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Abstract
In response to rising power demands and cooling loads in thermal systems, new technologies have been adopted to enhance 
heat transfer characteristics. A suspended nanosized particle that has high thermal conductivity in conventional heat transfer 
fluids is called a nanofluid. Several studies have investigated the effects of graphene-based nanofluids on thermophysical 
parameters such as thermal conductivity and viscosity.  The paper also highlighted potential benefits of nanofluid in terms 
of energy conservation, reduction of material consumption and sustainability in the preparation of high thermal conductiv-
ity fluid. Also, many numerical and experimental studies have been done for heat transfer characteristics using different 
graphene-based nanofluids. This review examines the preparation, thermophysical properties, and heat transfer characteristics 
of graphene-based nanofluids, including graphene nanoplatelets, graphene oxide, and graphene composites, across various 
thermal systems.
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1  Introduction

New technological developments tend to increase thermal 
loads due to high power output, which demands improve-
ments in heat transfer equipment to make it more energy 
efficient in many thermal applications like automobiles, 
manufacturing, electronic devices, and energy storage sys-
tems. Improved performance of a thermal system requires 
a good heat exchanger design. In order to improve the heat 
transfer performance of heat exchangers, several different 
approaches can be taken. Heat transfer enhancement can be 
achieved by mechanical aids, surface vibration, fluid vibra-
tion, electrostatic fields, injection, suction, jet impinge-
ment, etc., but it required external power to maintain the 
enhancement in the heat transfer. These techniques does 
not show much potential due to complexity in the thermal 

system design. Also, in several applications, it is not easy 
to provide external power. Heat transfer enhancement can 
be done by using surface treatment, displaced enhancement 
devices, swirl flow devices, coiled tubes, surface tension 
devices, additives for liquids, extended surfaces, and nano-
fluids. Researchers are more interested in techniques that 
do not require external sources of power. For heat transfer 
processes, nanofluids have better heat transfer characteris-
tics than conventional fluids [1, 2]. When the efficiency of 
heat exchangers improves, it results in a more cost-effective 
configuration of the heat exchange process, leading to sav-
ings in energy, materials, and overall costs. The impera-
tive to enhance the thermal efficiency of heat exchangers 
and thereby achieve energy, cost, and material savings has 
driven the innovation and adoption of various methods 
known as heat transfer augmentation [3, 4]. These methods, 
also known as heat transfer enhancement, work by boosting 
convective heat transfer through the reduction of thermal 
resistance within the heat exchanger [5, 6]. The application 
of augmentation techniques aims to enhance the heat transfer 
coefficient, which consequently raises the pressure drop as 
well. Consequently, when designing a heat exchanger using 
any of these approaches, a comprehensive analysis of both 
heat transfer rate and pressure drop becomes necessary. Fur-
thermore, factors such as the long-term performance and 
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intricate economic evaluation of the heat exchanger also 
require careful consideration.

Nanofluids are suspended fluids obtained by dispersing 
various nanoparticles in conventional fluids, which have 
higher thermal conductivities than conventional fluids [7]. 
Since then, the theoretical and experimental study of nano-
fluids has gained considerable momentum because of their 
high effective thermal conductivity. Nanofluids enhance 
thermal conductivity, stability, and heat transfer efficiency 
while decreasing power consumption and overall expenses. 
This increases the fluid’s thermal conductivity, thereby 
increasing its heat transfer coefficient (HTC). This has the 
potential to make heat exchangers more compact and effi-
cient by reducing their size and weight.

This review paper studies graphene-based nanoparti-
cle preparation methods, characterization, thermophysi-
cal properties, and application in the field of heat transfer. 
Measurement of density and specific heat will be achieved 
through correlation, but experimentation will be conducted 
to determine thermal conductivity, viscosity, heat transfer 
coefficient, and pressure drop. This study involves vary-
ing concentrations of graphene-based composite nanoflu-
ids including graphene nanoplatelets and graphene oxide. 
There were identified and discussed challenges and oppor-
tunities with the application of graphene nanofluids. On the 
basis of a review of these aspects of nanofluids, we will 
identify some challenges for future research. It may be a 
future research topic to extend this review study to graphene 
and graphene derivatives, as well as composites with other 
nanomaterials.

2 � Synthesis techniques for nanoparticle 
and nanofluid

Nanoparticles can be composed of different elements and 
compounds. The only requirement for something to be con-
sidered a nanoparticle is its particle size. Nanoparticles typ-
ically range in diameter from 1 to 100 nm. There are two 
methods wisely used to prepare nanoparticles: the bottom-up 
approach and the top-down approach. Further, we divide these 
approaches into various subcategories based on the different 
conditions and applications, as shown in Fig. 1 [8, 9].

2.1 � Top‑down syntheses

Using this method, larger molecules are broken down into 
smaller units by destructive means. This method involves grind-
ing and milling, chemical vapor deposition (CVD), physical 
vapor deposition (PVD), and other decomposition techniques 
that convert these units into appropriate nanoparticles (NPs) 
[10]. To create nanoparticles from coconut shell (CS), a milling 
method was used. Raw CS powders were finely ground using 
ceramic balls and a planetary mill at varying time intervals. 
Various characterization techniques were used to examine how 
milling time affects NP size. As milling time increased, NP 
crystallite size decreased. Furthermore, it was observed that the 
NPs’ brownish color faded with each additional hour of milling 
due to the reduction in size. SEM results were consistent with 
X-ray patterns, both indicating a decrease in particle size over 
time [11, 12].

Fig. 1   Synthesis methods for 
Nanoparticles [9]
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2.2 � Bottom‑up syntheses

A similar procedure employs sedimentation and reduction 
methods to create NPs by transforming simpler substances 
into NPs in reverse. This is therefore known as the “build-
ing up” method. This category encompasses techniques like 
sol–gel, green synthesis, spinning, and biochemical synthe-
sis [8, 13]. Mogilevsky and colleagues utilized this strategy 
to synthesize TiO2 anatase NPs combined with graphene 
domains. They employed alizarin and titanium isopropox-
ide precursors in creating a photosensitive composite for 
breaking down methylene blue in photocatalytic reactions. 
Alizarin was chosen due to its robust binding capability with 
TiO2, facilitated by their terminal hydroxyl groups. The 
anatase structure was validated through XRD analysis [14].

2.3 � Nanofluid preparation

There are two methods for synthesizing nanofluids: (1) a 
single-step method and (2) a two-step method. In order to 
maintain the increased thermal properties of nanofluid, addi-
tional precautions must be taken to prevent particle agglom-
eration and ensure a stable nanofluid. Nanofluid stability is 
determined by how long the nanofluids remain fully dis-
persed [15–18].

The synthesis and dispersion of nanoparticles take place 
simultaneously in a one-step method. The drying, stor-
ing, transporting, and separate dispersing processes are 
not required in a one-step method and can avoid problems 
associated with this process. By making nanofluid through 
this process, more stability can be achieved by reducing 
the agglomeration problem [19–21]. Nanoparticles can be 
uniformly dispersed through various techniques like direct 
condensation and evaporation, laser ablation, SANSS (sub-
merged-arc nanoparticle synthesis system), and the chemical 
solution method (CSM). This leads to enhanced stability in 
base fluids and lower production expenses for the resulting 
nanofluid. The nanofluid created using CSM exhibits bet-
ter thermal conductivity and stability. Nonetheless, produc-
ing nanofluid on a large scale through a one-step method 
remains challenging.

The two-step method involves producing nanoparti-
cles through a range of methods like milling, grinding, 
sol–gel, and vapor phase. These are subsequently blended 
with base fluids like water, ethylene glycol, and oil using 
ultrasonic vibrators, magnetic force agitation, high-shear 
mixing, homogenizing, and other techniques [18, 22–24]. 
This approach offers benefits such as increased production 
capacity and reduced expenses. The most efficient means of 
improving the stability of nanofluids involve employing sur-
factants. Surfactants can improve the stability of nanofluids 
and reduce expenses, but challenges exist related to drying, 
storage, and transportation.

3 � Graphene and derivatives

3.1 � Graphene: an overview

It is a thin, one-atom planar sheet of carbon atoms that 
is densely arranged in a honeycomb crystal lattice, as 
shown in Fig. 2 [25–28]. The most widely used methods 
of synthesizing graphene include chemical vapor deposi-
tion (CVD) and mechanical exfoliation [29]. Typically, 
methane or ethylene is introduced into a high-tempera-
ture furnace with copper or nickel catalyst to produce a 
carbon-containing precursor. Under controlled conditions, 
carbon atoms assemble into a single layer of graphene on 
the catalyst surface [30–34]. This method allows for the 
large-scale production of high-quality graphene sheets. 
On the other hand, mechanical exfoliation starts with a 
bulk graphite source. A piece of adhesive tape is repeat-
edly applied and peeled off the graphite, causing layers of 
graphene to be extracted one by one. While this technique 
produces exceptionally pure graphene, it is labor-inten-
sive and not suitable for mass production. Various other 
approaches, including liquid-phase exfoliation, chemical 
reduction of graphene oxide, electrochemically exfoliated 
graphene, and chemical synthesis from organic precursors, 
offer alternatives tailored to specific applications and scal-
ability requirements [35–41]. It is crucial to choose the 
appropriate technique based on the intended use of the gra-
phene material [42–44]. This two-dimensional form of car-
bon structure has been claimed to have features and uses 
that have created new possibilities for future technologies 
and systems. [45] Graphene’s consistent light absorption 
throughout the visible and near-infrared regions of the 

Fig. 2   Graphene sheet with alternate double bonds [28]
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spectrum (πα ≈ 2.3%), as well as its possible application 
in spin transport, are other noteworthy characteristics [46].

Because of their exceptional mechanical, thermal, and 
electrical properties, graphene materials are the most prom-
ising alternative for several applications in many sectors of 
materials science [47–49]. For these applications to be real-
ized, massive amounts of inexpensive graphene materials 
must be readily available [50, 51].

3.2 � Graphene oxide

Graphene oxide is graphene that has undergone oxidation. 
Graphene oxide (GO), a functionalized form of graphene, 
has garnered significant attention in recent times because of 
its exceptional characteristics, including its large surface area, 
mechanical stability, and electrical and optical properties. Gra-
phene oxide can be conceptualized structurally as a graphene 
sheet with groups that contain oxygen adorning its basal plane 
[52–55]. It is also thought to be simple to process. The major-
ity of the qualities of pure graphene can be restored by treating 
graphene oxide with light, heat, or chemical reduction, despite 
the fact that it is not a good conductor. It is frequently offered 
for sale as a coating on surfaces, in powder form, or dispersed. 
Actually, under a variety of reducing circumstances, graphene 
oxide may be reduced both in solution and as a thin film, and this 
process results in the transformation of the graphene oxide into 
a material with significantly improved electrical conductivity. It 
is simple to combine graphene oxide with other polymers and 
other materials to improve the conductivity, elasticity, and other 
features of composite materials. GO is derived from an exten-
sively oxidized version of a graphene molecule using potent 
oxidizing agents. Specifically, GO can be chemically separated 
from other graphene derivatives due to its exceptional surface 
functionality, amphiphilicity, aqueous nature, fluorescence 
quenching capability, and surface-enhanced Raman scattering 
property [56]. These remarkable attributes stem from its distinct 
chemical structure, characterized by small sp2 carbon domains 
encircled by sp3 domains and oxygen-containing hydrophilic 
functional groups. A prevalent technique for GO synthesis is 

Hummer’s method, involving the oxidation of graphite through 
a mixture of graphite solution, potassium permanganate, and 
sulfuric acid. This process generates graphite salts that serve as 
GO precursors [52, 57–60]. Through solvent exfoliation with 
sonication, these salts are transformed into GO. A subsequent 
thermal and chemical reduction process can convert GO into a 
graphene analog [61]. This material finds extensive utility in 
filtration due to its ability to permit water flow while filtering out 
harmful gases. GO is a solid mass formed by oxidizing graphite 
using various chemical methods, leading to increased interlayer 
spacing and base planes [62].

3.3 � Reduced graphene oxide

As illustrated in Fig. 3, reduced graphene oxide (rGO) is 
produced from graphene oxide (GO) by reducing its oxygen 
amount using thermal (photothermal), chemical (photochemi-
cal), microwave, or other bacterial as well as microbial tech-
niques [28, 59, 63–65]. It is frequently utilized in the electron-
ics industry for the construction of electrical devices and the 
creation of conductive ink circuits [66]. A modest number 
(2–10) of two-dimensional, sheet-like graphene oxides (GO) 
are stacked to create layered graphene, but each scrap should 
retain its high aspect ratio [67, 68].

4 � Characterization of graphene

Interfaces, crystals, polymorphism, nanostructures, many 
phases, and the distribution of nanoparticles make up the 
structure of nanocomposites. The primary goals of struc-
tural investigations include nano-particle interactions with 
the polymer matrix, morphologies, and numerous phases; 
these elements are intimately linked to the characteristics 
of the nanocomposite [69]. To develop comprehension and 
control over the manufacturing and use of nanoparticles, 
nanoparticle characterization is required [70–72].

Fig. 3   Conversion of graphene into GO and rGO [28]
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4.1 � Atomic structure and chemical composition

X-ray diffraction: X-ray diffraction (XRD) is a pivotal 
characterization technique employed in the comprehen-
sive analysis of graphene nanomaterials. XRD facilitates 
the investigation of the crystalline structure of graphene 
by directing X-rays onto the sample, causing diffraction 
patterns that reveal information about the material’s lat-
tice arrangement and interatomic distances [73, 74]. X-ray 
diffraction spectrum of GO can be seen in Fig. 4. In XRD 
patterns of graphene, the characteristic diffraction peaks 
correspond to the hexagonal lattice arrangement, and the 
intensity and position of these peaks provide insights 
into factors such as layer stacking, lattice distortion, and 
domain size. Advanced XRD techniques, such as grazing 
incidence XRD (GI-XRD) and synchrotron-based XRD, 
enhance the precision and depth of analysis [74]. The 
combination of XRD with other techniques like Raman 
spectroscopy contributes to a more comprehensive under-
standing of graphene’s structural properties.

Ultraviolet–visible spectroscopy: UV–vis spectroscopy 
involves the interaction of graphene with ultraviolet and 
visible light, resulting in the absorption or reflection of 
specific wavelengths. By measuring the absorbance or 
reflectance spectra, valuable information about the elec-
tronic transitions, band structure, and optical properties of 
graphene can be obtained [75, 76]. The π plasmon reso-
nance, arising from the collective oscillation of π electrons 
in graphene, is a prominent feature in UV–Vis spectra, 
providing insights into the number of layers and quality 
of graphene samples [77, 78]. Graphene–water nanofluid 
spectra with initial concentrations of 0.005% and 0.02% 
can be seen in Fig. 5 before and after the experiments, 
which typically last 1 week [79].

4.2 � Raman spectroscopy

Raman spectroscopy provides insights into the vibrational 
modes of graphene, enabling the identification of its struc-
tural integrity, number of layers, and defects [80]. There are 
two prominent Raman bands in graphene’s spectra: the G 
and 2D bands. These bands correspond to the E2g phonon 
mode and the second-order overtone of the D band [81, 82]. 
The G band reflects the in-plane vibrations of sp2-hybridized 
carbon atoms, while the 2D band is sensitive to the number 
of graphene layers and stacking arrangements. Addition-
ally, the D band signifies disorder or defects in the lattice 
[83, 84]. Figure 6 illustrates the Raman spectra of two-layer 
EGs grown on SiC, SiC substrate, MCG, and bulk graphite. 
The intensity ratio of the D and G bands (I_D/I_G) serves 
as a valuable metric for assessing the quality of graphene 
samples. Further advancements, such as resonance Raman 
spectroscopy, have enhanced the sensitivity and precision of 
graphene characterization [85].

4.3 � Determination of size, shape and surface area

4.3.1 � Scanning electron microscopy

SEM facilitates high-resolution imaging of graphene’s 
surface morphology, allowing researchers to investigate 
the quality, structure, and defects present in the material 
[86–88]. By utilizing a focused electron beam, SEM captures 
detailed topographical information at nanoscale resolutions, 
enabling the visualization of graphene’s unique two-dimen-
sional lattice structure and the detection of any irregularities, 
such as wrinkles, folds, or edges. The technique provides Fig. 4   X-ray diffraction spectrum of GO [73]

Fig. 5   UV–Vis spectra of the graphene–water nanofluids [79]
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insights into the number of graphene layers as well as the 
arrangement and distribution of nanoparticles or functional 
groups on its surface [89]. Moreover, SEM can be coupled 
with energy-dispersive X-ray spectroscopy (EDS) to per-
form elemental analysis, thereby enabling the identification 
of chemical composition in localized regions. Such detailed 
information is instrumental in tailoring graphene nanomate-
rials for specific applications, including electronics, energy 
storage, and composites. The SEM image of the graphene 
particle can be seen in Fig. 7 [90].

4.3.2 � Transmission electron microscopy (TEM)

It is a crucial analytical tool for the comprehensive investi-
gation of graphene nanomaterials, offering high-resolution 

imaging and structural characterization at the nanoscale. 
TEM characteristics with exceptional precision by providing 
real-space images of individual graphene sheets, enabling 
the observation of defects, edges, and layer stacking arrange-
ments [91, 92]. Furthermore, TEM aids in determining the 
quality of graphene through the assessment of defects and 
the identification of layer thickness variations [93]. The use 
of selected area electron diffraction (SAED) patterns in TEM 
allows for crystallographic analysis, helping to verify the 
integrity of graphene’s lattice structure [92]. Advanced TEM 
techniques like high-resolution TEM (HRTEM), shown in 
Fig. 8, and electron energy loss spectroscopy (EELS) con-
tribute to investigating the atomic structure and electronic 
properties of graphene materials [94].

4.3.3 � Atomic force microscopy (AFM)

AFM offers high-resolution imaging and precise topo-
graphical information at the nanoscale level, enabling the 
examination of graphene’s surface morphology, thickness, 
and structural features. By employing a sharp probe tip 
that interacts with the material’s surface, AFM produces 
topographic images with exceptional spatial resolution, as 
shown in Fig. 9 [95, 96]. This technique not only facilitates 
the visualization of individual graphene layers but also aids 
in identifying defects, wrinkles, and other structural varia-
tions. AFM’s capability to operate in various environments, 
including ambient conditions and liquids, further expands its 
utility in graphene studies [97]. The combination of AFM 
with complementary techniques contributes to a comprehen-
sive understanding of graphene’s behavior and its potential 
applications in nanoelectronics, nanocomposites, and other 
emerging fields [98].

Fig. 6   Raman spectra of single- and two-layer EGs grown on SiC, 
SiC substrate, MCG, and bulk graphite [84]

Fig. 7   SEM visualization of GnP [90]
Fig. 8   HRTEM picture of PMMA-derived graphene grown on a Ni 
film [94]



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2024) 46:464	 Page 7 of 21  464

4.3.4 � Thermal properties of graphene‑based nanofluid

In heat transfer applications, fluids are evaluated based on 
their thermophysical properties. Density, specific heat, ther-
mal conductivity, and viscosity are the four most important 
thermal properties. As a result of adding nanoparticles to the 
convectional fluid, its thermophysical properties changed, 
resulting in a change in heat transfer rate compared to the 
base fluid [99]. The density and specific heat value of nano-
fluid can be found by the available co-relation, but there is 
no accurate relation made for calculating the thermal con-
ductivity and viscosity of nanofluid. Nanoparticle Brownian 
motion, molecular layering at the liquid/particle interface, 
nanoparticle clustering, and different modes of heat transfer 
in nanoparticles all impact thermal characteristics.

Several performance parameters, such as the Nusselt and 
Prandtl number of heat exchanger systems, are dependent 
on thermal conductivity. In order to measure the thermal 
conductivity of nanofluids, several techniques can be used, 
including transient hot wire, steady-state, cylindrical cell, 
temperature oscillation, and 3-omega. Nonetheless, the most 
often used measurement technique is the transient hot-wire 
method [100–102]. Viscosity is a property that character-
izes how resistant a fluid is to flowing when an external 
force or shear stress is applied to it. It serves as a measure 
of a fluid’s internal friction, reflecting the ease with which it 
moves. The thermal conductivity and viscosity of nanoflu-
ids, which are fluids containing nanoparticles, are influenced 
by factors such as the type and concentration of nanoparti-
cles, temperature, base fluid properties, nanoparticle size 
and shape, shear rate, and surface treatment [103–106]. 
These factors collectively determine how the nanofluid’s 
viscosity behaves under specific conditions. The viscosity 
of nanofluids can vary with temperature and shear rate, mak-
ing it important for various applications like heat transfer 
and lubrication. Researchers use experimental studies and 
computational modeling to understand and optimize the 

viscosity of nanofluids for specific purposes [107–110]. Vis-
cosity can be measured using various methods and instru-
ments, depending on the type of fluid and desired preci-
sion. Common methods include capillary viscometers for 
Newtonian fluids, rotational viscometers for a wide range 
of fluids, vibrating viscometers, falling sphere viscometers 
for very viscous fluids, and cone and plate viscometers for 
non-Newtonian fluids. Rheometers provide comprehensive 
rheological data, while dynamic light scattering measures 
viscosity in dilute solutions. Selecting the right method 
depends on the fluid’s characteristics and the required accu-
racy, with calibration and standardization being crucial for 
accuracy [111, 112]. Different researchers experimentally 
measured thermal conductivity and viscosity using different 
methods using graphene-based nanofluid, and their results 
are shown in Table 1.

Mohammad Mehrali et al. [113] studied graphene nano-
platelet nanofluid with varying concentrations, revealing a 
27.64% increase in thermal conductivity and a 44% improve-
ment in viscosity. This was due to increased nanoparticle 
concentration, agglomeration, and shear stress. Sidhar-
tha Das et al. [114] worked on graphene nanofluid’s heat 
transfer enhancement in thermosyphon heat pipes, finding 
it 29% higher in thermal conductivity and 175% higher in 
viscosity compared to deionized water which can be seen in 
Fig. 10. Also observed that thermal conductivity was fur-
ther increased at higher temperature application. Ali Rashidi 
et al. [115] studied graphene oxide in water, revealing its 
excellent thermal properties due to its high aspect ratio, two-
dimensional geometry, stiffness, and low thermal interface 
resistance.

Syam et al. [116] prepared and studied the thermal prop-
erties of GO/Co3O4 hybrid nanoparticles. They found that 
nanofluids with water or ethylene glycol increased thermal 
conductivity by 19.14% and 11.85% at 60 °C and 0.2% vol-
ume concentration, respectively. The enhanced thermal con-
ductivity may be due to Brownian motion. Javier et al. [117] 
worked on the rheological behavior of functionalized gra-
phene nanoplatelet dispersions in water, propylene glycol, 
and water mixtures. They found that viscosity increased to a 
maximum of up to 38% for water-based nanofluid.

Wail et al. [118] synthesized graphene nanoplatelet nano-
fluid using four surfactants, finding (sodium dodecyl benzene 
sulfonate) SDBS-GNPs as the most effective combination 
for better thermal conductivity (8.36%) and lowest viscosity 
(7.4%). Hooman et al. [119] found a 17.77% enhancement in 
thermal conductivity of functionalized GNP-Pt nanocompos-
ite in distilled water nanofluids. Sedaghat et al. [120] studied 
the effect of graphene quantum dots (GQDs) nanoparticles 
on thermal conductivity and dynamic viscosity in base fluids. 
They found that nanofluids containing 0.5% GQDs showed 
increased thermal conductivity and dynamic viscosity, with 
the effect of inter-molecular and inter-particle adhesion forces 

Fig. 9   AFM image of the GO films where mono-, bi-, and tri layers 
of GO films can be identified [95]
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and volume fraction of nanofluids. Selvam et al. [121] found 
that ethylene glycol and water can enhance thermal conductiv-
ity by 21% and 16%, respectively, using graphene nanoplate-
lets with Sodium deoxycholate as a surfactant, but interfa-
cial thermal resistance restricts this enhancement. Brownian 
motion and micro-convection effects are not significant. 
Ahmad Amiri et al. [122] developed a new generation of heat 
transfer fluid using graphene quantum dot and water-based 

suspensions, achieving a maximum increase in thermal con-
ductivity ratio by 18.6%. Amir Akbari et al. [123] evaluated 
thermal properties of PEG-functionalized graphene nano-
platelets and gum Arabic-treated GNPs in deionized water, 
finding higher improvement and lower viscosity ratios for 
functionalized nanofluids. Yi Wang et al. [124] investigated 
thermal conductivity enhancement by 14.2% for 1 wt% gra-
phene-based nanofluids at 25 °C, with a viscosity increment 

Table 1   Summary of thermal conductivity and viscosity measurement based on graphene nanofluid

Researcher Nanoparticle Base fluid Particle concentration Thermal 
conductiv-
ity

Viscosity

Mohammad Mehrali [113] Graphene nanoplatelet Distilled water wt%, of 0.25, 0.50, 0.75 
and 1.0

27.64% 44%

Sidhartha Das [114] Graphene Deionized water 0.02, 0.04, 0.06, 0.08 and 
0.10 wt%

29%

Ali Rashidi [115] Graphene oxide Deionized water 0.05, 0.1, 0.15, 0.2 & 0.25 
wt%

47.54%

Syam Sundar [116] Graphene oxide/Co3O4 Water and ethylene glycol 0.05%, 0.1%, 0.15% and 
0.2%. volume

19% 1.70-times

Javier P. Vallejo [117] Graphene nanoplatelet Water and propylene 
glycol:water

wt%, of 0.25, 0.50, 0.75 
and 1.0

38%

Wail Sami [118] Graphene nanoplatelets Water 0.1 wt% 8.36% 7.40%
Hooman [119] Graphene nanoplatelet Distilled water 0.02, 0.06, and 0.10 wt% 17.77% 33%
Sedaghat [120] Graphene quantum dots Water–ethylene glycol mix-

ture (60:40)
0.05%, 0.1%, 0.2%, 0.3%, 

0.4% and 0.5% vol
53%, 119.30%

Selvam [121] Graphene nanoplatelets Water and ethylene glycol 0.001%, 0.01%, 0.1%, 
0.2%,0.3%, 0.4% and 0.5% 
wt

16%

Ahmad Amiri [122] Graphene quantum dots Di-water ((0.001 to 0.002) wt%) 18.60% 4%
Amir Akbari [123] Graphene nanoplatelets Di-water 0.01%, 0.05%, and 0.1% wt 19% 90%
Yi Wanga [124] Graphene nanoplatelets Water 1 wt% 14.2% 1.24–2.35
Mahmudul Haque [125] Graphene nanoplatelets Distilled water Mass ratios were 1/1 and 2/1 5.55%
Baby [126] Hydrogen exfoliated gra-

phene
Deionized (DI) water, 0.005%, 0.009%, 0.02%, 

0.03%, 0.04% and 0.05% 
vol

10–75%

Ethylene glycol 0.05–0.08 wt% 1–5%
Ahmad Amiri [127] Single layer graphene Water 0.001–0.01 wt% 8–26%
Ahmad Amiri [128] highly crumpled few layer 

graphene
Water 0.001–0.01 wt% 10–43%

Sung [129] Graphene/oxidized graphene Distilled water 0.001–0.01 wt% 6.24% 15.65%
Madhusree [130] Graphene Ethylene glycol + water 0.041 and 0.395% 15% 100%
Ahmad [131] Graphene (AFG) Water 0.01, 0.03, 0.05 wt % 17%
Wenshi ma al [132] Graphene nanosheet Silicon oil 0.01, 0.03, 0.05, 0.07% 18.9% 49.95%
Baby [133] Hydrogen exfoliated Gra-

phene/Ag
Deionized (DI) water 0.005%, 0.009%, 0.02%, 

0.03%, 0.04% and 0.05% 
vol

86%

Ethylene glycol 0.01, 0.05, 0.07 vol% 14%
Baby [134] Hydrogen exfoliated Gra-

phene/Cuo
Deionized (DI) water 0.005%, 0.009%, 0.02%, 

0.03%, 0.04% and 0.05% 
vol

90%

Ethylene glycol 0.01, 0.05, 0.07 vol% 23%
Wei Yu [135] Graphene oxide Ethylene glycol 5% vol 61%
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ratio of 1.24–2.35. They proposed a correlation for estimating 
apparent viscosity as given in Eq. 1.

Mahmudul Haque et al. [125] found thermal conductiv-
ity in graphene and MWCNT-based nanofluids using SDBS 
and SDS surfactants. They found that graphene nanoplate-
let with SDS nanofluid increased maximum conductivity by 
5.546%. Baby et al. [126] observed the thermal conductivity 
of hydrogen exfoliated graphene (HEG) and dispersed deion-
ized water and ethylene glycol in nanofluid. They found an 
16% and 75% increase at 25 °C and 50 °C, respectively, and 
found low enhancement in EG-based nanofluid due to high 
viscosity. Ahmad Amiri et al. [127, 128] developed single 
layer graphene (SGr) and highly crumpled few layers gra-
phene (HCFLG) nanofluids with high specific surface area, 
enhancing thermal conductivity by 26% and 43% at 50 °C. 
S.S.

Park [129] experimentally studied on thermal conduc-
tivity of graphene nanoparticles with different sizes and 
revealed that small diameter nanoparticles enhance ther-
mal conductivity bigger and also indicate higher rate of 
improvement using graphene oxide. Madhusree Kole et al. 
[130] synthesized hydrogen exfoliated graphene nano-
sheets using acid and ethylene glycol, enhancing thermal 
conductivity by 15% at 30 °C, with linear temperature-
dependent increase. Ahmad Ghozatloo [131] prepared 
functionalized graphene showed a 14.1% increase in ther-
mal conductivity with 0.05 wt% Alkaline-based FG nano-
fluid compared to water at 25 °C and 17% at 50 °C, with 
the effective conductivity decreasing over time due to gra-
phene agglomeration.

Wenshi et al. [132] synthesized functionalized graphene 
oil nanofluids using 3-glycidoxypropyltrimethoxysilane, 

(1)� = 0.004.(1 −MF)−77.5.exp
(

1652

T

)

(

R2 = 0.99
)

enhancing thermal conductivity by 5.74% at 20 °C and vis-
cosity by 49.95% and 48.11% at higher temperatures. Baby 
et al. [133, 134] developed functionalized hydrogen induced 
exfoliated graphene with silver and copper oxide nanopar-
ticles and found enhanced thermal conductivity 86% and 
90% enhancement at 50 °C temperatures, respectively, using 
deionized water. Wei et al. [135] studied about graphene 
oxide nanosheets (GO-EG nanofluid) have a higher thermal 
conductivity than base fluid and a 61% larger enhancement 
ratio at 5.0 vol%.

4.4 � Application of graphene and its derivatives 
for heat exchange process

In numerous industrial applications, convective heat transfer 
plays a vital role, and graphene-based nanoparticle nanoflu-
ids offer a promising strategy for improving thermal perfor-
mance. As a result of nanofluids’ exceptional heat transfer 
properties, they can be used both in laminar and turbulent 
flow regimes. Nanofluids provide efficient heat transfer by 
enhancing molecular interactions between nanoparticles and 
base fluids due to their increased thermal conductivity. This 
results in augmented convective heat transfer coefficients, 
leading to improved thermal efficiency. By optimizing con-
vective heat transfer in turbulent flows, the dynamic interac-
tions between nanoparticles and fluids become even more 
pronounced. Due to intensified mixing and enhanced con-
vective heat transfer coefficients, turbulent regimes exhibit 
higher heat transfer rates. Due to their unique properties, 
nanofluids are a valuable method for cooling electronics, 
automobiles, and advanced heat exchangers that require 
heat transfer enhancement. Both laminar and turbulent 
flow regimes have been studied by several researchers to 
understand the heat transfer properties of graphene-based 

Fig. 10   Thermal conductivity and viscosity measurement with temperature [114]
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nanofluids. Table 2 summarizes all the research done on 
graphene-based nanofluids.

The convective heat transfer coefficient of graphene water 
nanofluid was investigated by Akabavan-Zanjani et al. [136], 
which found a 14.2% improvement at 0.02% concentration. 
Almost isotropic thermal conductivity was used to calcu-
late the Nusselt number. As shown in Figs. 11 and 12, heat 
transfer coefficient and Nusselt number were compared with 
Shah’s equation and compared at different concentrations.

In a stainless steel tube, Sadeghinezhad et al. [137] studied 
the turbulent heat transfer of graphene nanoplatelets nano-
fluids and found the Nusselt number increased by 3–83%. 
Ranjbarzadeh et al. [138] experimental investigated on water/
graphene oxide nanofluid improved heat transfer coefficient, 
with an average increase of 51.4% in Nusselt number and 
also increase friction factor. Ghozatloo et al. [139] studied 
graphene nanofluids’ convective heat transfer behavior, find-
ing that concentration increases thermal conductivity and heat 
transfer coefficient, with a 23.9% enhancement in water at 
higher temperatures. Yarmand et al. [140] found that GNP-
Pt hybrid nanofluids effectively transport heat, with a 30% 
improvement in forced convection heat transfer capabilities 
at the highest weight concentration and Reynolds number. 
Selvam et al. [90] measured the CTHC and pressure drop of 
GnP/H2O-EG nanofluid for different loadings of graphene 
nanoplatelets. They found that high aspect ratio improves 
thermal conductivity and diffusivity, while convective heat 
transfer coefficient increases by 170%. Ranjbarzadeh et al. 
[141] investigated water/graphene oxide nanofluid signifi-
cantly improved heat transfer and friction coefficient in a cir-
cular copper tube, resulting in a 16% increase in pressure loss 
but thermal performance coefficient increased by 1.148. The 
result can be seen in Fig. 13a, b.

Selvam et al. [142] studied thermal characteristics for 
automobile radiator with GnP/H2O-EG nanofluid and 
found that a graphene nanoplatelet with a high aspect 
ratio  improved heat transfer by 29% at 0.5 vol%, with the 
increased of pressure drop and friction factor. Figures 14 and 
15 show the pressure drop and friction factor at 35 °C and 
45 °C with different concentrations.

Arzani et al. [143] analyzed a new coolant with GNP-
SDBS and GNP-COOH nanofluids, finding that suspended 
nanoparticles improved heat transfer capabilities by 22% 
at higher Reynolds numbers. Wang et al. found that using 
graphene nanoplatelets nanofluids (GnP-EGW) in a small 
plate heat exchanger (MPHE) lower pressure drop penalty 
and improves heat transfer performance. Ranjbarzadeh et al. 
[145] worked on water/graphene oxide nanofluid effect in 
twisted tape inserts, determining optimal geometry. They 
found that increasing Re and insert width increases heat 
transfer and pressure drop, making it a viable heat exchanger.

According to Yarmand et al. [146] comparison with cor-
responding water data, thermal conductivity and overall 

heat transfer coefficient enhanced. The experimental Nusselt 
number valve compared with standard correlation developed 
by Petukhov and Dittus which can be seen in Fig. 16. In 
comparison with  base fluid, the  Nusselt number improved  
and friction factor also increased for a weight concentration 
of 0.1% at a higher Reynolds number as given in Fig. 17a 
and b.

Agarwal et al. [147] conducted experimental research on 
the thermal performance of graphene nanoplatelet-kerosene-
based nanofluid for regenerative cooling in a semi-cryogenic 
rocket thrust chamber, revealing a 49% improvement in heat 
transfer. Esfahani et al. [148] found that graphene oxide 
nanofluids with a 0.01 weight percent higher convective 
heat transfer coefficient had minimal relationship with Nus-
selt number and heat flux and velocity. Arshad et al. [149] 
studied the thermal and hydrodynamic performance of gra-
phene nanoplatelets nanofluids with distilled water on inte-
gral fin heat sinks, finding that the lowest base temperature 
and highest convective heat transfer enhancement occur at 
47.96 KW/m2. Mirzaei et al. [150] observed that adding 
0.12% graphene oxide to water significantly increases the 
convective heat transfer coefficient by 77%, indicating that 
graphene oxide/water can enhance heat transfer efficiency. 
Akhavan-Zanjani et al. [79] worked on graphene nanosheet 
under turbulent condition with different concentration and 
observed that enhancement of heat transfer coefficient of 
graphene–water nanofluids by 6.04%. Selvam et al. [151] 
reported that using graphene nanoplatelets as a coolant 
enhanced the overall heat transfer coefficient of an automo-
bile radiator by 104% at 0.5 vol%.

Yarmand et al. [152] investigated GNP-Ag/water nano-
fluids for heat transfer performance, friction factor, and 
improved empirical correlations given in Eq. 2,3.

Sadri et  al. [153] proposed clove-treated GNP-water 
nanocoolants have superior thermo-physical properties, 
including increased thermal conductivity, dynamic viscos-
ity, density, Nusselt number, convective heat transfer coef-
ficient, and low friction factor, with a performance index 
greater than 1. Mehrali et al. [154] studied the convective 
heat transfer coefficient of GNP nanofluid with various 
specific surface areas and observed that valve increased by 
83–200% higher than the base fluid. Baby et al. [126] devel-
oped and found increased thermal conductivity and a 141% 
improvement in Nusselt’s number when hydrogen exfoliated 
graphene (HEG), deionized water, and ethylene glycol-based 

(2)NuReg = 0.0017066Re0.9253 Pr1.29001

(3)fReg = 0.567322Re−0.285869 �0.0271605

5000 ≤ Re ≤ 17,500, 0 ≤ � ≤ 0.1%
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Table 2   Summary of heat transfer characteristics of graphene-based nanofluid

Researcher Nanoparticle Basefluid Flow condi-
tion

Concentration Heat transfer 
coefficient

Nusselt 
number

Pressure 
drops

Friction 
Factor

Hossein 
Akhavan 
[136]

Graphene Water Laminar 0.005, 0.01 
0.02% vol

14.20%

Emad Sad-
eghinezhad 
[137]

Graphene nano-
platelet

Distilled 
water

Turbulent 0.025, 0.05, 
0.075, and 0.1 
wt%

83% 14.60%

Ramin Ran-
jbarzadeh 
[138]

Graphene oxide Water Turbulent 0, 0.05, 0.1, 
0.2% by 
volume

42.20% 51.40% 21%

Ahmad Gho-
zatloo [139]

Graphene sheets DI Water Laminar flow 0.05, 0.075 and 
0.1 wt %

23.9% at 38o 
C 0.1wt%

Hooman 
Yarmand 
[140]

Graphene nanoplate-
let & Platinum

Water Turbulent 
flow

0.02, 0.06, and 
0.1 wt%

49.16%, 28.48% 10.98%

Selvam [90] Graphene nano-
platelets

H2O-EG 
(30:70)

Laminar, 
turbulent

0.1%, 0.2%, 
0.3%, 0.4% 
and 0.5% vol

170% 96% 70% Lami-
nar & 13% 
Turbulent

Ramin Ran-
jbarzadeh 
[141]

Graphene oxide Water Turbulent 
flow

0%, 0.025%, 
0.05%, 
0.075%, 
and 0.1% of 
volume

40.30% 17.60%

Selvam [142] Graphene nano-
platelets

H2O-EG 
(30:70)

Laminar 0.1%, 0.2%, 
0.3%, 0.4% 
and 0.5% vol

51% At 45C 21%

Hamed 
Khajeh 
Arzani 
[143]

GNP-SDBS/water, 
GNP-COOH/water

Water Turbulent 
flow

0.025, 0 0.05, 
0.1% wt

22%

Zhe Wanga 
[144]

Graphene nano-
platelets

Ethylene gly-
col–water

Laminar 0.01, 0.1, 0.5 
and 1.0 wt%

4%

Ranjbarzadeh 
[145]

Graphene oxide Water Turbulent 
flow

0.05%, 0.1%, 
and 0.2% 
volume frac-
tions

26%

Hooman 
Yarmand 
[146]

Functionalized 
graphene nano-
platelets

Water Turbulent 
flow

0.02, 0.04,0.06, 
0.08 and 0.1 
wt%

19.68% 26.50% 9.22%

Deepak 
Kumar 
Agarwal 
[147]

Graphene nano-
platelets

Kerosene Turbulent 
flow

0.005, 0.02, 
0.05, 0.1, 0.2 
(wt%)

49%

Milad 
Rabbani 
Esfahani 
[148]

Graphene oxide 
nanosheets

De-ionized 
water

Turbulent 
flow

0.01 wt% to 0.1 
wt%

Waqas 
Arshad 
[149]

Graphene nano-
platelets

De-ionized 
water

Laminar 10% weight 
concentration

21.51%, 104.25%

Mirzaei [150] Graphene oxide Water Both 0.02, 0.07, and 
0.12% volume 
fraction

84% 12%

Hossein 
Akhavan 
[79]

Graphene nanosheet Water Turbulent 
flow

0.005%,0.01%, 
and 0.02% vol

6.04%
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Table 2   (continued)

Researcher Nanoparticle Basefluid Flow condi-
tion

Concentration Heat transfer 
coefficient

Nusselt 
number

Pressure 
drops

Friction 
Factor

Selvam [151] Graphene nano-
platelets

Water-ethyl-
ene glycol

Laminar 0.1%, 0.2%, 
0.3%, 0.4% 
and 0.5% vol

136%, 
U = 104%

90% 39%

Hooman 
Yarmand 
[152]

Nanoplatelets–silver 
hybrid GNP–Ag

Distilled 
water

Turbulent 
flow

0.02, 0.04,0.06, 
0.08 and 0.1 
wt%

32.70% 8%

Rad Sadri 
[153]

Graphene nano-
platelet

Distilled 
water

Turbulent 
flow

0.025, 0.075 
and 0.1 wt%

36.50% 17.80% 4%

Mohammad 
Mehrali 
[154]

Graphene nano-
platelet (GNP)

Distilled 
water

Turbulent 
flow

(0.025, 0.05, 
0.075, and 0.1 
wt%)

83–200% 0.06–14.7%

Tessy Theres 
Baby [126]

Hydrogen exfoliated 
graphene (HEG)

De-ionized 
water

Turbulent 
flow

0.005 and 
0.01% volume 
fractions

141.00%

Nizar 
Ahammed 
[155]

Graphene–alumina 
hybrid

Water Laminar 0.1% volume 63.13% 0.2035

Ahmed A 
[156]

Gra-
phene + MWCNT

Water Laminar 0.035 wt% 43.40% 0.11

Jefferson 
Raja [157]

Graphene Water Laminar 0.2, 0.4, 0.6 
vol%

56.00% 0.287

Mohd 
Nashrul 
[158]

Reduced graphene 
oxide

Water Turbulent 
flow

0.05 wt% 63.00% 144.00%

Emad Sad-
eghinezhad 
[159]

Graphene–Magnet-
ite RGO + Fe3O4

Water Laminar 0.5 wt% 82.00%

Arvind [160] Graphene wrapped 
MWNT

DI water & 
EG

Laminar 0.007, 0.01, 
0.02, 
0.03,0.04 
vol%

135% @ 
0.01%

Arvind [161] Graphene DI water Laminar 0.007, 0.01, 
0.02, 
0.03,0.04 
vol%

193% @ 0.02

Mohammad 
Mehrali 
[162]

Graphene nano-
platelet

Distilled 
water

Laminar 0.025, 0.05, 
0.075, and 0.1 
wt%

15.00%

Roberto 
Agromayor 
[163]

Graphene nano-
platelet

Distilled 
water

Turbulent 
flow

0.25, 0.5, 0.75, 
1 wt%

32.00% 83.00% 0.734

Saeed Askari 
[164]

Fe3O4 + Graphene Distilled 
water

Turbulent 
flow

0.1, 0.2, 0.5 & 
1 wt%

14.50%

Askari [165] Fe3O4 + Graphene Distilled 
water

Turbulent 
flow

0.1, 0.3, 0.5, 
0.7, 1 wt%

66% @ 0.3%

Rad Sadri 
[166]

Graphene nano-
platelet

DI water Turbulent 
flow

0.025, 0.05, 
0.075, and 0.1 
wt%

38.58% 18.75% 4%

Tessy Theres 
Baby [167]

AG/MWNT-HEG Ethylene 
glycol

Laminar 0.005, 0.01, 
0.02, 0.03, 
0.04 vol%

190.00%

Mohamed 
Salem 
[168]

Graphene oxide Water Turbulent 
flow

0.05, 0.1, 0.15, 
0.2 vol%

117.00% 181.00%
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nanofluids were studied. Ahammed et al. [155] investi-
gated and found that using pure graphene–water nanofluid 
improved cooling capacity and performance by 17.32% and 
convective heat transfer coefficient by 88.62% compared to 
other combinations of nanofluids. Hussien et al. [156] con-
ducted experimental research on hybrid nanofluids showed a 
43.4% increase in heat transfer coefficient and 11% pressure 

drop at Re = 200, influenced by nanoparticle concentrations. 
An experiment performed by Jefferson et al. [157] showed 
a 56% enhancement and 28.7% pressure drop in a circular 
stainless steel tube with 0.6 volume percent.

Zubir et al. [158] found that Reduced Graphene Oxide 
(RGO) and its hybrid complexes improved convective heat 
transfer performance in closed conduit designs, particularly 
at heating section entry and high Reynolds numbers. RGO 
and its hybrid mixtures reduced pressure loss and friction 
factor, enhancing Nu by up to 144%. Sadeghinezhad et al. 
[159] studied the impact of a magnetic field on the heat 
transfer properties of hybrid reduced graphene–magnetite 
nanofluids, revealing a maximum enhancement of 82%. 
Aravind et al. [160, 161] synthesized graphene-MWNT 
composite nanofluids using a solution-free green method. 
The nanofluids improved heat transfer coefficient by 193% at 
25 °C, maintaining high graphene thermal characteristics at 
2000 Reynolds number. Mehrali et al. [162] examined heat 
transfer properties and entropy generation in a stainless steel 
tube using graphene nanoplatelet nanofluid. They found that 
adding 0.1 weight percent of GNP nanofluid can increase 
thermal performance by up to 1.15. Agromayor et al. [163] 
investigated on graphene nanoplatelets functionalized with 
sulfonic acid showed significant improvements in thermal 
conductivity and convection heat transfer coefficient. The 
Nusselt number of this type of nanofluid was predicted using 
new correlations as can see in Eq. 4.Fig. 11   Experimental data compared with Shah equation [136]

 (a) : heat transfer coefficient of Graphene 
nanofluids versus nondimensional axial distance [136]

 (b): Nusselt number of Graphene nanofluids 
versus Reynolds number[136]

Fig. 12   a Heat transfer coefficient of Graphene nanofluids versus nondimensional axial distance [136], b Nusselt number of Graphene nanofluids 
versus Reynolds number [136]
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(a) : Convective heat transfer coefficient 
of nanofluid in different Reynolds numbers.[141]

 (b): Pressure loss for different Reynolds 
numbers.[141]

Fig. 13   a Convective heat transfer coefficient of nanofluid in different Reynolds numbers.[141], b pressure loss for different Reynolds numbers 
[141]

Fig. 14   a and b Pressure drop 
at different Reynolds number 
[142]

Fig. 15   a and b Friction factor 
at different Reynolds number 
[142]
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Askari et al. [164] developed a Fe3O4/Graphene hybrid 
for nanofluid applications, revealing a 14.5% enhancement 
in convective heat transfer coefficient across a 2000–5000 
Reynolds number range. Askari et al. [165] synthesized 
Fe3O4-decorated graphene nanoparticles for heat transfer 
enhancement in kerosene-based nanofluids, improving con-
vective heat transfer coefficient by 66% at 4553 Reynolds 
number. Sadri et al. [166] using highly dispersed function-
alized graphene nanoplatelets (GNPs), a cost-effective, 

(4)
Nu

nf
= 0.011 ×

(

1 + 100 × ∅�

)−0.095
× Re

nf

0.886

×Pr
nf

0.545 × (Pr
nf
∕Pr

wall
)−0.495

environmentally friendly method was developed for synthe-
sizing highly dispersed functionalized graphene nanofluids. 
The overall performance index was also higher than 1, which 
resulted in improved convective heat transfer coefficients and 
Nusselt numbers. It was reported by Baby et al. [167] that 
MWNTs, HEGs, and silver nanoparticles were combined 
to form a hybrid nanostructure with a 190% heat transfer 
enhancement. Salem et al. [168] showed that graphene oxide 
nanofluids in a heated tube significantly improved the heat 
transfer coefficient by 0.2 vol%.

5 � Conclusions and future prospectives

This review focuses on the use of graphene-based nanofluids 
to enhance heat transfer and provides an extensive overview 
of studies conducted on graphene, graphene oxide, and gra-
phene-based nanofluids. These studies cover synthesis meth-
ods, nanofluid preparation methods and characterization 
techniques and include analysis of properties such as thermal 
conductivity and viscosity. A graphene-based nanofluid has 
been investigated for its application in convection, including 
laminar and turbulent flows, with promising results. A num-
ber of parameters are examined in relation to heat exchange 
characteristics, pressure drop, and pumping power, including 
nanofluid concentration, Reynolds number, flow rate, and 
fluid temperature. Nanofluid properties are influenced by 
factors such as nanoparticle size, shape, surface area, and 
functionalization. We observed that thermal conductivity of 
nanofluids increases significantly as both concentration and 
temperature increase while using any type of nanofluid for 
enhanced thermal conductivity. Nanofluid viscosity gener-
ally increases with higher concentration but decreases with 

Fig. 16   Comparison of measured Nusselt number with the correla-
tions of Dittus–Boelter and Petukhov [146]

Fig. 17   a, b Nusselt number and Friction factor of f-GNP nanofluids [146]
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elevated temperature, suggesting the potential benefits of 
using graphene-based nanofluids at higher temperatures.

Graphene nanoparticles properties are very sensitive to 
their shape. In order to improve the production of nanoflu-
ids and increase thermal performance, it is imperative to 
investigate the effect of morphological, fluid, and thermal 
properties, as well as the use of different base fluids.

The paper highlights experimental and numerical heat 
transfer studies, which demonstrate enhanced convective 
heat transfer coefficients and Nusselt numbers when using 
graphene-based nanofluids. Importantly, the pressure losses 
associated with graphene-based nanofluids are typically 
minimal, making them an efficient choice for heat transfer 
applications.

5.1 � Future scope of work

Ensuring long-term stability of nanofluids remains a signifi-
cant challenge for industrial applications and commerciali-
zation. Limited information is available on the corrosive, 
fouling formation and erosive effects of graphene nano-
fluids in heat exchanger tubes or surfaces. Comprehensive 
experimental studies are needed to validate the heat trans-
fer capabilities using graphene-based nanofluids. Despite 
numerous publications on the subject, the paper suggests 
that there is room for further research to identify the optimal 
properties that graphene-based nanofluids should possess 
and to explore more efficient synthesis processes for these 
nanomaterials.
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