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ABSTRACT

The worldwide increasing of thermal energy consumption fosters new technological solutions based on nanoma-
terials. The use of nanofluids enhances energy efficiency leading to eco-friendlier devices. Thus, researchers are
encouraged to understand how modified thermophysical properties improve heat transfer capability. Magne-
sium oxide based n-tetradecane nanofluids are designed in terms of stability for cold storage application. Thermal
conductivity, viscosity, density, and isobaric heat capacity were determined by transient hot wire, rotational
rheometry, mechanical oscillation U-tube, and differential scanning calorimetry. Furthermore, a useful relation-
ship on thermal conductivity and viscosity of nanofluids is proposed based on Andrade, Osida and Mohanty the-
ories. Its reliability is checked with the here reported results and literature data of different nanofluids: titanium
oxide within water, silver within poly(ethylene glycol), and aluminium oxide within (1-ethyl-3-
methylimidazolium methanesulfonate + water). Similar trends have been found for all nanofluids excepting ti-
tanium oxide aqueous nanofluids, this differentiated behaviour being expected by the proposed relationship.

Nanoenhanced phase change materials

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Formulating a correct pathway to slow down or even mitigate the
global warming is a critical political, social, and scientific challenge for
the 21st century. There are still many open questions concerning the
impacts that policymakers' decisions could cause in the environment
[1,2]. In December 2015, the United Nations Framework Convention
on Climate Change adopted a new agreement to combat climate change,
which legally binds the goal of achieving a global mean temperature in-
crease below 2 Kin 2100 comparing to preindustrial levels [3,4]. The In-
tergovernmental Panel on Climate Change stated in its Fifth Assessment
Report that every possible mitigation pathway within the 2 °C objective
may require substantial emissions reductions in the coming decades [1].
The development of new and more efficient energy technologies around
the world is necessary [5] to achieve this goal. As an example, in 2010
EU policy introduced the Energy Performance of Buildings Directive
[6], new and old refurbished buildings having to fulfil the requirements
for being considered as “near zero-energy buildings”. In this environ-
mental and policy context, Thermal Energy Storage (TES) systems are
postulated as very convenient alternatives for meeting the EU energy ef-
ficiency objectives, due to their ability to decouple energy production
and consumption.
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Heating and cooling involves half of the EU energy consumption [7].
Nowadays, cooling sector is a small share of the energy use but the de-
mand is increasing, related to climate change and rising temperatures.
Cold TES systems allow energy saving by reducing electricity peak
load, i.e., storing cooling capacity (or cold, for simplicity) during off-
peak hours and using it during hours of high cold demand [8]. The gen-
eral performance of such systems are characterized by three sequential
processes: charging, storing and discharging [9]. During the charging
process, the available cold energy is transferred to the storage medium
for accumulation. Cold TES provides large amounts of cold energy in
applications where the system has a considerable demand such as air
conditioning [10].

Among the different possible manners to store energy within a ma-
terial, latent heat is the most advantageous way due to the larger stor-
age capacities compared to sensible heat or thermochemical based
systems [11]. The materials employed in latent heat TES applications
are the so-called Phase Change Materials (PCMs), which are character-
ized by experimenting a phase transition within the operational
temperature range [12]. Considering the variety of these transitions,
solid-liquid are the most appropriate due to their tiny volume and pres-
sure variations during phase change transition and to their acceptable
latent heats reported. An important issue concerning PCMs is their
poor thermophysical profile that leads to lower heat transfer character-
istics, causing longer charging-discharging times. These properties, es-
pecially thermal conductivity [13,14], could be improved by dispersing
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Nomenclature
a adjustable coefficients in Eq. 4
A coefficient in Eq. 25
bo adjustable coefficients in Eq. 12 (g cm™3)
b; adjustable coefficients in Eq. 12 (g cm > K~ 1)
b, adjustable coefficients in Eq. 12 (g cm™> K™2)
B coefficient in Eq. 25 (g mol 1)
adjustable coefficients in Eq. 17
[ isobaric heat capacity (Jg=! K~1)
Dr fragility strength coefficient (K)
k Boltzmann's constant (1.380649 x 10723 J K™ 1)
l arbitrary distance smaller than o (m)
m mass (kg)
M molecular weight (g mol™")
N Avogadro's number (6.02214076 x 10%> mol™!)
q heat power (W)
To radium of the wire (m)
R? coefficient of determination
S standard deviation
t time (s)
T temperature (K)
To Vogel divergence temperature (K)
u adjustable coefficient in Eq. 3 (g cm > s2)
v adjustable coefficient in Eq. 3 (g cm ™)
X mole fraction
Greek symbols
o thermal diffusivity (m? s=!)
B adjustable coefficient of k factor
0% Euler's constant
v shear rate (s—')
A parameter for Bruggeman model, Eqs. 7-8
n viscosity (mPa s)
o viscosity at infinite temperature (mPa s)
0 angle between the direction of the motion and that of
the heat flow (rad)
K factor for Yamada and Ota correlation, Eq. 10
A thermal conductivity (W m~' K~ 1)
v vibration frequency (s™')
p density (g cm™>)
o average distance between centre of molecules (m)
T period of oscillation (s)
) fraction of nanoparticles
P adjustable coefficient of k factor

Abbreviations

AAD%  Absolute Average Deviation

DLS Dynamic Light Scattering

DSC Differential Scanning Calorimetry

EDS Energy-Dispersive X-ray Spectroscopy

HRTEM High Resolution Transmission Electron Microscopy
NePCM Nanoenhanced Phase Change Material

NR Nanofluid Ratio

PCM Phase Change Material

SAED Selected Area Electron Diffraction

SEM Scanning Electron Microscopy
TEM Transmission Electron Microscopy
TES Thermal Energy Storage

THW Transient Hot Wire
TMDSC  Temperature Modulated Differential Scanning Calorimetry

VFT Vogel-Fulcher-Tammann
Subscripts

bf base fluid

m mass fraction

max maximum

nf nanofluid
np nanoparticle
\% volume fraction

nanoscale materials in the PCMs, in such a case Nanoenhanced Phase
Change Materials (NePCMs) are mentioned [15,16]. Recently, Ali [17]
proposed the use of new NePCMs based on graphene oxide dispersed
in RT-35HC at low concentrations, 0.003 and 0.006 wt%, for their use
in heat sink for passive cooling of electronic components. Peak temper-
ature of the sink along with charging-discharging time were consi-
derably improved, obtaining maximum reductions of the peak
temperature of 32.95 and 37.54% and maximum charging time reduc-
tions of 5.4 and 5.6 times that of the empty sink at 0.003 and 0.006 wt
% graphene oxide loadings, respectively.

Among the wide variety of possible PCM to use in TES systems,
n-alkanes have high latent heat, as well as tiny or null subcooling [11].
Their main disadvantage is the reduced thermal conductivity which
can be enhanced by dispersing nanomaterials as previously commented
[18]. Taking into account the operating temperatures for cold TES,
n-tetradecane arises as a suitable candidate for such systems [19]. To our
knowledge, the only approach in the literature of n-tetradecane based
nanostructured fluids for cold TES is the study by Jiang et al. [19]. They
studied the thermal conductivity of dispersions of CuO nanoparticles in
n-tetradecane, obtaining larger enhancements comparing with nanofluids
based on the same nanoparticles. They also analysed the differentiated im-
pact of Brownian movement on thermal conductivity enhancements.

In this study, n-tetradecane (n-Cy4) based colloidal fluids using MgO
nanoparticles as dispersed nanoscale materials are proposed for use in
cold TES. MgO/n-Cy4 have good stability in terms of the temporal
evolution of the apparent size. We reported a thermophysical
characterization of these nanofluids, determining their thermal
conductivity, viscosity, density, isobaric heat capacity, and thermal
diffusivity. These properties were also compared with different
predicting equations and correlations.

In the early XX century, there were several attempts to apply kinetic
theory of gases to liquids [20-22] without clear agreement with exper-
imental results [23]. As it is well known, Andrade [24] developed a the-
ory of the viscosity of liquids based on simple classical approaches
without considering any quantum interpretation which it would not in-
troduce substantial modifications in the results [25]. He supposed that a
theory of liquids should be approached from the point of view of solid
state instead of from the kinetic theory of gases [24], because the dis-
tances between molecules are more solid-like and also, consequently,
intermolecular forces are not very different [26]. Andrade stated that
the main difference between a liquid and a solid from a molecular per-
spective is that the amplitude of the molecular motion in the former is
so large so molecules may collide with each other. Similar to Andrade's
theory of the viscosity of liquids, Osida [27] presented a model for the
thermal conductivity of dielectric liquids for which the electronic part
of heat transport is negligible. He assumed that in the presence of a tem-
perature gradient, the heat is exchanged when molecules collide due to
their vibration, transferring their translational and rotational energy.
Mohanty [28] carried out a relationship between thermal conductivity
and viscosity of liquids based on the theoretical results by Andrade
and Osida. He suggested a modification of this equation taking into
account an examination of this relation for a few number of liquids,
assuming that it must require correction. Accordingly, here we develop
a new understanding on the relevant transport properties of nanofluids
for heat transfer applications from previous works on molecular
[24,27,28] and ionic liquids [29]. This suggested relationship on trans-
port properties for nanostructured fluids was analysed for MgO/n-
tetradecane nanodispersions along with available literature data for
Ag/PEG400 [30], TiO,/H,0 [31], and Al,03/([C;mim][CH5S03]:H,0)
[32,33] nanofluid sets.
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Therefore, the main objective of the present study is twofold: (i) to
elaborate and thoroughly characterized new nanofluids based on colloi-
dal dispersions of MgO nanoparticles in n-tetradecane for their use in
cold energy storage applications and (ii) to propose an empirical
model that relates transport properties of nanofluids to understand
the effect of reported enhancements in the heat transfer performance.
This analysis is here proposed for the first time as a useful tool from
transport properties that could contribute towards the design of new
nanofluids for thermal energy applications.

2. Experimental
2.1. Materials

MgO nanoparticles were provided by IoLiTec (Heilbronn, Germany)
with a mass purity of 99.9%, a bulk density of 3.60 g cm™>, and an aver-
age size of 35 nm, according to the supplier. The base fluid, n-
tetradecane or n-Cy4, was purchased from Alfa Aesar (Haverhill, USA)
with a mass purity of 99%, a melting point around 279.15 K, a flash
point of 372.15 K, and a boiling point of 525.15-527.15 K. In this
study, Sorbitan monooleate, Span® 80, purchased from Sigma-Aldrich
(St. Louis, USA) with a density of 0.986 g cm >, was used as a surfactant.
Toluene with a mass purity of 99.8% was supplied by Sigma-Aldrich
(Saint Louis, USA). Milli Q-Grade water was produced by means of a
Millipore system (Billerica MA, USA), with 18.2 MQ cm at 298 K. All re-
agents were used without performing any additional purification and
were weighted in an analytical balance Sartorius model CPA225
(Géttingen, Germany) with an uncertainty of 1-107° g.

2.2. Nanofluids preparation

A two-step method was used to prepare the nanofluids. The nano-
powder was weighted and then stirred into a predetermined volume of
the base fluid by means of a VELP Scientifica ZX3 Advanced Vortex
Mixer (Usmate, Italy). After that, samples were dispersed in an ultrasonic
homogenizer Bandelin Sonopuls HD 2200 (Berlin, Germany) with an op-
erating frequency of 20 kHz for 30 min. In this study, nanofluids were
elaborated at nanoparticle mass fractions, ¢, of 1.0, 2.5, 5.0, and
10.0 wt% which corresponds to 0.21, 0.54, 1.1, and 2.3 vol% volumetric
fractions, ¢y, and to 0.047, 0.11, 0.21, and 0.35 mol fractions, Xyp,
respectively. To calculate the volumetric fractions, a density for MgO
nanoparticles of 3.58 g cm > was used [34] in the following equation:

1 1=y Prp

— =1+
by b Dy

(M
where p stands for the density whereas ‘np’ and ‘bf subscripts refer to
nanopowder and base fluid, respectively. Li et al. [35] reported the sta-
bility enhancement of n-alkanes nanofluids containing CuO nanoparti-
cles when oleates are used as dispersants. Likewise, the goodness of
the use of Span® 80 as surfactant in n-Cy4 dispersions was reported by
Jiang et al. [19]. In order to guarantee the stability of the dispersions,
Span® 80 in a 1:1 mass proportion with the nanoparticles was also
used as a surfactant before stirring and dispersing. In this work, MgO/
n-Cy4 is the notation for referencing the nanostructured fluids
elaborated as above-mentioned, i.e., MgO dispersed within n-C;4 and
containing Span® 80 in a 1:1 nanoparticles:surfactant mass proportion.

2.3. Experimental methods

EDS analysis was conducted by using a field emission gun Scanning
Electron Microscope, SEM, model JEOL JSM-6700F (JEOL, Tokyo, Japan)
working at an accelerator voltage of 10 kV in backscattering electron
image (Yttrium Aluminium Garnet type detector). Samples were pre-
pared by depositing a drop of MgO dispersed in analytical grade

Powder Technology 397 (2022) 117082

methanol on the top of a silica support covered with a thin layer of car-
bon and dried under atmospheric conditions.

The size and morphology of the dry nanopowder were studied
through Transmission Electron Microscopy (TEM) and High Resolution
Transmission Electron Microscopy (HRTEM) analyses were conducted
on a JEOL JEM-1010 (Tokyo, Japan) and a field emission JEOL JEM-
2010 FEG, operating at acceleration voltages of 100 kV and 200 kV, re-
spectively. Moreover, the crystalline structure of MgO nanoparticles
was analysed from the diffraction patterns obtained by means of the Se-
lected Area Electron Diffraction (SAED) technique. Samples were pre-
pared by depositing a single drop of MgO diluted dispersion in
analytical grade 1-buthanol on the top of a 400-mesh cupper grid cov-
ered with formvar and coated with carbon.

Colloidal stability was evaluated using the Dynamic Light Scattering
(DLS) technique by means of a Zetasizer Nano ZS (Malvern Instruments,
Malvern, UK) operating at 298.15 K with a scattering angle of 173°. Sam-
ples introduced inside poly(methyl methacrylate) cuvettes are lighted
by a He—Ne laser with a beam wavelength of 632.8 nm and a maximum
power of 4 mW. Light scattering due to the Brownian motion of the par-
ticles dispersed in the fluid is detected and related to their hydrody-
namic diameter. Two samples of MgO/n-Cy4 1 wt% were used in two
different measuring cells to analyse their size distributions over
30 days. One of the samples was remained in static conditions and the
other one was mechanically shaken by means of a ZX3 Advanced
Vortex Mixer (VELP Scientifica, Usmate, Italy) for more than 1 h before
each measurement [36].

Thermal conductivities of base fluid and MgO/n-C,4 samples were
measured within the temperature range from 283.15 K to 333.15 K by
using a THW-L2 (Thermtest, Fredericton, Canada) thermal conductivity
meter. An EchoTerm Dry Bath (Torrey Pines Scientific, West Carlsbad,
USA) was coupled to the device to remain the sample at constant tem-
perature. The apparatus is based on the transient hot wire (THW)
method in which thermal conductivity is determined by means of a
non-steady state heat transfer process initiated by a constant power
that heats a sensor wire. Thus, thermal conductivity can be obtained
from the slope of the temperature evolution, by using the following
Eq. [37]:

. q 4ot
M) = 4 AT In <r0267> 2)

where A, q, AT, ¢, t, 1o, and 7y stand for the thermal conductivity of the
fluid, the heat supplied by the wire, the temperature rise of the fluid,
the thermal diffusivity of the fluid, the test time, the radium of the
wire, and the Euler's constant, respectively.

The sensor consists of a 60 mm thin heating wire joined to a printed
circuit board covered with a slim layer of Kapton. Samples were poured
into the sample holder and the sensor was vertically placed. This device
allows to perform measurements in accordance with ASTM D7896-19.
The expanded thermal conductivity uncertainty is estimated to be
below 5%.

The rheological behaviour of proposed nanofluids was studied in a
Physica MCR 101 rheometer (Anton Paar, Graz, Austria) with a cone-
plate geometry of 1° cone angle and 50-mm diameter. This rheometer
allows controlling torques from 0.1 N m to 200 mN m. The sample tem-
perature was regulated in the range between 293.15 K and 343.15 K,
every 10 K, by using a Peltier plate. The expanded viscosity uncertainty
was estimated to be better than 5% [38].

Density of samples was obtained by means of a DMA 500 density
meter (Anton Paar, Graz, Austria), using the oscillating U-tube tech-
nique, which relates the resonant frequency of the tube with the density
of the sample, according to the following equation:

p(T) = u(T)T*—v(T) €)
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where 7 is the period of the oscillation. The characteristic coefficients u
(T) and v(T) can be determined by performing measurements of oscilla-
tion period in the required temperature range of at least two reference
substances whose density is reported in the literature. In this study,
Milli Q-Grade water [39] and toluene [40] were used as well-known
substance to perform a density calibration every 5 K in the temperature
range from 288.15 K to 313.15 K. The estimated density expanded un-
certainty was declared below 0.1% [32,41].

Isobaric heat capacities of the base fluid were experimentally deter-
mined in a heat-flux Differential Scanning Calorimeter (DSC) Q2000 (TA
Instruments, New Castle, USA), equipped with a refrigerated cooling
system RSC9, from 283.15 K to 333.15 K. A quasi-isothermal Tempera-
ture Modulated Differential Scanning Calorimeter (TMDSC) method
was employed [42] and results were interpreted by using Universal
Analysis 2000 software (V4.5A) from TA Instruments. The expanded
heat capacity uncertainty was estimated to be better than 3%
overall the entire temperature range [43]. Isobaric heat capacity
data for MgO nanoparticles was obtained from a previous study by
Cabaleiro et al. [42].

3. Results and discussion
3.1. Nanopowder characterization

The elemental analysis of MgO nanopowder demonstrates the pres-
ence of Mg (18.66 at.%) and O (14.08 at.%), corresponding to the stoi-
chiometric ratio of MgO compound, as well as Si (64.09 at.%) and C
(3.17 at.%), corresponding to the support material and the coating of
the sample for EDS analysis, respectively.

Furthermore, a complete TEM characterization of the studied nano-
particles is enclosed in Fig. 1. Herein, Fig. 1a shows a pseudo-spherical
shape and a certain level of polydispersity. A histogram with the size
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distribution of MgO nanoparticles (Fig. 1b) was constructed from TEM
images (more than 200 nanoparticles), obtaining a mean particle size
of (45 + 3) nm and a polydispersity index of 0.32, assuming a log-
normal distribution function [44]. Fig. 1c encloses a HRTEM image of a
single MgO nanoparticle that shows the different layers of the crystal-
line structure. In Fig. 1d, an interlayer distance of 2.16 A was measured,
corresponding to the d-spacing between (200) planes of MgO [41].
Fig. 1e displays the analysis of the Selected Area Electron Diffraction
(SAED) pattern of MgO nanoparticles performed with the CrysTBox
software [45], which allows individual rings to be identified and com-
pared with any unit cell. It demonstrates the polycrystalline structure
of the nanoparticles, the SAED pattern agreeing with that of MgO [46].

3.2, Stability

The stability of the 1 wt% MgO/n-C;4 nanofluid containing Span® 80
as surfactant in a 1:1 nanoparticles:surfactant mass ratio was analysed
over 30 days. The dispersion under static conditions evolved from a
polydisperse sample (bimodal size distribution) to a monodisperse
sample (unimodal size distribution) with a narrower peak shifted to
the left (less apparent size), as observed in Fig. 2a. All these effects
indicate the sedimentation of some aggregates or clusters in static
conditions which entails a reduction in the polydispersity and
apparent size, as previously discussed [41].

Fig. 2b shows how apparent size of the static dispersion was reduc-
ing from the preparation of the sample to the seventh day after that, re-
maining at a constant value around 200 nm. Instead, shaken sample
maintains a quite similar size distribution (Fig. 2a), as well as the
mean apparent size (Fig. 2b). Therefore, the potential and feasibility of
the explored samples for heat transfer and storage applications is also
evidenced from the point of view of the stability challenge in both static
and shaken conditions of the dispersions. This issue is relevant by using

Frequency counts

Fig. 1. Characterization of MgO nanoparticles. (a) TEM image. (b) Size distribution. (c and d) HRTEM images. (e) Selected area electron diffraction pattern.
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Fig. 2. (a) Nanoparticle size distribution for 1 wt% MgO/n-Cy4 nanofluid: 1st day (= );
30th day static sample (—); and 30th day shaken sample (—). (b) Temporal variation
of average apparent size of MgO nanoparticles in the nanofluid: static sample (@) and
shaken sample ( 4 ). Lines are used to guide eyes.

this technology, and not always sufficiently addressed in the literature
[41,47].

3.3. Thermal conductivity

Firstly, experimental thermal conductivity values of n-C{4 were
compared with those reported in the literature [19,48-50] to check
the reliability of the data obtained in this study. As shown in Fig. 3a,
average absolute deviations (AADs%) lower than 2% are obtained,
which agrees with the combined expanded uncertainties, obtaining
superior deviations at higher temperatures.

Dependence and enhancements of the thermal conductivity on tem-
perature for base fluid and MgO/n-C;4 nanodispersions were depicted
in Fig. 3. As can be observed, the higher the mass fraction, the higher
the thermal conductivity, the enhancements ranging from 4.2% to
17%. No influence of the temperature on these enhancements is
significantly noted for all studied nanostructured fluids, as reported in
Fig. 3c. It should be noted that the thermal conductivity of the base
fluid changes with temperature, while the solid nanoparticles do not
show significant differences of thermal conductivity values in the
studied temperature range. Therefore, the temperature dependence of
the thermal conductivity of well-dispersed and stable nanofluids be-
have like those of the base fluid. The obtained thermal conductivity en-
hancements are slightly higher than those obtained for MgO/PureTemp
8 dispersions [41]; for instance 4.8% for MgO/n-Cy4 versus 3% for MgO/
PureTemp 8 dispersions at MgO mass fraction of 1 wt%.
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Fig. 3. (a) Relative deviations between experimental n-C;4 thermal conductivity values of
this study and those reported in the literature at different temperatures: Calado et al. [48]
(M); Wada et al. [49] (@); Kenisarin [50] (A ); Jiang et al. [19] (W). Temperature
dependence of the (b) thermal conductivity and (c) thermal conductivity enhancement
for MgO/n-Cy4 samples at different nanoparticle mass fractions: 0 wt% (H); 1.0 wt%

(M) 25wtk (W); 5.0 wt% (4 ); and 10.0 wt% (} ). Error bars indicate the expanded
uncertainty (b) and the combined uncertainty (c).

The experimental data were correlated by using the following pro-
posed equation:

Ay
() =1+ad, @
bf

where the subscripts ‘bf and ‘nf stand for base fluid and nanofluid and a
parameters were determined by means of least squares adjustments for
each temperature and are summarized in Table 1.
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Table 1
Fitting parameters and standard deviations, s, obtained from Eqs. 4 and 17 for MgO/n-C4
samples at different temperatures.

283.15K 293.15K 303.15K 313.15K 323.15K 333.15K
Eq. 4
a 8.209 7.946 7.973 7.418 7.219 6.790
10s 34 3.0 3.7 3.1 3.0 3.1
Eq. 17
c 0.410 0.393 0.402 0.368 - -
10%s 1.1 0.65 0.85 0.57 - -

Experimental thermal conductivity results were compared with
widely used predictive models [51-53] and correlations [54]. As an ex-
ample, Fig. 4 depicts the experimental relative thermal conductivities
along with those results from the different models at 303.15 K. Thermal
conductivity data of MgO nanoparticles from Hofmeister [55] was em-
ployed for calculations, values ranging from 51.58 to 43.61 W
m~! K~ in the temperature range from 283.15 K to 333.15 K.

The first predictive model describing suspensions of spherical nano-
particles into a fluid was developed by Maxwell [51]:

ﬁ — )\np + 2}\bf + Z(A“p_)\bf)d)v (5)
}\bf )\np + 2)\bf — ()\np _)\bf) d)v

in which A, stands for the thermal conductivity of the nanoparticles.
This classical theory only takes into account the amount of dispersed
nanoparticles, without considering other effects as shape, pH,
aggregation, or Brownian motion. In addition, it is only applicable to
low concentrated nanofluids. Bruggeman [52] introduced a similar
model that is better suited to spherical nanoparticles, has no
limitation for concentration, and also takes into account the effect of
clustering. The predictive equation was originally proposed in an
implicit form:

Aap— Ao ) < Nor Aoy )
DTN ) gy (L) g 6
(i) + 1) (R ©)

A solution of Eq. 6 was derived by Murshed et al. [56], as follows:

Ay 1 Anp

L= g6 -13+ 230+ VA )

1.3

0.010 0.015 0.020

#,

0.000 0.005 0.025

Fig. 4. Relative thermal conductivity enhancement as a function of nanoparticle volume
fraction for MgO/n-Cy4 samples at 303.15 K. Experimental values ({); Eq. 4 (—);
Yamada and Ota [54] Eq. 10 (- ); Maxwell [51] Eq. 5 (—); Bruggeman [52] Eq. 7
(—); and Xue [53] Eq. 9 (=—). Error bars indicate the combined uncertainty.
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where A is a parameter that depends on the volume fraction and ther-
mal conductivities of the nanoparticles and the base fluid:

Anp

)\bf) QCIEVECH 2(2+94,-94.’) (};—;) Y

A= (30,-17(

Xue [53] presented a modification of the Maxwell model in which
uniquely accounts the effect of volume fraction and other factors are
neglected:

An Anp+Aps
Ny 10020, In (M50)

M ©)
Nf 1=, + 24, A":\—bfxb, In (*"5:;‘” )

Yamada and Ota [54] proposed a semi-empirical correlation based
on the unit cell of the nanoparticles, as follows:

A A
Ay 1 +KA—Z+K<1—V':£)¢V
Ny Ny Ny 1o
of 1+’<A_np_(1_m)¢v

where K is a factor which depends on the shape of the nanoparticles.
This ~ factor was obtained following the same approach by Yamada
and Ota [54] according to the functional form k = 3 ¢;, where 3 =
0.85 and ¢y = 0.51 were optimized by means of a least-squares adjusting
method.

The reliability of the above presented models to predict our experi-
mental data was checked considering all temperatures, obtaining
AADs% of 6.1%, 6.0%, and 3.1% for Maxwell, Bruggeman, and Xue, respec-
tively. Maxwell and Bruggeman models underestimate the experimen-
tal values, as illustrated in Fig. 4 at 303.15 K. The employed correlation,
Eq. 10, leads to obtain the best agreement with our experimental data,
with an AADY% of 0.74% for all isotherms, as Fig. 4 also gathers as an
example.

3.4. Rheological behaviour

Rotational tests were performed in an operating shear rate range
from 10 s~ to 1000 s~ . Fig. 5 shows the obtained flow curves of the
base fluid and nanofluids at 283.15 K, the viscosity remaining constant
over the entire shear rate range, even for the highest concentrated
nanofluids. This fact evidences Newtonian behaviour for the previously

F RS W

TILT VI VAT TSR TV I Y IE MMM W IRV PHWI W VY v
mz//yﬁm
20 LR ey R
TRIRT )

10 100 1000
y (s

Fig. 5. Flow curves for MgO/n-C;4 samples at 283.15 K and volume fractions: 0 vol% (O);
021 vol% (A); 054 wt% (\/7); 1.1 wt% (Q); and 2.3 wt% (| ).
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Fig. 6. (a) Comparison between experimental and literature viscosity data for n-
tetradecane against temperature: Ducoulombier et al. [58] (Jll); Zhang et al. [59] (@ );
Liu et al. [60] ( A ); Prak et al. [61] (W ); Santos et al. [62] (€ ); and Kian et al. [63]
(4 ). Temperature dependence of the (b) viscosity and (c) increments in viscosity for
MgO/n-Cq4 samples at volume fractions: 0 vol% (M); 0.21 vol% ( A ); 0.54 vol% (Y);
1.1 vol% (4); and 2.3 vol% (}). Eq. 11 (—). Error bars indicate the expanded
uncertainty (b) and the combined uncertainty (c).
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stated conditions. Spherical shape of nanoparticles prevents the forma-
tion of large aggregates, which would involve the establishment of a gel
network within the fluid, entailing viscoelastic nanofluids. This behav-
iour agrees with the established knowledge on the rheological perfor-
mance of dispersions based on spherical nanoparticles and the
mentioned good stability of the nanofluids, with lack of aggregation
phenomena, as pointed out by Sharma et al. [57].

Experimental shear viscosities belonging to the base fluid n-Cy4 at
different temperatures are compared with values from the literature
[58-63] in Fig. 6a. A good agreement can be observed with an AAD%
lower than 4.2% and a Bias of 0.057 mPa s (1.9%), which are lower
than the above-mentioned expanded uncertainty.

Fig. 6b shows the evolution of the viscosity over temperature,
enclosing the experimental data for the base fluid along with those of
the nanofluids at constant shear stress of 0.5 Pa. Dynamic viscosity of
MgO/n-Cy4 samples exponentially decreases with the temperature (up
to 64%) as a consequence of the increasing intermolecular distance
within the fluid [33], following the elsewhere reported trend [64].
Dynamic viscosity increases with the loading of nanoparticles reach
up to 68% for the 2.3 vol% at 283.15 K (Fig. 6¢). These increments
are more than twice those found by Zyta [65] for ethylene glycol-
based MgO nanofluids, due to a less viscous base fluid fosters higher
viscosity increments of the constituted nanofluids, especially at lower
temperatures [66].

One of the most widely used equations to model the evolution of vis-
cosity with temperature is the well-known modification of Andrade's
equation, commonly named as Vogel-Fulcher-Tammann (VFT) [67-69]:

nm) =myexp (727 ) a1

where 1) is the viscosity at infinite temperature, Dy is the fragility
strength coefficient and Ty is the Vogel divergence temperature, i.e., a
temperature below glass transition at which an ideal glass phase change
transition may occur [70]. Table 2 encloses these parameters for each
mass fraction, showing a good agreement with standard deviations
lower than 0.015 mPa s, as also shown in Fig. 6b.

3.5. Density

Prior to measure the prepared nanostructured fluids, a comparison
between our experimental values for n-Cy4 and literature density data
[59,61,62,71-75] was performed, showing AADs% less than 0.1%, as
shown in Fig. 7a, which agrees with the corresponding expanded
uncertainties, as stated in the section 2.3.

Obtained experimental density values for the dispersions are
displayed in Fig. 7b. As generally reported for nanostructured fluids,

Table 2
Fitting parameters and standard deviations of VFT model, Egs. 11 and 12 for MgO/n-Cy4
nanofluids at different volume fractions.

0 vol% 0.21 vol% 054 vol% 1.1 vol% 2.3 vol%
Eq. 11
7)o/ mPas 0.05121 0.06404  0.07446  0.09598  0.1501
A/K 246.7 246.6 238.9 2216 199.7
To/K 142.7 135.7 1384 127.6 149.5
10° s/ mPas 0.52 14 1.1 1.3 0.82
Eq. 12
by/gcm™3 09939  1.031 0.9915 1.025 -
10°b; /gem > K~' —0867 —1.07 —0.700 —0833 -
107b,/gem > K2 2.7 6.1 —0.62 1.8 -
10*s/gcm™ 0.59 0.16 0.28 034 -
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Fig. 7. (a) Relative percentage deviations between experimental n-C;4 density data of this
work and those reported by other authors: Camin et al. [71] (Jll; Johansen et al. [72] (@);
Khansanshin et al. [73] (A ); Valencia et al. [74] (W); Zhang et al. [59] (Q); Kariznovi
et al. [75] («); Prak et al. [61] (}); and Santos et al. [62] (@). (b) Temperature
dependence of the density of MgO/n-C;4 samples at mass fractions: 0 wt% (H); 1.0 wt%
(A): 25wtk (W); and 5.0 wts (4), Eq. 12 (—). Error bars indicate the expanded
uncertainty. (c) Nanofluid density improvements over volumetric fraction in relation to
the base fluid at: 293.15 K ([@); 303.15 K ([@); and 313.15 K ([)-
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density is higher when nanoparticle volume fraction is increased. In this
case, an increment up to 4.5% is reached at a volume fraction of 1.1 vol%.

Experimental density data of each fluid was correlated according
with a second-order polynomial adjustment:

p(T) = bg + by T + b, T? (12)

where b; parameters were determined by means of least squares
adjustments and are summarized in Table 2. Experimental density
values were compared with those predicted by the mixing-based equa-
tions for the volume fraction [76] and the mass fraction [77]:

pnf = d)vpnp + (1 _d’v)pbf (13)
1 - bm + 1=¢n (14)
pnf pnp pbf

The value for the density of MgO nanoparticles employed in
Egs. (13) and (14) was 3.579 g cm > [34]. The agreement between
our experimental and predicted data shows AADs% of 0.46% and 1.0%
and a maximum deviation of 1.2% and 1.9%, respectively. These AADs%
from Eq. 13 are 0.16% higher than those obtained using the same equa-
tion than Marcos et al. [77] for PEG 400-based functionalized graphene
nanoplatelets dispersions.

3.6. Isobaric heat capacity

Firstly, a comparison between the experimental values of iso-
baric heat capacity of n-C;4 and those obtained from the literature
[73,78-80] is shown in Fig. 8a against temperature. An AAD%
lower than 0.5% was obtained over the wide temperature range.
Therefore, these deviations are within the estimated expanded
uncertainty for the experimental determination of c,, as above-
mentioned.

To compute the c, values of the designed MgO/n-C;4 samples, the
Raud et al. [81] correlation, one of the most trustful equation to this
purpose [33], was used:

Cp,nf(T) = d’m'cp.np(T) + (1 _d)m)'cp,bf(T) (15)

where Cpnp Cpnp, and cppr stand for the isobaric heat capacity of
nanofluid, nanoparticles and base fluid, respectively. The use of Eq. 15
is justified from the point of view of the involved uncertainties and
mass concentration dependence, following the conclusions obtained
by Chereches et al. [33]. Accordingly, the c,-temperature dependence
for all the nanofluids in Fig. 8b is similar than that of the base fluid,
cp values incrementing 6.7% over the analysed temperature range.
In addition, isobaric heat capacity values decrease with increasing
nanoparticle loading and these reported diminutions are lower
than 6% in the whole studied mass fraction range, as can be seen in
Fig. 8c.

These reductions are in agreement with the usual trends reported in
the literature [33,42], the higher the mass fraction, the lower the iso-
baric heat capacity. This fact can be directly explained in terms of the
mixing theory, since the c, of MgO nanoparticles is lower than the ¢,
of n-tetradecane throughout the entire temperature range. Therefore,
the c, of the gathered nanofluids are consequently lower than those of
the base fluid. Cabaleiro et al. [42] obtained similar diminution in ¢,
up to 9%, for ethylene glycol-based MgO nanofluids at 15 wt%. There-
fore, even if the dispersion of nanoparticles into the base fluid contrib-
utes to decrease c, values, reported reductions are very tiny, so the
impact on the behaviour of the proposed nanofluids will have not an



J.I. Prado, J.P. Vallejo and L. Lugo

2

(a)

<
e <

14

100-(Cp,exp — Cp,ie) Cp, it (%)

-2 T T T T T
283 293 303 313 323 333 343

T (K)

2.6

(b)
2.4-

2.2+

2.0

-
-

1.0 , ; 3 5 5 2

0.8 T T T T T T
273 28 293 303 313 323 333 343

T (K)

c,Jg'K")

A\
A\
\!

(c)

-6 'S p 'S 'S 'S p

-4

-2

v v v v

100-(Cp, or — Cp 61/ Cp 1 (%)

A A A A A A

0 T T
273 283 293

303 313 323 333 343
T (K)

Fig. 8. (a) Relative deviations between experimental isobaric heat capacity values of n-Cy4
in this study and those reported by: Benson et al. [78] (Ill); Khasanshin and Shchemelev

[73] (@); Pardo et al. [79] (A ); and Regueira et al. [80] (W). (b) Isobaric heat
capacities and (c) reductions in ¢, vs. temperature of MgO/n-C;4 samples at mass
fractions: 0 wt’% (M); 1.0 wt% (A ); 2.5 wtk (§); 5.0 wt% (4); and 10.0 wt% (}). [N
values of MgO nanoparticles (0).%° Error bars indicate the expanded uncertainty (b) and
the combined uncertainty (c).

important influence on their heat transfer behaviour. The noticeable
reduced c, values of MgO nanoparticles compared to those of the
base fluid entail this effect. As regards to the reductions in ¢, for the
nanostructured fluids, it is remarkable the practically non temperature-
dependence for each different loaded sample (Fig. 8c).
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Fig. 9. (a) Thermal diffusivity of MgO/n-C;4 samples as a function of temperature at mass
fractions: 1 wt% (M); 2.5 wt% (@); 5 wt’ ( A ); and 10 wt% (W ). Error bars indicate the
combined uncertainty. (b) Relative thermal diffusivity enhancement of MgO/n-C;4
samples against mass fraction at temperatures: 283.15 K (H); 293.15K (@); 303.15 K

(A); and 313.15K (W). Eq. 17 (=).

3.7. Thermal diffusivity

A useful analysis to estimate the thermal performance of a nanofluid
in thermal energy storage applications is by means of the thermal diffu-
sivity, a. This thermophysical property is related to the capacity of any
material to transfer energy stored within it. It can be easily computed
from density, p, thermal conductivity, A, and isobaric heat capacity, ¢,
values as follows:

oa=— (16)

In this study, thermal diffusivities were obtained from data here re-
ported in the temperature range from 283.15 K to 313.15 K and results
were plotted in Fig. 9. Thermal diffusivity of the gathered nanofluids de-
creases with temperature (Fig. 9a) in a similar way than the base fluid,
with 7% reductions in the studied temperature range. This behaviour
is due to the fact that as temperature increases heat conduction gets re-
duced by the augmentation of the separation between nanoparticles
whereas the higher the temperature, the higher the isobaric heat capac-
ity. Therefore, the resulting thermal diffusivity is reduced with increas-
ing temperature. The observed enhancements of the thermal
diffusivities with mass fraction are non-temperature dependent,
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because of the same effect for thermal conductivity, density and isobaric
heat capacity. A maximum 13% improvement is reached at 10 wt%
(Fig. 9b). In addition, it must be noted that the a-enhancement within
the studied mass fraction range follows a root function tendency.

Accordingly, the following least squares adjustment in nanoparticle
mass fraction was used to correlate the experimental values of thermal
diffusivity:

() = 1+ (17)
bf

where c are adjustable parameters, whose obtained values are enclosed
in Table 1 along with the standard deviation of the correlations. The de-
pendence of the thermal diffusivity enhancement with the mass frac-
tion in the range from 1 wt% to 5 wt% is similar to that tendency
previously reported [41]. In a previous study [41], we have analysed
the thermal diffusivity of two sets of PureTemp 8 based nanofluids,
one containing MgO nanoparticles and the other containing graphene
nanoplatelets. Improvements of 6.5% were achieved for MgO/PureTemp
8 at 5 wt% whilst enhancements up to 32% were found for graphene
nanoplatelets/PureTemp 8 at 1 wt%. It is noteworthy that dispersions
using the same nanoparticles type, i.e. MgO/PureTemp 8 [41] and here
reported MgO/n-Cy4 nanofluids sets, show similar thermal diffusivity
enhancements. Likewise, higher improvements are obtained when
graphene nanoplatelets are used as nanoadditive. As an example,
enhancements in thermal diffusivity up to ~7 or ~4.5 times higher
were found when graphene nanoplatelets are dispersed within
PureTemp 8 [41] and PEG400 [82], respectively.

4. New understanding on transport properties of nanofluids

As above-mentioned, Andrade [24] presented a theory of the viscos-
ity of liquids from the point of view of solid state instead of from the ki-
netic theory of gases, stating that the main difference between solid and
liquid is the amplitude of molecular motion. Assuming these consider-
ations, it was argued that the viscosity of a liquid surrounding the melt-
ing point can be calculated only from experimental constants [24]. At
this temperature, there is a communication of momentum between
molecules in adjacent layers due to their vibrations at every extreme li-
bration. Therefore, assuming that the probability that a molecule vi-
brates along each axis is one third, Andrade derived an expression for
the viscosity, 1), at the melting point, as follows,

n= (18)

where v, m, and o stand for the vibration frequency, the mass of the
liquid and the average distance between the centre of the molecules,
respectively.

On the other hand, Osida [27] developed a model for the thermal
conductivity of liquids, assuming that heat is exchanged when transla-
tional and rotational energy is transferred due to molecular collisions
under a temperature gradient. Considering 6 as the angle between the
direction of the motion and that of the heat flow (z-axis) and neglecting
the internal energy of the molecules, it is easy to assume every molecule
has six degrees of freedom and, therefore, its mean energy is 3kT, where
k is Boltzmann's constant. The amount of energy transported when the
molecule is vibrating between the hotter and the colder sides is the fol-
lowing:

6k ﬂ 0 Cos

&z ow

(19)

Let consider a unit cross-area tube in the direction of the heat flow
and three normal planes in the tube z = 0,z = [, z = | + dI, with
[ < 0. Multiplying this last result by the amount of molecules crossing
the plane z = 0 and integrating with respect to 6 and [

10
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Applying the Fourier's law, this result may be equal to A-VT, thus,

= (21)
(02

Based on these previous studies by Andrade [24] and Osida [27],
Mohanty [28] proposed a simple relationship between the viscosity
and the thermal conductivity, derived from Egs. (18) and (21),

m

=3k 22
1 (22)
Multiplying by the Avogadro's number N,
Mx _ 3Nk (23)
n

in which M = N-m is the molecular weight of the liquid. From Eq. 23,
Mohanty derived the following relationship based on the observation of
experimental data of thermal conductivity and viscosity of some liquids,

% = constant (24)

Tomida et al. figured out that this relationship actually does not
hold constant, but decreased with increasing M and they have empiri-
cally found two different dependences for a set of n-alkanes and ionic
liquids [29].

Taking into account the particular case of nanofluids (biphasic sys-
tems consisting on nanoscale materials dispersed into a fluid), and
after pursued several attempts, here we introduce a new and useful re-
lationship between their transport properties, formulating in this way:

—1
nnf
=AM, s—B 25
<)\bf > (%‘) " 23)
where M,yis the molecular weight of the nanofluids,
Mnf = anan + (] _an)be (26)

in which x stands for the molar fraction and the subscripts nf, np and bf
refer to nanofluid, nanoparticles and base fluid, respectively. The left-
term of Eq. 25 which balances the enhancement of the thermal conduc-
tivity against the penalty of the increase of viscosity will be hereinafter
named as Nanofluid Ratio, NR. Accordingly, the results of this relation-
ship concerning the novel experimental data for the MgO/n-Ci4
nanostructured fluids are presented in Fig. 10. In these dispersions,
M,y decreases with nanoparticle molar fraction, x,, (or nanoparticle
mass fraction, ¢p,), due to Myeo < My_c14. Indeed, this figure shows
the NR as a function of M, in which every single point corresponds to
a nanofluid at a given temperature and mass fraction. It is important
to highlight that all points lay out a single straight line.

All isotherms fall onto the same straight line agreeing with the fact
that augmentation of transport properties of nanostructured fluids is
non-temperature dependent, as above reported. Likewise, all studied
concentrations (up to 10 wt%) fall also on this linear relationship. As
can be seen in Fig. 10, the lower the nanofluid molecular weight, the
higher the nanoparticle mass fraction, which entails the lower the NR.
This is due to 7jng/1pr (Fig. 6¢) grows faster than A,7/Apr (Fig. 3¢) with
increasing nanoparticle mass fraction (or decreasing molecular
weight), i.e., the viscosity of the colloidal fluid enlarges greater than
the thermal conductivity when the concentration of nanomaterial is
higher. Subsequently, data in Fig. 10 was correlated by using the
above proposed Eq. 25. The obtained coefficients A and B by means of
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Fig. 10. Nanofluid Ratio as a function of the molecular weight of MgO/n-Ci4
nanostructured fluids at temperatures: 283.15 K (H); 293.15 K (@); 303.15 K (A );

313.15K (W); 323.15K (@ ); and 333.15 K ( «). Linear regression based on Eq. 25 (—).

a least-squares adjustment are summarized in Table 3 along with the
standard deviation and R?. The goodness of this fitting is well-
represented taking into account the coefficient of determination value
(0.98), enclosed in Table 3.

With the aim to validate the reliability of this proposed tool, similar
analysis based on dispersions literature data of Ag/PEG400 [30], TiO,/
H,0 [31] and Al,03/([C;mim][CH3S03]:H,0) at 0.25 H,0 mole fraction
[32,33] are presented in Fig. 11. These three nanofluid sets were
selected taking into account the available and reliable experimental
data in the literature reported by the same laboratory, and to cover a
wide variety of base fluids of different chemical nature.

Accordingly, all these dispersions can be adjusted in a similar way as
previously described for the here reported MgO/n-Cy4 nanofluids. All
isotherms and all studied concentrations fall onto one straight line for
each set. It should be highlighted that two different NR trends against
My can be separated. In fact, Ag/PEG400 and Al,O5/([C;mim][CH3SOs]:
H,0) follows the same trend as MgO/n-Cy4, whereas TiO,/H,0 just the
opposite one, NR always decreasing with increasing nanoadditive mass
fraction for all studied nanostructured fluids. This inverse effect is due to
¢m and M, follow a different trend depending on the relation between
M, and My, according to Eq. 26. Thus, in the cases that fulfil My, > My
(TiO2/H50), ¢rm increases with My while the opposite tendency occurs
for My, < My (MgO/n-Cy4, Ag/PEG400, and Al,05/([Comim][CH3SO5]:
H,0)). Eq. 25 fits also well these opposite linear trends concerning all
analysed literature values (see Table 3), displaying coefficients of
determination better or equal to 0.90 for each nanofluid set. The B
coefficient, that is positive for nanostructured fluids with My, < Mps
while negative for My, > My, indicates the values of NR at molecular
weight equal to 0, so their values are not relevant for any physical
analysis purposes.

Table 3
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Fig. 11. Nanofluid Ratio as a function of the molecular weight of Ag/PEG400 [30]
(shadowed in red), TiO»/H,0 [31] (shadowed in grey), and Al,03/([C;mim][CH5S0s]:
H,0) [32,33] (shadowed in blue), MgO/n-Cq4 (shadowed in green) dispersions at
different temperatures: 283.15 K (M); 293.15 K (@); 303.15 K (A ); 313.15 K (W)
323.15K (€); 333.15 K («); and 343.15 K (). Linear regressions based on Eq. 25
(—). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

The above-mentioned trends for M,,, < My correspond to positive A
values for all those nanofluid sets in Eq. 25. Properly, A negative value
has been obtained for TiO,/H,0, agreeing with M, > My A coefficient
indicates the variation of the NR with My, which is related to the ratio
between the enhancement of the thermal conductivity against the
penalty of the increase of the viscosity, and the variation of this ratio
with nanofluid molecular weight, according to the following equation:

—1 —1
aNR Anf) nnf a <)\nf> nnf
A= _ (R (Thr) B ) (g 27
OM,¢ <)\bf (nbf oM nf | \Asr/ \Tys @7

Therefore, the sign of A coefficient is defined by the variation of the
ratio between Ap/Apr and 1),7/M,r with nanofluid molecular weight, and
the different cases for whole possible nanofluids are enclosed in
Table 4. A can not be null for any nanofluid and negative A values
cannot be also found for those dispersions with M, < My; while
positive A values are neither possible in cases that My, > My, because
the second term in right side of Eq. 27 is always prevalent over the
first one. Absolute A values higher than 1 have been obtained in these
analyses (Table 3), that entails A-enhancements to increase lower
than its corresponding 1-penalty modifications against nanoparticle
mass fractions, as can be observed in Table 4. This behaviour agrees
with the well-known performance of nanostructured fluids in the
literature [30-33,64,65].

Temperature and mass fraction ranges, coefficients A and B, ‘limit’ nanofluid molecular weight, maximum nanoparticle mass fraction, standard deviation, and coefficient of determination
of Eq. 25 for MgO/n-Cy4, Ag/PEG400 [30], TiO2/H>0[31], and ALOs/([|Cmim][CH5S05]:H,0) [32,33] nanofluids.

MgO/n-Ca Ag/PEG400 TiOy/H50 ALOs/([Comim][CH3S05]:H,0)
Trange /K 283.15-333.15 283.15-323.15 293.15-343.15 283.15-333.15
¢m range 0.01-0.10 0.001-0.0114 0.01-0.35 0.01-0.15
A 1.83 + 0.06 1.71 & 0.16 —1.44 + 0.06 4.88 4+ 0.23
B/g mol ! 165.51 380.21 —45.36 668.39
Muso/ 8 mol ! 90.38 221.81 31.53 136.97
bmo 0.31 0.36 0.55 0.39
s/gmol~! 5.4 54 0.68 5.9
R? 0.98 0.90 0.97 0.95

11
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Table 4
Possible scenarios for nanostructured fluids depending on A values from Eq. 25.
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Table 4 also encloses the implications of the other possible scenarios
for |A| < 1. Identical A-enhancements and 1)-penalties involves A coeffi-
cientequal to 1 whereas |A| <1 infers the ideal conditions for nanofluids
from the heat transfer point of view in which increasing concentration
loading causes the thermal conductivity enhancement to grow faster
than the viscosity penalty. As above indicated, these different outlines
also depend on the two possible relations between M, and Myy.

All the analysed nanofluid sets have similar absolute values of A
higher than 1 (Table 3) excepting that obtained for Al,03/([Comim]
[CH3S03]:H,0) nanodispersions. According to the relationship here
proposed, this set would be the less worth as advanced material from
heat transfer application perspectives. This can be due to the chemical
structure of the ionic liquid, IL, that favours the stabilization of nanopar-
ticles within it [32], fostering superior growing of 1,41y, ratio than the
other considered dispersions, that triggers a higher absolute A value.

The x-intercepts in the linear correlations gathered in Figs. 10 and 11
allow to identify a molecular weight for each nanofluid set that may
be associated as a ‘limit' nanofluid molecular weight, My, (or the
corresponding maximum nanoparticle mass fraction, ¢mma). This
point could indicate the hypothetical nanoparticle loading from which
the nanodispersion type behaves as a solid according to this proposed
relationship. In this sense, we must mention that Eq. 25 is only applicable
under the assumption of Newtonian nanofluids throughout the entire
considered nanoparticle mass fraction range. Table 5 sums up these
limit nanofluid molecular weights, Mz and their corresponding
maximum nanoparticle mass fraction, ¢, max for all nanostructured
fluid sets. This parameter could be a practical tool when designing
nanofluids focused on heat transfer applications, offering a possible
estimation of the available nanoparticle mass fraction ranges. Maximum
nanoadditive mass fraction values of 31, 36, 39, and 55 wt% are obtained
for MgO/n-C14, Ag/PEG400, A1203/([C21T111T1][CH3SO3]Hzo), and TlOz/HzO
nanostructured fluids, respectively. Although the highest ¢y, max Value
corresponds to the nanofluid set, TiO,/H,0, with the lowest |A| value, it is
also noteworthy that no relation was revealed between Mo (0r ¢ max)
and the molecular weights of the base fluid and/or the nanomaterial.

The presented analysis constitutes an approach that intend to con-
tribute on the designing of nanodispersions for thermal energy applica-
tions and from their transport properties point of view in particular.
Further developments should be incorporated with the significant sup-
port of theoretical and/or numerical studies.

5. Conclusions

This study encloses a thorough analysis and characterization of the
thermophysical profile of novel nanofluids based on MgO nanoparticles
dispersed within n-Cq4 for their use in cold thermal energy storage
applications under a wide nanoparticle loading and temperature
ranges along with the proposal of a new empirical relationship of the
relevant transport properties of nanofluids to assess their potential
use in heat transfer applications.

Good stability of MgO/n-C;4 nanostructured fluids was reported in
static and shaken conditions during 30 days. The thermal conductivity
enhances with mass fraction up to 17% for MgO/n-C;4 at 10 wt% with
non-temperature dependence of these enhancements. The goodness
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of several models to predict or correlate our experimental data was
checked, obtaining AADs% of 6.1%, 6.0%, and 3.1%, for Maxwell,
Bruggeman, and Xue predictive equations, respectively, Yamada and
Ota correlation showing the lowest AAD%, 0.74%. We found out Newto-
nian behaviour for all studied nanofluids and conditions, MgO nanopar-
ticles leading the fluids to higher viscosities up to 68% at mass fraction of
10 wt%. The density of nanofluids slightly increase with mass fraction up
to 4.5% at 5 wt%, while the isobaric heat capacity experiences a reduc-
tion when increasing the mass fraction of dispersed nanoparticles of
up to 6%. Finally, the thermal diffusivity increases for all studied mass
fractions, up to 13%.

A new relationship was proposed in terms of the balance between the
enhancement of the thermal conductivity and the penalty of the increase
of viscosity for nanodispersions, based on the theories of Andrade, Osida
and Mohanty. The relationship lets describe the mentioned transport
properties for a given nanofluid set, i.e., all isotherms and all concentra-
tions, with a single straight line. The reliability of this proposed relation-
ship has been assessed for MgO/n-C;4 samples as well as for Ag/PEG400,
TiO,/H,0, and Al;05/(|Comim][CH3S05]:H,0) nanofluid sets, obtaining
coefficients of determination higher than 0.90. Similar trends have been
found for all sets excepting TiO,/H,0, this differentiated behaviour
being expected by this new relationship. Contributions from theoretical
and numerical works should be incorporated to complete this first
approach on understanding the enhancing mechanism of nanofluids.
However, the reported results evidences that this proposal offers an
advanced understanding of transport properties of nanofluids with
respect to the stablished literature and an interesting innovative tool to
design new nanostructured fluids for heat transfer applications.
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