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Concentrating solar power (CSP) is considered a clean, renewable and sustainable energy with a signifi-
cant potential to become an alternative to polluting fossil fuel-based technologies. Among CSP collectors,
parabolic-trough collectors (PTC) are the most mature technology, representing nearly 90% of the cur-
rently installed collectors in CSP plants worldwide. In this technology, a heat transfer fluid (HTF) carries
the thermal energy absorbed to a power block to produce electricity. Improving the thermal properties of
the conventional HTF could lead to an improvement of the efficiency of CSP plants. In this sense, the use
of nanofluids as the HTF in these plants can be a promising choice. Here, polycrystalline NiO nanowire-
containing nanofluids have been prepared using the conventional HTF used in CSP plants as the base
fluid; that is, the eutectic and azeotropic mixture of biphenyl (26.5%) and diphenyl oxide (73.5%). The sta-
bility, rheological and thermal properties have been characterized, and an analysis of the performance of
the nanofluids prepared in standard and volumetric absorbers have been carried out. The overall CSP sys-
tem performance can be increased up to 34.8% using the nanofluid in a surface collector or up to 34.3%
using the nanofluid in a volumetric collector, which are better than the predicted 28.5% using the conven-
tional HTF in a standard surface collector, thanks to the improvements in thermal properties, both speci-
fic heat and thermal conductivity. Finally, from molecular dynamics simulations we determined that the
mean free path of thermal vibrations is longer for monocrystalline NiO nanowires. Thus, the development
of strategies for obtaining this kind of nanostructures is of great interest because they can further
improve the efficiency of these nanofluids.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction require sophisticated control strategies and technologies that

increase production costs [3]. Another option is the use of molten

The current social and economic context encourages the devel-
opment and increasing use of renewable energy technologies. In
this paper we pay attention to the concentrating solar power
(CSP) technology [1] based on parabolic-trough collectors (PTC)
[2], i.e., curved mirrors (with a parabola-shaped cross section) that
focus solar radiation on a pipe containing a heat transfer fluid
(HTF) that discharges its energy in a thermodynamic cycle to
obtain electricity. The selection of the HTF in these technologies
is key as it influences the efficiency of the plant and the type of
energy storage device to be attached. There are plants that directly
use steam as the HTF. These are known as Direct Steam Generation
(DSG) systems. They provide higher yields because the HTF can
reach much higher temperatures. The main drawback is that they
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salts, mainly sodium-potassium nitrates. They offer thermophysi-
cal properties and stability that facilitate high yields. However,
these species have high melting points, which means that the mol-
ten salt freezing phenomenon [4] must be avoided, especially
when the plant is not active.

Good et al. have tested the use of pressurized air as HTF, an
option that can be varied by substituting other gases for air. The
main advantages of using pressurized gases are their wide range
of operating temperatures, abundance and environment-friendly
nature. However, this choice needs to overcome major challenges
such as low heat transfer coefficient and high pumping power con-
sumption [5]. Synthetic thermal oils are also commonly used as
HTFs in PTC systems. Syltherm 800, Therminol VP-1 or Dowtherm
A [2,6-10] are some of the most widely known commercial HTFs.
Dowtherm A and Therminol VP-1 are the eutectic and azeotropic
mixture of biphenyl (26.5%) and diphenyl oxide (73.5%), and they
can operate in liquid phase up to 673 K. As they are quasi-
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transparent mixtures, the receiver or absorption tube is dark-
coloured in order to achieve maximum absorption of the solar irra-
diation and a reduction in heat losses.

One way to improve these systems is to replace the HTF with a
nanofluid; i.e., a suspension of nanoparticles in the HTF itself. The
selection of the base fluid is of great importance since the interac-
tion between its molecules, surfactant species and nanoparticles
are key to obtain a nanofluid with good stability and improved
thermal properties (mainly thermal conductivity and specific heat)
or even to obtain coloured nanofluids to avoid the need for dark-
coloured pipes in CSP plants. In our case, the selection of the base
fluid has been conditioned by the idea of having a nanofluid whose
use would minimally alter the working conditions of the CSP-PTC
plants (see Fig. 1). Thus, the use of the eutectic and azeotropic mix-
ture of biphenyl and diphenyl oxide (which is the most widely
used HTF in CSP-PTC plants) as a base fluid is considered.

We decided to add NiO nanoparticles to this base fluid, which
were stabilised with the surfactant Triton X-100. Nanofluids con-
taining NiO nanoparticles are useful in several thermal processes,
for example, their use in base fluids with lubricant function
enhances the ability to resist thermal decomposition [11] and
when used to obtain nanofluids in distilled water, they improve
the energy transfer properties in heat exchangers [12]. NiO
nanofluids have been previously studied, from experimental and
theoretical perspectives, in our own laboratories in systems sta-
bilised with various surfactants in order to be used in PTCs
[13,14]. In all these applications, the nanofluids consisted of NiO
nanoparticles. We now report the research carried out to improve
the absorption of solar energy, as well as its discharge in a system
that employs nanofluids constituted by NiO nanowires dispersed
in the eutectic mixture of biphenyl and diphenyl oxide.

The synthesis of polycrystalline nanowires is straightforward,
low-cost and easy to scale up [15]. We have considered the use
of this species to analyse various working hypotheses: (i) the sus-
pension of NiO nanowires in the eutectic mixture should increase
the thermal conductivity of the HTF, and moreover, if one-
dimensional structures are involved, the morphology should limit
the phonon scattering mechanisms and thus lengthen its mean free
path, which should result in an additional improvement of the
thermal conductivity [16,17]; (ii) obtaining stable nanofluids of
this species should result in a product with a high absorption coef-
ficient that could make the current coating of the pipes of PTC
unnecessary; and (iii) the thermodynamic improvements of the
nanofluid should be reflected in cost reductions both in the pro-
duction system and in the maintenance of the CSP.

The characterisation of the nanowires we have synthetised
shows their polycrystalline character and the presence of a multi-
tude of grain boundaries that affect the enhancement of the ther-
mal conductivity [18]. In this work, we have incorporated a

heat transfer (nano)fluid —
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study based on molecular dynamics (MD) to compare the charac-
teristics of the nanofluid obtained with polycrystalline NiO nano-
wire with those that could have a HTF based on the
monocrystalline one. To the best of our knowledge, no references
are reported on the synthesis of single-crystal NiO nanowires.
Our results support the potential use of NiO polycrystalline nano-
wires in CSP based on PTC and encourage the development of new
strategies to address the synthesis of NiO monocrystalline
nanowires.

2. Methodology

2.1. Synthesis and characterisation of NiO nanowires

Reagents. Nickel (II) chloride (NiCl,, purity > 99.9%), sodium
oxalate (NaC;04, purity > 99.99%), were supplied by Sigma-
Aldrich. Ethylene glycol (purity < 99.50%), ethanol (purity > 99.8%)
were supplied by Honeywell Riedel-de Haén.

Synthesis of NiO nanowires. The hydrothermal synthesis proce-
dure reported by Dang et al. [15] was carried out for the obtention
of NiO nanowires. First, 3.65 mmol of NiCl, were dissolved into a
1:2 mixture of deionised water and ethylene glycol. Then,
0.91 mmol of Na,C,04 were added, and the mixture was kept
under vigorous stirring for 1 h. After that, the solution was trans-
ferred into a Teflon-lined stainless-steel autoclave, and it was
heated up to 473 K for 24 h. The product was rinsed three times
with both deionised water and ethanol by centrifugation
(10000 rpm, 15 min). The product was dried at room temperature
for up to 48 h and then annealed at 773 K for 2 h.

Characterisation of NiO nanowires. The morphology and crys-
talline structure of the as-prepared NiO nanowires, as well as the
oxidation state of Ni, were characterised. Morphology was deter-
mined by transmission electron microscopy (TEM) using an FEI
(Hillsboro, Oregon, US) Talos F200X microscope. The existing crys-
talline phases were determined by X-ray diffraction (XRD) using a
Bruker (Billerica, Massachusetts, US) D8 Advanced A25 DaVinci
diffractometer, with monochromatic Cu K, (8.04 keV) radiation
operated at 40 kV and 40 mA. The scan ranges 20 from 10° to
75°, with a resolution of 0.02°. The chemical state bonding and
the oxidation state was analysed by X-ray photoelectron spec-
troscopy (XPS) using a Kratos Analytical Ltd. (Manchester, UK) Axis
UltraDLD spectrometer, with monochromatic Al K, radiation
(1.49 keV) and 20 eV pass energy. The binding energy scale was
given with an accuracy of 0.1 eV. Electrostatic charging effects
were stabilised. Finally, Fourier-transform infrared (FTIR) spec-
troscopy, with a Bruker (Billerica, Massachusetts, US) Tensor37
spectrometer, was used to verify the obtention of NiO nanowires
and the existence of absorbed species on its surface. The spectra
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Fig. 1. Scheme of a CSP-PTC plant, highlighting the role of nanofluids in it.
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were recorded from 400 cm~' to 4000 cm~! with a resolution of
2cm .

2.2. Preparation and characterisation of NiO nanowire-containing
nanofluids

Reagents. The eutectic and azeotropic mixture of biphenyl (BP,
Ci2Hqo, 26.5%) and diphenyl oxide (DPO, C;,H;00, 73.5%), Dow-
therm A, was supplied by The Dow Chemical Company. Triton X-
100 (TX-100, surfactant for automatical analysis) was supplied by
PanReac AppliChem.

Preparation of nanofluids. NiO nanowire-containing nanofluids
were prepared by sonication of the synthesised solid in the host
fluid. The host fluid was a 1 wt% TX-100 solution in the base fluid
(the mixture of BP and DPO). An initial nanofluid was prepared
using 100 ml of the host fluid and the required amount of NiO
nanowires to obtain a nanofluid with a mass fraction of NiO equal
to 0.01 wt%. The mixture was sonicated using a Sonics & Materials
(Newtown, Connecticut, US) Vibra Cell VCX 750 with a 13 mm non-
replaceable tip probe at 50% amplitude for 4 h with a 2:4 s on:off
pulsation, in a thermostatic bath at 293 K to prevent overheating.
After that, aliquots were taken from the stock nanofluid to prepare
nanofluids with mass fractions of NiO equal to 0.001 wt% and
0.0001 wt% by addition of host fluid up to 100 ml. Dilutions were
sonicated using a PH30 ultrasonic bath supplied by Elmasonic (Sin-
gen, Germany), at 80 kHz for 15 min.

Characterisation of nanofluids. The colloidal stability of the
nanofluid samples was first analysed. The time evolutions of the
particle size and the {-potential were studied using the dynamic
light scattering (DLS) and the phase analysis light scattering (M3-
PALS) techniques, respectively. Both the particle size and the (-
potential were measured using a Zetasizer Nano ZS system sup-
plied by Malvern Instruments Ltd (Malvern, UK). The aggregation
rate was simultaneously analysed using UV-visible spectroscopy.
Changes in the extinction coefficient at A = 500 nm were registered
using the OceanOptics (Duiven, The Netherlands) DH2000-Bal
halogen lamp and the USB-2000 + spectrometer. All measurements
were performed in triplicate, on a daily basis, for 30 days. An addi-
tional measurement was performed 200 days after preparation for
the assessment of long-term stability.

The applicability of the nanofluid samples as HTFs was also
investigated. This is typically done on the basis of a figure-of-
merit that is proportional to the heat transfer coefficient,

a HbC
h o S22,
Cp is the isobaric specific heat, u is the dynamic viscosity and ¢
the surface tension. The a, b, ¢, d and e exponents are empirical
or theoretical constants depending on the geometrical and bound-
ary conditions defined for the application. The exponent e is O for
convection when phase change does not occur, as is the case under
study in this work. Therefore, we measured the other four proper-
ties of interest of the base fluid and the three nanofluid samples
prepared. Density was measured by temperature-controlled pyc-
nometry at 298 K, using a Mettler Toledo (Greifensee, Switzerland)
AE 200 analytical balance for the entire gravimetric procedure.
Dynamic viscosity was measured using the Discovery HR-10
rheometer supplied by TA Instruments (Milford, Massachusetts,
US) with a concentric-cylinder geometry (Biotor = 14.0 mm,
OBcyp = 15.2 mm) under steady-state shear rate-controlled condi-
tions. Measurements were performed for shear rates between
1s'and 100 s~!. Temperature was controlled with an electrically
heated concentric jacket. Isobaric specific heat was measured by
temperature-modulated differential scanning calorimetry (TM-
DSC), using the calorimeter supplied by Netszch (Selb, Germany),
model DSC 214 Polyma. The standard calibration procedure and

where x is the thermal conductivity, p is the density,
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the temperature program for characterisation have been previ-
ously reported [19]. Thermal conductivity was measured by means
of the transient hot-bridge (THB-100) technique, whose equipment
was supplied by Linseis (Selb, Germany). Nanofluid samples were
contained in cylindrical glass vials (up to 2.5 ml) in individually
jacketed vessels in an IKA (Oxford, UK) DB 5.2 dry block heater.
Dynamic viscosity, specific heat and thermal conductivity values
were determined at 298 K, 323 K, 348 K and 373 K.

2.3. Molecular dynamics of NiO nanowire-containing nanofluids

A multiple-model comparison at the MD level-of-theory is the
strategy of choice for the study of the effect of crystallinity on
the thermal conductivity of nanofluids with NiO nanowires. A total
of three different MD models are implicated, one for the base fluid
and two for the nanofluid, each with a different structure for NiO
nanowires, representing monocrystalline and polycrystalline
structures. These representations are compared in Fig. 2. The base
fluid model consists of 265 BP molecules and 735 DPO molecules
(preserving the eutectic and azeotropic proportion) randomly dis-
tributed in the simulation box. A total of at least 1000 molecules in
the simulation cell was verified to satisfy the thermodynamic limit
condition. The Optimised Potential for Liquid Simulation - All
Atom (OPLS-AA) force field [20,21] with parameters from LigPar-
Gen [22-24] was considered for bonding and non-bonding interac-
tions between atoms in the base fluid. The nanofluid models
consists of 1232 randomly distributed base fluid molecules (also
in eutectic and azeotropic proportion) embedding a single nano-
wire. The monocrystalline nanowire consists of a single-crystal
ffc NiO structure with its longitudinal axis developed along the
[100] direction, whereas the polycrystalline nanowire consists of
a group of eight fcc NiO cuboctahedra linearly connected by
(100) facets. A semi-ionic approach was considered for the simu-
lation of this metal oxide structures, which is not unprecedent
[25], including a Morse potential for covalent contributions
between directly neighbouring Ni—O atoms [26-29], and the Cou-
lomb and Lennard-Jones potentials for electrostatic and van der
Waals contributions between all others [30]. The Lorentz-
Berthelot combining rules are used to parametrise the Lennard-
Jones potential for pairwise interactions between odd atoms,
including those at the solid-liquid interface. All atoms are explic-
itly included (no dummy atoms are used).

The Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) [31-33] is the classical MD code of choice. All models
were created with Moltemplate [34,35], a molecular builder for
LAMMPS. Periodic boundary conditions are imposed in the system.
The Verlet integration scheme [36] is used with a timestep of 1 fs.
Velocities are rescaled with the Nosé-Hoover thermostat and baro-
stat algorithms [37-40]. Lennard-Jones pairwise interactions are

Fig. 2. Monocrystalline (a) and polycrystalline (b) representations of NiO nano-
wires for MD simulations. These images have been rendered using the actual
structures of each nanowire at a given instant of their MD trajectory.
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limited to a cut-off distance of 10 A. The particle-particle particle-
mesh (PPPM) summation method was applied to compute long-
range electrostatics. A typical MD run requires (i) 0.2 ns in NVE
(constant energy, constant volume) for relaxation, (ii) 0.5 ns in
NVT (constant temperature, constant volume) for isothermal equi-
libration, (iii) 2.0 ns in NPT (constant temperature, constant pres-
sure) for isobaric-isothermal equilibration and (iv) 5 ns in NVT
for the computation the Green-Kubo thermal conductivity
[41,42]. Different runs were carried out with this scheme, at
298 K, 323 K, 348 K and 373 K and 1 atm.

3. Results and discussion
3.1. Characterisation of NiO nanowires

The morphology and nominal particle size of the synthesised
NiO nanowires were studied by TEM. The formation of the desired
1D nanostructures is confirmed in view of TEM images in Fig. 2a
and 2b. The nominal length of nanowires is determined not to be
uniform, as it falls within a range between 600 mm and
1700 nm. The nominal diameter, on the contrary, is similar for
all nanowires under observation, and is determined to be about
45 nm on average. It is remarkable, as it can be better seen in
Fig. 3b, that nanowires are polycrystalline. They are formed by
groups of sintered NiO grains with an average size of about
14 nm. Such architecture is likely a consequence of the formation
of NiO crystals with thermodynamically favoured shapes (octahe-
dra, cuboctahedra and cubes) under high temperature conditions,
as it happens to be case when the nickel oxalate precursor is calci-
nated at 773 K to form NiO nanowires.

Fig. 3c shows the diffraction pattern of the as-synthesised NiO
nanowires in powder form. Diffraction peaks are observed at 26
equal to 37.1°,43.1°, 62.7°, which can be assigned to the diffraction
of the (111),(200), and (220) planes, respectively. It matches the

@ zmm (®)
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reference for NiO cubic phase (JCPDS No. 47-1049) [43]. The pat-
terns do not show evidences of any other crystalline phase of
NiO or other species. The average crystallite size of the NiO
nanoparticles was estimated to be 15 nm using the Debye-
Scherrer equation [44], with a shape factor equal to 0.94 and full
width at half maximum (FWHM) of the most intense peak, i.e.
the reflection of (200) planes. This result is in good agreement
with the average diameter estimated from the TEM images. The
relative intensity of the peaks associated to the diffraction of
(111) and (200) planes suggests a predominant presence of these
facets on NiO grains, which is associated to the aforementioned
formation of thermodynamically favoured shapes.

The chemical state bonding and the oxidation state of the NiO
nanowires were analysed by XPS. The peak assignation is refer-
enced to the signal of adventitious C 1 s at 284.8 eV. Fig. 3e shows
the Ni 2p signal. We can observe two peaks at binding energies of
873.2 eV and 856.5 eV, which can be assigned to Ni 2p;;; and Ni
2ps)2, respectively. This large split between the spin-orbit compo-
nents is unique for this element. We can observe a multiple-split
for Ni 2p32, which is a typical feature of Ni(II) in NiO, and two high
intensity satellites for the two Ni 2p contributions, which are also
unique for Ni(Il) [45]. Fig. 3d shows the O1s signal. Two peaks are
observed: the most intense at a binding energy of 530.1 eV is
attributed to the octahedral bond of Ni-O [46], and the peak at a
binding energy of 531.8 eV is associated with adsorbed species
on the surface of NiO.

FTIR spectrum of the as-prepared NiO nanowires, in powder
form, was recorded for confirming the formation of NiO and to
analyse the presence of functional groups adsorbed onto surface
of NiO. Fig. 3f shows the FTIR spectra for the synthesised sample
and a commercial NiO sample for comparison purposes. The FTIR
spectrum of the synthesised sample shows peaks at 644 cm !,
566 cm~! and 526 cm™!, which are assigned to stretching vibra-
tions of Ni-O [47]. The broad band around 3600-3400 cm~' and
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Fig. 3. TEM images (a,b); XRD pattern (c) obtained after annealing process at 500 °C; high-resolution XP spectra for O 1 s (d), and Ni 2p (e) regions; and FTIR spectrum for the
NiO nanowires synthesised, and of commercial NiO including for comparison purposes (f).
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the one at 1629 cm™! are assigned to O—H stretching vibrations
and H—O—H bending vibrations, respectively [48,49]. In addition,
several bands are observed in the 1300-1500 cm ! region, which
are related to adsorbed species, such as carbonates or water. Partic-
ularly, the bands at 1467 cm™! and 1344 cm™! are related to
stretching modes of carbonates [50]. Despite the presence these
adsorbed species, FTIR spectra confirm NiO nanowires have been
successfully produced.

3.2. Colloidal stability of NiO nanowire-containing nanofluids

The as-prepared NiO nanowires were dispersed in the base fluid
by sonication, as it was described above. Nanofluids (and colloids,
in general) are systems in which the nanomaterial in suspension
tends to aggregate, due to attractive forces and, sediment. This is
a handicap for its application as HTF, because if the disperse phase
collapses, the enhancement in thermal properties is lost. Therefore,
the assessment of colloidal stability is a central before evaluating
the thermal performance of nanofluids. Here, we will use semi-
quantitative evaluation methods to analyse colloidal stability.
The particle size was measured in order to determine the tendency
of the nanowires to agglomerate. {-potential was also measured, as
it can be related to the kinetic stability due to repulsion between
adjacent particles in suspension [51]. Both variables were mea-
sured for more than 6 months after preparation, as shown in
Fig. 4. Each point and error bar represent the average and the stan-
dard deviation of the daily record. The relative standard deviation
in the measurement of particle size and {-potential were deter-
mined to be better than 2.5% and 7.5%, respectively. The precision
of these measurements is exceptionally compromised at some
points for well-known reasons: (i) the limited applicability of these

(a)
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techniques (based on the Stoke-Einstein and the Einstein-
Smoluchowski equations, respectively) to dispersions of non-
spherical particles; (ii) the eventuality of a highly dynamic under-
going aggregation process; and (iii) the need, in the particular case
of the {-potential, of high voltages to induce electrophoretic mobil-
ity of particles in a dispersant phase of very low dielectric constant.
For the above stated reasons, the following analysis is considered
to be semi-quantitative only.

Fig. 4a shows the particle size of the prepared nanofluids as a
function of time. The average particle size as of the day of prepara-
tion was determined to be within 235-255 nm, and it gradually
increased during the first two weeks after that moment, remaining
stable thereafter. The most concentrated nanofluid samples, with
NiO contents of 0.01 wt% and 0.001 wt%, reached average particle
sizes of 320-340 nm, whereas the sample with a NiO content of
0.0001 wt% reached an average particle size of 290 nm. These val-
ues seem not to be change for the rest of the characterisation win-
dow, which indicates that the suspension is very stable over time.
Particle size remains the same for more than 6 months after of
preparation of nanofluids.

The measured (-potential values for the same samples are
shown in Fig. 4b. High {-potential values indicate a high repulsion
potential between structures, making aggregation difficult and
consequently producing a stable colloidal system [52]. It is pre-
cisely during the first two weeks after preparation that the (-
potential values oscillate more as a consequence of the undergoing
aggregation process. Thereafter, {-potential values show less vari-
ability, indicating that it is from that moment when the nanofluids
are stable. These results are in good agreement with the average
particle size measurements shown in Fig. 4a.

(b)
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Fig. 4. Particle size (a), {-potential (b), and extinction values (c) measured for the nanofluid samples prepared, as a function of time.
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The nanofluids were simultaneously monitored by means of
UV-visible spectroscopy, as the spectral extinction coefficient is
also a good indicator for colloidal stability [53]. Absorbed and scat-
tered radiation is directly proportional to the species in suspen-
sion, so that time invariant values of the spectral extinction
coefficient indicate good stability. Fig. 4c shows the extinction
coefficient at a wavelength of 500 nm for the three nanofluids. A
slight decrease in the extinction coefficient values is also observed
during the first two weeks after preparation, and it remains stable
onwards. Such a decrease is attributed to the aggregation of nano-
wires, as shown by the results obtained from particle size and -
potential measurements.

3.3. Thermal and rheological properties of NiO nanowire-containing
nanofluids

Density was measured by pycnometry at 298 K. Five measure-
ments were performed for each sample. The average results are
reported in Table 1. The measured value for the base fluid is
1055.7 kg-m~> at 298 K, matching the value provided the supplier
at the same temperature [54] and thus proving the accuracy of the
measurements. The relative standard deviation of the measure-
ments is better than 1.0%. An increase in the density values was
found for all nanofluid samples, with respect to the base fluid,
due to the higher density of the NiO. The largest increase was
determined to be 2.5%, for the nanofluid with the highest weight
fraction of NiO nanowires. Such increase is sufficiently small to
consider that density will not play a key role on heat transfer
enhancement or affect pumping requirements. The volume frac-
tions of the samples were estimated from density values as

¢(vol.%) = 100A - Kp”f - pbf)/(pnp - pbf)], where the subscripts
nf, bf and np stand for the nanofluid, the base fluid and the nano-
material (p,, = 6670 kg m~3), respectively. The volume fractions
are also shown in Table 1. The volume fraction serves as indicators
for the effective concentration of NiO nanowires in the nanofluid
samples by the end of the colloidal stability characterisation.

The rheometric behaviour of the nanofluids prepared was anal-
ysed from the measurements of apparent viscosity as a function of
the shear rate. Fig. 5a shows rheological profiles of each sample for
the whole shear rate range under study. It is determined that the
reliable range for measurement [55] for these samples in our rota-
tional rheometer with a concentric cylinder geometry is within 5-
25 s~1, At higher shear rates, the flow regime transitions from lam-
inar to turbulent, which compromises the quality of the measure-
ment by introducing an additional bearing friction. This artificially
increases the apparent viscosity. A clear turbulent flow regime
exists for shear rates over 100 s!, with sample ejection events.
Rheological behaviour in the reliable range is clearly Newtonian.
Fig. 5b shows the measured (range-averaged) dynamic viscosity
values of the samples as function of temperature. The measured
value for the base fluid is 3.59 mPa-s at 298 K, while the value pro-
vided by the supplier is 3.64 mPa-s at the same temperature [54].
The relative difference is 1.4%, which demonstrates the accuracy
of the measurements. The relative standard deviation of the mea-
surements is better than 1.8%. In addition, we can observe an expo-
nentially decreasing viscosity for increasing temperatures, as it is

Table 1

Density values and volume fraction for the base fluid and the nanofluids prepared.
Sample p | kgm™ ¢ | vol.%
Base fluid 1055.7 £ 1.1 -
NiO 0.0001 wt% 1057.2 + 3.0 0.027
NiO 0.001 wt% 1068.6 + 4.6 0.230
NiO 0.01 wt% 1082.2+7.6 0.472
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expected according to the trend reported by the supplier in the
technical datasheet of the Dowtherm A HTF. Also, a slight increase
in viscosity is observed in nanofluids compared to base fluid, up to
3.3%. Changes in viscosity with respect to the base fluid have been
previously reported to be due to nanomaterial-fluid and
nanomaterial-nanomaterial interactions and the eventual forma-
tion of aggregates in suspension [56]. Given the fact the samples
under study have a very low NiO nanowire content, and the fact
the no large aggregates are formed according to the stability anal-
ysis, it is reasonable to measure such small change in viscosity.
This increase can be considered negligible, so that no rheological
penalty should be expected for neither heat transfer nor pumping
requirements. Thus, no negative impact is expected on the perfor-
mance of CSP-PTC systems if using these nanofluids.

Regarding thermal properties of the nanofluids, Fig. 6a shows
the values of the isobaric specific heat of the nanofluids prepared
in function of the volume fraction and temperature. The measured
value for the base fluid is 1.614 kJ-kg "K' at 298 K, while the
value provided the supplier is 1.587 kJ-kg~'-K~! at the same tem-
perature [54]. The relative difference is 1.7%, which demonstrates
the accuracy of the measurements. The relative standard deviation
of the measurements is better than 2.0%. We can observe a
decrease of the isobaric specific heat for the lowest concentrated
nanofluid with respect to the base fluid. Typically, solids have
lower isobaric specific heat values than liquids, so nanofluids are
typically expected to have lower values than the corresponding
base fluid [57,58]. On the other hand, isobaric specific heat does
not follow a linear trend as a function of the volume fraction of
NiO, as it is observed in Fig. 6a. A relative maximum is found at
the intermediate concentration, at all temperatures studied. This
behaviour is not explained by the typical models considering
nanofluids as a binary system, but the presence of a unique
solid-liquid interface can explain these values, as reported by
Hentschke [59]. This phenomenological model proposes, as it is
supported by previous observations [60-62], that the existence
of a physically or chemically adsorbed layer of base fluid molecules
on the nanostructure surface is responsible of the enhancement in
specific heat, due to the new interactions at the interface. As the
volume fraction increases, the interfaces of adjacent nanostruc-
tures overlap, and such situation imposes a long-range structural
ordering on base fluid molecules, forming a solid-like network of
lower specific heat. The observation of such a unique behaviour
in the NiO nanowire-containing nanofluids here reported is indi-
rect evidence of the formation of some kind of ordered layer at
the interface of these nanofluid. The model is, as previously men-
tioned, phenomenological, but it has raised the opportunity to
study this issue of nanofluids by means of molecular simulations
techniques [19,63-65].

In addition, Fig. 6b shows the values of thermal conductivity
measured for the base fluid and all nanofluid samples. The mea-
sured value for the base fluid is 0.107 W-m~1.K~! at 373 K, while
the value provided the supplier is 0.126 W-m .K~! at the same
temperature [54]. The relative difference is 15%, which demon-
strates the accuracy of the measurements. The relative standard
deviation of the measurements is better than 6.9% in all cases,
and better than 3.5% below 373 K. The effect of natural convection
in samples increases the uncertainty of the measurement, which is
a known issue of the THB technique [66]. The measured values for
the base fluid decrease for increasing temperatures, which is con-
sistent with the values reported by the supplier in its technical
datasheet. A change in the trend of the values with temperature
is observed for the nanofluids with respect to the base fluid, which
has been previously reported for nanofluids prepared using this
base fluid [67]. Thermal conductivity of these nanofluids is found
to be higher than that of the base fluid over the entire temperature
range. The highest increase to be reported is about 100% at 348 K.
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However, we determined that the THB technique has no sufficient
precision to measure a change in thermal conductivity within the
range of volume fractions under study. In other words, all three
samples are indistinguishable in terms of thermal conductivity,
as the thermal conductivity difference between them is no dis-
cernible from the experimental uncertainty, but it is clearly
observed tht thermal conductivity of these nanofluidos was found
to be significantly higher than that of the base fluid.

3.4. Performance of 0.472 vol% NiO nanowire-containing nanofluids as
heat transfer fluid and volumetric absorber

The previously presented experimental results are indicative of
the applicability of NiO nanowire-containing nanofluid samples to
be used as (i) volumetric absorbers, because the dispersion of this
nanomaterial in concentrations 0.472 vol% or above is sufficient to
promote, by scattering mainly, visible light extinction, and also as
(ii) heat transfer fluids, since lower specific heat and significant
thermal conductivity enhancements, with very much no change
in the rheological profile of the fluid, are found for the same con-
centration. It all constitutes a set of characteristics that should be
assessed at once, by means of existing numerical models, to objec-
tively determine the performance of this nanofluid sample.

In this section we raise a discussion about the design demands
for surface and volumetric parabolic-trough collectors in CSP
plants, so that the heat transfer fluid (either the typical base fluid
or the 0.472 vol% NiO nanofluid) achieves the maximum operating
temperature (which is Tp,x = 673 K, for the stability of the
Dowtherm A fluid not to be compromised) as it flows through
the solar field. The discussion is built on the basis of the expected

outlet temperatures for the heat transfer fluid, Ty, as a function of
the total collector length, L, as plotted in Fig. 7a. The values of Ty
for both collector types can be estimated using the numerical mod-
els proposed by Bellos and Tzivadinis [68] and O’Keeffe et al. [69].
The expressions provided in the original papers (which will be
included in the Supplementary Material) are nearly analytical solu-
tions to a steady-state one-dimensional heat transfer problem
under turbulent flow regime. Such expressions can be used with
no computational cost and parametrised using the optical charac-
teristics, dimensions and flow rate of actual collectors [70-72], and
the density, dynamic viscosity, specific heat and thermal conduc-
tivity values extrapolated (to any temperatures beyond the opera-
tional limit of the characterisation tools) from fitting functions to
the experimental datasets reported in this work.

Fig. 7a allows to easily identify the required L for each case to
fulfil the T,y = Tmax condition. For the case of a standard surface
parabolic-trough collector with either the Dowtherm A heat trans-
fer fluid (solid line) or the 0.472 vol% NiO nanowire nanofluid
(dashed line), the To, = 673 K is met at L = 270 m. For the case
of a volumetric parabolic-trough collector with the 0.472 vol%
NiO nanowire nanofluid (double dot-dashed line) the
Tout = 673 K is met at L = 280 m. That is equivalent to installing
an additional parabolic-trough module from the solar field, which
has a directly associated increase in installation costs, although the
use of a volumetric collector for direct absorption of sunlight by
the nanofluid avoids surface overheating and prevents thermal
stress of the receiver and degradation of the absorbing coating,
whose lifespan decays exponentially with temperature [73], and
that is ultimately translated into a reduction of maintenance costs
and a longer life cycle for the plant. No comments are amended to
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the case of volumetric parabolic-trough collector with the Dow-
therm A heat transfer fluid (dotted line), as it is clearly unpractical.
Except for the latter, the collector efficiencies, Wprc, which can also
be calculated as proposed by Bellos and Tzivadinis [68] and
O’Keeffe et al. [69], are found to be very similar in all other cases,
with marginal differences below 1%, as shown in Fig. 7b.

As the heat transfer fluid exits the solar field it enters a heat
exchanger that takes part into a Rankine vapor cycle. The change
in the physical properties of the heat transfer fluid upon dispersion
of the nanomaterial also affects the effectiveness of the heat
exchanger, Wyx, which we have estimated using the number of
transfer units (NTU) method (details are provided in the Supple-
mentary Material) and plotted in Fig. 7b. Here, a higher thermal
conductivity implies a higher heat transfer rate per unit tempera-
ture, and lower specific heat implies a higher NTU for that given
heat transfer rate. Such situation is indeed achieved when the
0.472 vol% NiO nanowire nanofluid is considered to be used as heat
transfer fluid (Wux s = 46.9%) over the typical base fluid
(Whx bf = 38.5%). This sample, among those under study, provides
the lowest specific heat with a negligible small increase in density.
More research is needed to evaluate if specific heat could be fur-
ther decreased by increasing the NiO content in these nanofluids
without compromising stability.

As a result, the overall CSP system performance,
Wesp = WprcA - Wi, as it is shown in Fig. 7b too, can be increased
up to 34.8% using the nanofluid in a surface collector or up to
34.3% using the nanofluid in a volumetric collector, which are better
than the predicted 28.5% using the Dowtherm A fluid in a standard
surface collector. The findings from this assessment should be taken
as quantitatively rough but qualitatively significant estimates, and
that allows us to safely conclude that the use of NiO nanowires as
disperse phase for nanofluids with application not only as heat
transfer fluids but also as volumetric absorbers for CSP plants.

3.5. Influence of NiO nanowire crystallinity on the thermal
conductivity of nanofluids

The choice of NiO nanowires as a disperse solid phase for
nanofluids with application in CSP is not arbitrary but strengthen
by a number of reasons. First, NiO has excellent chemical inertia

and resistance to thermal degradation, and a bulk thermal conduc-
tivity larger than that of the base fluid. Second, the fact that nano-
wires are, ideally, 1D nanostructured materials, in the sense that
only one of his dimensions is not restricted to the nano-scale,
which limits the number of phonon-phonon scattering events.
That is ultimately translated into longer phonon mean free paths
and much higher thermal conductivity than the bulk, as it has been
previously discuss by Moreland et al. [17] and Henry et al. [16].
Third and last, this product can be synthesised by a low-cost,
straightforward, fast and scalable hydrothermal method, which is
the trick of the trade in the formulation of nanofluid for industrial
applications like CSP. However, such synthesis method produces
polycrystalline NiO nanowires only. The crystallinity of materials,
just like their dimensionality, is a key factor on determining is
thermal conductivity, as grain boundaries promote phonon scat-
tering and limit heat conduction [18]. The following analysis at
the MD level-of-theory aims to assess whether the use of
monocrystalline rather than polycrystalline NiO nanowires could
further enhance the thermal conductivity of nanofluids upon dis-
persion, so that the design and optimisation of alternative syn-
thetic schemes can be approached in future studies, without
compromising the cost-efficiency of the application.

Fig. 8a compares the Green-Kubo thermal conductivity values
from all models under study, and evidences that, even if the ther-
mal conductivity of both nanofluid models are much higher than
that of the base fluid, the enhancement is notably larger with a
monocrystalline NiO nanowire than with a polycrystalline one.
This comparison is intended for qualitative purposes only, as the
calculated magnitudes are overestimated by the use of a size-
limited simulation cell with an enormous mass fraction of solid,
and the lack an ad hoc functional of classic potentials for the calcu-
lation of thermal conductivity in this particular system. This result
is still sufficient to encourage the shaping and sharpening of new
and existing synthetic schemes for the production of monocrys-
talline NiO nanowires, as it proves that there is room for further
improvement in the thermal conductivity of heat transfer
nanofluids.

From a more fundamental perspective, the difference in the
Green-Kubo thermal conductivity between nanofluid models with
monocrystalline or polycrystalline nanowires is the result of
unequal energy transfer process through these models.
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Information about this process can be derived from the heat flux

vector auto-correlation function, (T(O)A : T(t)). whose integral is
directly proportional to thermal conductivity, k, as given by the
following Green-Kubo relation.

v .. bt o =
K:—llm/ 0)A- J (t))dt 1
oz lm [ (AT M

where kg is the Boltzmann'’s constant, and T and V are, respec-
tively, the temperature and volume of the simulation cell at equi-

librium. In Fig. 8b we compare the <T(O)A . T(t)) functions of all

three models at each temperature. The <T(O)A - T(t)) function fea-
tures, in all systems, oscillations with frequencies within 10'3-
10 Hz due to vibrations of C—H, C—C and C—O bonding interac-
tions in base fluid molecules. These oscillations are interpreted as
the energy back-and-forth transfer through the system, and their
amplitude is damped over time as heat dissipates in the fluid.
Damping is critical in the base fluid model but mild in nanofluid
models, which means heat is dissipated faster in the base fluid
model than in nanofluid models. The long-lasting oscillations in

the (T(O)A . T(t)) functions of nanofluid models suggests the pres-
ence of a NiO nanowire increases the mean free-path of thermal
vibrations in the system, even more in presence of a monocrys-
talline nanowire than in presence of a polycrystalline one, as grain
boundaries reduce the mean free-path of thermal vibrations. As
temperature increases within the 298-373 K range, so does the

time it requires for (T(O)AAT(t)) to decay to zero. Numerically,

the longer it takes for the <T(O)A . T(t)) function to decay to zero,
the longer it takes for its integral to saturate, which results into a
higher thermal conductivity. It all strengthens the former state-
ment for future approaches for the production of monocrystalline
NiO nanowires to be used in heat transfer nanofluids.

4. Conclusions

In this work polycrystalline NiO nanowires-based nanofluids
have been prepared using the conventional HTF used in CSP plants
as the base fluid. The stability, rheological and thermal properties
have been characterised, and an analysis of the performance of
the nanofluids prepared in conventional and volumetric absorbers
have been performed.

NiO nanowires were synthesised and characterised. From TEM,
XRD and XPS, the synthesis of polycrystalline NiO nanowires was

confirmed. Nanofluids were prepared using three concentrations
of NiO nanowires. The stability of the colloidal suspension was
studied by means of particle size, {-potential and extinction coeffi-
cients measurements. These properties were measured for one
month, and measurements after 200 days were performed for ana-
lysing the long-term stability. We observe nanofluids reached a
good stability several days after preparation. The stable nanofluids
were characterised in the properties of interest, that is density,
rheological properties, specific heat and thermal conductivity.
Density was found to be increased by 2.4%. Also, a slight increase
in dynamic viscosity was obtained, up to 3.3%. A Newtonian beha-
viour was also observed for the nanofluids prepared in the shear
range studied. Regarding thermal properties, a significant increase
in thermal conductivity was found, reaching a maximum at about
100%, which is a very remarkable value. The values of these prop-
erties were used for analysing the performance of the most con-
centrated nanofluid used as HTF in surface and volumetric
absorbers. The overall CSP system performance can be increased
up to 34.8% using the nanofluid in a surface collector or up to
34.3% using the nanofluid in a volumetric collector, which are bet-
ter than the predicted 28.5% using the conventional fluid in a stan-
dard surface collector. These findings allow us to safely conclude
that the use of NiO nanowires as disperse phase for nanofluids,
with application not only as heat transfer fluids but also as volu-
metric absorbers, would represent a substantial increase in its per-
formance in CSP plants.

Finally, using molecular dynamics simulations, the effect of the
crystallinity of the NiO nanowires in the overall thermal conductiv-
ity of nanofluids was studied. We found that the mean free path of
thermal vibrations is longer for monocrystalline NiO nanowires.
Thus, the development of strategies for obtaining this kind of
nanostructures is of great interest because they can further
improve the efficiency of these nanofluids.
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