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Abstract: In recent years, the nanofluids (NFs) have become the main candidates for improving
or even replacing traditional heat transfer fluids. The possibility of NFs to be used in various
technological applications, from renewable energies to nanomedicine, has made NFs and their
thermal conductivity one of the most studied topics nowadays. Hence, this review presents an
overview of the most important advances and controversial results related to the NFs thermal
conductivity. The different techniques used to measure the thermal conductivity of NFs are discussed.
Moreover, the fundamental parameters that affect the NFs thermal conductivity are analyzed, and
possible improvements are addressed, such as the increase of long-term stability of the nanoparticles
(NPs).The most representative prediction classical models based on fluid mechanics, thermodynamics,
and experimental fittings are presented. Also, the recent statistical machine learning-based prediction
models are comprehensively addressed, and the comparison with the classical empirical ones is
made, whenever possible.

Keywords: nanofluids; nanoparticles; thermal conductivity; heat transfer; machine learning

1. Introduction

Technological development in the past decades led to the increase in demand for
novel cooling fluids able to surpass the conventional ones—air and water—to improve
the lifespan of the electronic components [1]. One type of fluid that has been increas-
ingly investigated is nanofluid (NF), as seen in Figure 1. Introduced in 1995 by Stephen
Choi, nanofluids consist of a colloidal dispersion of nanoparticles (NPs) with 1–100 nm of
dimension in a base fluid (BF) [2,3].

The NPs usually used in the NFs are oxides, metals, nitrides, and non-metals like
carbon nanotubes and graphene, while the BF are often water, ethylene glycol, oils, and
polymer solutions [4].

NFs contribute to the improvement of heat transfer processes, and to reduce and opti-
mize thermal systems [5].Different properties, such as wettability and thermal conductivity,
can be adjusted by altering the NPs concentration, making nanofluids suitable for a wide
range of applications. Local concentration can be controlled using magnetic NPs under the
action of an applied magnetic field [6]. Nevertheless, preparation and use of NFs still have
some limitations. Sedimentation and aggregation of the particles are difficult to control and
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may accelerate corrosion of the components and increase the dynamic viscosity of the NFs.
Also, the synthesis of nanomaterials is still an expensive process [5].On top of that, there
is no general consensus regarding the exact concentration and type of particle required
for the NFs best performance. In spite of these difficulties, new and more competitive
preparation techniques have been developed. For example, titanium dioxide NFs can be
obtained nowadays by the Vapor Deposition Technique (VDT) [7].

Figure 1. Number of scientific journal articles presented in the Science Direct database published
between January of2000 and September of 2020.(Search date: 10.09.2020) (Please read the data
availability statement).

Due to the previously mentioned advantages, NFs have been applied to a wide
variety of fields [6–9]. For instance, some NFs were used to cool electronic parts such as
CPUs [10] and transformers [11], motor engines [12] and nuclear reactors [13]. In space
technologies, they were tested to improve cooling mechanisms, and also as fuel [14] and
for machining and grinding techniques as lubricant and cutting fluid [15]. The thermal
properties of NFs were also very useful to improve the heat transport and, consequently,
the thermal efficiency of systems like heat pipes [16], thermosiphons [17], heat exchangers,
and chillers [6,8], and solar panels and collectors [17]. Recently, there has been a growing
interest in the use of NFs in nanomedicine. On this field, the magnetic NPs can be used not
only to improve the potential of diagnostic techniques but also in hyperthermia treatments
or as drug carriers [18–21].Also, the use of NFs to study the heat transfer mechanisms in
cavities, like the free natural convection, has grown tremendously [22].

One of the most relevant properties of NFs is the thermal conductivity. The thermal
conductivity of NFs is influenced by shape, size, concentration and surface resistance of the
NPs and by the viscosity, pH, temperature, and other characteristics of the base fluid [23].
Several theoretical models and experimental methods were developed to measure this prop-
erty. The most common measuring methods are the transient hot-wire method followed
by the 3ω method, the steady-state parallel plate method and the temperature oscillation
method. Despite the growing number of studies, there are still disparities between data
generated by the theoretical models and experimental measurements as well as between
measurements derived from the same method (reproducibility of results) [3].

In this work, the main experimental methods used by researchers to measure the
thermal conductivity of nanofluids will be presented. The study will discuss the parameters
that may be interfering with the accuracy of the results like the aforementioned factors, and
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also the relevant role of concentration, temperature, viscosity, heat capacity, and surface
tension of the resulting nanofluid.

2. Thermal Conductivity Measurements Overview

The current methods developed for thermal conductivity measurements are static
methods and can be divided in Steady State Methods and Transient State Methods. The
Steady State Methods comprise the parallel plane and coaxial cylinders methods, while the
Transient State Methods include the transient hot wire, the transient plane source theory,
the temperature oscillation method, the laser flash method and the 3ωmethod [24]. A brief
description of the techniques will be presented in the following subsections. Figure 2 shows
the steady and transient state methods often used to measure the thermal conductivity of
the NFs.

Figure 2. Schematic diagram of steady and transient state methods to measure the thermal conduc-
tivity of nanofluids (NFs) (Adapted from [5]).

2.1. Transient Hot Wire Method

In this technique, a very thin metal wire, usually of platinum or tantalum, is used as
both heat source and sensor. The wire is submerged on the NF, and a certain voltage is
applied through the wire, heating it. The heat will then be transferred to the surrounding liq-
uid at a rate depending on the thermal conductivity of the liquid. The resistance variations
measured in the wire can be correlated with the temperature variations and, therefore, the
thermal conductivity is calculated. Systematic errors that might affect the measurements,
such as errors resulting from natural convection, can be corrected experimentally [5,24].

2.2. Transient Plane Source Theory

A fast and sensitive technique with similar principle as the transient hot wire consists
of replacing the wire by a hot disk. Similarly, to obtain the temperature and thus calculate
the thermal conductivity, the time variation of the electrical resistance is recorded. Like in
the case of the Transient Hot Wire Method, convection currents in the fluid might affect the
measurements [5,24].

2.3. Temperature Oscillation

The fluid is placed in a cylinder with an oscillating temperature being applied at both
ends. The amplitude and phase of the temperature oscillation in the middle of the cylinder
are registered. To avoid interferences from the convection phenomena, the amplitude of
the applied oscillation should be as small as possible [24,25].

2.4. 3ω Method

The metal heater in the fluid is heated by a sinusoidal electric current with an angular
frequency of ω, leading to temperature oscillations in the fluid with a certain frequency.
Then, the frequency is correlated with the thermal conductivity of the NF. This technique
requires small amounts of fluid and is more suitable for non-spherical particles, accord-
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ing [5] are more suitable for nanotubes, nanowires, and nanofins. On the other hand, it
takes more time than the other techniques to obtain the results [5,24].

2.5. Laser Flash Method

The bottom of the fluid is heated with a laser and the temperature on the top of the
fluid is measured with a thermometer. The temperature increase can then be correlated
with the thermal conductivity. The effects of radiation and convection are minimized by
the short time (in the order of nanoseconds) needed to heat the sample [5].

2.6. Parallel Plate

The sample is placed between two round parallel plates made of copper with incorpo-
rated thermocouples. One of the plates is heated, and the temperature difference between
the plates will be correlated with the thermal conductivity. To obtain a homogeneous
thickness and to minimize convection due to gravity, both plates can be leveled while the
sample is being loaded [5,24].

2.7. Coaxial Cylinders

The thermal conductivity of nanofluid can be calculated in the gap by using the
Fourier equation in cylindrical co-ordinates. The natural convection is reduced by using
very small temperature gradients [24].

3. Parameters That Affect Thermal Conductivity

The thermal conductivity of the NFs can be affected by several factors, since many
preparation parameters can vary widely, as presented in the Figure 3. From the characteris-
tics of the NPs to their stability in the fluid, as well as other properties of the suspension,
all those factors contribute, directly or indirectly, to induce variations in the thermal con-
ductivity. A brief description of the effect of each factor in the thermal conductivity will be
presented in the following sub-sections.

Figure 3. Different properties that affect the thermal conductivity of NFs (Adapted from [5]).

3.1. Nanoparticles (NPs)
3.1.1. Type

Different types of NPs have been tested, such as metals, metal oxides, ceramics, and
carbon nanotubes. Some reports indicate that the thermal conductivity of the NPs is less
relevant to increase the NFs heat transfer rates, while others suggest that NPs with higher
values of thermal conductivity may increase the heat transfer in the NFs [26]. For instance,
Wang et al. [27] compared the thermal conductivity of water-based nanofluids with copper
and alumina NPs. The greater enhancement of the thermal conductivity in the copper
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nanofluid was attributed to the higher thermal conductivity of copper. On the other hand,
Yoo et al. [28] observed a greater enhancement in thermal conductivity using a water-based
nanofluid with TiO2NPs than when using Al2O3NPs, despite the lower values of the
thermal conductivity of the TiO2NPs.

3.1.2. Size

The influence of the size of the NPs is still controversial among the scientific com-
munity. Ambreen and Kim [29] believed that the reduction of the size of NPs increases
the effective surface area, thickens the interfacial layering, and enhances the Brownian
motion. For these reasons, the thermal conductivity of the nanofluids increases with the
reduction of the particle diameter. Xu et al. [30] measured the thermal conductivity of
water-based NF with Al2O3NPs of different sizes and registered a reduction of the thermal
conductivity with increasing sizes. Anoop et al. [31] also compared NFs with alumina NPs
of 45 and 150 nm of dimensions. The higher enhancement was reported for the smaller
particles. Although most of the results presented in the available literature agree with that
proposition, a few others suggest opposite conclusions. Jang and Choi [32] registered an
increase of the thermal conductivity with increasing particle size for different types of NPs.
Timofeeva et al. [33] compared water-based NFs with four different sizes of SiC NPs and
obtained higher values of thermal conductivity with the bigger particles. It should also
be noted that for nearly micrometer-sized particles, the Brownian motion is not present,
and the thermal conductivity remains unchanged. For a small range of particle size, some
authors reported a linear increase of conductivity with increasing particle size due to the
reduced interfacial thermal resistance of the larger particles [5,26].

3.1.3. Shape

Different shapes of NPs were tested in theoretical and experimental studies with NFs:
spherical, cylindrical, rod, banana-shaped, nearly rectangular, brick, platelet, and blade
shapes. The results obtained indicate that particles with larger aspect ratios contribute
to the enhancement of the thermal conductivity, since thermal penetration increases and
the adverse effects of interfacial thermal resistance on heat transfer are reduced. On the
other hand, when the particles have a small sphericity factor, the thermal conductivity
is not enhanced [5,26]. Murshed et al. [34] observed a greater increase in the thermal
conductivity values of water-based TiO2 NFs when using rod-shape NPs than when using
spherical NPs. Jeong et al. [35] obtained similar results when comparing spherical and
nearly rectangular-shaped ZnO NPs. Timofeeva et al. [36] compared NFs with four different
shapes of Al2O3NPs and concluded that the NF with higher thermal conductivity value
was the one with cylindrical NPs, followed by the one with brick shape NPs. In addition,
the NFs with blade shape and platelet shape particles presented similar values and were
also the lower ones among the testing group. Glory et al. [37] investigated the increase
of the thermal conductivity using Multi-Walled Carbon Nanotubes (MWCNT)of different
lengths, obtaining greater values for the NFs with the longest nanotubes.

3.2. Suspension
3.2.1. Base Fluids

Most studies agree that the base fluids with greater thermal conductivity correspond to
NFs with smaller thermal conductivity increases. The reports also suggest that the affinity
of the fluid to the NPs has an important role in the thermal conductivity enhancements [26].
For instance, Gowda et al. [38], Chen et al. [39], and Hwang et al. [40] reported higher
thermal conductivity values for ethylene glycol-based NFs than water-based NFs, using
alumina, MWCNTs, and CuO NPs, respectively.

3.2.2. Concentration

The increase of the particle concentration enhances the thermal conductivity due to
the greater interfacial area between the base fluid and the NPs and increasing agglomer-
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ation [41,42]. Rostamian et al. [43] and Xuan et al. [44] reported an increase in thermal
conductivity by increasing the nanoparticle concentration. Jana et al. [45] also observed a
linear relation between concentration and thermal conductivity using water-based copper
NFs. Lee et al. [46], using NPs of Al2O3 and CuO, measured experimentally the thermal
conductivity of the NFs at low volume fraction range (lower than 0.05%) and found that
the thermal conductivity ratios increase almost linearly with volume fraction, but with
different rates of increase for each group of NPs tested. However, some reports noted a
reduction of the thermal conductivity for high concentration values. The stability of the NF
is likely to play a major role in the determination of the ideal concentration [5,26].

3.2.3. Agglomeration

The agglomeration of particles contributes to the enhancement of the thermal conduc-
tivity by providing extra conduction paths on the NFs. For fluids with smaller particles,
the aggregation is more prone to occur. The way the aggregation occurs in NFs with
greater volume fractions depends on the shape of the particles. In the studies performed
by Hong et al. [47], an increase of thermal conductivity was observed with an increase of
the aggregation of the particles in a water-based alumina NF. On the other hand, large
agglomerates of particles can lead to sedimentation of the particles and reduction of the
thermal conductivity. Jana et al. [45] noted a decrease of thermal conductivity with increase
sedimentation time in water-based copper and carbon nanotube NFs. It is possible to
locally control the aggregation in NFs with magnetic NPs by means of a magnetic field.
The aggregation is also reversible by applying different magnetic fields in different direc-
tions [5,26,48]. Li et al. [49] reported an enhancement in the thermal conductivity of an
NF with iron particles when applying a magnetic field. Also, Nasiri et al. [50] observed
a reduction of the thermal conductivity of a water-based carbon nanotube NF due to the
aggregation of the NPs.

3.3. Nanofluids
3.3.1. Preparation Methods

Two methods of preparing nanofluids are commonly used by the scientific community,
the one-step, and two-step method. The one-step method involves the production and
dispersion of the NPs in the BF at the same time. For this reason, the process reduces the
NPs agglomeration and increases stability in the NFs [3]. In contrast, the high cost and level
of impurities on the NFs, according to Devendiran et al. [51], are the main disadvantages of
this process. In the two-step method, first, the NPs are obtained and then added to the BF.
This simplifies the manufacturing process while reducing its cost. However, maintaining
the stability of the NFs is one of the challenges of this method. Some alternatives to solve
the problem include the use of ultrasonic treatment, altering the pH of the suspension,
adding surface activators or dispersants or a mixture of both [51,52].

The high production cost of the nanofluids has been another limitation, which may
require a more demanding maintenance of a cooling system and, consequently, raise the
operating costs. In addition, the preparation of NFs on a larger scale requires further
reduction of its costs since the most cost-effective techniques are the ones considered for
commercialization purposes. One way to reduce these costs is by recycling and recover
NPs from industrial wastes.

3.3.2. Temperature

Some reports indicate that the thermal conductivity is enhanced with the temperature
increase, while others reported a reduction of the thermal conductivity with the same
effect. Few others stated that no changes were observed with temperature variations. For
instance, Chon et al. [53] and Mintsa et al. [54] registered a dependent behavior between the
thermal conductivity of the NFs and temperature, while Shalkevich et al. [55] reported an
independent behavior. Duangthongsuk et al. [56], on the other hand, observed a decrease
of the thermal conductivity with increasing temperature in a water-based TiO2 NFs. The
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enhancement of the thermal conductivity with increasing temperature is thought to be
caused by the improvement of the Brownian motion and the reduction of the surface energy
of the particles. On the contrary, a reduction of the thermal conductivity with increasing
temperature was reported for NFs with non-spherical particles, which might indicate that
the aspect ratio of the particle has a relevant influence [5,26].

3.3.3. pH

The pH of the NFs affects the aggregation degree of the NPs and, consequently, the
thermal conductivity. The isoelectric point of the value of pH occurs when the amount of
positive and negative ions is the same. Some studies reported an increasing enhancement
of the thermal conductivity with increasing pH until the isoelectric point, which is then
followed by a decrease. This was attributed to the increase of electrical charge on the
surface of the NPs, leading to greater electrostatic repulsion [5,26]. Krishnakumar et al. [57]
and Li et al. [58] reported an increase in thermal conductivity with pH of ethanol-based
alumina NFs until a maximum value with pH value near 6.0, which is then followed by a
decrease with increasing pH. Wang et al. [59] registered similar results with water-based
copper and alumina NF, being the maximum thermal conductivity value obtained when the
isoelectric point was reached. Other studies showed lower values of thermal conductivity
in the isoelectric point, i.e., the repulsive forces among particles are zero, making particles
aggregate under this pH value [60]. The experimental work developed by [61] also shown
that the pH influences the zeta potential, particle size distribution, rheology, viscosity, and
stability, and all these factors affect the thermal conductivity of the NFs containing ZrO2
and TiO2 NPs.

3.3.4. Additives, Surfactants and Solvents

The incorporation of additives on the NFs can help to improve the stability of the
fluid over time. Wang et al. [27] and Zhu et al. [62] identified the optimal concentration of
the surfactant SDBS (Sodium dodecylbenzenesulfonate) to increase the thermal conduc-
tivity of water-based copper and alumina NFs. Eastman et al. [63] improved the thermal
conductivity of ethylene glycol-based copper NFs by adding thioglycolic acid. High con-
centrations of additives can lead to negative effects on the NFs, such as flocculation. When
adding reduced amounts of additive little or no effect on the thermal conductivity was
reported [13,26]. The experimental work developed by [64] demonstrated the impact on
the alignment and dispersion of the NPS and on the thermal conductivity of the NFs that
the surfactants and solvents may have. In this study, the authors measured the thermal
conductivity of Fe2O3 and CuO NPs dispersing in water, ethylene glycol, and water with
SDBS as a surfactant.

3.3.5. Sonication Time

The sonication treatment is very common when preparing NFs. For most fluids, the
increase of the sonication time contributes to an increase of the thermal conductivity since
sedimentation is mitigated and the Brownian motion as well as the particle uniformity
improved. Nevertheless, if the sonication time is too long, aggregation decreases and so
is the thermal conductivity [5,26]. Hong et al. [65] reported increasing values of thermal
conductivity with increasing sonication time until 50 min for ethylene glycol-based iron
NFs. Higher sonication values corresponded to a decrease in thermal conductivity. Also,
excessive sonication can break NPs with high aspect ratio such as nanotubes [66] and
disrupt the effect of the addition of dispersants to the NFs [67].

3.3.6. External Magnetic Field

The NFs can incorporate several magnetically sensitive metal or metal oxide NPs.
In such cases, the magnetic particles can have a diversity of configurations depending on
the nature of the particles and on the magnetic field magnitude or strength. If the field is
strong enough, the small-dimensioned particle will form connected networks or chains that
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tend to get oriented toward the magnetic field direction. This alignment effect will move
the particles nearby and promotes a larger number of physical contacts and interaction
between each other and, thus, resulting in enhanced thermal conductivity and heat transfer
capability of the NF. This can be observed in the experimental works performed with Fe2O3
or Ni and carbon Nanotubes [68,69]. Also, these studies have demonstrated that as the
magnitude of the applied magnet field decreases, the time to reach the maximum peak
value of the thermal conductivity will increase.

3.3.7. Aggregation

In recent years, the introduction of carbon nanotubes in NFs has promoted significant
research efforts due to their promising enhanced thermal conductivity and, consequently,
applications in the cooling and lubricants fields. However, NFs with only a suspension of
stand-alone nanotubes do not often exhibit substantially improved thermal conductivity
levels. This is likely due to the infrequent physical contacts of the nanotube between each
other, as they assume irregular positioning and distribution in the base fluid. To overcome
this problem in practice, there are two available ways. One is to increase the volume fraction
of the nanotube on the base fluid, which may lead to excessive viscosity of the NF. The
other way can be found in the work developed by [70], where the authors proved that the
aggregation of oppositely charged NPS (metal oxide and nanotubes) into combined clusters
can explain the overall thermal conductivity enhancement. With the proper control of
conditions of the suspension itself, it is possible to add fractions of positively charged metal
oxide particles on the base fluid that will aggregate on the negatively charged nanotube
surface (which is a phenomenon that can be enhanced with the addition of a surfactant)
and hence form the aggregation cluster chain along the nanotube by electrostatic attraction.

4. Prediction Models for Thermal Conductivity and Other Properties of the NFs
4.1. Thermal Conductivity Empirical Models

There are a number of prediction models for the conductivity of an NF, based essen-
tially in a weighted average between the properties of the NPs and the base fluid(BF),
giving the existing fraction between both [71]. Some of those models were selected to
identify the behavior of NFs constituted by spherical particles, with diameters in the order
of magnitude that is found in the scope of this work, being the equations presented subse-
quently. However, many other models can be considered for more specific applications, as
it can be found in Lamas [72].

The Maxwell model [73], Equation (1) consists of an empirical model of good approxi-
mation and simplicity, for spherical particles in small concentrations. Being one of the first
models of this kind, it was widely used as a baseline to other models where additional
parameters or corrections were applied.

Kn f Maxwell = K f

Knp + 2Kb f + 2ϕ
(

Knp − Kb f

)
Knp + 2Kb f − 2ϕ

(
Knp − Kb f

)
 (1)

In this equation, as well as in the following ones, Kn f corresponds to the NFs thermal
conductivity, K np to the NPs thermal conductivity, Kb f to the thermal conductivity of the
BF,ϕ to the NP concentration and Kn f to the predicted NF thermal conductivity by the
used model. Presented by Hamilton and Crosser [72], Equation (2) is based on the same
principle, however, it also considers the parameter relative to the shape of the particle.
Thus, the shape factor, n, is determined considering the sphericity of the particle, w, as
verified in Equation (3) Therefore, the sphericity of the particle varies with the shape, being
for instance, for a sphere, w = 3, or for a cylinder, w = 0.5.

Kn f H&C = Kb f

Knp + (n− 1)Kb f − ϕ(n− 1)
(

Kb f − Knp

)
Knp + (n− 1)Kb f + ϕ

(
Kb f − Knp

)
 (2)
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n =
3
w

(3)

The Wasp prediction model [74], widely used for convection heat transfer problems,
is a particular case of the Hamilton and Crosser model, where the particles are perfectly
spherical (w = 1). Consequently, the Wasp model serves as a good practical approach when
there is uncertainty regarding the shape of the particle and can be given by Equation (4):

Kn f Wasp = kb f

 knp + 2kb f − 2ϕ
(

kb f − knp

)
knp + 2kb f + ϕ

(
kb f − knp

)
 (4)

Other model is introduced by Xue [71], that presents a relation between the logarithmic
progressions, becoming that way, the most pessimist model for the conductivity gain, as
verified in Equation (5):

Kn f Xue = Kb f

1− ϕ + 2ϕ
Knp

Knp−Kb f
ln
(Knp+Kb f

2K f

)
1− ϕ + 2ϕ

K f
Knp−Kb f

ln
(Knp+Kb f

2Kb f

)
 (5)

The mentioned models are considered static since they ignore the effect of the random
movement of the particles in the fluid designated by the Brownian motion. Therefore, to
complement the static models, other dynamic models were developed with the purpose of
improving the description of mechanisms like the Brownian motion, temperature, size and
distribution of the nanoparticles, interfacial layer and cluster formation and morphology
that, as we have seen, have crucial effects in thermal conductivity. The dynamic Xuan [75]
model uses the Maxwell conductivity model expressed by Equation (1), as a baseline,
adding the dynamic effect of the thermal conductivity increase. This model is translated by
the Brownian diffusion and clusters formation, translated by Equation (6):

Kn f Xuan = Kn f Maxwell +
1
2

ρnpcnp p ϕ
√

2DB (6)

where the Brownian diffusion, DB, is given by Equation (7), where is possible to verify
the effect of temperature, viscosity of the BF and of the clusters, all of them important
parameters previously discussed [75]:

DB =
kBT

6πµb f rc
(7)

In this equation, T corresponds to the fluid temperature, rc corresponds to the average
radius of the formed NP clusters, kB corresponds to the Boltzmann constant and µb f
corresponds to the BF viscosity.

In a similar way, Equation (8) represents the Kleinstreuer model [76], which combines
the conductivity according to Maxwell and a term relative to the dynamic conductivity gains.

Kn f Kleinstreuer = Kn f Maxwell +
5× 104

kb f
β(ϕ)ρb f cnpb f f (T, ϕ)

√
kBT

ρnpdnp
(8)

In this equation it is possible to note a greater diversity of parameters that influence
conductivity. Also, the two deducted functions deriving from experimental results re-
flect the influence of the majority of the aforementioned parameters. The function f , in
Equation (9), is designated by factorial function and represents the conductivity effect of
the particles, representing parameters like the volume fraction, type of particles, tempera-
ture and BF properties. This function was simplified having in consideration only two of
the main effects, temperature and volume fraction. The remaining factors are implied in



Appl. Sci. 2021, 11, 2525 10 of 26

the result, since the different constants of the equation are obtained by the experimental
results analysis.

f (T, ϕ) = (−6.04ϕ + 0.4705)T + (1722.3ϕ− 134.63) (9)

The function β corresponds to the volume fraction effect, assuming that the remaining
parameters dependencies are covered by the function f , being the expression determined
having in consideration the large diversity of results with the extra parameters involved,
has shown in Figure 4.

Figure 4. Determination of the function β derived from experimental data, adapted from [76].

Therefore, for the range of volume fractions considered in this scope, the value of β is
represented in Equation (10):

β(ϕ) = 0.0017(100ϕ)−0.084 (10)

The impact of nanolayer thickness, nanoparticle volume fraction and size and also
the thermal conductivity ratio of the nanoparticle to the base fluid were considered in the
development of the Xie thermal conductivity prediction model [77], which is given by
Equation (11):

kn fXie
= 1 + 3ΘϕT +

3Θ2
ϕ2T

1−ΘϕT
(11)

Θ =
βl f

[
(1 + γ)3 − βpl/β f l

]
(1 + γ)3 + 2βl f /βpl

, γ =
δ

rp
(12)

βl f =
kl − k f

kl + 2k f
, βpl =

kp − kl

kp + 2kl
, βl f =

k f − kl

k f + 2kl
(13)

where δ is the nanolayer thickness and rp the nanoparticle ratius.
The Table 1 summarizes some of the representative thermal conductivity prediction

models and theoretical relations used by the referred researchers.
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Table 1. Representative thermal conductivity empirical models (Adapted and abridged from [7,22]).

Researchers Mathematical Expressions Included Parameters/Observations

Maxwell [73] kn f = K f

(
Knp+2Kb f +2ϕ(Knp−Kb f )
Knp+2Kb f−2ϕ(Knp−Kb f )

)
Includes the thermal conductivities of BF

and NPs

Hamilton and
Crosser [72] kn f = Kb f

(
Knp+(n−1)Kb f−ϕ(n−1)(Kb f−Knp)

Knp+(n−1)Kb f +ϕ(Kb f−Knp)

) Includes the particle shape and
composition and the thermal
conductivities of BF and NPs

Wasp [74] kn f = Kb f

(
Knp+(n−1)Kb f−ϕ(n−1)(Kb f−Knp)

Knp+(n−1)Kb f +ϕ(Kb f−Knp)

) Includes the thermal conductivities of BF
and NPs and the sphericity of the

particles assumption

Xue [71]
kn f = Kb f

 1−ϕ+2ϕ
Knp

Knp−Kb f
ln
(

Knp+Kb f
2K f

)
1−ϕ+2ϕ

K f
Knp−Kb f

ln
(

Knp+Kb f
2Kb f

)


Includes the particle shape and
composition and the logarithmic

progressions of the thermal
conductivities of BF and NPs

Xuan [75] kn f = Kn f Maxwell +
1
2 ρnpcnp p ϕ

√
2DB

Includes the temperature and viscosity of
the BF, the average radius and viscosity

of the clusters, and the Brownian motion

Kleinstreuer
[76] kn f = Kn f Maxwell +

5×104

kb f
β(ϕ)ρb f cnpb f f (T, ϕ)

√
kBT

ρnpdnp

Includes the temperature and viscosity of
the BF, the volume fraction and type of

NPs, and the Brownian diffusion

Xie [77] kn f = 1 + 3ΘϕT +
3Θ2

ϕ2 T
1−ΘϕT

Includes the nanolayer thickness, the NPs
volume fraction and radius and the
thermal conductivity ratio between

the NPs and the BF

Avsec et al.
[78]

kn f = kb f

[
knp+(n−1)kb f−(n−1)ϕn f (knp−kb f )

knp+(n−1)kb f +ϕn f (knp−kb f )

]
ϕn f = ϕ

(
1 + h

r

)3

Includes the liquid layer thickness,
thermal conductivities of BF and NPs, but

not the particle size and the interface
between the particles

Jang and
Choi [32] kn f = kb f (1− ϕ) + 0.01knano ϕ + 18× 106 db f

dnp
·kb f Re2

dPrb f ϕ

Includes the thermal condutivity and the
diameter of the molecules of the BF, the

particle fraction and diameter, the
thermal conductivity of the NPs

involving the Kapitza resistance (surface
resistance),and the numbers of Reynolds

and Prandtl
Pak and Cho

[79] kn f = 1 + 7.47ϕ
Includes the geometry, diameter, and the

surface resistance of the NPs

Timofeeva
et al. [33] kn f = k f (1 + 3ϕ)

Includes the geometry, agglomeration
state, and the surface resistance of

the NPs

Yu and Choi
et al. [80]

kn f = kb f

[
kpe+2kb f +2(kpe−kb f )(1+β)3 ϕ

kpe+2kb f−(kpe−kb f )(1+β)3 ϕ

]
kpe = knp

[
[2(1−γ)+(1+β)3(1+2γ)]γ
−(1−γ)+(1+β)3(1+2γ)

] Modified Maxwell model.Includes the
nanolayer thickness

Wang et al.
[81] kn f = kb f

[
1 +

3 fq (p)
p0

1−
fq(p)

p0

] Includes nanolayer thickness, particle
size, temperature, volume fraction, and
interaction between adjacent particles

Chandrasekar
et al. [82]

MODEL I : kn f = kb f

[(
cnp, n f

cp

)(
ρn f
ρ

)1.33( M
Mn f

)0.33
]

MODEL II : kn f

= kb f

[
knp+(n−1)kb f +(n−1)(knp−kb f )(1+β)3 ϕ

knp+(n−1)kb f−(knp−kb f )(1+β)3 ϕ

]
Model I is applicable over a wide range
of particlenature, fraction and size, and
different base fluids. Model II help to

determine the contribution layer
thickness, particle shape, and

Brownian motion

Corcione [83] kn f = 1 + 4.4Re0.4Pr0.66
(

T
Tf re

)10
·
(

knp
kb f

)0.03
·ϕ0.66

Applicable for the temperature range of
294–324 K, nanoparticle diameter of
10–150 nm and volume fraction of

0.002–0.9
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In general terms, the behavior of some of the different models for conductivity predic-
tion are represented in the Figure 5, having in consideration some calculation simplifica-
tions, like the type of particles, temperature, presence of clusters, and their dimension. As
it can be noted, the behavior of the models is in line with what is expected, that is, the dy-
namic models are the ones that present a greater thermal conductivity, since they have the
Brownian motion in consideration, being the increment linear in all of the models, excepting
the Kleinstreuer model, where the influence of the volume fraction is more relevant.

Figure 5. Behavior of the different models for thermal conductivity prediction of an NF in function
of the nanoparticle(NP) fraction [84].

4.2. Thermal Conductivity Machine Learning-Based Models

In recent years, many machine learning and statistical models has been developed to
predict the thermal conductivity and other thermal properties of materials and nanofluids
with high accuracy and robustness. In fact, properties such as thermal conductivity [85],
density [86], and viscosity [87,88] of nanofluids, glass transition temperature of poly-
mers [89,90] and also the decomposition onset temperature of lubricant additives [91] have
been estimated precisely with machine learning-based models. Those models are fast,
stable, and low-cost tools to predict the thermal properties on a wide range of industrial
applications, particularly in electronic devices, heat sinks, heat exchangers, renewable
energy [92], and automotive industries. Accordingly, there are also many research works
whose predictions were based in machine learning algorithms, as can be seen in Table 2,
which summarizes representative papers using machine learning prediction models pub-
lished in recent years.

The most common machine learning data-driven modeling can be provided by one
of these four fundamental models: ANN (Artificial Neural Network), CART (Category
and Regression Tree), RF (Random Forest), and SVM (Support Vector Machine). The chart
presented in Figure 6 shows these fundamental methods and their possible combinations
like, for instance, GA (Genetic Algorithm) and PSO (Particle Sworn Optimization). Figure 7
illustrates the structure of an ANN estimation model, which is the most commonly used
model in the research field.

4.3. Density

The determination of the density of the NFs can be made through the use of a simple
weighted average of the isolated properties of the NPs and the BF, having in consideration
the volume fraction, as demonstrated in Equation (14) [3]:

ρn f = ρp ϕ + ρb f (1− ϕ) (14)
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ϕ corresponds to NP concentration, ρp to NP density, ρn f to NF density and ρb f to
BF density.

Table 2. Representative review papers on nanofluid heat transfer research using machine learning prediction models.

Reference Work Focus Machine Learning Involviment

Zhao et al., 2016 [93]
Prediction of thermal conductivity and viscosity
based on ANN and applications in automotive

radiators
ANN data-driven modeling

Ramezanizadeh et al., 2019 [94]

Characteristics of different machine learning
methods including MLP-ANN, GMDH, ANFIS,
RBF, and LS-SVM combined with GA, PSO, and

ICA. Applications of machine learning methods to
dynamic viscosity modeling of nanofluids

Machine learning for viscosity prediction

Bahiraei et al., 2019 [95]

AI algorithms inluding ANNs, fuzzy logic
optimization methods and hybrid AI algorithms
used for prediction and optimization of thermal

properties of nanofluids

Machine learning algorithms for
prediction and optimization

Guo 2020 [96]

Overview on measured thermal properties,
enhancement mechanisms, models for properties
and heat transfer characteristics and applications
of nanofluids to cooling, renewable energy, and

energy and building technologies

ANN model for thermal
conductivity prediction

Sahaluddin et al., 2020 [86]

Development of a machine learning model for
density prediction of nitrides in ethylene glycol.

The developed is much more accurate than the Pak
and Cho empirical model

SVM model for density prediction

Zhang and Xu 2020 [89]
Machine learning glass transition temperature of
polymers prediction using a GPR (Gauss Process

Regression) data-driven model

GPR model for glass transition
temperature prediction

Zhang and Xu 2020 [91]
Machine learning decomposition onset

temperature of lubricant additives prediction
using a GPR data-driven model

GPR model for temperature prediction

Shateri et al., 2020 [88] CMIS (Comittee Machine Intelligent System) machine
learning model for nanofluid viscosity estimation CMIS model for viscosity prediction

Alade et al., 2020 [87]
BSVR (Bayesian Support Vector Regression) and
ANN machine learning models for nanofluid

viscosity prediction

BSVR and ANN models for
viscosity prediction

Ma et al., 2021 [92] Nanofluid heat transfer machine learning research
applied to renewable energy

Machine learning description
and applications

4.4. Specific Heat Capacity

In a similar way to what was previously presented for the density, the specific heat
capacity can also be determined in the same way, using Equation (15). The values obtained
through this method are very similar to the BF. However, further experimental tests are
required to improve the theoretical approaches [3]:

Cpn f =
ϕρpCpnp + (1− ϕ)ρb f Cpb f

ρn f
(15)

Here Cpb f corresponds to BF specific heat capacity, Cpnp to NP specific heat capacity
and Cpn f to NF specific heat capacity.
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Figure 6. Categories of prediction and regression machine learning algorithms (Adapted and
abridged from [92].

Figure 7. Schematic structure of the Artificial Neural Network (ANN) machine learning model
topology (Adapted and abridged from [92]).

4.5. Viscosity

The treatment of the viscosity variation in an NF can be considered similar to the
effect in the viscosity of a solvent by adding particles of a solute. As in the conductivity
study, there is a predominant model for the viscosity that was undergone to corrections
over time. This model is designated by Einstein model, which in 1906, precisely studied
the phenomenon of particle diffusion in a solute of a diluted solution. For that purpose,
based in the Navier-Stokes equation for an incompressible flow, we can have Equation (16):

µn f = (1 + εϕ)µb f (16)

In this equation, ϕ corresponds to the used NP concentration and µ f b and µn f to
the NF viscosities and BF, respectively. We can observe the existence of the factor ε that
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will be representative of the type of particles in the solute. Considering them as rigid
spheres, disregarding the interactions between them and with much bigger dimensions
than the solvent particles, the factor will be 2.5, making Equation (17) valid for a certain
concentration range:

µn f = (1 + 2.5ϕ)µb f , 0 < ϕ < 10% (17)

As it has been discussed throughout this section, the interaction between the particles
is a fundamental mechanism of the behavior of the NFs. In the latter, Pavlik [97] has
proposed a new equation that introduces a quadratic dependence with the volume fraction
that allows a better representation of the particle interaction, as shown by Equation (18)
and valid for the same interval:

µn f =
(

1 + 2.5ϕ + 6.2ϕ2
)

µb f , 0 < ϕ < 10% (18)

Other models present alternative calculation methods to the Einstein deduction, as
the case of Brinkman [98], Brandy, or Krieger-Dougherty in [97]. This model was presented
by Mooney [99] and presents an exponential progression to explain the observed rise in
viscosity, as it is reported in Equation (19):

µn f = µb f e
2.5ϕ

1−kϕ (19)

This factor k here introduced is designated by self-crowding effect, that better rep-
resents the interaction between particles, especially in greater concentrations, being the
particle movement hampered by the existence of a greater number of neighbor particles,
approximating their behavior to a solid. This factor k increases withparticle concentration,
having the author estimated that the factor would belong in the range 1.35 < k < 1.91.

5. Controversies in Thermal Conductivity Measurements

A large variety of techniques and devices to measure the thermal conductivity of NFs
can be commonly found in the literature. Although some of the devices may be more
sophisticated than others, they all converge on a common problem: they are very sensitive
and dependent on the initial conditions of the samples. Even for minimal variations, the
results can promote a strong impact on the final conclusions. Most of the techniques
presented in this work have been adapted over the years to be able to safely measure the
thermal conductivity of NFs. This task has not been easy due to the difficulty of maintain-
ing the stability of the samples. The dispersion techniques proposed by recent research
studies [100] can achieve months of stability, but the recurring necessity of continuous
maintenance and the gradual sedimentation of the nanoparticles throughout the system
can help us understand the reason for so many controversial results.

Another reported difficulty is associated with the concentration of the NPs in the BF.
Even though the results have not yet reached a general consensus, the simplest solution
found by the majority of the researchers to increase the gains in thermal conductivity
of colloidal mixtures is to increase the concentration of NPs in the BF. However, as the
concentration of the NPs increases, NF viscosity also increases, leading to flow resistance.
The greater viscosity of those fluids increases power requirements of the pumping system
and pressure losses in the case of heat sinks, when compared to the respective base fluids.

Another property that can affect the measurement of the thermal conductivity of NFs
is the specific heat of all their components, that is, the BFs, NPs and dispersants used. This
property relevance and its effects are also not unanimous among the scientific community
and are not yet fully understood. The high specific heat of water is the main reason why it
is used as cooling fluid in a large variety of applications, even when compared to other
fluids. In this way, it is possible to provide a high amount of energy, without promoting
a high increase of temperature at the systems. On the other hand, the NPs used to form
the colloidal mixtures have a lower specific heat, and this lower contribution of the NPs
to the NF heat capacity needs to be compensated. For example, Nieh et al. [101], using
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an NF formed by NPs ofAl2O3 or TiO2 prepared with ethylene glycol/water, studied the
effect of adding a dispersant to evaluate the influence in the specific heat. They observed
an increase of the specific heat but, it was gradually decreased with the increase of wt% of
Al2O3 and TiO2. Without addition of the dispersants, some researchers have shown that
the specific heat of NFs decreases with the increase of volume fraction [101–103].

The potential of NFs to increase the heat transfer capacity of thermal systems is
accepted by a large part of the scientific community. However, the lack of consistent
results obtained by different researchers has hampered the development of this field
and the use of NFs in large scale industrial applications. The poor characterization of
the suspensions of NPs and the lack of theoretical understanding of the mechanisms
responsible for thermal properties changes need further understanding. Many issues
besides the thermal conductivity, such as the Brownian motion and sedimentation of NPs,
particle migration, and temperature-dependent properties, must be carefully considered,
especially when the thermal analysis involve not only natural but also convective heat
transfer phenomena within the nanofluid. The Table 3 shows the measurements of thermal
conductivity for a series of NFs using different techniques addressed in this study.

Table 3. Thermal conductivity enhancement measurements for different nanofluids (NFs).

NPs BF Size [nm] Concentration Keff Increase [%] Method Ref.

Al2O3

Water

33 1 and 2 vol.% 5.4 Theory [104]

30–60 0.5, 1.0, 2, 3 and
4 vol.% 1.96 THW [105]

10, 20–30 and 150 Up to 1.5 vol.% 23 Theory [106]

13 0.1, 0.15, 0.20
and 0.25 vol.% 6.40 for 0.25 vol.% NF THW [107]

41 18 vol.% 31 THW [54]
36 10 vol.% 30 SSCB [108]
36 6 vol.% 28 SSCB [109]
20 14.6 vol.% 22 TSHW [110]

282 4 vol.% 17.7 THW [111]
40 4 vol.% 14.4 Flash [112]

15–50 4 vol.% 10.1 TPS [61]
43 3 vol.% 9.7 THW [113]
11 1 vol.% 9 THW [53]
38 3 vol.% 8 THW [114]
43 2 vol.% 7.52 THW [113]
10 0.08 vol.% 7.1 THW [115]
12 4 vol.% 5.4 THW [116]
10 0.05 vol.% 4.7 THW [115]
43 0.75 vol.% 3.28 THW [113]
10 0.04 vol.% 3.1 THW [115]
43 0.33 vol.% 1.64 THW [113]

EG

10 0.08 vol.% 22 THW [115]
10 0.06 vol.% 17.3 THW [115]

282 3 vol.% 16.3 THW [111]
12 4 vol.% 14.3 THW [116]
38 3 vol.% 10.6 THW [114]
45 4 vol.% 9.7 3ω [117]

EG/Water

13 2 vol.% 12.6 THW [118]
10 3 vol.% 11.3 THW [116]
50 3 vol.% 10.4 THW [116]
13 2 vol.% 8.4 THW [118]
13 2 vol.% 16.2 THW [118]

DI
45 4 vol.% 13.3 3ω [117]
48 1 vol.% 4 THW [28]
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Table 3. Cont.

NPs BF Size [nm] Concentration Keff Increase [%] Method Ref.

TiO2

Water

21 0.1 vol% About 11.1 THW [119]

100 0.10, 0.15, 0.21
and 0.25 vol.% 16.7 for TiO2-0.25% THW [120]

10, 30, and 50 0.005, 0.01, 0.1,
0.5, and 1 vol.% 0.4 Theory [121]

5 0, 0.1, 0.5 and
1.0 vol.% 6.55 TPS [122]

21 0.1–0.5 vol.% 7.28 [123]
10 3 vol.% 11.4 THW [114]
34 3 vol.% 8.7 THW [114]
21 2 vol.% 7 THW [56]
40 2.6 vol.% 6.5 THW [110]
70 3 vol.% 6.4 THW [114]
20 2 vol.% 4.2 THW [124]

Water:EG 40 0.2 to 0.8 vol.% 24 at VF 0.8% and
temperature 50 ◦C THW [125]

EG

5 7 vol.% 19.52 THW [126]
15 5 vol.% 18 THW [127]
10 3 vol.% 14.4 THW [114]
34 3 vol.% 12.3 THW [114]
70 3 vol.% 7.5 THW [114]

DI

Ø10×40 5 vol.% 33 THW [34]
15 5 vol.% 30 THW [34]

20.5 1 vol.% 14.4 THW [28]
21 3 vol.% 7.2 3ω [128]

SiC Water
45–65 1, 1.5, 2, 3, and

4 wt% 8.2 THW [129]

45–65 0.5, 1.0, 2, 3 and
4 vol.% 4.8 THW [105]

CuO

Water

35–45 0.5, 1.0, 2, 3 and
4 vol.% 3.42 THW [105]

29 6 vol.% 52 SSCB [108]
25 7.5 vol.% 32.3 THW [130]

55–66 2 vol.% 24 THW [129]
33 4.68 vol.% 16.5 TSHW [131]
33 1 vol.% 5 THW [131]

Water + 0.5
wt% CMC 40 0.2–1.0 wt% 29% THW [132]

EG
55–66 2 vol.% 21 THW [130]

33 1 vol.% 9 THW [40]
MEG 25 7.5 vol.% 21.3 THW [129]
EO 55–66 2 vol.% 14 THW [130]

CeO2 EG 10–30 2.5 vol.% 22 THW [132]

ZnO
Water

10 3 vol.% 14.2 THW [133]
60 3 vol.% 7.3 THW [134]

EG
30 3 vol.% 21 THW [113]
50 2.4 vol.% 13 THW [135]

WO3 EG 38 0.3 vol.% 13.8 THW [28]

Fe3O4

Kerosene 15 1 vol.% 34.6 THW [136]

Water
15–23 3 vol.% 11.5 THW [137]
15–20 4.8 vol.% 2.9 3ω [138]
15–20 1 vol.% 1.1 3ω [138]

NiFe2O4 DI 8 2 vol.% 17.2 THW [139]
MgO EG/Water 40 3 vol.% 34.43 THW [140]

Cu Water 75–100 0.1 vol.% 23.8 THW [141]
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Table 3. Cont.

NPs BF Size [nm] Concentration Keff Increase [%] Method Ref.

Au Toluene
1.65 0.003 vol.% 8 TSHW [110]

2 0.024 vol.% 1.4 MSBD [142]
Ethanol 4 0.018 vol.% 1.3 MSBD [142]

Ag Water
96 1.7×10−5

vol.% 20.8 TWRC [143]

96 3.5×10−6
vol.% 4 TWRC [143]

DI 5–25 0.5 vol.% 16 THW [144]

Fe EG

20 4 vol.% 38.8 Theory [145]
10 0.55 vol.% 18 THW [64]
10 0.3 vol.% 16.5 THW [28]
50 2 vol.% 15.5 Theory [145]

Al EG 80 5 vol.% 45 THW [127]
SiC

(sphere)
DI 100 3 vol.% 7.2 THW [146]
DO 30 0.8 vol.% 7.36 THW [147]

SiO2 Water
40–50 3 vol.% 38.2 THW [148]

12 1 vol.% 3.2 THW [132]
12 1 vol.% 3 THW [40]

MgO/TiO2 Water 10–45
50:50, 80:20,

20:80, 60:40 and
40:60 wt%

21.8 at 50 ◦C THW [149]

Graphene
nanoplatelet
(GFnanopl)

Water 0.025 to 0.1 wt% 27 THW [150]
EG 0.7–1.3 0.05vol.% 86 TSHW [151]

Graphene
Oxide EG 0.7–1.4 0.05vol.% 61 TSHW [151]

GFnanopl
– SDBS Water 0.025, 0.05 and

0.1 wt.% About 11.56 Theory [152]

GFnanopl
– COOH Water 0.025, 0.05 and

0.1 wt.% About 21.03 Theory [152]

Al2O3 −
MWCNT Water 10–100 (Al2O3) 0.01 vol.% 10.85 for MWCNT

(0:5) NFs THW [153]

MWCNT

Solar glycol 20–30 0.2, 0.4, and0.6
vol.%

30.59 with MWCNT
volume of 0.6% THW [154]

Jatropha
seed oil

Length × OD =
2.5–20 µm ×

6–13nm
0.2–0.8 wt.% 6.76 THW [155]

Water

Ø40 0.49 vol.% 80 THW [156]
Ø130 0.6 vol.% 34 THW [157]

Ø10–30 1 vol.% 7 THW [132]
Ø10–30 0.48 vol.% 5 THW [158]

HTO Ø5–20 2 vol.% 15 THW [159]
EG Ø20–50 1 vol.% 12.4 THW [160]
EO Ø20–50 1 vol.% 8.5 THW [160]

DWCNT Water Ø5 1 vol.% 8 THW [157]

SWCNT
Water

Ø1-2×5000-30,000 0.48 vol.% 16.2 THW [157]
Ø1-2×1000–3000 0.48 vol.% 8.1 THW [158]

EG 100–600 0.21 vol.% 15.5 THW [161]
C60-C70

fullerenes
Toluene – 0.378 vol.% 0.816 MSBD [143]

MO 10 5 vol.% 6 THW [132]

Legend: BF = Base Fluid; Keff = Effective thermal conductivity; THW = Transient Hot-Wire; SSCB = Steady state “cut bar”; TSHW = Transient
Short Hot-Wire; TPS = Transient Plane-Source; MSBD = Micronscale Beam Deflection Technique; TWRC = thermal-wave resonator cavity.

6. Backdraws and Future

The backdraws, difficulties and general limitations of the NFs can be summarized in
the following points:



Appl. Sci. 2021, 11, 2525 19 of 26

• Complexity and high cost of NFs preparation;
• Long-term stable NFs are difficult to produce. The influence of the production should

be further studied, namely the sonication time, volume fraction, and type of the NFS
in order to avoid the sedimentation and agglomeration of the NPs in the BF and to
achieve optimal performance;

• Lack of a common protocol for the manufacture and analysis of the thermal transport
mechanisms in this type of fluids;

• Methods to scale-up production for commercialization are still in development;
• Some of the classical experimental fitting prediction models for thermal properties are

not the most suitable for the estimation of the thermal conductivity, dynamic viscosity
and density of the NFs;

• The classical modeling does not provide a fast prediction of the thermal properties,
which may slow down the study and overall applicability of the NFs;

• Nowadays, it is clear the need to use the recent statistical data-driven machine learning
models to obtain faster predictions of the thermal properties of the NFs. Those models
are also more stable and sensitive than the empirical ones. However, for a in-depth
knowledge on how the recent models work, the researchers must get proficient skills
in machine learning methodology and in the most common data-driven models
and algorithms;

• The proper machine learning model and algorithms should be chosen according to
the dimension of the sample, the available computing resources, and the required
prediction performance (modeling stability and sensibility).

By way of guidelines that might be the path for future challenges and further studies
and developments, the authors of the current work wish to emphasize the following:

• The stability and durability of the nanofluids should be improved by optimizing the
concentration of NPs and base fluid characteristics (e.g., chemical, viscosity). The
stability of nanofluids should also be predicted by further analysis of the surface
tension of the nanofluid vs. time;

• The general properties of the NFs should be improved by optimizing the preparation
procedures (e.g., sonication time);

• The influence of the solvents should be further studied: the use of high polar solvents
like the DMF (Dimethylformamide) and THF (Tetrahydrofuran) and non-polar sol-
vents as hexane and heptane could be the right way to fully understand how polarity
influences the alignment and thermal conductivity of the NFs;

• The influence of the polarity in the alignment of the NPS on the base fluid can also be
assessed by the use of different surfactants with negative charge, such as for instance
CATB (Cetyltrimethylamonium bromide);

• The impact of an applied magnetic field should be further studied, namely the value
or range of values that make possible to reach the thermal conductivity maximum
peak in less time;

• Additives for decreasing the NFs viscosity while maintaining the same level of thermal
conductivity are of paramount importance to achieve the best performance of the NFs;

• The systems using nanofluids as working fluid should become more cost-effective,
without the need of extra pumping power and expensive maintenance. This should be
accomplished with the optimization of the microchannels configuration (e.g. number
of channels, inlet/outlet positioning);

• Machine learning prediction models should be increasingly used in the future, since
they provide faster and less expensive modeling of thermal properties of the NFs.
Those data-driven models achieve more accurate and stable estimations than the
classical ones. The path created by machine learning is beginning to clear up several
doubts and backdraws, and it is a secure one for future studies and developments on
the nanomaterials field of research.
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7. Conclusions

From all the results and discussions shown in this literature review, it is clear that the
benefits of nanofluids are vast, since they can be used in a wide variety of applications from
nanomedicine to renewable energies. Due to their superior thermal properties, nanofluids
have become protagonists in increasing the heat transfer from the thermal systems as their
use very suitable to miniaturize fluidic systems. Although the series of studies presented
by the scientific community are not always consistent, several results generally converge
on the same conclusions, as follows:

• the thermal conductivity of an NF is greater than the one of the respective base fluids;
• the methods used to measure the thermal properties of NFs are still in an embryonic

stage of development;
• the heat transfer coefficient of an NF is higher than the one of the respective base fluid;
• viscosity of NFs increases with the concentration of the NPs leading to higher pumping

power requirements;
• NF long-term stability is mandatory for miniaturized fluidic systems, mainly mini or

microchannels devices;
• the production costs for systems using nanofluids as working fluid are still high.
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