due to their improved thermophysical characteristics [118]. A
study by Hugq et al. [11] states that nanofluid, which is employed as a
heat transmission fluid, is created by dispersing NPs in a base fluid.
Using both experimental and numerical techniques, it has been
demonstrated that NPs greatly speed up heat transfer rates. This section
displays research findings on various heat exchangers and nanoparticle
types that were assessed and published by the authors of multiple
studies.

Shell and tube heat exchangers, or SHTEs, are the most popular types
of heat exchangers used in companies such as power plants, marine, and
food sectors, and so on. Its simple design and ease of operation make it
the best heating/cooling system for a variety of applications. Cruz et al.
[120] studied the hydrothermal enhancement of 29 nm copper oxide
NPs dispersed in distilled water “CuO/water” nanofluid moving through
a compact heat exchanger. By increasing the loading concentration,
there was a 48 % thermal improvement and a twofold decrease in
pressure. Thus, included models with a 0.1-1 % vol concentration and
Reynolds numbers (Re) ranging from 17,000 to 71,000. Multi-wall
carbon nanotubes (MWCNTSs) were assessed by Hassan et al. [121] for
their potential to improve an Armfield heat exchanger unit with 0.5-2 %
volume concentrations and 2500-12,500 Reynolds number. A 76.4 %
thermal enhancement and a 58.6 % enhancement in the Nusselt number
were reported at a concentration of 2 %. It is believed that heat ex-
change in heat exchangers can be improved by using high concentra-
tions of NPs. However, as noted by Ajeeb and Murshed [47] and Ali et al.
[48], this enhancement increases the pressure drop of pumping ma-
chines, with additional studies by Pandya et al. [47] and Gupta et al
[107] all documenting comparable outcomes.

Similarly, Zolfalizadeh et al. [43] investigated the hydrothermal
properties of GNP in an STHE. The researchers produced three different
nanofluid concentrations: 0.01 %, 0.03 %, and 0.06 %. Their findings
demonstrated improved convective heat transfer at high particle con-
centrations compared to water, with comparable outcomes for volu-
metric flow rates and Reynolds numbers. The study’s novel findings
revolve around the impact of artificial NPs on heat transfer, potentially
leading to better thermal efficiency and performance in multiple ap-
plications. In addition, the authors carried out a detailed experimental
investigation to analyze the impact of graphene on the thermal
convective heat transfer coefficient. CuO and Al;Os nanoparticle’s
thermophysical properties were evaluated by Sattar et al. [124] in
comparison to a mixed CuO- Al;0s-laced nanofluid at concentrations of
0.5-5 % and a velocity of 0.5-2 kg/s. The findings indicate that the
Al;03 and CuO- Al;03 NPs had a 16 % and 20 % improvement in the
heat transfer rates and coefficients, respectively. The relevance of the
study shows that mixing two or more NPs can result in a higher heat
transfer rate.

Perumal et al. [125] investigated the relationship between volume
concentration and conjugate heat transfer of silicon oxide (SiO3) NPs
versus ZrOs, TiOy, and Aly0O3 NPs. The study explores the use of NPs to
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enhance heat transfer in STHE by focusing on thermal conductivity and
efficiency. The NPs’ strong thermal conductivity motivated Talipova et
al. [126] optimization effort. Their investigation focused on how pack-
ing porosity and pipe diameter affected heat flow and pressure drop in
SHT. Critical information that can be used to improve performance,
increase efficiency, and drive the development of heat exchanger sys-
tems for transportation networks is provided by their research. Many
machine learning models, such as ANFIS, ANN, particle swarm optimi-
zation (PSO), multi-objective genetic algorithm (MOGA), and others,
have been developed to mimic flow behavior in a variety of heat
exchanger systems that use a wide spectrum of NPs. Yacine et al. [127]
employed multi-objective function analysis to study the optimal hy-
drothermal properties of SiOo, whereas [128] deployed MOGA to alter
tube orientations. The two studies found higher thermal increases, and
Onyiriuka [129] suggests the use of artificial intelligence technologies,
which yield better results than CFD.

In a similar manner, PHE plate heat exchangers (PHE) have been
utilized for several investigations. The investigations were conducted to
examine the thermohydraulic properties of NPs, with a specific focus on
their effect on the size, shape, and concentration of nanomaterials. Issa
et al. [130] investigated the effectiveness of Al,O3 NPs in a plate heat
exchanger that is influenced by flow and discovered that as the fluid
shifts from laminar to turbulent flow, the concentration increases,
resulting in more heat transfer. The author found that the presence of
strong turbulence in the PHE inflow causes high heat transfer rates due
to the concentration of NPs, which is an interesting aspect of the study.

In a study conducted by Sundar et al. [40], the thermohydraulic ef-
fects of a nanofluid consisting of carbon-based nano-diamond particles
were experimentally investigated. The parameters investigated were
0-1% volume concentration, 140-610 Reynolds number,
0.05-0.183 kg/s flow rate, and 895-3882 Peclet numbers, respectively.
With an increasing particle concentration, the authors reported an
enhanced heat transfer coefficient of 32.5 %, an improved Nusselt
number of 35.11 %, and a 22.8 % increase in pressure drop, as well as a
19 % rise in pump power. Additionally, it was observed that the
generated thermal entropy and frictional entropy decreased and
increased simultaneously. Gupta et al. [10] recorded a maximum ther-
mal gain of 1767.91 W/m?K using WOs/water nanofluid at a volume
fraction (¢) of 0.3-0.5 % in a triple tube heat exchanger. Comparable
results were reported by Alklabi et al. [118] and Bahiraei et al. [131].

In a separate study, Bose et al. [132] investigated cryogenic fluid in a
PHE running in laminar flow utilizing CuO, Al;O3, Fe;O4, and MWCNT
as the base fluid. The authors discovered that using NPs resulted in a
25-30 % improvement in performance with negligible pressure drop.
The study’s originality reveals the potential use of NPs in liquids with
low boiling points. Furthermore, Bhattad et al. [117] investigated the
correlation between fluid temperature and particle concentration in an
Al;03-TiOy hybrid nanofluid in a PHE. The significant improvement
recorded lends credence to the theory that fluid viscosity is a critical
parameter in thermal studies [133]. Furthermore, the study revealed
that viscosity is affected by various variables, such as particle concen-
tration, base fluid characteristics, volume flow rate, and the thermal
properties of nanomaterials [122].

Another type of heat exchanger used in the processing industry is the
double-tube heat exchanger (hairpin). Since their commercialization,
double-tube heat exchangers have been widely utilized in industrial
processes due to their simplicity and low cost, while delivering high
transfer rates and low-pressure drops. Several computational and
experimental studies have been conducted using various kinds of NPs
[135]. Kavitha et al. [136] studied the thermal augmentation of CuO/-
water nanofluid at a volume concentration of 0.04 % over a limited
temperature range. According to the authors, the increase in particle
concentration led to a noticeable 11.6 % increase in performance. It also
demonstrated that the size orientation, and concentration of NPs are
important factors in improving heat transfer, as previously reported by
Saleh et al[137]. Additionally, Singh and Sarkar [14] used several
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tapered wire-coil turbulator coil designs to study the hydrothermal
performance of an Al,03+MgO hybrid nanofluid. The findings indicated
that using coil inserts with hybrid nanofluid instead of water resulted in
superior thermal exchange of over 45 %, similar to the observation
made by Said et al. [138]. Hybrid nanofluid is stated to have lower
entropy generation and 1.69 times better thermal performance than
Al;03 nanofluid. In a separate study Jafarzad and Heyhat [139] reported
that the thermal enhancement in an air-driven double-tube heat
exchanger was 27-92.50 % with nanoparticle concentration ranging
from 0.50 % to 0.50 % [123].

Relatedly, Karimi et al. [140] employed a two-phase model approach
to examine how metallic tape inserts affect the hydrothermal perfor-
mance of double-tube heat exchangers with different pitch ratios. Ac-
cording to the findings, the pitch ratio and metal tape selection had a
significant impact on the pressure drop and heat transfer coefficient
[141], which provides excellent opportunities for optimization. The
significance of material selection, rather than just its nature, in
enhancing heat transfer was emphasized by the researchers. The
research provides valuable insights into the design of processes and
equipment for industrial use. Additionally, by successfully evaluating
the fluid properties of an AlyOs/water nanofluid in a complex double
tube heat exchanger, Raei and Peyghambarzadeh [142] addressed an
existing gap in the literature. The area of fully developed turbulent flow
regimes in double tube heat exchangers is understudied in comparison
to simpler geometries. Under other circumstances, the authors observed
a 16 % increase and a 1.2 performance factor, which gave researchers in
the field significant knowledge about the differences in convective heat
transfer coefficients.

High-performance devices such as microchannel heat exchangers
(MCHE) are usually lightweight and small. They are utilised in specific
applications where weight is considered, such as space exploration
[170]. Due to the trend towards system miniaturization, micro-channel
heat exchangers are popular and widely known for their high heat
removal rate. As a result of this, a growing number of scientific in-
vestigations are being carried out to improve efficiency. The perfor-
mance of a unique graphene quantum dot (GQDs) nanofluid in
microchannel heat exchangers (MCHE) was investigated by Jam-
shidmofid et al. [143] using the finite volume technique. The fluid was
run at a concentration of 0.5 % and a Reynolds number of 50-200, while
water was run at a Reynolds number of 100. The authors observed a
14 % improvement in performance at 50-100 Reynolds numbers with
an 8 % penalty in pressure drop. Despite the difference in Reynolds
numbers between 150 and 200, a noticeable decrease in pressure was
observed. The authors recommended that the use of graphene for
nanofluid be restricted to a maximum of 50-100 Reynolds numbers for
optimal performance.

In a heat exchanger equipped with trapezoidal baffles, Bahiraei and
Monavari [144] conducted the numerical investigation of the hydro-
thermal performance indices of a boehmite (y-AlIO(OH)) nanofluid
containing five distinct nanoparticle forms. The result showed a
decrease in the performance index, but an increase in the heat transfer
coefficient, heat transfer rate, and efficacy at higher nanoparticle con-
centrations. Mazaheri et al. [145] used a simulation model of two phases
to numerically analyze a new micro-channel heat exchanger (MCHE)
that utilizes Al;03 nanofluid. The authors observed that at low flow rates
and volume concentrations of NPs, there is a significant destruction of
exergy (more than 61 %); on the other hand, high flow rates promote
high thermal and frictional entropy creation of 11.7 %.

Another study was conducted by Alsagri and Moradi [146] to
investigate the heat transfer in rotating tubes of MCHE using the
homotopic perturbation approach, in addition to ordinary differential
equations (ODEs) and the Koo-Kleinstreuer-Li (KKL) model. The study
revealed that the temperature gradient decreased as the thermal char-
acteristics of the fluid increased at low Reynolds numbers. The study’s
initial finding demonstrated that Lorentz forces reduced velocity while
increasing Reynolds number. Along these lines, Mazaheri et al. [145]
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used a two-phase simulation to analyze the second law performance of a
unique four-layer micro-channel heat exchanger (MCHE) employing
Al;03 nanofluid. To identify the energy point that has the lowest dete-
rioration due to nanoparticle suspension, the study evaluated the
reduction of energy destruction. The findings demonstrated that while
higher flow rates produced more thermal and frictional entropy,
increasing the volume fraction (¢) at low flow rates increased exergy
destruction. Additionally, the water and nanofluid’s thermal irrevers-
ibility was reduced by 11.7 % and 61.6 %, respectively.

Fig. 8 depicts the fluid pass-way and temperature profile of a 6-way
microchannel MCHE heat exchanger. The cooling effect of a 1-3 %
volume concentration TiO,/water coolant was simulated in the
exchanger using Ansys-Fluent by Waqas et al. [147]. According to the
author, the finite volume technique (FVM) resulted in a 12-14 % in-
crease in heat transmission for volume concentrations of 1-3 vol%. In
the author’s opinion, higher Reynolds numbers and intake velocities are
the causes of the enhancement. These implications result from increased
particle collisions caused by high loadings, which account for high
thermal efficiency.

Al-Fatlawi and Niazmand [148], examined the heat transfer analysis
of TiOg, Aly03, and hybrid TiO,-Al,0O3 nanofluids in a recent work,
emphasizing the significance of particle shape and concentration. Their
overall performance was assessed through the analysis of heat resis-
tance, pumping power, and pressure drop. The modelling results indi-
cate that the hybrid nanofluid’s thermal conductivity increases linearly
by 18 % at a particle concentration of 4 %, whereas the mono nano-
fluid’s increases by 12 %. The results of the study are important because
they show that the thermal conductivity of similar NPs is not signifi-
cantly affected by the type of base fluid utilized.

In a similar development, plate heat exchangers (PHEs) are
frequently employed in chemical facilities due to their high effective-
ness, which results from a high area-to-volume ratio with minimal
pressure drop, and a self-cleaning mechanism with less fouling. These
attractive advantages have led to several studies, such as the assessment
of the thermohydraulic potential of MWCNT and GNP in a single-tube
heat exchanger by Dayou et al. [149]. The analysis was accomplished
by adjusting the flow rate of the system between 1.5-2.5 L/min with
particle loading of 0.1-0.35 %. According to the author, multiwalled
carbon nanotubes have a lower heat transfer coefficient compared to
graphene nanotubes. Reviewing the manufacturing method, thermo-
physical characteristics, and potential applications of GNPs in a
single-tube heat exchanger, Bahiraei and Monavari [150] conducted
studies on aqueous GNP nanofluids and reported 30 % and 26 % thermal
enhancement over water at 0.1 % concentration. Also, Afshari et al.
[151] reported a 12.3 % improvement using hybrid TiO,-Al,O3/water
over mono TiOy/water in a 16-plate heat exchanger.

The flow behavior of TiO; in a single-phase convective system was
investigated by Zhong et al. [152]. The key limitations of the stability of
NPs were studied, and it was found that TiOy/water nanofluid demon-
strated a 4.3 % enhancement in single-tube systems without surfactant
application. The authors highlighted deviations in empirical correla-
tions, which are rarely reported in the measurements of nanoparticle
viscosity and conductivity. The ability of NPs to revolutionize heat
transfer technology and improve the effectiveness of heating devices in
single-tube systems is presented by Ajeeb and Murshed [34], who have
exhaustively reviewed nanoparticle applications for tube heat
exchangers.

Zeinali et al. [153] demonstrated that Al;03/H0O generated the
highest thermal efficiency and that the linear exergy destruction is
proportional to particle concentration when viscosity increases. The
thermal performance of several nanofluids in spiral heat exchangers was
numerically evaluated by the authors. The authors explain how NPs in
heat-exchanging systems can increase concentration, thermal improve-
ment, and pressure drop by enhancing their viscosity and velocity. This
study’s conclusion implies that nanofluid causes frequent shell
replacement, which increases operating expenses. The oxidative activity
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Fig. 8. Temperature profile of 6-way microchannel heat exchanger.

of NPs may be the reason why the quick breakdown of the metal surface
is caused by nanomaterials. Through experiments, Razak et al. [154]
examined the thermal performance of CuO/H20 nanofluid in a spiral
heat exchanger and found that the Nusselt number, heat transfer coef-
ficient, and Reynolds number increased with the increase in particle
loading. As previous studies have demonstrated, friction factors increase
as laminar flow turns turbulent, and because nanofluid has a high vis-
cosity, this increase is more pronounced than in water. Similar to this,
Sundar et al. [40] enhanced the thermal efficiency of PHE by using an
experimental nanodiamond/water nanofluid. The concentration, Rey-
nolds numbers and Peclet number ranged from 0 % to 1.0 %, 140-610,
and 895.78-3882.72, respectively. In comparison with deionized water,
the authors found increases of 32.50 %, 55.47 %, 35.11 %, 22.80 %, and
18.83 % in the total heat transfer coefficient, heat transfer coefficient,
Nusselt number, pressure drop, and pumping power, respectively.
Consequently, they showed increased efficacy and number of transfer
units (NTU) at a 1vol% concentration of 14.14 % and 32.81 %,
respectively. Zheng et al. [155] used PHE to assess the thermal perfor-
mance of different nanofluids of Al;03, SiC, CuO and Fe304 with particle
sizes of 30 nm, 40 nm, 30 nm, and 25 nm at 0.05-1.0 wt% concentra-
tion and 3-9 lim/min rate. Fe3O4/water emerged as the top nanofluid,
while CuO/water had the worst thermal performance. Fe3O4/water
demonstrated a 21.9 % increase in thermal efficiency and a 10.1 % in-
crease in pressure drop compared to deionized water. The study also
emphasizes how back pressure limits particle loading because of an in-
crease in viscosity. The use of nanofluids at higher concentrations is
hindered by this phenomenon, leading to lower performance.

The turbulence effects of vertical and parallel springs in a PHE using
two nanofluid samples of AloO3/water and CuO/water prepared using
the two-step approach was investigated by Peker et al. [156]. According
to the author, Al,O3/water accounts for the best performance, and this is
attributed to the thermal gains for parallel and vertical spring insertion
of 76.1 % and 69.9 %, respectively. Comparing this study to that of
Zheng et al. [155], which was previously evaluated, the thermal con-
ductivity of the nanomaterial is more crucial for thermal enhancement
than particle size, provided that the nanoparticle size is between one and
one hundred nanometers. In addition to the type of heat exchanger,
which has its design concerns and constraints, the use of nano-coolants
also depends on the nature of the nanofluid. In addition, the efficiency of
nano-coolants in heat exchangers depends on the nature of the coolant
and other factors such as concentration, flow conditions, physical
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properties of NPs, as well as the synthesis method and rheological
properties. Table 6 summarizes the benefits and drawbacks of some of
the heat exchangers that have been reviewed. Furthermore, it can be
concluded that scientific studies have demonstrated the viability of
nano-coolants to enhance thermal performance in heat exchangers. In
Table 7, further findings of published journal papers using different

Table 6
Advantages and disadvantages of reviewed heat exchangers.
Ref. Type of heat ~ Advantages Disadvantages
exchanger
[107] Shell and High heat transfer Large size and weight
[157]  Tube efficiency in high- require more space for
[158] pressure applications. installation. Limited

Easy maintenance and efficiency, which increases
flexible design. energy losses.

[159] High durability and High susceptibility to
adaptability for a wide fouling and limited
range of fluids and thermal efficiency in low-
temperatures pressure applications.

[158] Plate Compact design with Limited pressure and
high heat transfer. Easy temperature range. High
maintenance with high- corrosion and fouling
temperature control. susceptibility. Short life
Cost-effective and span due to leakages.
flexible in the removal or
addition to adjusting
heat transfer

[160] Double tube Simple and inexpensive. Limited heat transfers due
Easy to clean and to low surface area.
fabricate. Highly reliable = Intolerant of dirty fluids.
for a wide application Difficult to clean.
range.

[161] Micro- High heat transfer in a Complex design. Highly

channel small volume. High Expensive. Fouling and

efficiency in compact blockages. Flow
systems. Small and instabilities due to design.
lightweight. Corrosion
resistant

[162] Single tube Low maintenance cost. Highly expensive. Fouling.

Easy design and
fabrication. High-
pressure and
temperature range. Easy
inspection and
disassembly.

Requires regular
maintenance. Less efficient
than plate. Requires more
space to open the tubes.
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Comparative analysis of recent experimental and numerical studies on nano-coolants in various heat exchanger types, showing nanoparticle types, concentrations, and

observed performance improvements.

Ref. Analysis Heat Base NPs NPs Conc. Enhancement Remark
Type exchanger fluid size (vol%) (%)
(nm)
[163]  Numerical Shell and tube ~ Water Hybrid (CuO/ N/A 0.01-0.1 18.45-22.11 Hexagonal tube orientation provides higher heat transfer
Zn0) due to increased surface area.

[164] Numerical PHE water SiO,y N/A 0.08 16.63 Evaluated to height-to-width (h/w) of tubes to significantly
impact heat transfer more than pitch-to-length

[148] Numerical Double tube water TiO2, Al;03 N/A 0-4 10.4-18.6 The study demonstrated that base fluids have an

and TiO,- insignificant effect on the thermal conductivity of similar
Al,03 NPs.
[165] Numerical PHE water Tungsten N/A 0.4 166-191 Rare use of WC nanoparticles; results show high versatility
carbide (WC) across moderate to high Re ranges (3240-8840), applicable
to real-world conditions.

[166] Experimental PHE water Al,03-SiC 4:1 0.1 31.2 The study examined several Al-O3 hybrid NFs and observed

Al,03-MgO that Al20s-MWCNT (4:1) hybrid nanofluid achieved
Al,05-CuO 31.2 % enhancement with minimal pump work increase
Al,Os3- (0.08 %), yielding a 12.46 % performance index
MWCNT improvement.

[167]  Experimental Shell and tube ~ Water Ag/water 143 2.5 32 The study demonstrated a 32 % enhancement that
highlights the synergetic effects of nanoparticle
concentration and flow rate on thermal efficiency and
validates the potential of silver nanofluids for energy-
efficient cooling applications due to improved thermal
properties.

[168]  Experimental Double tube water - N/A - 315 The study explored the impact of different twist ratios.
Results show significant enhancements in heat transfer,
with Nusselt numbers increasing by 219 %-315 %
compared to plain pipes, and a maximum thermal
performance factor (TPF) of 3.06. The study highlights the
optimization potential of twist ratios for designing heat
exchangers with improved efficiency.

[169] Experimental Microchannel Acetone Carbon- 50 0.1 73 Increase in friction factor (FF) and pressure drop (PD) due

Acetone to augmented particle loading. Micro-scale phenomena
like Brownian motion and thermophoresis account for
thermal enhancement

[155] Experimental Microchannel water Zirconia N/A 0.1-0.3 40.1 At a 0.3 wt% nanofluid concentration, the heat transfer

coefficient improved by 40.1 %, and the pressure drop
increased by 67 % compared to the base fluid. These
enhancements are attributed to enhanced thermal
conductivity, intensified Brownian motion,
thermophoresis effects, and increased viscosity, which
elevated frictional forces within the microchannel heat
exchanger.

nano-coolants, regardless of the synthesis methods employed to produce
them, are presented. By adding nano-coolants to these systems, thermal
performance is improved, resulting in increased sustainability and lower
energy requirements.

4.3. Real-world applications and industrial case studies of nano-coolants

While extensive numerical and experimental studies have evaluated
thermal enhancement using nanofluids, recent real-world applications
are increasingly demonstrating their industrial potential.

4.3.1. Solar photovoltaic thermal (PVT) systems

Nanofluids have been integrated into solar PVT systems to improve
collector efficiency and heat absorption. For example, a pilot study by
Lee et al. [171] demonstrated a 21.3 % and 15.14 % increase in thermal
efficiency using CuO/water and Al-Os/water nanofluids, respectively.
These enhancements were attributed to improved convective heat
transfer and greater solar absorption in regions with high irradiance as
observed by Farhan et al. [172] who achieved 54.53 % using ZnO
nanofluid. Additionally, Ravi Kulkarni et al., [173] reported a 32 %
improvement in convective thermal performance of a shell-and-tube
heat exchanger using AgNP-enhanced nanofluids. This pilot-scale
application underscores the potential of noble metal nanoparticles in
traditional exchanger geometries. On a broader scale, companies such as
BrightSource Energy, a U.S.-based solar technology firm, have deployed
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graphene nanomaterials in solar cells [174] to enhance light absorption
and energy conversion [175]. Bright Solar, another firm in the
Netherlands, has explored AgNPs in sustainable agriculture [176].

4.3.2. Automotive thermal management

In the automotive sector, CuO and Al.Os-based nanofluids have
shown considerable promise. Pilot-scale radiator tests indicated thermal
performance enhancements of up to 15 % and 25 %, respectively, when
compared to conventional coolants [177]. These improvements
contribute to better engine heat dissipation and improved fuel economy.
In industrial applications, Tesla (the world’s leading sustainable firm)
has successfully utilized nanofluids using carbon nanotubes as nano-
coatings in the development of batteries to improve corrosion resistance
[178]. Also, Thermo Fisher Scientific, a manufacturer of nanotech-
nology equipment, has developed a wide range of nanoparticles for
research and industrial applications [179].

4.3.3. Industrial heat exchangers and cooling towers

Pilot-scale refinery studies utilizing ZnO nanofluids demonstrated a
20 % increase in the overall heat transfer coefficient and reduced fouling
in shell-and-tube heat exchangers [180]. Similarly, Javadpour et al. [4]
evaluated nanofluids in a pilot cooling tower and found that
MWCNTs/water outperformed TiOz/water nanofluids with a thermal
performance improvement of 28 % versus 4.7 %. They also identified
0.0069 wt% as an optimal concentration for MWCNTSs in such systems.
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4.3.4. Electronic and semiconductor cooling

In data center cooling systems, hybrid nanofluids such as Al:Os-
MWCNT in deionized water have been applied to reduce CPU temper-
ature hotspots by up to 12 %, enhancing local heat transfer coefficients
[180]. Wahyuono and Arsana [181] also demonstrated the effectiveness
of Al:0s, SiO2, and TiOz nanofluids in a pilot-scale heat exchanger by
optimizing baffle design, resulting in significantly improved thermal
efficiency. In turbine systems, Almertejy et al. [182] reported a 15.6 %
increase in intercooler performance when nanofluids were used, high-
lighting their potential in gas turbine applications. In the semiconductor
industry, companies like Taiwan Semiconductor Manufacturing Com-
pany (TSMC) have reportedly explored the use of specialized nanofluids
(e.g., “Hydromx”) for high-performance cooling in chip manufacturing
processes [183]. Similarly, General Electric (GE) has been involved in
the development of germanium (Ge)-based nanofluids to enhance
thermal conductivity in energy systems [184].

These industrial and pilot-scale studies demonstrate the transition of
nanofluids from laboratory environments to practical thermal manage-
ment systems. Applications range from solar energy and automotive
radiators to data centers and industrial heat exchangers. The reported
thermal performance enhancements (ranging from 10-32 %) under-
score the potential of nano-coolants in improving energy efficiency,
reducing system size, and supporting sustainable thermal system design.

The thermophysical behavior of nano-coolants across multiple heat
exchanger types, supported by both numerical and experimental studies,
confirms their significant potential to enhance thermal efficiency,
particularly in shell-and-tube systems. While these enhancements are
promising, challenges such as increased pressure drop due to higher
viscosity and material compatibility issues must be addressed for
effective industrial deployment.

5. Investigated thermophysical properties
5.1. Thermal conductivity (k)

The ability of nano-coolants to transfer heat efficiently is determined
by their thermal conductivity, which is a critical property in heat
transfer applications. According to numerous studies, NPs outperform
conventional fluids in terms of heat dissipation [101]. Several thermal
conductivity models have been developed. According to Pramanand et
al. [185], one of them was introduced by Maxwell, who looked at mixes
of liquids and solids and proposed energy equations to compute the rates
of heat transfer in liquid-solid solutions [186]. Fig. 9 highlights en-
hancements from various studies utilizing different nano-coolants. The
increases result from nanoparticle concentration, turbulence, and
Brownian motion effects, confirming the performance benefits of supe-
rior thermal properties.

Bahiraei and Monavari [150] demonstrate that the thermal con-
ductivity increases with Reynolds number, even if the particles’ shape is
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not considered. This is supported theoretically by Brownian motion,
which is the randomized movement of NPs in a base fluid [187]. This
phenomenon accounts for the high thermal continuity of nanomaterials
due to the collision of particles as they undergo various motions in
fluids. Rationally, it has been demonstrated that evaluation models such
as the Timofeeva model, the Yu and Choi model, and the Hamilton and
Crosser models can calculate heat transfer rates at varying particle
concentrations. This approach has been used in almost every numerical
and experimental study [148]. Singh and Sarkar [45] used an
Aly03+MWCNT hybrid nanofluid at 8000-40,000 Reynolds numbers
and 5-25 lit/m flow rates to determine the impact of V-cut enhancers on
the thermal conductivity of PHE. Their observation was that increasing
flow rates enhanced thermal performance. This is to be expected, given
that high flow rates cause high turbulence [188].

Additionally, studies by Cao et al. [189] and Zheng et al. [190], using
an Al;03 and CuO hybrid nanocomposite have shown a remarkable
thermal conductivity of 36.5 % at 3 lit/min with different intake tem-
peratures compared to other nanofluids. Bhattad et al. [191] also
showed a 15.2 % improvement in heat transfer and a similar increase in
Reynolds number. Singh et al. [192] claim that the increased circulation
of NPs, which is caused by improvements in their thermophysical
properties and physical motion in base fluids, leads to enhanced con-
ductivity. This assertion aligns with the study by Purbia et al. [193].

Thermal conductivity is greatly impacted by NPs. As a result, heat
exchange becomes more efficient, which is essential for cooling and
heating systems. The rate at which heat energy can pass through a
substance is largely determined by its thermal conductivity [194]. In
engineering applications where effective heat transfer is essential, it has
a major impact on design, as it is a measure of a material’s ability to
conduct heat [195]. Thermal conductivity is noted to promote correct
modeling, guide material selection, and underpin calculations of heat
transfer rate, all of which are required for developing dependable and
efficient thermal systems. Therefore, it is essential to comprehend and
optimize how heat moves through materials [196].

5.2. Nusselt and reynolds number (Nu & Re)

In heat transfer, Nusselt and Reynolds numbers are significant per-
formance indicators for heat exchangers. Both are dimensionless
numbers that are crucial for analyzing and predicting heat transfer
behavior as they facilitate understanding how heat is transferred be-
tween a solid boundary and a fluid in motion. Offering optimization of
thermal systems [197]. While the Nusselt number (Nu) is an indicator of
the effectiveness of the heating system as it specifies the dominant mode
of heat transfer (ratio of convective to conductive heat transfer), the
Reynolds number characterizes the fluid into a laminar, transitional, or
turbulent flow regime [198]. In heat transfer, these parameters are
evaluated to ensure proper selection and design of high transfer systems.
As the Reynolds number increases, the Nusselt number decreases
because a higher Reynolds number implies higher flow rates, which
leads to increased heat transfer [199]. Kumar and Sahoo [200] inves-
tigated the performance evaluation of a PHE fitted with turbulator in-
serts and Fig. 10 compares the Nusselt number enhancements across
studies. Higher values are observed in hybrid nano-coolants and
turbulence-inducing configurations, where few studies have shown that
the use of turbulator inserts raises the Reynolds and Nusselt numbers at
high concentrations, which results in a notable increase in thermal
conductivity. This has also been observed by Mohammed et al. [201].
However, it is connected to particle shapes, as investigated by Bahiraei
and Monavari [144], where both Reynolds and Nusselt numbers are
found to be important in the evaluation of heat transfer rates. Additional
studies by Jeevanandam et al. [202], Bahiraei and Monavari [150],
Mourdikoudis, Pallares [203] and Shah et al. [204] reported similar
findings.

Rajput et al. [122] utilized CNT and CuO NPs in a twin-pipe heat
exchanger operating at 2-4 L/min to understand the impact of the
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Fig. 10. Comparison of nusselt number improvement across studies.

Nusselt number (Ne). The investigation revealed that twin pipe heat
exchangers had lower Nusselt values than shell and tube heat ex-
changers. Additionally, when the Nusselt numbers of different nano-
fluids at different particle concentrations were evaluated by Sundar et al.
[40] and Saleh and Sundar [134], Nusselt numbers were shown to in-
crease linearly with concentration and Reynolds number (Re). Accord-
ing to Malika et al. [205], Nusselt values for hybrid nanofluids fluctuate
around 55 % between simulations and experimental tests, suggesting
that nanofluids can improve heat transmission.

5.3. Overall heat transfer coefficient (U)

The overall heat transfer coefficient (U) is a significant parameter
that measures the efficiency of heat transfer through a material. In
thermal management, it plays a crucial role in designing and analyzing
heating devices. It is often determined to enable optimized designs when
efficiency, surface area, flow rate, and material nature are critical as-
pects that provide foundational metrics for enhancing thermal perfor-
mance [206]. Across various studies, nano-coolants have demonstrated
the ability to significantly increase U by enhancing convective heat
transfer through particle-induced turbulence, improved fluid thermal
conductivity, and greater heat surface interaction [207].

As shown in Fig. 11, these variations in U reflect differences in
nanoparticle type, concentration, and system configuration. For
example, Bashtani et al. [103] reported a 70.1 (W/m?k) using Al;O3/-
water nano-coolant in a pipe heat exchanger, while Abu-Hamden, N
et al. [208] also demonstrated improvements in U using Al2Os nano-
fluids, reporting an average coefficient of 62 W/m?K. Turbulence pro-
moters such as baffles and enhanced surface structures also contribute
significantly to performance improvements. Notably, machine learning
and computational tools like ANSYS-Fluent and ANFIS have been
employed to predict U values with high accuracy, suggesting a trend
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toward integrating Al into performance estimation frameworks [102].

To this end, Bahiraei and Monavari [209], numerically analyzed the
heat transfer coefficient values at varying nanoparticle loadings in a
shell heat exchanger fitted with baffles. The authors reported noticeable
increases in the sizeable presence of NPs due to turbulence created by
the baffles. Similar improvement was reported by Jayesh and Mukka-
mala [210]. The heat transfer coefficient of GNP nanofluid in an STHE
was also studied by Fares et al. [211], and a heat transfer coefficient of
1.30 W/m?K was achieved. These results were confirmed by Dimitriou
et al. [87] and Abu-Hamden, N et al. [208].

5.4. Effectiveness of heat exchangers

Effectiveness (g) is a measure used to express how effectively heat is
transferred between two objects to maximum heat transfer. The term
heat exchanger efficiency applies to the ratio of actual to maximum heat
transfer [199]. It is a key evaluated parameter, as a higher value cor-
responds to better efficiency [139]. The estimation of the (¢) enables the
optimal design of various configurations of heat exchangers. The tradi-
tional method of calculating effectiveness relied on log mean tempera-
ture difference (LMTD) and number of transfer units (NTU). However,
studies have increasingly emphasized the dynamic approaches of
data-driven and machine learning algorithms (ANN, GA) to handle the
complexities of changing operational conditions with high speed and
accuracy [212].

Most reviewed articles utilize CFD analysis (ANSYS-Fluent), which
remains a valuable tool, especially in multi-flow, multi-phase conditions
and complex geometries. CFD, like machine learning, has a high level of
flexibility in real-time estimation and provides insights into temperature
gradients and turbulent effects. Studies have demonstrated that the use
of multiple NPs has a significant impact on effectiveness, as demon-
strated by a study by Olabi et al. [213]. The author has demonstrated
that combining CFD and data-driven machine learning models can
improve predictive accuracy and computational efficiency. The effec-
tiveness of heat exchangers increases with the Reynolds and Nusselt
numbers, as demonstrated by Bahiraei and Monvari [209]. Similarly,
effectiveness is dependent on the configuration of the heat exchanger,
flow rate, and temperature differences between hot and cold fluids, as
stated by Alshahrani et al. The author revealed that a surge in temper-
ature differences at the inlet and exit of the heat exchangers causes an
increase in effectiveness. Findings by Ouyang et al. [214], Bahiraei and
Mazaheri [215] and Lee [80] all numerically investigated the effec-
tiveness and discovered effectiveness to be dependable on nanoparticle
shapes, volume concentration and the conductive effect of heat
exchanger fabrication materials.

5.5. Viscosity of nanofluid ()

In heat transfer, fluid viscosity is essential as it directly influences
heat transfer, pressure drop and overall efficiency. Given that it affects
fluid dynamics and flow regimes, its calculation enables effective control
over performance and operational costs, especially in viscous fluids
[216]. The rheological study of nanofluids is not well-documented,
unlike their thermal conductivity. However, a study by Thianpong
et al. [187] found that there is a significant link between the viscosity of
nanofluid and its thermal performance and concentration, as reported
by Yashawantha [217]. This assertion is supported by Ali et al. [42], who
compared the thermal enhancement of TiOs nanofluid made with
water-mixed ethylene glycol (more viscous) and distilled water (less
viscous). The study revealed that distilled water had a higher convective
heat transfer rate than the water-ethylene glycol mixture. The reason is
that less viscous water has higher thermal conductivity and facilitates
better mixing and flow properties, leading to thinner thermal boundary
layers and lower energy requirements. According to Esfe et al. [26] arise
in viscosity causes a corresponding increase in pressure drop. Bahiraei
and Monavari [144] and Yilmaz et al. [218] have found that viscosity is
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significantly impacted by the morphologies of NPs. The viscosity effect
was examined by Obonnaya et al. [219] and Pal [220], who found that
viscosity increases the power needed for pumps, resulting in higher
energy consumption. According to Hajatzadeh et al. [221]. Several re-
searchers have made assumptions and used different values for the
viscosity of nanofluids, but few have used experimental evidence to
confirm viscosity correlations.

5.6. Pressure drop (AP)

Pressure drop is a significant factor in determining the performance
of any heat exchanger system that uses fluids as the heat exchange
media. For this reason, adding NPs can alter base fluid characteristics
and pressure drop [217]. Accurate pressure drop estimation is crucial for
designing better systems that can minimize energy demand and ensure
system compatibility. Numerous studies have explored empirical
methods like the Darcy-Weisbach equation and CFD models like
ANSYS-Fluent under steady-state conditions. However, as systems
become more complex and demand high-performance systems, empir-
ical methods have proven to be less attractive. To address this, Nadda et
al. [222] employed a hybrid CFD-machine learning method, and it has
proven to be highly effective in systems with non-uniform geometries
and transient flow regimes. Fig. 12. [llustrate the pressure drop associ-
ated with nano-coolant usage in various studies. Shirzad et al. [223]
observed a substantial pressure drop increase of up to 47.8 % when
using CuO-ZnO hybrid nanofluids. Borode et al. [224] recorded a 39 %
increase. These observations emphasize the impact of nanoparticle
loading and flow regime on system resistance, highlighting the need for
optimized design to balance thermal gain with pumping cost.

According to Shirzad et al. [223], the pressure in a single-phase
laminar flow decreased significantly when volume fractions (¢) of
CuO-ZnO hybrid nanofluid increased in response to higher flow rates
and nanoparticle concentrations. This implies that the concentration of
particles necessitates the use of a pump. In this scenario, it is common to
trade off high thermal performance and higher running expenses for
pressure drop [186]. Yashawantha [217] observed through experi-
mental research that the pressure in an AlyO3 nanofluid decreased with
the increase in particle density and Peclet number. Operational costs are
generally negatively impacted by pressure drop, as demonstrated by
several investigations [223]. Singh and Gupta [226] and Omri et al
[227] have demonstrated that pressure drop increases in tandem with
nanoparticle concentration.

Thermophysical parameters critical to the performance of nano-
coolants were evaluated, demonstrating that these nano-coolants
significantly enhance heat transfer. However, challenges such as
increased viscosity and pressure loss must be carefully optimized to
strike a balance between thermal efficiency and operational costs in
practical heat exchanger applications.
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6. Research gaps and future directions in nano-coolant
applications

Numerous numerical and experimental studies have demonstrated
the significant thermal performance improvements offered by nano-
coolants. However, a critical evaluation of the current literature re-
veals several key challenges that continue to hinder the transition of
nanofluid technologies from laboratory settings to widespread industrial
applications. The following subsections outline the most pressing
research gaps and opportunities that require targeted investigation to
advance the field.

6.1. Research gaps

6.1.1. Standardization and stability challenges

A persistent issue in nanofluid research is the lack of standardization
in formulation and characterization. Studies report a wide range of
nanoparticle sizes, shapes, and base fluid types, alongside varying sur-
factants and sonication procedures [151]. These inconsistencies lead to
unreliable and irreproducible thermophysical property measurements,
which hinder meaningful comparison across studies and impede scal-
ability [203]. Moreover, nanoparticle agglomeration and sedimentation
present ongoing challenges, particularly in practical thermal systems
subjected to fluctuating temperatures, turbulent flow, and long resi-
dence times [226]. As noted by Borode et al. [224], even with surface
functionalization and surfactant use, maintaining long-term colloidal
stability, especially for metallic and carbon-based nanoparticles like
CNTs, remains difficult due to their inherent hydrophobicity [229].

6.1.2. Scalability and compatibility constraints

Although lab-scale investigations have shown promise, real-world
industrial implementations of nano-coolants remain scarce [33]. Chal-
lenges such as compatibility with existing heat exchanger materials,
fouling behavior, regulatory barriers, and high costs continue to limit
commercial viability [226]. There is a pressing need for pilot-scale
studies in sectors such as power generation, HVAC, and medical cool-
ing systems to validate laboratory results [230].

While it is generally accepted that nano-coolants enhance thermal
conductivity compared to conventional fluids, the mechanisms respon-
sible for this enhancement, such as Brownian motion, thermophoresis,
liquid layering, and nanoparticle clustering, are not universally agreed
upon. These mechanisms likely vary under different flow regimes and
material configurations, contributing to inconsistent results [226]. The
high production cost of synthetic nanoparticles, particularly carbon
nanotubes and graphene, remains a major obstacle. Existing synthesis
techniques are not yet cost-effective for large-scale deployment, making
these materials unsuitable for widespread industrial use at present
[231].

6.1.3. Limitations in numerical simulation

Many numerical studies rely on simplified single-phase models that
do not capture the complex interactions between particles and fluids,
such as slip velocity, agglomeration dynamics, and thermal coupling
effects [48]. These simplifications introduce significant uncertainty in
heat transfer predictions, especially in turbulent or multiphase flow
regimes where nanoparticle behavior plays a crucial role [232].
Furthermore, there is a notable lack of experimental validation for many
simulation-based findings. Without real-world corroboration, the prac-
tical relevance of such models remains uncertain.

6.1.4. Optimization complexities

Hybrid nanofluids offer promising avenues for optimization, as they
can combine the advantages of different nanoparticle types. However,
the interaction effects between dissimilar particles often result in trade-
offs, such as reduced stability or increased viscosity. Optimizing such
systems requires balancing thermal enhancement against cost, pump
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power, and long-term reliability.

Bahiraei et al. [233] emphasize the need for artificial intelligence
(AD-driven optimization techniques to identify the most effective
nanoparticle combinations and concentrations tailored to specific ther-
mal applications.

6.2. Future research directions

To bridge the gap between laboratory success and industrial appli-
cation, the following research areas require immediate attention:

I. Nanofluid Stability: Investigate the effects of pH, temperature,
particle size, and concentration on long-term dispersion.
Improved dispersion techniques such as ultrasonic treatment, pH
control, and chemical surfactants should be systematically eval-
uated [234].

II. Standardization and Benchmarking: Develop international

protocols for nanofluid preparation, stability testing, and ther-

mophysical property measurement. Such standards are essential

for cross-study reproducibility and industrial acceptance [233].

Long-Term Durability: Assess erosion and abrasion effects of

nanofluids in continuous operation, especially within micro-

channels and compact heat exchangers. This is vital to ensure the

reliability and longevity of thermal systems [31].

Environmental and Lifecycle Assessments: Conduct lifecycle

analyses (LCA) and toxicological studies to evaluate the envi-

ronmental impact of nano-coolants. Certain NPs (Ag, TiOz, ZnO)
are toxic to aquatic life and pose respiratory risks. Their envi-
ronmental fate and long-term health impacts remain underex-
plored, hindering regulatory approval and commercialization

[85].

. Al and Multi-Objective Optimization: Apply machine learning
algorithms for real-time control and optimization of nanofluid
parameters. Current efforts remain insufficient, especially in
capturing nonlinear behavior in complex, variable-load heat
transfer scenarios [9].

III.

Iv.

Although nano-coolants hold tremendous promise for enhancing the
efficiency of thermal systems, a range of unresolved scientific, technical,
and regulatory issues must be addressed to realize their full potential.
Interdisciplinary research that combines materials science, fluid dy-
namics, computational modeling, and environmental science is neces-
sary to develop a cohesive framework for advancing nano-coolant
technologies from experimental novelty to industrial reality.

7. Innovative methods to improve heat transfer

Innovative methods are being employed to improve the estimation of
heat transfer in heat devices. Artificial intelligence (AI) tools are one of
the strategies that can be deployed. To accomplish this task, several
algorithms and AI models have been developed, including the utilization
of ANN. By using data from previous experiments to train algorithms
and models, this method can accurately predict thermohydraulic prop-
erties [235]. By using ANN and support vector regression (SVR), Adun et
al. [236] predicted the thermal conductivity of hybrid nanofluids and
achieved high accuracy in both models with a R? of 0.99997 for ANN
and R? of 0.99788 for SVR. Similarly, Sadeghzadeh et al. [237] deployed
an ANN algorithm to predict the conjugate heat transfer of TiO-A-
1,03/water NPs synthesized using the sol-gel technique to develop a
nanocomposite of 20 % AloO3 and 80 % TiO, prepared at 1.5 % volume
concentration. The ANN results revealed a 25 % increase in thermal
conductivity.

The use of Al tools has enabled accurate heat transfer analyses
involving NPs in heating systems. Tools like multi-layer perception
neural networks (MLPNNS) have shown exceptional performance.
Mamand, [238] has also employed Adaptive neuro-fuzzy inference
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systems (ANFIS) as an Al tool to predict pressure drops in nanoparticle
distribution in base fluid, and they reported superior results to the CFD
method. The relationship between pressure, temperature, and concen-
tration in convective flows in heating devices can be understood more
effectively through ANFIS [221]. A study by Efse et al. [239] had suc-
cessfully use ANFIS to numerically determine the conjugate heat transfer
value of CuO nanofluid and reported a remarkable relationship with a
0.999 regression correlation. Other smart, intelligent artificial tools
have been studied by Sepehrnia et al. [240].

Another Al tool, fuzzy logic, utilizes fuzzy logic operations to
perform model predictions and generate decision-making tasks. The Al
tool has found wide-ranging applications in thermoregulation, aircraft
system control, robotics, and other control systems [235]. In addition,
the use of machine learning models enables the recognition of flow
patterns in complex heat exchangers [225]. In micro-channels, where
the CFD technique struggles to find connections between parameters
such as pressure and concentration, the ANN or ANFIS can easily fill the
gap by analyzing the CFD results and providing insight into boundary
conditions [241].

Al and machine learning applications in heat transfer analysis
improve accuracy and efficiency, making systems more resilient and
adaptive to changing conditions. Als, unlike CFD, are adept at handling
the complexities of dynamic flow conditions [228]. Particularly, ANN,
ANFIS and MLPNNs. These tools are highly adaptive to address CFD
limitations in handling multi-phase fluid conditions. By utilizing
experimental data, crucial hydrothermal properties can be predicted
more precisely, resulting in faster real-time analysis of complex fluid
regimes. These tools not only improve prediction by reducing compu-
tational time, but they also facilitate the efficient design of thermal
applications, marking a significant improvement over analytical
techniques.

7.1. Challenges and limitations of nano-coolants for heat transfer analysis

Significant challenges face NPs dispersed in the base fluid. Stability is
a primary concern because NPs tend to become unstable over time and
require constant renewal expenses [242]. A significant obstacle lies in
the dependability of heat transfer estimation models, as disparate
models produce inconsistent outcomes for identical NPs, rendering them
untrustworthy for complex analysis [243]. The majority of research on
nanoparticulates in heat exchangers is conducted through numerical
methods to obtain experimental validation. Cautious thought must be
given to the environmental impact of NPs, of which there have been few
studies, as well as to the economies of scale for commercial production
[188]. The use of convective heat transfer equations is not sufficient to
compute heat transfer coefficients, leading to the creation of new cor-
relation models using Al [244].

In nanoparticle production procedures, key limitations are
commonly encountered: Poor solubility of NPs in base fluids tends to
cause agglomeration or sedimentation [243], leading to clogging and
corrosion of materials [245]. Economic limitations: The production of
NPs is associated with high production costs, especially for synthetic
materials such as graphene and carbon nanotubes, along with some
metals such as Au (gold) and diamond NPs [246]. Characterization re-
quirements: All synthesized NPs are usually characterized to measure
thermal conductivity, viscosity, and particle distribution, which are
necessary to understand their behavior. Such procedures are expensive
and time-consuming. Nanoparticle shape complexity: heterogeneous
NPs present technical difficulties as their distinct shapes and sizes
discretely impact heat transfer, as observed by Bahiraei and Monavari
[150], who investigated thermal enhancement using non-identical NPs.

Additionally, most NPs studied are produced by diverse techniques,
and most numerical studies use a variety of equations that require
experimental validation to model their thermophysical properties [247].
A concise database with preparation techniques and up-to-date ther-
mophysical property data is needed for numerical analysis. Promoting
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experimental investigations is necessary to confirm numerical results
and gain a thorough understanding of nanofluid improvements in heat
exchangers. To efficiently analyze the thermophysical properties, a
nanocomposite made of many NPs should be studied. Since limited in-
formation is available, additional research into the rheology of single
and composite nanofluids is necessary. As a potential energy-saving
method, it is important to consider the pollution and toxicity of nano-
fluids. By addressing these limitations, the use of NPs as convective
nanofluid material in heat transfer analysis can be advanced.

Research has shown that Al and ML tools, such as ANN, ANFIS, and
fuzzy logic, hold great promise for predicting and optimizing heat
transfer in nano-coolant systems. While these models improve accuracy
and reduce computation time, challenges like high computational costs
and limited experimental validation remain. Advancing nano-coolants
as a reliable solution will depend on addressing these limitations.

8. Conclusion

The deployment of NPs in thermal analyses on heat exchangers is
assessed thoroughly, both experimentally and numerically. It is estab-
lished from the literature that nanoparticles dispersed in a fluid have a
noticeable effect on the efficiency of heat exchangers. Most of the im-
provements are attributed to the increased thermal properties of NPs.
The results of experimental and numerical investigations are presented
and findings from reviewed articles indicate that the overall heat
transfer coefficient (OHTC) is enhanced, with a slight penalty of greater
pressure drop at higher volume concentrations. Moreover, as the con-
centrations and flow rates of nanoparticles increase, so do the Nusselt
number, Reynolds numbers, Prandtl numbers, and heat exchanger
effectiveness. According to these performance indicators, nanoparticles
are the most suitable material for thermal augmentation. However, the
advancement of nanoparticle utilization hinges on addressing the reg-
ulatory, environmental and scalability limitations inherent in nano-
materials and studying underexplored fields such as life cycle
assessment and renewable system integration.
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