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Abstract: Nanofluids are obtained by dispersing nanoparticles and dispersant, when present, in a
base fluid. Their properties, in particular their stability, however, are strictly related to several other
parameters, knowledge of which is important to reproduce the nanofluids and correctly interpret their
behavior. Due to this complexity, the results appear to be frequently unreliable, contradictory, not
comparable and/or not repeatable, in particular for the scarcity of information on their preparation.
Thus, it is essential to define what is the minimum amount of information necessary to fully describe
the nanofluid, so as to ensure the possibility of reproduction of both their formulation and the
measurements of their properties. In this paper, a literature analysis is performed to highlight what
are the most important parameters necessary to describe the configuration of each nanofluid and
their influence on the nanofluid’s properties. A case study is discussed, analyzing the information
reported and the results obtained for the thermophysical properties of nanofluids formed by water
and TiO2 nanoparticles. The aim is to highlight the differences in the amount of information given by
the different authors and exemplify how results can be contradictory. A final discussion gives some
suggestions on the minimum amount of information that should be given on a nanofluid to have the
possibility to compare results obtained for similar nanofluids and to reproduce the same nanofluid in
other laboratories.

Keywords: nanofluids; preparation parameters; thermophysical properties; TiO2 nanofluid; viscosity;
thermal conductivity

1. Introduction

Huge research efforts have been devoted in the last 20 years to the study of nanofluids,
from the point of view of preparation methods, stabilization of the colloidal suspension,
thermophysical properties, modelling, etc. Their use is now envisaged for a large variety
of applications in many sectors, ranging from agriculture, for the enhancement of crop
nutrition and protection [1], medicine, for cancer therapy [2], to environmental chemistry,
for wastewater decontamination [3] and mechanical engineering, for enhancing tribological
and thermophysical features of lubricants [4]. However, since the first formulation of the
concept of nanofluid [5] two decades ago, heat transfer applications are the most studied
due to the possibility offered by dispersion of solid nanoparticles in common thermal
fluids, such as water, oil and water−ethylene/propylene glycol mixtures, to significantly
increase their thermal conductivity and eventually their heat transfer coefficient. This is
a very important issue in all engineering applications, where efficient cooling is a strong
need to reduce costs, size, energy consumption and environmental impact of the systems.
From this point of view, the application of nanofluids look attractive in all sectors of
engineering as new generation coolants, e.g., for engine cooling [6], solar water heating [7],
heating and cooling of buildings [8], refrigeration and air conditioning [9], cooling of
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electronics [10], power generation [11] and many others [12]. For heat transfer applications,
the most important properties to be considered are thermal conductivity and viscosity,
because heat transfer coefficients, pressure drops and eventually the energetic efficiency
of the systems strongly depend on them. However, nanofluids are very complex objects,
whose properties and performance depend on a significant number of parameters: material,
concentration, shape and size of the nanoparticles, type and concentration of dispersants,
preparation methods [13–19]. The situation is also complicated by the fact that many of
these parameters interact with each other. In the last two decades, numerous articles have
been published that analyze, from both a theoretical and an experimental point of view,
the influence of these parameters. Numerous reviews are also available, which attempt
to summarize the results available in the literature by critically evaluating them [20–24].
However, despite the importance of each of the parameters listed above on the performance
of individual nanofluids, some or many of them are often overlooked in the literature, at
least among the publicly reported information. This makes the results obtained difficult to
interpret, as well as preventing the reproduction of the nanofluids by other laboratories.
The purpose of this article is not to perform a comprehensive review of the literature on
nanofluids for heat transfer applications. With the support of selected articles, however,
we want to try to answer some important questions regarding the knowledge we have
on nanofluids and how the literature describes them: what are the parameters necessary
to describe a nanofluid? What is their influence on the thermophysical properties? Do
the articles available in the literature describe in an exhaustive way the parameters that
characterize a nanofluid, allowing its reproduction? Are the results obtained from the
measurements of the thermophysical properties consistent?

First of all, the relevance of the individual parameters characterizing the nanofluids,
will be analyzed on the basis of selected papers found in the literature, showing their
potential effect on the main thermophysical properties (thermal conductivity and viscosity)
for the purposes of heat exchange. Although it is almost impossible to quantify this effect
univocally, it is still possible to establish orders of magnitude and/or identify trends. As
a second step, through the analysis of a case study (i.e., water-based nanofluids with
dispersion of titanium oxide nanoparticles), the spectrum of results achieved by different
authors for the same kind of nanofluid is investigated. Twenty papers have been found
in the literature reporting measurements on thermal conductivity and/or viscosity of
nanofluids obtained dispersing TiO2 nanoparticles in water. Each paper describes the
materials used and the methodology of preparation of the nanofluid. The scope of the
second part of the present paper is to evaluate the completeness of the information available
on the studied nanofluids, together with the comparison of the results obtained for the
thermophysical properties, in particular thermal conductivity. In this way, it will be possible
to highlight the reproducibility of a single nanofluid by other laboratories, one of the basic
requirements to control and confirm the scientific results. Moreover, the analysis aims at
highlighting whether the measurements of the thermophysical properties are coherent
with each other or if they look contradictory on the basis of the available information.

2. Nanofluid Parameters Influencing Thermophysical Properties

In the first part of the article, without proposing a further systematic review of the
works available in the literature, we want to highlight the effects of the various parameters
characterizing the nanofluid on the main thermophysical properties (thermal conductivity
and viscosity) for the purposes of heat exchange. Figure 1 summarizes the main parameters
affecting the thermophysical properties of nanofluids.
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2.1. Methods of Preparation

Before starting the analysis of the main parameters characterizing nanofluids, it is
worth describing shortly the methods of preparation of a nanofluid, because they signif-
icantly affect the stability of the colloidal suspension and its thermophysical properties.
Consequently, the preparation method is an essential step in order to obtain nanofluids
with good performance. More detailed information on these methodologies can be ob-
tained by the reader referring to the reviews available in the literature (e.g., [13,24,25]). The
methods available are various, but they can be divided into two main categories that are
distinct by the number of steps required to complete the procedure: one-step methods and
two-step methods.

2.1.1. Two-Step Method

It is the most commonly used method for the production of nanofluids, generated by
dispersing nanoparticles in the base liquid until a homogeneous suspension is obtained.
The main problem is caused by the considerable Van der Waals attractive forces, which
can create agglomerations of considerable size and are difficult to reduce. The first phase
of the process consists of the production of the nanoparticles, which can be done by
applying different techniques: sol−gel method, microemulsion, hydrothermal synthesis
and others [24]. The second phase consists of the dispersion of the nanoparticle powder
in the liquid. After carefully weighing the amount of powder necessary to obtain the
desired concentration in the pre-established amount of base fluid, the procedure generally
involves gradually pouring the nanoparticles into the liquid, stirring the solution with a
magnetic stirrer until the nanoparticles are completely dispersed. We then proceed with the
application of ultrasound to the solution, in order to counteract the attractive intermolecular
forces by breaking the clusters and thus reducing their size. In this way, the stability of the
suspension is increased but it is also possible to improve the thermophysical properties.
It should be noted that the sonication time (which can vary from a few tens of minutes
to a few hours) and the sonication power (typically around a few hundred Watts) are
important for an optimal dispersion of the nanoparticles [26]. In some studies, it has been
shown that increasing the sonication time decreases the size of the particles, but generally
after a certain time no reduction is observed. In addition to sonication, other mechanical
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methods can be employed for cluster reduction, e.g., high shear homogenization, stirred
bead milling, high speed mixing [27,28]. However, mechanical methods alone are not
always sufficient to guarantee adequate stability to the nanofluid. Chemical methods are
then used, which can improve stability, but in turn affect the thermophysical properties
of the nanofluid, as will be seen later. The first approach consists of using a dispersant to
increase the repulsive forces between the nanoparticles, reducing the likelihood that they
form agglomerates [13]. With the same purpose, another method consists of modifying the
pH of the solution, adding suitable substances to make the solution more acidic or more
basic: in this way the Zeta potential of the solution can be increased in order to guarantee
a good stabilization [29]. These techniques (stirring, mechanical disintegration, use of
dispersants, modification of the pH) are often used together to maximize the stability of
the nanoparticles. At the same time, however, they alter the thermophysical properties
of the nanofluid, even worsening its performance. A more detailed discussion on these
techniques and their effect on the properties of the nanofluid is made in paragraph 3.2 of
the article. It is interesting to note, looking at Table 1, that, at least in the case of water-
based nanofluids and TiO2 nanoparticles, the two-step method is the one used in all cases
considered and that sonication is the most used mechanical technique. In addition to
its relative simplicity, the main advantage of the two-step technique over the one-step
technique is its cost-effectiveness, as the powdered nanoparticles nowadays are produced
on a large scale at relatively low cost. On the other hand, the tendency to agglomerate
particles both in the powder state and during the storage of the nanofluid, forces the
application of mechanical or chemical dispersion techniques which, among other things,
do not allow adequate control over the shape and size of the nanoparticles [25].

2.1.2. One-Step Method

One-phase methods aim to limit or overcome the problem of the agglomeration
of nanoparticles that can occur with the two-phase method in the various phases that
characterize it (storage, pouring, dispersion and drying of the nanoparticles). The basic
idea is to obtain the nanofluid by generating the nanoparticles directly inside the base
fluid, simultaneously carrying out synthesis and dispersion of the nanoparticles in the
fluid. Over the past two decades, various one-step techniques have been developed in
an attempt to reduce costs and expand the types of nanofluids that can be produced with
this methodology. Physical vapor deposition (PVD) was the first one-step method applied
to nanofluids, it was developed by Choi and Eastman in 2001 [30] and is still the most
widely used. With this technique, the nanoparticle material (e.g., Cu) is evaporated inside a
vacuum chamber and condenses directly into the base liquid. The main limitation is given
by the possibility of using only high boiling fluids. A similar but more advanced technique,
developed later, is pulsed wire evaporation (PWE) [31]. Further developments have
been obtained with submerged arc techniques, the SANSS (submerged arc nanoparticle
synthesis system) [32] and the ASNSS (arc spray nanoparticle synthesis system) [33]. These
techniques are based on the evaporation of the nanoparticle material (e.g., titanium),
immersed in the base liquid inside a vacuum chamber, by means of an electric arc at
a very high temperature (of the order of 10,000 K). The nanofluids thus obtained show
high stability and better dispersion of the nanoparticles, as well as a more regular shape.
Another type of one-step technique is constituted by the Laser Ablation method, [34] with
the PLA (pulsed laser ablation) variant [35]. In this technique, a laser beam of suitable
intensity and wavelength strikes the material of the nanoparticles immersed in the base
fluid, causing the production of nanometric particles that are directly dispersed in the base
fluid. Finally, [35] proposed a technique that allows a very stable dispersion of nanoparticles
to be obtained directly within the base fluid by microwave irradiation of a solution of the
base fluid containing the reagents and a dispersant. In general, the main advantage of
one-step methods is to obtain the nanofluid by producing and dispersing the nanoparticles
directly in the base fluid, without the need for intermediate steps which, as seen for the
two-step methods, can lead to the formation of agglomerates. In addition, very stable
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nanofluids can be obtained without the need to add dispersants. Finally, these techniques
allow for much better control of the size and shape of the dispersed nanoparticles. The
main disadvantage of one-step methods is their high cost, although cheaper technologies
are being developed. Furthermore, they can only be produced in batches and in small
quantities and therefore are not yet suitable for industrial production. Finally, from the
point of view of quality, the nanofluid produced with these techniques may contain residues
of reagents that have not been transformed, negatively affecting the performance of the
nanofluids in their applications.

2.2. Effect of Nanoparticle Concentration and Morphology on Thermophysical Properties

Nanoparticles added to the base fluid are characterized by the material of which they
are made, their size, shape and concentration. Each of these parameters influence the
stability and the thermophysical properties of the nanofluid and thus its performance.

2.2.1. Nanoparticle Concentration

The concentration of nanoparticles dispersed in the base fluid, expressed as volumetric
or a mass fraction, is one of the main parameters influencing the thermophysical properties
of the nanofluid. Practically all the results available in the literature refer the measurements
of the thermophysical properties to the nanoparticle concentration. In general, even if
with some exceptions, increasing concentration determines an increase of both thermal
conductivity and viscosity (e.g., [15,26,36–38]). This is a problem in terms of the nanofluid’s
applications, since heat transfer is influenced by both properties, but with contrary effects:
higher thermal conductivity improves heat exchange, while higher viscosity worsens heat
exchange and increase the amount of energy required to circulate the nanofluid, due to the
higher friction factor. Thus, when designing a nanofluid, these two properties should be
considered together, searching for the conditions to optimize the overall performance of
the nanofluid.

Just to exemplify the effect of particle concentration, Figure 2 shows a typical behavior
for the thermal conductivity and the viscosity of a nanofluid in relation to the nanopar-
ticle volume fraction [39]. For both thermal conductivity and viscosity, it is evident the
enhancement produced by increasing the volume fraction of Fe3O4 nanoparticles at given
temperatures. It is worth noting here that temperature is a very important parameter, since
it strongly influences all the thermophysical properties of nanofluids. However, it is not an
intrinsic parameter of the nanofluid in itself.
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2.2.2. Nanoparticle Size

The influence of nanoparticle size on thermal conductivity and viscosity of nanofluids
has been explored in several papers (e.g., [37,40–42]). The size of nanoparticles depends on
the way they are produced and dispersed in the base fluid. The size of nanoparticles can
vary within the fluid due to the formation of clusters of more or less compact particles, the
size of which can possibly be reduced using sonication: by increasing the sonication time,
it is possible to reduce the size of the particles, as shown also experimentally (e.g., [26]). In
order to control size and shape of the nanoparticles dispersed in the base fluid it is very
useful to apply detection techniques such as DLS, XRD, SEM or TEM.

With reference to nanofluid thermal conductivity, the enhancement compared to
the base fluid, determined by the interaction between nanoparticles and base liquid, is
generated by the cumulative effect of various mechanisms [41,43]: Brownian motion,
ordered base fluid molecules layering at the interface solid−liquid, nature of heat transport
(fonons), high nanoparticle specific surface area.

Nanoparticle size, besides strongly affecting the stability of nanofluids, intervenes
in some of these mechanisms, influencing the transmission of heat between liquid and
nanoparticles. For example, size is important in Brownian motion: the smaller the size of
the particle, the greater its agitation speed, favoring heat exchange. In addition, smaller
particles, at equal concentration in the liquid, also increase the exchange surface ratio at
the interface between solid and liquid, helping the heat transfer [37]. From the theoretical
point of view, supported by several experimental achievements, smaller particles increase
the enhancement of thermal conductivity. Figure 3a shows the thermal conductivity
enhancement of a gold dispersed (0.00026 vol%) water-based nanofluid as a function of
nanoparticle size. In this case, the influence of nanoparticles is striking, since thermal
conductivity enhancement increases from around 10% for particle size of 75 nm to 50% for
particle size of 20 nm [41].
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However, a much lower increase is shown by a water-based nanofluid where gold
is substituted by TiO2 nanoparticles [44]. In this case (Figure 3b), enhancement increased
only by 1.2% to 3.5%, when nanoparticle size decreased from 210 nm to 95 nm. However,
this behavior cannot be generalized, because other experimental results show an inverse
relation between size and thermal conductivity enhancement (e.g., [45]). This suggests that
the influence of size on thermal conductivity enhancement is related to other parameters,
e.g., nanoparticle material, dispersant, sonication.

Particle size is a key parameter also for the viscosity of nanofluids. However, as
highlighted by some reviews about the viscosity of nanofluids [14,39], the results reported
in the literature show contradictions with reference to the dependence of viscosity on
particle size.
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In some cases, viscosity increases by increasing particle size (e.g., [44,46]), while
in others viscosity increases by decreasing particle size (e.g., [40,42]). Figure 4a reports
the results obtained by [44] for a water-based nanofluid with TiO2 nanoparticles at 0.6%
concentration by volume. Viscosity enhancement increased from 5.3%, for 95 nm particle
size, up to 7.2% for 210 nm particle size. Figure 4b shows the viscosity enhancement as a
function of nanoparticle size in a water-based nanofluid with αSi nanoparticles at 4.1% by
volume [40]. In contrast with the previous case, a decrease of viscosity enhancement was
obtained from around 85 to 30% by increasing size from 16 to 90 nm. It is worth noting
that the same paper reports the thermal conductivity enhancement as a function of particle
size, with increasing enhancement at increasing size of the particles. Thus, the behavior
is the opposite of that shown in Figure 3. This suggests that each nanofluid has its own
behavior with reference to nanoparticle size.
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2.2.3. Nanoparticle Shape

Besides size, the shape of nanoparticles is another morphological aspect that can
influence the properties of nanofluids. Some studies are available in the literature showing
this effect on thermal conductivity and viscosity [15,17,47]. To exemplify the influence of
nanoparticle shape, Figure 5a shows the results obtained with three different nanoparticle
shapes in a TiO2 water-based nanofluid [15]: cubic, rod and spherical. Passing from cubic to
spherical nanoparticles, the thermal conductivity significantly enhances by around 20% at
303 K up to around 60% at 353 K. The authors suggest this result is related to the different
surface to volume ratios for the different shapes, as highlighted also by [47], which enhance
the heat transfer. At the same time, viscosity is also influenced by nanoparticle shape.
Figure 5b reports the results obtained again by [15] for the viscosity of a TiO2 water-based
nanofluid. Cubic shape gives the highest viscosity amongst the three different shapes
considered, with a viscosity increase around 25% at 303 K in comparison to spherical
shape. This increase becomes over 50% at 360 K. A possible explanation is related to the
different mass moment of inertia and frontal cross-sectional area of particles with different
shapes [15].
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2.3. Effect of Dispersion Methodology on Thermophysical Properties

One of the most important features of a nanofluid is the stability of the nanoparti-
cles’ suspension over time. Stability is essential to guarantee the functionality and the
performance of nanofluids. Agglomerated particles and their sedimentation degrade
the thermophysical properties and reduce the technological applicability of nanofluids
(e.g., sedimentation can determine the obstruction of minichannels). Nanoparticles in
suspension in the base liquid are subject to several forces. Van der Waal attractive force
and gravitational force, which induce agglomeration and sedimentation, are countered
by buoyancy force and electrostatic repulsive force, which tend to keep nanoparticles in
suspension and prevent agglomeration [13]. Nanofluids must then be prepared in such
a way that forces acting against agglomeration and sedimentation are prevalent. This is
possible by adopting a proper methodology to produce the nanofluid. When the two-step
method is applied, agglomeration is commonly countered by extensive ultrasonication and
stirring. Moreover, to favor the repulsion forces, dispersants can be added to the suspension
with different mechanisms of stabilization: electrostatic, steric and electrosteric, a combina-
tion of the first two. Various kind of surfactants can be added: anionic (e.g., SDS, SDBS),
cationic (e.g., CTAB), nonionic (e.g., Span 80, Tween 20) and polymeric (e.g., PVP, PVA,
GA). The details of the mechanisms of stabilization are out of the scope of this paper and
can be found, for example, in [13]. What interests us here is that both ultrasonication and
adding of dispersants can significantly affect the thermophysical properties of nanofluids,
as reported by [16].

2.3.1. Effect of Dispersants

Figure 6a describes the influence of the SDBS concentration on thermal conductivity
of Cu-H2O suspension at 0.1 wt% [29]. Adding surfactant to the base fluid increases the
thermal conductivity ratio up to a maximum at around 0.03 wt%. Then, it progressively de-
creases. A similar behavior is shown by the Cu-H2O suspension up to SDBS concentration
0.07 wt%. For higher SDBS concentration, the thermal conductivity ratio of the suspension
decreases quickly, becoming similar to that of the base fluid at 0.12 wt%. This means that an
excess of surfactant negatively affects the thermal conductivity of the Cu-H2O suspension,
due to the progressive accumulation of surfactant on the particle surface reduction, with
corresponding reduction of the heat transfer area.
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At the same time, the type of surfactant can also influence the thermal conductivity
enhancement of a nanofluid. For example, [48] added to the same TiO2-water nanofluid
different types of surfactant, namely the cationic CTAB, the anionic SDS and the nonionic
Span 80. Figure 6b highlights that surfactant significantly enhances thermal conductivity
compared to the nanofluid without surfactant. In particular, the highest enhancement is
achieved with the low molecular weight SDS, while lower enhancement is achieved with
the CTAB and Span 80, with increasing molecular weight. Lower molecular weight of
surfactant is one of the possible reasons for higher heat transfer enhancement, as suggested
by [49].

As thermal conductivity is influenced, so is the viscosity of nanofluids, by the amount
and type of surfactant in the suspension. For example, [50] added different amounts
of PEG 2000 to a suspension of titanium dioxide in water, at three different volumetric
concentrations of titanium with the results shown in Figure 7a. It was evident that for
every volumetric concentration of titanium dioxide, adding low amounts of PEG to the
suspension rapidly reduced the viscosity to a minimum. This minimum was achieved at
different PEG concentrations for each TiO2 volumetric fraction. Higher PEG 2000 negatively
affected the viscosity that increased continuously. This means, again, that the amount
of surfactant in the nanofluid must be optimized to get the best performance in terms
of viscosity.
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Figure 7b shows the effect of different types of surfactant on the viscosity of a TiO2-
water nanofluid with a nanoparticle mass fraction of 9 wt% [51]. The TiO2(III) nanofluid,
without surfactant, had the lowest increase in viscosity, around 5%, in respect to the base
fluid, but was less stable than the two nanofluids with surfactant. Adding surfactant, the
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viscosity of nanofluids increased significantly. TiO2(II) nanofluid with trioxadecane acid as
surfactant, had a viscosity 61% higher than the nanofluid without surfactant. However,
the TiO2(I) nanofluid, with polycarboxylate as surfactant, showed viscosity around 5%
lower than TiO2(II), suggesting that also the type of surfactant must be properly selected to
minimize the viscosity enhancement.

2.3.2. Effect of Cluster Reduction by Ultrasonication, Milling, High
Pressure Homogenization

Even if the nominal size of nanoparticles to be dispersed in the base fluid is below
100 nm, by applying the two-step method of preparation they tend to agglomerate in
clusters much bigger than the original nanoparticles, compromising the stability of the
suspension. Different techniques can be applied to disaggregate nanoparticle clusters:
ultrasonication, ball milling, homogenization [15,27,28,52]. Disaggregation of nanoparticles
changes not only the size, but to some degree, all the properties of the nanofluid. This is
exemplified by Figure 8, where the effect of ultrasonication time on Zeta potential and size
of the nanoparticles is shown for an ethylene glycol-based nanofluid with dispersion of
CuO nanoparticles [26].
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Figure 8a shows that sonication time influences the Zeta potential and then the stability
of the suspension, with an optimal ultrasonication time of 9 h, where the Zeta potential
is minimum (maximum in absolute value): then, the nanofluid has the highest stability,
as described in next paragraph. At the same time, this minimum corresponds also to the
minimum in nanoparticle size, as shown in Figure 8b, suggesting a relationship between
these two quantities.

Thus, it is not surprising that ultrasonication time has similar effects also on the
thermophysical properties of nanofluids, namely thermal conductivity and viscosity, as
exemplified in Figure 9. As shown by [53], the thermal conductivity of a water-based
nanofluid with 0.6% vol. of Cu nanoparticles and 50ppm of CTAC/NaSal dispersant,
increased continuously for ultrasonication time up to 3 h (Figure 9a). For longer times, up
to 10 h, the thermal conductivity was practically constant, suggesting that 3 h is the optimal
time of ultrasonication for this property, corresponding to the most uniform dispersion of
the nanoparticles inside the base fluid. Viscosity is also altered by ultrasonication time,
being strictly connected to the size of nanoparticles. Figure 9b shows the change in viscosity
due to ultrasonication in a TiO2-water dispersion [28]. After 6 h and 7 h of ultrasonication,
the viscosity was clearly reduced compared to the non-ultrasonicated nanofluid. In this
case, it is not possible to define an optimal time, but what is clear is the importance of a
size reduction and better size distribution of nanoparticles inside the nanofluid obtained
by ultrasonication.
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2.3.3. Effect of pH and Zeta Potential

An important indicator of stability is the Zeta potential, that is, the potential at the
slipping plane between the liquid layer enveloping the nanoparticle and the bulk fluid. Its
magnitude is related to the repulsive force acting on different particles: when the potential
is low, attractive forces between particles can predominate, determining agglomeration
and sedimentation. Zeta potential should be at least ± 30 mV to give a stable dispersion.
For lower values, the dispersion tends to be unstable. Zeta potential is a parameter strictly
connected to the solution pH [13,18]. By adjusting pH, which affects the electrical charge
density on the nanoparticle surface, it is possible to increase the absolute value of Zeta
potential and then the stability of the nanofluid.

Figure 10a exemplifies the typical relation between pH and Zeta potential [29]. It is
evident that pH clearly influences Zeta potential, with a rapid decrease (increase in absolute
value) of the Zeta potential at increasing pH, with a minimum (maximum absolute value)
at −45 mV in this case. It is worth underlining that a too low (acid solution) or too high
(basic) pH can create technological problems due to possible corrosion of the materials.
Considering the reference value of ± 30 mV, the nanofluid becomes stable at pH > 4, with
maximum stability at pH around 9. Here, it is interesting to highlight the effect of pH on the
thermophysical properties of the nanofluids. Again [29] measured the thermal conductivity
enhancement of Cu-H2O suspension with different Cu mass fractions as a function of pH
(Figure 10b). The maximum thermal conductivity enhancement is achieved at pH = 9, in
correspondence to the maximum Zeta potential. [19] suggests that this enhancement is
primarily related to the surface charge state of the particles, which is directly connected to
pH and Zeta potential. However, it is relevant here to note that the thermal conductivity
ratio increases significantly (from 1.06 to 1.12) in the range of pH between 3 and 9. This
suggests that pH is another important parameter to be considered in nanofluid design: it
should be optimized, not only to improve the stability of the solution, but also to obtain
the best performance of the nanofluid in terms of heat transfer.Fluids 2021, 6, 65 12 of 22 

 

  
(a) (b) 

Figure 10. Effect of pH on (a) Zeta potential and (b) thermal conductivity of Cu-H2O suspensions with SDBS surfactant at 
0.05 wt% [29]. 

3. A Case Study: Thermophysical Properties of TiO2-Water Nanofluids as a Function 
of Preparation Parameters 

As discussed in the previous part of the paper, every nanofluid is characterized by 
several parameters, each of them having an influence on its thermophysical properties 
and final performance. Thus, it is interesting to analyze if these parameters are always 
described and quantified in the literature or if there is a lack of information when a 
nanofluid is studied. Moreover, it is interesting to evaluate if the results obtained for the 
thermophysical properties are coherent with each other and to try to understand what the 
reason is for the possible contradictions. Thus, in this part of the paper, the information 
available in published papers regarding water-based nanofluids with dispersion of TiO2 
nanoparticles will be analyzed as a case study. The amount of information available in 
each paper studying this kind of nanofluid will be reported and critically evaluated. 
Moreover, the results obtained by the measurements of thermal conductivity, will be 
described and compared to evaluate their mutual consistency. 

3.1. Analysis of Parameters Characterizing the TiO2-Water Nanofluids 
Nanofluids made by dispersion of TiO2 nanoparticles in water are amongst the most 

studied typology of nanofluid: 20 papers [28,38,44,48,51,53,54–68] were found in the open 
literature, reporting information on nanofluid preparation and results for the 
measurements of their thermophysical properties, in particular thermal conductivity and 
viscosity. It is not excluded that other papers are available in the literature, but the amount 
of papers found can be considered statistically relevant for our purposes. Table 1 
synthetizes the information available in each paper for the main parameters described in 
the previous section of the paper: each column corresponds to one parameter and reports 
the corresponding data declared in each paper. It is worth mentioning that in all the cases 
here considered, the two-step method was used to prepare the nanofluids, thus the 
parameters referred to the second step of this methodology. With reference to 
nanoparticles, volumetric/mass concentration, shape and size were considered. The other 
parameters considered regard the dispersant (type and concentration) and the dispersion 
methodology (dispersion technique, time and power of 
stirring/sonication/homogenization, monitoring methodology applied to determine the 
size of nanoparticles or clusters in the nanofluid, pH and Zeta potential). In the following, 
the data reported in Table 1 will be analyzed and discussed. 

3.1.1. Nanoparticles Concentration 
In all papers, TiO2-water nanofluids were prepared within a certain range of 

volumetric/mass concentrations of nanoparticles, with the aim to describe their properties 
in dependence of concentration as the main structural parameter. Most of the 

Figure 10. Effect of pH on (a) Zeta potential and (b) thermal conductivity of Cu-H2O suspensions with SDBS surfactant at
0.05 wt% [29].



Fluids 2021, 6, 65 12 of 22

3. A Case Study: Thermophysical Properties of TiO2-Water Nanofluids as a Function
of Preparation Parameters

As discussed in the previous part of the paper, every nanofluid is characterized by
several parameters, each of them having an influence on its thermophysical properties
and final performance. Thus, it is interesting to analyze if these parameters are always
described and quantified in the literature or if there is a lack of information when a
nanofluid is studied. Moreover, it is interesting to evaluate if the results obtained for the
thermophysical properties are coherent with each other and to try to understand what the
reason is for the possible contradictions. Thus, in this part of the paper, the information
available in published papers regarding water-based nanofluids with dispersion of TiO2
nanoparticles will be analyzed as a case study. The amount of information available in each
paper studying this kind of nanofluid will be reported and critically evaluated. Moreover,
the results obtained by the measurements of thermal conductivity, will be described and
compared to evaluate their mutual consistency.

3.1. Analysis of Parameters Characterizing the TiO2-Water Nanofluids

Nanofluids made by dispersion of TiO2 nanoparticles in water are amongst the most
studied typology of nanofluid: 20 papers [28,38,44,48,51,53–68] were found in the open
literature, reporting information on nanofluid preparation and results for the measurements
of their thermophysical properties, in particular thermal conductivity and viscosity. It is not
excluded that other papers are available in the literature, but the amount of papers found
can be considered statistically relevant for our purposes. Table 1 synthetizes the information
available in each paper for the main parameters described in the previous section of the
paper: each column corresponds to one parameter and reports the corresponding data
declared in each paper. It is worth mentioning that in all the cases here considered, the
two-step method was used to prepare the nanofluids, thus the parameters referred to
the second step of this methodology. With reference to nanoparticles, volumetric/mass
concentration, shape and size were considered. The other parameters considered regard the
dispersant (type and concentration) and the dispersion methodology (dispersion technique,
time and power of stirring/sonication/homogenization, monitoring methodology applied
to determine the size of nanoparticles or clusters in the nanofluid, pH and Zeta potential).
In the following, the data reported in Table 1 will be analyzed and discussed.

3.1.1. Nanoparticles Concentration

In all papers, TiO2-water nanofluids were prepared within a certain range of volu-
metric/mass concentrations of nanoparticles, with the aim to describe their properties in
dependence of concentration as the main structural parameter. Most of the concentrations
ranged between 0.1% to 5%, and only in two cases they reached 10% or 20%. This is clearly
related to the problem of stability and the strong enhancement of viscosity determined by
high nanoparticle concentrations.

3.1.2. Nanoparticles Shape

Nine papers [27,28,44,56–58,63,64,66] out of 20 did not declare the shape of the
nanoparticles. All the remaining used spherical nanoparticles. Only one paper [54] con-
sidered two different shapes, spherical and rod, to compare their effect on stability and
thermophysical properties.

3.1.3. Nanoparticle Size

All the papers declared the nominal size of TiO2 nanoparticles dispersed in the
nanofluid. It ranged from 5 nm to 76 nm. However, as discussed in the previous part
of the paper, particles tended to create clusters of various dimensions depending on the
dispersion methodology. Information on the actual dimension of clusters was even more
important than the nominal size to interpret the results obtained for the thermophysical
properties. Amongst the papers here discussed, almost all monitored the size of particles
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and clusters by some technique (TEM, DLS, XRD, EDX). However, it is worth noting here
that techniques like TEM or SEM can determine the size of dry particles/clusters only, not
of those actually in suspension inside the liquid. Seven papers reported the size range
of clusters within the dispersion, mostly measured applying the dynamic light scatter-
ing (DLS) technique. Even if DLS measured the equivalent hydrodynamic diameter for
non-spherical particles, this information was very useful for addressing the preparation
of the nanofluid and the interpretation of the results obtained for the thermophysical
properties. Since clusters of nanoparticles are the actual structures of the particle present
in the nanofluid, more information should be obtained on their size and shape. At the
same time, correlating properties and performance of the nanofluid to the nominal size
of the primary nanoparticles can be misleading, since this dimension does not necessarily
correspond to the real structure of the nanoparticles/cluster in the dispersion.

3.1.4. Dispersant Type and Concentration

In nine papers [38,48,51,54,59,62,63,66,67] out of 20, the studied nanofluids were ob-
tained adding surfactants of various kinds. The most used was CTAB, that is a cationic
surfactant. Other surfactants used are oleic acid, PEG600, acetic acid, SDS, Span 80, poly-
carboxylate, trioxadecane acid, PVP. The concentrations of dispersants are quite different
and depend mostly on the type of surfactant and the nanoparticle concentration, as there is
some proportionality between the optimal surfactant concentration and the nanoparticle
concentration. It is interesting to note that 10 papers [27,48,51,55,56,58,60,61,64,67] stud-
ied nanofluids without surfactants, based on the idea that surfactant somehow alters the
properties of the nanofluid and misleads in results interpretation. However, in one case
the observed strong increase in viscosity was attributed to the absence of surfactant [56].
In four cases [28,44,57,65] the possible presence or the concentration of surfactants was
not declared at all. Finally, in four papers [48,51,54,63] a comparison between two or
more surfactants was performed, with the aim to identify the most suitable to stabilize
the suspension and analyze the effect on the thermophysical properties. In particular, [48]
concluded that the presence of a surfactant significantly improved the thermal conductivity
of the studied nanofluids, however with a hierarchy of the different surfactants considered.
However, [51], analyzing the same TiO2-water nanofluid without or in the presence of
two different surfactants, observed a strong increase in viscosity due to the addition of
surfactants.

3.1.5. Dispersion Methodology

As already said, in all the studies here considered the two-step methodology was
applied to prepare the various TiO2-water nanofluids. In the large majority of cases, ultra-
sonication only was used to disperse nanoparticles, but in some cases [28,44,48,61,63,65]
a combination of different techniques (stirring, ultrasonication, homogenization, milling)
was applied. However, this was not enough to identify and understand the effect on the
nanofluids’ properties. The aim of this step was also to disaggregate as much as possi-
ble the clusters of nanoparticles. As shown in the first part of the paper, in the case of
ultrasonication (but this could be true also for the other techniques), the time of operation
is essential to optimize the properties of the resultant nanofluid, but also the power and
frequency of sonication, i.e., the intensity of the action on the nanoparticles, is important
to obtain the final result. However, it is evident from Table 1 that information on these
two parameters was quite scarce. Less than half of the papers reported the time duration
for which ultrasonication or other techniques were applied and only two papers [28,58]
reported the power (or the rpm in case of stirring).

3.1.6. pH and Zeta Potential

The analysis performed in the first part of the paper has shown how these parameters
influence surface charge states and the resultant surface potential, influencing the stability
of nanofluids and also their thermophysical properties. Moreover, they are connected
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to each other and at least one of them should be known to properly prepare and define
the nanofluid. In eight papers [27,44,51,54,62–65] the pH of the solution was declared:
in three cases [27,62,63] the values were low, attesting a more or less acid solution; in
two cases [44,64] the pH was high, attesting a basic solution; in the remaining three
cases [51,54,65] the pH was close to 7, attesting a neutral solution. Zeta potential was
measured in five papers [27,28,44,59,62], but only three [27,44,62] that also reported pH.
This means that a total of 11 papers out of 20 reported information on pH and Zeta potential,
while almost half of the papers did not report any data on these parameters. In all the
cases where Zeta potential was measured, its absolute value was always higher than 30 mV,
attesting the good stability of the nanofluids. In some cases, the behavior of pH in relation
to other parameters was described. [63] analyzed the change in pH (always below 5) as
a function of temperature and volumetric fraction of nanoparticles with two different
dispersants, showing it was relatively insensitive to temperature, while it decreased with
the increase of solid volume fraction. [64] adjusted the pH till the optimum value of 10,
observing the stability over 5–6 days. [27] analyzed experimentally the relation between
pH and Zeta potential. To maximize the stability, they selected pH = 3, as far as possible
from the isoelectrical point, corresponding to pH = 6.5.

3.1.7. Discussion

The description of the information reported in the literature highlighted that, despite
the importance of each parameter, in many cases this information was lacking or insufficient.
With reference to nanoparticles, the volumetric/mass fraction was always reported, but
morphological information was frequently insufficient. Only around 50% of the papers
reported the shape of the particle and just as many evaluated the size distribution of
clusters of nanoparticles in dispersion which was a more realistic description than the
nanoparticle nominal size reported by practically all the papers. As far as the dispersion
methodology was concerned, the type of surfactant used was generally declared, but
in a few cases without information on the concentration that directly influenced both
the stability and thermophysical properties of nanofluids. The dispersion technique was
generally ultrasonication, but information about the time of sonication was reported only
by half of the papers and power of sonication only in a couple of cases. pH was also
reported by around half of the papers, while its optimization was performed in a few cases
only. Zeta potential was reported by only five papers.

At best, 9 out of 11 parameters were reported, but by only two papers [27,54]. In
the majority of cases, three to five parameters were not reported, while three papers
reported five or less parameters [56,57,60]. Moreover, in many cases it was not clear if a
process of optimization had been performed for the various parameters. This suggested
that the information reported was frequently not sufficient to completely understand the
modality of preparation or the characteristics of the nanofluid and, as seen, to evaluate
the effectiveness of the method applied. Moreover, this scarcity of information inhibits the
possibility to replicate the nanofluid and confirm the results obtained.
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Table 1. Information available in the literature on the preparation parameters for the TiO2-water nanofluids.

TiO2 Nanoparticles Dispersant Dispersion Methodology

Ref. Concentration Shape Nominal
Size (nm)

Cluster Size
(nm)

Particle/Cluster
Monitoring Type Concentration Technique Time Power/

Frequency pH Zeta
Potential

[44] 0.24%, 0.6%, 1.18%
vf (1–2.5–4.9% wf) ND 20

500 after
sonication;
120 after

dyno-mill; 95
further

dyno-mill)
(at 0.6% vf 95
nm, 145 nm,

210 nm

X-ray; SEM;
DLS

nanosizer
ND ND

Ultrasonication for
breaking down

agglomerates before
measurement; dyno

mill for breaking;
further dyno-mill

30 m (+ 30 m
+ several

hours)
ND 11 −40 mV

[38] 1–5% vf spherical 15 ND ND CTAB 0.1 mM ultrasonic
dismembrator ND ND ND ND

[48] 0.05–5% vf spherical 33
(anatase) ND XRD; EDX;

FESEM

No
surfactant;

CTAB; SDS;
Span 80

ND magnetic stirrer +
ultrasonic 2 h ND ND ND

[51] 3–9%; 9%; 9% wt spherical SEM 30; 30;
30

DLS 140; 200;
90 SEM; DLS

No
surfactant;

polycarboxylate;
trioxadecane

acid;

high-energy tip
sonication 15 min ND

7.2; 7.5;
un-

known
ND

[27] 1–5% ND 34 170 nm SEM NO
surfactant 0 high shear

homogenizer
50 min

(optimized) ND 3
Z as a

function of
pH

[28] 0.27–1.39% ND 32
100–200

(analytical
discussion)

Laser
diffraction
technique;
SEM; XRD

ND ND

stirred bead
milling/high shear

homoge-
nizer/ultrasonication

12 h/15
min/ND

1440
rpm/10,000–
18,000rpm/

130 W–20 Hz

ND 42 mV

[54] 0.5–5% vf
rod 10 × 40

TEM, particle
size analyzer

Oleic acid

0.01–0.02% ultrasonication 8–10 h ND 6.8–6.2 ND
spherical 15 cluster

analysis CTAB

[55] 10–20–40% mf spherical 40 ND TEM No surfactant 0 ultrasonication ND ND ND ND

[56] 0.2–3% vf ND 21 ND ND No surfactant 0 ultrasonication ND ND ND ND

[57] 0.5–4% vf ND 26 ND ND ND ND ND ND ND ND ND

[58] 0.1–1% vf ND 25 ND TEM; XRD No surfactant 0 ultrasonication ND 700 W/
20 kHz ND ND
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Table 1. Cont.

TiO2 Nanoparticles Dispersant Dispersion Methodology

Ref. Concentration Shape Nominal
Size (nm)

Cluster Size
(nm)

Particle/Cluster
Monitoring Type Concentration Technique Time Power/

Frequency pH Zeta
Potential

[59] 0.01–1% mf spherical 21 around 100
nm DLS PEG600 2 disp:1 np high pressure

homogenization − ND ND 37–43

[62] 0.5–2.5% vf spherical 40 ND TEM No surfactant 0 sonication ND ND ND ND

[61] 0.2–1.2% spherical 25 ND SEM, DLS No surfactant 0
Ultrasonication/shear
homogenizer/medium-

mill
ND ND high ND

[62] 1–10–20–35% mf spherical ND 72–76 DLS Acetic acid 1–5% commercial (dilution
with ultrasonication) ND ND 1.86–3.07 55 mV

[63] 0.1–2% ND 10–40 147–207 TEM,
HRTEM; DLS

CTAB; acetic
acid 1:10 nps Stirring + ultrasonic 2 h + 2−3 h ND 2.8–3.7 (AA);

3.9–4.9 (CTAB) ND

[64] 0.99–4% ND 27 ND visual No surfactant 0 high speed mixer 2 h ND 10 (analytical
discussion) ND

[65] 0.2–2% (40%
diluted) spherical 21 ND TEM ND ND

stirring for dilution;
ultrasonication for

cluster breaking

sonication
2 h ND 6.5–7.5 ND

[66] 0.1–4% ND 10 ND ND CMC 0.5% mf ultrasonication 1 h ND ND

[67] 0.89–6% spherical 5/5–15/30–
50 ND NO

No
surfactant;

PVP
1% mf ultrasonication 2 h; ND ND ND ND
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3.2. Analysis Of Experimental Thermal Conductivity Enhancement

Nanofluids can be designed for many applications in various industrial fields. Among
these, nanofluids have been studied intensively as potential heat transfer fluids due to their
enhanced thermal conductivity with reference to the base fluid. Here, we will discuss the
results available on thermal conductivity for the TiO2-water nanofluids. The objective is to
compare the results obtained by different laboratories as they are generally represented,
i.e., thermal conductivity enhancement as a function of volumetric fraction or temperature,
to highlight if they are consistent with each other or if there are contradictions.

Figure 11 reports the thermal conductivity enhancement as a function of temperature
at three different volumetric fractions of TiO2 nanoparticles in water. The data have been
published in 11 different papers among those considered in the first part of this section. The
selected volume fractions and temperatures are those for which more data are available.
It is evident how the differences between different sets of data are quite significant, both
in terms of enhancement at the same temperature and as trend versus the temperature at
given volumetric fraction. For example, at any volume fraction, the data of Saleh et al. [48]
show increasing enhancements at increasing temperatures, while other sets are almost
independent of temperature (Das et al. [63], Turgut et al. [56]). The entity of enhancement
is also significantly different: the enhancement shown at around 20 ◦C by Saleh et al. [48]
data is 2–3 times higher than those of Das et al. [63] and Turgut et al. [56], and even more
at higher temperatures. Single data (Murshed et al. [38] and Yoo et al. [58]) show much
higher enhancements.
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Figure 12 reports the thermal conductivity enhancement as a function of volumetric
fraction at two different temperatures, namely 25 ◦C and 50 ◦C. In this case, all the sets of
data show increasing enhancement at increasing volume fraction of TiO2 nanoparticles,
even if with different slopes. However, there are evident differences in terms of magni-
tude of the enhancement. At 25 ◦C and low volume fractions (Figure 12a), the data of
Yoo et al. [61] show 2–3 times higher enhancements than the other sets, while at higher
volume fraction the enhancement of Murshed et al. [54] data is at least double that shown
by Saleh et al. [48] and one order of magnitude higher than Tertsinidou et al. [67]. Similar
considerations could be done also for the data at 50◦C, shown in Figure 12b.
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Figure 12. Thermal conductivity enhancement for TiO2-water nanofluids measured by different laboratories as a function
of volume fraction at two different temperatures: (a) 25 ◦C; (b) 50 ◦C.

By comparing the data available in the literature, it is very difficult to establish what
is the actual effect of adding TiO2 nanoparticles to water. In some cases, the enhancement
is quite modest and within the prediction of classical theories. In others, it is strongly
higher and thus it is much more attractive in view of possible applications. What, however,
are the reasons for such differences? The answer, as suggested by the analysis performed
in the first part of the paper, could come from the knowledge of the parameters which
characterize each nanofluid. The parameters should be, in principle, determined to give
the optimal effect not only on thermal conductivity, but also on viscosity or, more precisely,
with the objective to maximize the heat transfer coefficient. In this sense, every nanofluid
is a complex object that should be obtained by multiparameter optimization, not only
adjusting one parameter or another. However, looking at Table 1, it is clear that in several
cases information about each nanofluid was not declared, as already discussed. Just as
an example, in Figure 11c, the two sets of data of Saleh et al. [48] and Turgut at al. [56]
showed very different behaviors, but in both cases some useful information about nanofluid
preparation was missing. Saleh et al. [48] did not report the size distribution of the clusters
inside the nanofluid, the pH and the Zeta potential, while Turgut et al. [56] did not report
the shape of primary nanoparticles, the cluster size distribution, the time of sonication, the
pH and the Zeta potential. With this situation, it is difficult to understand what the actual
reasons could be for the different behaviors of the two nanofluids.

Effect of Measurement Technique

Besides the parameters here considered, another aspect of the characterization of
nanofluids must be taken into consideration. Thermal conductivity and viscosity can
be measured, especially the former, by different kinds of instruments. With reference
to thermal conductivity, the most used measurement technique is the transient hot wire
(THW), but the 3ω method, steady-state concentric cylinder technique, transient hot-
disk technique, and others are also employed. However, the analysis performed in [68]
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highlights the importance of applying the proper techniques to obtain correct thermal
conductivity measurements. Anomalous enhancements with respect to theoretical expecta-
tion (e.g., Hamilton−Crosser equation), are frequently due to either a wrong design of the
instrument (in particular THW) or the intrinsic inadequacy of the measurement principle
(e.g., the one applied by [68]). Accurate measurements are essential to properly highlight
the actual effects induced by other parameters. It is interesting to analyze in greater detail
the results reported in Figure 12a. All the measurements reported were performed at 25 ◦C,
but the results are widespread. Following the analysis performed by [67], a large number of
these differences could be explained by considering that most of the instruments used were
probably not suitable for correct measurements: [56,57] applied the 3ω method, [48,63]
commercial KD2 pro, [38,58] THW with a single wire. The only data obtained with a
correctly designed THW sensor were those of Tertsinidou et al. [67], who studied three
different sets of data characterized by different nanoparticle sizes and/or dispersant: set
(a) size 5 nm, no surfactant; set (b) size 5–15 nm, PVP 1% by mass; (c) size 30–50 nm,
PVP 1% by mass. Assuming the measurements were correct, as demonstrated in [59],
the clear differences in the enhancement obtained with the three sets can be attributed
to the different sizes of the nanoparticles and the presence or not of the dispersant. In
particular, solutions (b) and (c), with PVP dispersant, showed higher enhancement than
the one without dispersant (a). However, as stated by the authors, it was not possible to
conclude whether the superior enhancement obtained was due to the dispersant or to the
lower size of the particles, for which the dispersant was not needed. These results highlight
the importance of (a) properly defining the parameters describing the nanofluid, possibly
evaluating the influence of variations of each parameter in view of the optimization of
the nanofluid in terms of heat exchange and (b) applying a suitable instrument and a
proper measurement methodology so as not to hinder the effects of the various parameters
due to inaccurate measurements. These two points could be satisfied by (a) defining a
clear protocol to define and optimize the parameters characterizing the nanofluid and (b)
defining a standard nanofluid to perform the reference measurements that could allow
every laboratory to test the suitability of the instrumentation and methodology applied.

4. Conclusions

The article had two main objectives:

(a) to highlight, through a selective analysis of the literature, the importance of the
various parameters that characterize the complexity of nanofluids and their influence
on thermophysical properties;

(b) to evaluate, through the systematic comparison of the information reported in the
literature for a case study, whether these parameters are always reported, in order
to allow an adequate definition of the nanofluid and the interpretation of the results
obtained from the property measurements.

The analysis performed in the first part of the paper highlighted the potential impact
of the various parameters characterizing a nanofluid by its thermophysical properties,
in particular, thermal conductivity and viscosity. Optimizing parameters such as size
and shape of nanoparticles, material and concentration of dispersants, methodology of
dispersion, pH and Zeta potential, enables a significant improvement of the performance
of the nanofluid. More precisely, considering the mutual influence of several of these
parameters, a multiparameter optimization should ideally be performed. In the second
part of the paper, a case study was discussed with reference to the available literature on
TiO2-water-based nanofluids. It has been highlighted that the information reported in the
literature about the main characterizing parameters of these nanofluids was frequently
lacking. Moreover, comparing the results obtained in different laboratories for thermal
conductivity, it emerged that they were often contradictory and not attributable to a single
interpretative model. It is quite clear that it is not enough to define the formulation of a
nanofluid in relation to information such as the base fluid, the type of nanoparticle and the
concentration of the nanoparticles only. The other parameters that define the nanofluid
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are important as well, to the point that the performance of nanofluids of the same type (in
this case TiO2-water-based nanofluids) can differ significantly. However, these striking
differences could be induced not only by different parameters, but also by the measurement
methodology which, at least in the case of thermal conductivity, can lead to misleading
results. In any case, the lack of information available on the parameters that characterize
the various nanofluids makes it difficult to interpret the results, and suggests that it would
be desirable to establish a protocol to define the minimum information necessary to fully
characterize a nanofluid, in order to correctly interpret its properties and guarantee the
reproducibility in the laboratory of the nanofluid itself. At the same time, the development
of a standard nanofluid and benchmark measurements performed with certified accurate
instruments would enable every laboratory to test the available instrumentation and assess
the accuracy of their measurements. Accurate measurements are essential not to hinder
the effects of the various parameters characterizing the nanofluid. In this way, it would
be possible to develop and verify theories and interpretative models that would allow the
performance of nanofluids to be correctly described and predicted.

To summarize, the article has highlighted the complexity of nanofluids given by the
variety of parameters that influence their properties. At the same time, through the analysis
of a case study, it has highlighted how often the available information in the literature is not
sufficient to fully describe the nanofluid, making its reproducibility difficult. Furthermore,
it has been seen that the measurements of the properties, at least with regards to thermal
conductivity, are often contradictory to each other and how the lack of information makes
it difficult to interpret these differences. However, since the variety of nanofluids is
considerable, the conclusions taken for water-TiO2 nanofluids are not generalizable and
therefore a similar analysis should be extended to other types of nanofluid.
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