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In this study, the thermal conductivity of aqueous nanofluids containing clusters of iron oxide (Fe3O4/c-
Fe2O3) nanoparticles has been investigated experimentally for the first time, with the aim of assessing the
role of a controlled aggregation of nanoparticles in these final nanofluids. For that, clusters of iron oxide
nanoparticles of different cluster size (46–240 nm diameter range) were synthesized by a solvothermal
method and fully characterized by transmission electron microscopy, X-ray diffraction and Raman spec-
troscopy. The rheological behavior of the optimal nanofluids was also studied by rotational rheometry.
The nanofluids were obtained by dispersing the clusters of iron oxide nanoparticles in water taking into
account different solid volume fractions (from 0.50 to 1.5 wt%) and the experiments were conducted in
the temperature range from 293.15 K to 313.15 K. The study reveals and quantifies enhancements in the
thermal conductivity of nanofluid with increase of cluster size and temperature. Furthermore, a 0.50 wt%
concentration of clusters of iron oxide nanoparticles within the whole range of proposed nanofluids offers
great stability and improved thermal conductivity for heat transfer applications with an small dynamic
viscosity increase. In addition, the larger the size of the clusters of iron oxide nanoparticles, the greater
the increase in thermal conductivity for the designed Fe3O4/c-Fe2O3 cluster-based nanofluids, with ther-
mal conductivity values following a constant upward trend and reaching a maximum increase of 4.4% for
the largest synthesized clusters (average size of 240 nm). These results open the door for the develop-
ment of iron oxide-based nanofluids on which taking advantage of an optimized aggregation of nanopar-
ticles by using size-customized clusters.

� 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The increasing demand of energy across the world has become a
critical issue in our nowadays society. Limited fossil fuel, and its
side effects largely contributing to air pollution, has forced the
searching of alternative clean sources and the reduction in con-
sumption of this fossil fuel through increasing efficiency of existing
energy systems [1]. For instance, decreasing energy consumption
based on enhancing fluids heat transfer efficiency has become a
huge challenge, taking into account the main objectives of engi-
neering and industry [2,3]. This objective should address for exam-
ple the performance of the heat exchangers, that can be
considerably enhanced by improving the thermal conductivity of
working fluids [4–7].
Nanofluids, colloidal suspensions of nanoparticles or nanostruc-
tures in liquid carrier fluids as water, ethylene glycol and engine
oil, contribute to exhibit a large thermal conductivity (TC) [8], of
which the next generation heat transfer fluids can benefit, when
applied in microelectronics, or for energy supply [6,9–11]. Indeed,
a TC enhancement upon the dispersion of nanoparticles into a base
fluid has been previously studied for heat transfer [8,12–15], and
there are many different examples reporting improvements in
the values of TC when using metallic (Fe, Cu) or metal oxide
(Fe3O4) nanoparticles, at different concentrations, at different tem-
peratures, using different average sizes and even taking into
account the influence of an external magnetic field [2,11,16]. In
this regard, different authors reported non-dependence in the
enhancement ratios of this property with the increasing tempera-
ture. As an example, in the case of Fe3O4 nanofluids, the works by
Parekh and Lee [17], Yu et al. [18] or Fu et al. [3] should be men-
tioned. On the contrary, some authors showed strong dependences
of the thermal conductivity enhancement ratio with the increasing
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temperature for Fe3O4 nanofluids [1,8,9,11,19]. In the latter cases,
the trends are especially prominent for high nanoparticle concen-
trations and high temperatures, where agglomeration or aggre-
gates may have influenced the final results.

On this topic, it is particularly important to take into account
that the particles stability in the suspension is key and accordingly,
considerable research has been conducted in this regard [20,21].
However, given the fact that there is no control in the likely aggre-
gation of the nanoparticles above a threshold concentration when
dispersed in these fluids designed to work in heat exchangers, the
effects a controlled aggregation can exert in the nanofluids thermal
properties have not been studied so far. Appropriately, herein we
report for the first time the use of a spherical assembly of iron
oxide nanoparticles of controlled size, i.e. Cluster of Iron Oxide
Nanoparticles (CION), such that we can study the influence of this
controlled aggregation in the final effective TC and be able to pro-
pose tuned nanofluids using these particular nanostructures. For
that, we have synthesized CION with tailored average sizes (from
46 to 240 nm) using a solvothermal method, and have fully charac-
terized them by transmission electron microscopy, X-ray diffrac-
tion and Raman spectroscopy. The chosen clusters were
dispersed in water to obtain aqueous nanofluids using different
concentrations, of which the thermal conductivities and dynamic
viscosities were obtained through the herein detailed careful
analysis.
2. Experimental section

2.1. Chemicals

Iron(III) chloride hexahydrate (FeCl3�6H2O (>99%), sodium acet-
ate (>99%), poly(ethylene glycol) (MW 6000, PEG6000), ethylene
glycol (>99%) were purchased from Sigma-Aldrich and Water
(Milli-Q). All chemicals were used as received.

2.2. Synthesis of clusters of Fe3O4/c-Fe2O3 nanoparticles

The synthesis of clusters of iron oxide (Fe3O4/c-Fe2O3) nanopar-
ticles tuning the final size of the clusters was conducted through a
synthetic procedure published elsewhere [22]. For the five types of
clusters under consideration; 2.5 mmol (0.678 g) of FeCl3�6H2O
were dissolved in 20 mL of ethylene glycol, and mechanically stir-
red up to form a clear solution, followed by the addition of sodium
acetate (1.8 g) and PEG, in five independent experiments. For tun-
ing the final size of the clusters, the amount of PEG employed was
12.5 wt%, 8.5 wt%, 2.5 wt%, 8 wt%, and 2.5 wt%, such that 46 nm
(cluster A), 70 nm (cluster B), 111 nm (cluster C), 178 nm (cluster
D), and 240 nm (cluster E) average diameter clusters were
obtained, respectively. In all cases, the mixture was first homoge-
nized, and then sealed in a stainless steel autoclave (100 mL).
The autoclave was heated up to 458.15 K (heating rate: 5 K/min)
while mechanically stirring (1500 rpm for clusters A, B and C
and 800 rpm for clusters D and E) the solution for 8 h. Finally,
the mixture was allowed to cool down to room temperature and
the black product was collected using a magnet. The clusters were
then washed several times with Milli-Q water and dried overnight
at 333.15 K in an oven, such that five different clusters of magnetic
nanoparticles were available.

2.3. Preparation of aqueous nanofluids using clusters of Fe3O4/c-Fe2O3

nanoparticles

Different nanofluids were prepared dispersing clusters A, B, C, D
and E in Milli-Q water, using a 0.50 wt% mass fraction in all the
cases (0.50 wt% nanofluid A, 0.50 wt% nanofluid B, 0.50 wt% nano-
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fluid C, 0.50 wt% nanofluid D, and 0.50 wt% nanofluid E). Further-
more, nanofluids using a 0.10 wt% mass fraction of clusters A and
D (0.10 wt% nanofluid A and 0.10 wt% nanofluid D) and additional
mass fractions of clusters E (1.0 and 1.5 wt%) were also considered
(1.0 wt% nanofluid E, and 1.5 wt% nanofluid E).

2.4. Characterization

Transmission electron microscopy (TEM) measurements were
performed on a JEOL JEM 1010 instrument (JEOL, Tokyo, Japan)
operating at an acceleration voltage of 100 kV. Samples for the
TEM analysis were prepared by dropping a diluted suspension of
the clusters onto an ultrathin carbon-coated copper grid. X-ray
diffraction (XRD) patterns were collected by using a Siemens D-
5000 powder X-ray diffractometer (CuKa radiation (k = 1.54056 Å)
in the range 2h = 5–100�) and compared with the crystallographic
information files (CIF) from the crystallographic open data base
(COD). Raman spectra were collected in powder samples onto a
glass slide as substrate, with a Renishaw in Via Reflex Raman
Microscope (Renishaw, Gloucestershire, UK). Experiments were
conducted at room temperature by using an excitation wavelength
of 633 nm.

The stability of the dispersions was evaluated by zeta potential
and dynamic light scattering analyses using a Zetasizer Nano ZS
(Malvern Instruments Ltd, Malvern, United Kingdom). The zeta
potential was determined for 0.10 wt% CION-based aqueous
nanofluids with cluster sizes of 46 and 178 nm (clusters A and D,
respectively) at different temperatures in the range from
283.15 K to 323.15 K. The apparent sizes of the nanoadditives
within these same dispersions were determined for 30 days at
298.15 K, using a dispersion angle of 173�. For each different-
sized dispersion, two samples were analyzed under different con-
ditions. One of them remained in static conditions from prepara-
tion throughout the measurement period (hereinafter, static
dispersion). The other sample was mechanically shaken for 1 min
at 2000 rpm prior to the dynamic light scattering (DLS) measure-
ment (hereinafter, shaken dispersion) using a ZX3 Advanced Vor-
tex Mixer (VELP Scientifica SRL, UsmateVelate, Italy).

The thermal conductivity (TC) of nanofluids and base fluid was
experimentally determined in the temperature range from
293.15 K to 313.15 K by a THW-L2 thermal conductivity-meter
(Thermtest Inc., New Brunswick, Canada) coupled with an
EchoTherm IC20XR dry bath that allows the temperature control
using Peltier technology. The operation of this device is based on
the transient short-hot-wire (SHW) technique, in accordance with
the ASTM D7896-14 standard [23]. The aluminum wire is 60 mm
long and 0.1 mm in diameter. It is inserted vertically into the con-
tainer with 18 mL of sample inside. The whole assembly is placed
on the dry bath, covered with an insulating case, and the necessary
time is waited to achieve the desired temperature. An initial power
test serves to adjust the heating power required to produce the
local temperature rise necessary for the measurement in a short
period of time (�2 s), avoiding natural convection phenomena.
The adequacy and precision of this device for nanofluids has been
previously validated elsewhere [24–26]. Five tests were made per
sample and temperature, in order to ensure the repeatability of
the values, waiting 3 min between measurements. The expanded
uncertainty of the values obtained through this device is declared
as 2%.

The rheological behavior of nanofluids and base fluid was stud-
ied at 293.15 K by a Physica MCR 101 rotational rheometer (Anton
Paar, Graz, Austria) coupled with a CP50-1 cone-plate geometry
(diameter = 50 mm, cone angle = 1�, cone truncation = 102 lm).
The temperature of the sample was stablished by a P-PTD 200 Pel-
tier system, waiting a stabilization period of at least 100 s before
operating. The test procedure consisted of obtaining the flow



Fig. 2. XRD patterns (a) and Raman spectra registered using a 633 nm excitation
wavelength (b) of clusters A, B, C, D, and E.
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curves of the samples in the shear rate range from 1 to 1000 s�1

with 10 point per decade. The expanded uncertainty of the
dynamic viscosity measurements is 3%.

3. Results and discussion

The clusters of iron oxide (Fe3O4/c-Fe2O3) nanoparticles herein
studied were obtained through a solvothermal method, by which
the mechanism of formation proceeds via a two-stage growth pro-
cess, with nucleation of primary nanocrystals followed by uniform
and controlled aggregation into larger secondary nanostructures
[27]. This process to obtain CION with tuned size (the final size
of the clusters and of the nanoparticles forming them) depends
mainly on the poly (ethylene glycol) (PEG) concentration in the
reaction medium [22]. Fig. 1 includes the TEM and the size distri-
bution analysis (Gaussian fit) of the five different types of clusters
under consideration, from now on (color-coded) clusters A, B, C, D,
and E with average diameters of 46 ± 14 nm, 70 ± 19 nm,
111 ± 21 nm, 178 ± 21 nm, and 240 ± 37 nm, respectively.

Fig. 2 includes the structural characterization of the five types of
clusters, taking into account X-ray diffraction (XRD) and Raman
spectroscopy. The XRD analysis of these clusters shows five similar
patterns (Fig. 2a), on which we observe well-defined peaks that
correspond to a spinel structure, though with different noise
attending to the different size of the crystalline domains forming
part of the nanoparticles in the final clusters [27]. Since the XRD
data of spinels (i.e. maghemite, magnetite or other transition metal
ferrites) show very similar diffraction patterns because all of them
Fig. 1. TEM images (clockwise, scale bar: 500 nm, magnification 10,000x) and particle size distribution analysis of clusters A (framed in red), B (black), C (blue), D (green), and
E (magenta).
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Fig. 3. Zeta potential as a function of temperature (a) and average Z-Size as a
function of time after preparation (b and c) for 0.10 wt% nanofluids A and D. Error
bars mean standard deviation for each measurement.
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share the same crystalline structure, we have further characterized
the powders of clusters using Raman spectroscopy. This technique
is a powerful means to investigate structural properties of materi-
als, and can provide unique information when analyzing nanos-
tructured transition metal oxides [28], as registering the different
vibrations due to different cationic arrangements [29]. In the par-
ticular case under study, with a magnetic iron oxide phase prone
to oxidation, we have used an excitation wavelength of 633 nm
to achieve a satisfactory penetration depth while avoiding any fur-
ther oxidation of the clusters. Attending to the Raman spectra
obtained for the samples, we have included in the graph in
Fig. 2b the expected group theory vibration modes of both mag-
netite (Fe3O4, vertical dotted lines) and maghemite (c-Fe2O3,
shaded grey areas) iron oxides phases. That is, five main bands
appearing at 196, 306, 460, 538 and 668 cm�1, corresponding to
the T2g (1), Eg, T2g (2),T2g (3),and A1g modes of magnetite, respec-
tively, and three broad bands centered at 350, 500 and 700 cm�1,
corresponding to the T2g, Eg and A1g modes of maghemite, respec-
tively [30,31]. According to this, the Raman spectra confirm the
presence of both oxides in the five types of clusters, considering
the very intense A1g band of magnetite and the three main bands
of the maghemite (present in all the cases), though likely with a
different ratio of iron oxide phases. In this regard, other character-
istic features of the materials like the black coloration of its pow-
ders and their strong interaction with external magnetic fields
were also observed.

Fig. 3a shows the quasi-constant zeta potential values obtained
for the dispersions of different-sized CION at the analysed temper-
atures. This trend implies that there are no remarkable differences
in the intensity of the electrostatic repulsion forces among the
nanoadditives in the temperature range analysed. Therefore, simi-
lar conditions can be inferred in relation to the stability of the dis-
persions. Generally, absolute zeta potential values>30 mV are
considered a symptom of stability of nanofluids in the literature
[32–34]. Furthermore, it is also implied that the higher this value,
the greater the dispersion stability, due to higher electrostatic
repulsion forces between clusters, which avoid coalescence
between them and subsequent sedimentation. The average zeta
potential values are 39.1 and 30.1 mV for the clusters with average
diameters of 46 nm (0.10 wt% nanofluid A) and 178 nm (0.10 wt%
nanofluid D), respectively. Both values exceed the threshold of
30 mV, considered a sign of moderate stability. A relationship
can be observed between the increase in the size of the clusters
and the decrease in the value of the zeta potential. The nanofluid
based on smaller clusters has a higher zeta potential value, indicat-
ing potentially better performance in terms of stability.

Fig. 3b and 3c show the evolution of the Z-average size (or
hydrodynamic size) with the time since preparation. Z-average size
is the intensity-weighted mean size calculated from a cumulants
fit autocorrelation function of intensity. It should be noted that
DLS measurements assume that the measured nanostructures are
perfect spheres offering an average diameter, taking into account
the hydrodynamic size, that is, the real size plus the three-
dimensional extension of the electrostatic double layer that ren-
ders them stable in dispersion. Therefore, the measurement of this
apparent size correlates with the colloidal stability of the nanos-
tructures under study, focusing therefore the analysis on this sta-
bility evolution.

Fig. 3b evidences that similar size values were obtained for
0.10 wt% nanofluid A during the 30 days of analysis, both for static
and shaken dispersions. This confirms the very good stability of
this nanofluid already pointed out by the zeta potential results
plotted in Fig. 3a. Fig. 3c shows that while the static dispersion
of 0.10 wt% nanofluid D undergoes a partial sedimentation over-
time, the shaken dispersions keep a similar size value over the ana-
lyzed period. This implies that though the clusters within the
4

nanofluid tend to clump together and sediment with time, a simple
mechanical agitation achieves the initial dispersibility conditions
as counteracting the moderate coalescence process and enabling
their potential use in practical applications.

The nanofluids were prepared by dispersing the CION powder in
water taking into account different solid mass fractions (from 0.50
to 1.5 wt%), from which the experimental thermal conductivities



Table 2
Thermal conductivity of CION-based aqueous nanofluids (clusters E, 240 nm) for
different nanoadditive concentrations at 293.15 K.

Nanofluid Thermal conductivity (W�m�1�K�1)

0.50 wt% nanofluid E 0.626
1.0 wt% nanofluid E 0.619
1.5 wt% nanofluid E 0.618

Fig. 4. Thermal conductivity of 0.50 wt% CION-based aqueous nanofluids as a
function of cluster size at different temperatures. Error bars mean expanded
uncertainty.
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(TC) data were measured. For the set of analyzed nanofluids,
Table 1 and Table 2 allow us to analyze the influence of the cluster
size, temperature and nanoadditive (that is, CION) concentration
on the detected variations.

Fig. 4 and Table 1 evidence that, the larger the cluster size, the
greater the TC increase for the designed CION-based nanofluids.
The values obtained follow a constant upward trend, reaching a
maximum increase of 4.4% for the largest synthesized nanostruc-
tures (CION with an average diameter of 240 nm), as shown in
Fig. 4. Our novel results for these CION-based nanofluids confirm
the generic relation between nanoparticle/nanostructure size and
nanofluid TC, previously established for other nanofluids consti-
tuted by other types of nanoadditives.

Beck et al.[35] analysed different-sized (8–282 nm) alumina dis-
persions in water and ethylene glycol, obtaining the higher TC val-
ues for the largest nanoparticles and clearly lower TC increments
for particle sizes below 50 nm. They associate this minor improve-
ment with a decrease in the thermal conductivity of the metal
oxide nanoparticles themselves, given their sufficiently small size
promoting greater phonon scattering, assuming different rates of
phonon transport at the solid-liquid interfaces [35]. Sobczak et al.
[26] analysed different-sized (13 and 30 nm) carbon black disper-
sions in ethylene glycol, confirming the higher TC for the largest
nanoparticles. They attributed these results to the relationship
between larger size and larger specific surface area, generally
related to larger TC increases.

Lately, the aggregation of nanometric particles and/or the exis-
tence of a nanolayer (of liquid molecules likely behaving differ-
ently because interacting with the atoms/charges at the surface
of the nanoparticles) at the solid-liquid interface are recognized
as the main reasons that explain the TC increase for nanofluids in
literature [36–38]. In this regard, liquid molecules near the sur-
faces of nanoparticles were hypothesized to allow the creation of
layered structures that tend to exhibit solid-like behaviour [37],
and have a notable influence on the improvement of the nanofluid
TC [38]. Another issue is related to the fact that nanoadditives with
larger sizes can produce reductions in the contact resistance that
leads to superior TC [26].

Fig. 5 shows practically the same TC increases for each nano-
fluid with different-sized clusters at the three analysed tempera-
tures. This non-dependence of the TC enhancement ratios with
the increasing temperature agrees with the established knowledge
in the literature [39,40] and with long term stability of the pro-
posed dispersions. Moreover, as pointed, different authors pre-
sented this same behaviour for Fe3O4 nanofluids: Parekh and Lee
[17] for water based nanofluids in the temperature range from
Table 1
Thermal conductivity of 0.50 wt% CION-based aqueous nanofluids for different cluster siz

Nanofluid CION size1 (nm) Z-average size2 (nm

0.50 wt% nanofluid A 46 ± 14 124 ± 16

0.50 wt% nanofluid B 70 ± 19 149 ± 15

0.50 wt% nanofluid C 111 ± 21 192 ± 16

0.50 wt% nanofluid D 178 ± 21 270 ± 20

0.50 wt% nanofluid E 240 ± 37 356 ± 23

1 Data from TEM analysis of the clusters.
2 Data from dynamic light scattering analysis of the nanofluids just after preparation.
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25 to 65 �C, Yu et al. [18] for kerosene based nanofluids in the tem-
perature range from 10 to 60 �C, or Fu et al. [3] for ethylene glycol-
water based nanofluids in the temperature range from 30 to 60 �C.
Moreover, similar results were also reported for other types of
water based nanofluids [41–43]. On the contrary, some authors
showed strong dependences of the TC enhancement ratio with
the increasing temperature for Fe3O4 nanofluids [1,8,9,11,19]. Nev-
ertheless, it should be noted that the trends reported there are
especially prominent for high nanoparticle concentrations and
high temperatures, where agglomeration or aggregates may have
influenced the final results.

Maxwell, Bruggeman or Hamilton-Crosser postulated some of
the classical models to determine the thermal conductivity of
solid-liquid mixtures with micro-sized (or even higher) particles
es and temperatures.

) Temperature (K) Thermal conductivity (W�m�1�K�1)

293.15 0.609
303.15 0.628
313.15 0.644
293.15 0.617
303.15 0.637
313.15 0.654
293.15 0.619
303.15 0.638
313.15 0.657
293.15 0.622
303.15 0.642
313.15 0.660
293.15 0.626
303.15 0.646
313.15 0.663



Fig. 5. Thermal conductivity enhancements of 0.50 wt% CION-based aqueous
nanofluids as a function of cluster size at different temperatures.

Fig. 6. Flow curves for water and 0.50 wt% nanofluids A and D in the shear rate
range from 100 to 1000 s�1 at 293.15 K.
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[44]. These models suggest that the thermal conductivity of the
mixture is mainly based on the thermal conductivity of the solid
and the fluid and the particle volume fraction. Likewise, these
models have been also widely tested in the field of nanofluids
and is well recognized that all give similar results for spherical
nanoparticles and low concentrations [44]. Thermal conductivities
of 3.5–7.0�m�1�K�1 and 0.9–1.3 W�m�1�K�1 are reported for mag-
netite [45–47] and maghemite [48], respectively. The 0.005 mass
fraction of CION corresponds to a 0.001 vol fraction by using a den-
sity value of 5.0 g�cm�3. Taking into account the previous data,
deviations between experimental and calculated data of 1.0–1.3%,
2.5–2.9%, 2.8–3.3%, 3.3–3.7%, and 3.9–4.3% were obtained for the
0.50 wt% aqueous nanofluids with CION sizes of 46, 70, 111, 178,
and 240 nm, respectively. As observed, the classical models present
the best results for the lower-sized clusters. Nevertheless, it should
be noted that these models do not consider particle size (an impor-
tant variable, as we report here) as well as many other phenomena
generally reported as contributors to the increased thermal con-
ductivity of nanofluids (layering between liquid and solid nanopar-
ticles, clustering, Brownian motion, micro-convection,
thermophoretic effect, etc.) [49].

Table 2 reveals that an increase on the CION concentration
above 0.50 wt% has no significant influence on the modification
of thermal conductivity. According to the literature, the value of
thermal conductivity tends to increase with increasing concentra-
tion of nanoadditive, as has been pointed out in multiple experi-
mental works [50] and is predicted by most of the theoretical
models [51]. However, this trend is related by some authors
[50,52–54] with a limited nanoparticle loading above which the
increase in thermal conductivity stops. In this regard, increasing
the concentration also often causes the viscosity to increase, so
the pumping power required to make the fluid flow will also be
higher, which implies a deleterious effect. Therefore, 0.50 wt% solid
mass concentration in the final nanofluid becomes more conve-
nient in the final applications, given the greater stability and ther-
mal conductivity associated and the lower pumping power
consumption required.

The rheological behavior of the 0.50 wt% nanofluids and base
fluid was assessed by analyzing their flow curves at 293.15 K.
Fig. 6 shows the obtained viscosity values in the 100–1000 s�1

shear rate range for water and two 0.5 wt% nanofluids (45 and
178 nm cluster sizes), as an example. As observed, all samples
show a Newtonian behavior in the analyzed shear rate range. The
6

0.50 wt% nanofluids showed a small dynamic viscosity increase
of around 5% with respect to water. No significant differences are
observed in the viscosity increase of the nanofluids with respect
to the cluster size.

4. Conclusion

Clusters of ironoxide (Fe3O4/c-Fe2O3)nanoparticleswithaverage
diameters ranging from 46 to 240 nmwere synthesized and used to
design aqueous nanofluids as heat transfer fluids. The thermal con-
ductivityof thesenanofluids in the temperature range from293.15K
to 313.15 K aremeasured using a thermal conductivity-meter based
on the transient short-hot-wire (SHW) technique. The study quanti-
fies the thermal conductivity increases with increase of particle size
and temperature for nanofluids with optimized cluster mass con-
centration of 0.50 wt%. The larger the cluster size, the greater the
TC increase for thedesigned ironoxide clusternanofluids. Thevalues
obtained follow a constant upward trend, reaching a maximum
increase of 4.4% for the largest synthesized nanostructures (average
size of 240 nm). Newtonian behavior with dynamic viscosity
increases of around 5% with respect to water were found for the
0.50 wt% nanofluids with different-sized clusters. The results show
that the 0.50 wt%mass fraction offers moderate long-term stability,
the higher TC increase, and a low pumping power consumption
increment with respect to water (in accordance with the slight
dynamic viscosity increase). This study sheds light on conducting
new clusters of nanoparticles to customized nanofluids with poten-
tial use in heat transfer applications.
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