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High specific heat capacity or Cp of molten salt is crucial for concentrated solar power plants as it will
enhance the energy density of thermal energy storage. It can be achieved by doping nanoparticles into
molten salts. However, reported results show inconsistency in Cp enhancement (positive and negative).
Since the results are based on Differential Scanning Calorimeter (DSC) measurements of small batches
(<10 mg), the average Cp obtained from these results may not represent the bulk-Cp of the
nanocomposite, which is an important parameter from an application viewpoint. Moreover, the methods
of salt-nanoparticle composite production lack industrial scalability. In this work, we examined
a potentially scalable method based on mechanical shear mixing. The molten-salt of choice was HITEC
due to its lower melting point, while inexpensive alumina and silica nanoparticles were used as dopants.
To compare and contrast variability in Cp enhancement, the sample selection was made by random
sampling; DSC measurement was performed on small-sized batches (<10 mg), and the T-history method
was applied on large-sized batches (20 g). While DSC tests indicated a mean decrease in Cp for alumina
(—43%) and an increase in Cp for silica nanocomposite (+15%), T-history tests indicated a mean

, 4 20th N ber 2022 decrement in the bulk-Cp for both alumina (—49%) and silica nanocomposites (—3%). This anomalous
eceive th November _ ) ’ . .
Accepted Sth February 2023 behavior in Cp values was further compared using a nonparametric statistical test, the Mann-Whitney U

test, which revealed that the Cp of small-sized batches is statistically different from that of large-sized
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1. Introduction

Limited fossil fuel reserves will pose a significant challenge to
future electricity demand. This can be evaded by improving
alternative renewable electric generation technologies.' In this
regard, concentrated solar power technology plays an essential
role as solar energy is abundant. However, solar energy is
intermittent owing to day-night, seasonal, and weather fluctu-
ations, necessitating the installation of thermal energy storage
in concentrated solar plants (CSP). This storage generally
utilizes molten salt as the storage medium because it is stable at
higher temperatures (~600 °C).”> During the peak available
hours, excess solar energy is collected in the storage (in the form
of the sensible heat of molten salts) and consumed during off-
hours. Nevertheless, both the material and operational costs of
the molten salts are very high.® In order to deal with this
problem, attempts are being made to enhance the energy
density of the storage by increasing the specific heat capacity of
molten salts.
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batches. Given their industrial scale of usage, the Cp of the nanocomposite must be measured using
both DSC and T-history methods to ascertain the effect of nanoparticles.

For the past decade, researchers have focused on improving
the Cp of molten salt by doping various nanoparticles (NP),
usually <3 wt%.** creating a nanocomposite or nanofluid (in
molten state).® This paper uses terms nanofluid (NF) and
nanocomposite interchangeably. In 2010, Shin et al.” studied
the effect of silica nanoparticles (1-20 nm) on the eutectic salt of
lithium carbonate and potassium carbonate (62 :38 by molar
ratio) for a concentration of 1.5 wt% using a two-step prepara-
tion method. They reported 74% and 101% Cp enhancement for
two selective test samples coarse and fine powders, respectively,
taken from a 200 mg prepared sample. The same authors also
reported an enhancement of 124% Cp for fine powder and
negligible Cp enhancement for coarse powder® despite having
the same base salt, nanoparticles, concentration, and prepara-
tion method as their previous work. For alumina nanoparticles
(~10 nm), Shin and Banerjee® reported a 32% Cp enhancement
at a heating rate of 20 °C min " in the DSC test. In contrast,
Rizvi et al.*® found a 2.53% Cp enhancement at a heating rate of
10 °C min~ " for alumina nanoparticles having an average size of
10.8 nm. In addition, they reported that the specific heat
capacity enhancement increases with decreasing heating rate
with a maximum of 23.4% for a heating rate of 2 °C min™".
Moreover, an anomalous increase in Cp of the nanofluid is also
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reported in ref. 11 which strongly depended on the chemical
composition of the base carbonate salt mixtures (lithium
carbonate and potassium carbonate).

For solar salt (eutectic mixture of 60% NaNO; and 40%
KNO3), 1 wt% SiO, nanoparticle (5 nm) resulted 25%
enhancement in Cp**> while in ref. 13 7 nm SiO, nanoparticle
show —19.3%, 0.8%, and —1.4% Cp enhancement for 0.5, 1, and
1.5 wt% concentration, respectively. Moreover, the researchers
in ref. 13 reported both increment and decrement in Cp for
Al,O3, TiO, nanoparticles. A reduction in Cp for 13 nm Al,O; is
also reported in ref. 14. With mechanical dispersion of CuO and
TiO, nanoparticles using ball milling,** reported temperature-
dependent Cp curves. One interesting observation in their
result was that for 1.5 concentration of CuO nanoparticles the
Cp curve crosses the Cp curve of the base salt. For mixed
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nanoparticles based nanofluid (silica 82-86%, alumina 14-
18%, 2-200 nm),"® a minimum —19% and a maximum of 17.9%
Cp enhancement is reported. The same authors'” also reported
a 6.1%, —7.8%, and —3.4% Cp enhancement for the salt KNO;
using 1 wt% SiO,, Al,O3, and SiO,-Al,0; NPs, respectively.
Similar observations are also reported in ref. 18 and 19 for solar
salt with alumina and silica nanoparticles using water-
dispersion, and melt-stirring preparation methods, respec-
tively. Moreover, in some recent investigations, we could see the
nonlinear temperature dependent Cp for NFs.?**' To illustrate
the inconsistent Cp enhancement of NFs clearly, some reported
literature results are summarized in Table 1.

Though extensive research has been conducted on the Cp of
nanofluids for Li-K carbonate salt mixture and solar salt, there
has been a limited investigation for HITEC salt (eutectic mixture

Table 1 Anomalous specific heat enhancement reported for binary solar salt by doping with nanoparticles of varying size and concentration

Concentration Temperature
Molten salt Reference NPs Size (nm) (Wt%) (°C) Cp enhanced%
Solar salt, NaNO;-KNO; (60:40) Y. Hu et al. (2017)*® ALO; 20 0.5 260-400 1.9
1 5.8
1.5 7
2 8.3
M. Chieruzzi et al. (2017)"° Sio, 7 1 255-290 2.5
-28.1
2.6
-2
ALO; 13 1 2.8
-7.8
1.8
-0.9
B. Dudda et al. (2013)*° Sio, 5 1 250-450 10
10 13
30 21
60 28
M. Schuller et al. (2015)*” ALO; 40 0.3 350 20.41
0.53 24.49
0.78 30.61
0.96 23.81
1.19 14.29
Chieruzzi et al. (2013)'® ALO; 13 0.5 250-300 ~7.60
1 5.90
1.5 —3.50
Sio, 7 0.5 —-19.30
1 0.80
1.5 —1.40
TiO, 20 0.5 —15.60
1 —6.30
1.5 —11.80
Andreu-Cabedo et al. (2014)*®  SiO, 12 0.5 250-420 3.41
1 25.03
1.5 2.00
2 3.69
M. Lasfargues et al. (2015)*° Cuo 29 0.1 440 10.48
0.5 9.18
1 8.49
1.5 2.19
TiO, 34 0.1 1.57
0.5 4.95
1 4.72
1.5 4.85
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of KnO3;-NaNO,-NaNO;). However, HITEC salt shows better
thermophysical properties than other salts and is one of the
prime candidates for CSP as heat storage media.”* In 2014, M. X.
Ho et al*® observed both —1.7% and 7.8% enhanced Cp for
0.5 wt% concentration, and —2.8% and 6.5% enhanced Cp for
1 wt% concentration from HITEC based NF with alumina
nanoparticles using a melt-stirring preparation method. In
another investigation,* the authors reported a 30% enhanced
heat capacity for the HITEC salt using Sn/Si, core-shell nano-
particles at the melting point of the NPs. However, the Cp curves
of all HITEC-Sn/Si, NFs (as shown in ref. 24) are below the base
salt's Cp curve (except at the melting point of the NPs) indicating
a decrease in heat capacity.

To summarize previous literature, the salt nanocomposite
can be synthesized by either wet-dispersion (2-step method) or
dry-dispersion (1-step method). The wet-dispersion process can
be classified as: (i) water dispersion method (dissolution of salt
in water — ultrasonication (100-200 minutes) — drying), (ii)
melt-stirring method (nanoparticle addition to molten salt —
mechanical stirring — drying) whereas the dry-dispersion
process includes (i) ball mill mixing, (ii) mechanical shear
mixing. Although nearly all research utilized the 2-step method
for salt-nanocomposite preparation, it is very time-consuming,
laborious, and unsuitable for industrial production. In
contrast, the effect of the 1-step preparation method is rarely
studied.**** In almost all literature, the prepared nano-
composite sample size was 200 mg, out of which test samples
(~10 mg) are taken for Cp measurements using DSC. Therefore,
the results that were obtained from the test samples are limited

test sample 1
prepared sample 20
sampling is limited, and thus the data variability obtained from
these results may not represent for the Cp of bulk nano-
composite. As mentioned in Zhang Yingping et al.,** the ther-
mophysical properties of these samples are not always similar
to that of bulk materials. So, it is not confirmed whether such
specific heat enhancement effect will be present in the practical
systems.

Moreover, we see both increment and decrement in Cp for
molten salt nanocomposites consisting of same base salt,
nanoparticle, concentration, and same measurement proce-
dure, as in ref. 19, and varying Cp for selective nanocomposite
samples, as in ref. 8 for coarse and fine powder samples. Since
we know that the Cp enhancement depends strongly on the
concentration of nanoparticle* in the base salt, it is not certain
whether the test samples collected from the same prepared
samples consist of the same concentration (ie., the drying
process may have altered the NP concentration with respect to
varying location due to convection current) and hence the
irregular Cp enhancements. So, from the perspective of engi-
neering application, a comparative study for the specific heat
capacity of molten-salt nanocomposites is needed to capture
possible Cp variations by random sampling, and to inquire
about its bulk-specific heat capacity with respect to DSC results.

Hence, in this study, HITEC salt nanocomposite is synthe-
sized by the dry-dispersion method using high shear

by sampling size ratio ( ), i.e. random
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mechanical powder mixture for two different nanoparticles,
silica (SiO,) and alumina (Al,03). The concentration of the
nanofluid samples is kept at 1 wt%. Differential scanning
calorimetry and T-history methods are used for specific heat
measurement of small and large nanofluid samples, respec-
tively. Finally, the resulting nanocomposites are examined for
possible microstructures.

2. Experiments
2.1 Materials

HITEC salt (53% KnOj + 40% NaNO, + 7% NaNO;) is used as the
base molten salt because its melting point is relatively lower
(142 °C), and it is stable at high temperature and less corrosive.
The powdered salt was procured from Indrajit Industries
(Bangalore, Karnataka, India). Regarding purity, the acceptable
level of impurities (as provided by the manufacturer) were
0.025% sulfur and 0.1% chloride. The thermophysical proper-
ties of pure HITEC salt, as quoted by the manufacturer, are
given in Table 2.

Two nanoparticles chosen for this study were silica (SiO,)
and alumina (Al,O;) (Sigma-Aldrich Product no: 637238 and
544833). The corresponding nanoparticle size for silica and
alumina are 10-20 nm and <50 nm, respectively. The TEM
image of Al,O; nanoparticle indicates that the alumina nano-
particles are of rod type (same as ref. 34). Whereas the TEM
image of SiO, shows that the shape of the silica nanoparticles is
nearly spheroid (see Fig. 1b). The physical properties corre-
sponding to the nanoparticles are shown in Table 3.

2.2 Nanocomposite synthesis

Fig. 2 shows the schematic of the 1-step dry dispersion method
for nanocomposite preparation. For this experiment, the
nanoparticle (SiO,/Al,0;) concentration in the base salt is
chosen to be 1 wt%. First, both HITEC salt and nanoparticles
are desiccated at 120 °C for 3 hours. Then measured in
a microbalance (A&D GR-202, £0.01 mg). The salt-nanopowder
composite is prepared in an in-house-developed laboratory
powder mixture (high shear mixer: 4-blade design, 550 watts,
and 18 000 rpm). In total, 150 grams of nanocomposite (salt =
148.5 g, nanoparticle = 1.5 g) is prepared for each nanoparticle
powder so that three samples of 20 grams each can be drawn for
the T-history experiment. Since the sample size requirement for

Table 2 Thermophysical properties of pure HITEC salt

Properties Value

Melting point 142 °C

Thermal decomposition >600 °C

Viscosity 1.1 x 10°° m? 57" at 400 °C
Specific gravity 1.94 at 200 °C

1.81 at 400 °C
1.78 at 500 °C
pH 6.5-8.5
. W
Thermal conductivity 0.605 S (240-365 °C)
me

Liquid specific heat capacity 0.34 keal kg~ ' oC™*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 TEM images of nanoparticles; (a) rod-type alumina; (b) spheroid shaped silica.

Table 3 Properties of nanoparticles 2.3 Specific heat capacity measurement
Density (g 2.3.1 Differential scanning calorimetry. To determine the
Nanoparticle Size (nm) mL ") Surface area (m*>g ') Purity = Cp of HITEC salt and the nanocomposites, a differential scan-
ning calorimetry test is performed on a Mettler Toledo DSC
AlLO; <507 3.972%¢ 35-435%¢ 98%"° . ] a29€ : o
X as instrument (Mettler-Toledo DSC-832¢ calorimeter). Initially, the
Si0, 10-20° 2.2-2.6° 634408 99.5%"

stored desiccated samples are heated to 120 °C for 1 hour prior
% Mentioned in the product catalog. b Results reported in the literature  to the measurement. A microbalance (ESSAE, VIBRA model-
for the same product. HTR 220 E, 0.0001 g) is used for all sample mass measure-
ments (<10 mg), and hermetically sealed standard Aluminum

the DSC is in milligrams, 150 grams of nanocomposite is crucibles (40 pl) are used for the DSC experiment. To ensure

sufficient for this random sampling, which is intended to Proper contact with the bottom of the crucible, the nano-
composite powder mixture is compacted with a Teflon rod.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

capture any variability in the nanocomposite if present.
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Nanoparticle

(SiO2/Al20s)
HITEC Salt
(KNOs + NaNO2 + NaNOs
7 HITEC Salt
Mechanical Shear Mixing .
Heater Nanocomposite
—AMAM—

Moisture Removal

Fig. 2 Schematic showing the single-step preparation (dry dispersion) of salt-nanopowder composite using mechanical shear mixing. Nano-
particle and HITEC salt are separately heated for 3 hours for moisture removal and then shear mixed for 30 minutes. The resulting nano-
composites are then stored in a desiccator for further use.
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Moreover, blank correction is confirmed before sample
measurements.

The specific heat capacity of all samples is determined by the
direct method;*”

_HF
o

where Cj is the specific heat capacity of the sample (J g ' °C™?),
HF is the heat inflow rate (mW) obtained by the subtraction of
the blank curve from the DSC signal, 8 is the heating rate (°C
s~'), and m is the sample mass (mg). The heating rate () of 20 ©
C min~" is chosen in accordance with ASTM standard E1269-
11.%® Firstly, the procured HITEC salt sample was verified with
respect to the manufacturer's data and with literature. Then test
runs were carried out for nanocomposite samples, and the
liquid average Cp are reported for comparison.

2.3.2 T-History method. The Cp of bulk materials is deter-
mined by using the T-history method.”” Schematic of the
experimental setup is shown in Fig. 3, in which both reference
sample (pure HITEC salt) and test samples (salt nano-
composites; alumina NF, and silica NF) are kept inside a heat-
controlled environment, whose temperature is fixed. The
sample holders used in this experiment were borosilicate glass
tubes with an inner diameter of 21 mm, an outer diameter of 25
mm, and a height of 95 mm. The temperature-time curve of all
samples (20 g), including the environment, are recorded using
K-type thermocouples (HEATCON Instruments Pvt. Ltd., Ban-
galore, India) and NI (National Instruments) data acquisition
system. The surrounding air temperature is the average of two
thermocouples (T_al and T_a2) readings.

Cp &Y

Thermocouples

Computer

L
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Since the T-history experiment involves dynamic tempera-
ture measurement, a priori of the thermal analysis, the
following points are checked; (1) cross-sectional thermal
gradient in the surrounding atmosphere, (2) time constant of
the thermocouple. In the present experiment, a maximum
gradient of +0.285 °C cm™ ' along the length and +0.133 ©
C cm ! along the width of the chamber are noticed. Accord-
ingly, the samples are kept side by side along the width.
Moreover, a time constant of ~200 ms is quoted by the supplier
for the K-type thermocouple (uncoated, diameter = 1.5 mm). As
it is general practice to keep a time gap for sampling higher
than that of time constant, we have recorded the thermocouple
readings at 1.1 second intervals.

For the thermal analysis, firstly, the temperature of the
surrounding air is ramped from room temperature to 170 °C
and kept for 0.5 hours to ensure the complete melting of HITEC
salt. Then the chamber temperature is again improved to 450 °C
with a rate of 10 °C min~". A dwell time of 2 hours is given so
that all samples and the ambient come into equilibrium.
Finally, the heaters are switched off, and the cooling tempera-
ture history (cooling curve) is recorded. This experiment is
repeated three times for three different batches of nano-
composite (alumina NF and silica NF), and their results
between 200-400 °C are reported accordingly.

The primary assumption in using the T-history method is to
satisfy the lumped capacitance of sample materials, i.e., the Biot

.(hR .. . .
number, Bi (ﬁ) < 0.1,***° where Bi is the Biot number, £ is the

heat transfer coefficient of the surrounding air, R is the outer
radius of the sample holder, and £ is the thermal conductivity of

HITEC Salt ALO,
Reference NF

S0,
NF

Heat controlled environment

Fig. 3 Schematic of temperature history (T-history) experimental setup. Samples are melted in borosilicate tubes at 500 °C and then allowed to
cool. Three thermocouples are used to measure the cooling curve of the samples. T_al and T_a2 are thermocouples used to measure the mean
surrounding air temperature. DAQ is the data acquisition system for temperature logging.
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the samples. For a laminar natural convection, # usually lies
w .
below ZZ—C.‘“"‘“ So, the Biot number for the pure HITEC salt
m o

(~0.021) satisfies the criterion. Moreover, the thermal conduc-
tivity of the HITEC salt increases when doped with nano-
particles.”” Hence the Biot number of nanofluids will be smaller
than that of pure salt and will be content with the lumped
capacitance assumption.

At any instant of time, the amount of heat released by the
samples to the surrounding air can be written as;

aT
me— = hAC(Tair — T)

Fy (2)

where m denotes the mass of the samples (g), Cp denotes the

specific heat capacity (J g* °C™), %—7; denotes the slope of the

cooling curve (°C s™'), & denotes the convective heat transfer
coefficient of surrounding air (m), and Ac denotes the

characteristic area for convection. In this experiment, the heat
conduction from the bottom surface of the sample holder is
avoided by keeping an insulation layer (50 mm glass wool
insulation) between the tube and the heating chamber during
the cooling process. Thus Ac represents the cylindrical surface
of the tubes. Moreover, T and T,;, denote the instantaneous
temperatures of the sample and the surrounding air (°C),
respectively. Since both m, and A are constant for all samples,
assuming negligible variation in 7, the ratio of specific heat
capacity at any fixed temperature can be found from :*

(6 T. s)
CPnano _ a1 salt (Tﬂir — Ts)nano

CPsul! B (a TS) (Tair - TS)sall
ot nano

where the subscripts salt, and nano refer to pure HITEC salt and
nanofluid (alumina/silica), respectively. For a detailed discus-
sion on the T-history method and its calculations, see ref.
43-45. In the end, the surface morphology of the nano-
composites is investigated for possible representative micro-
structures using scanning electron microscopy (SEM; make:
Carl Zeiss Ultra 55 field-emission scanning electron micro-
scope) with an accelerating voltage of 5 kV at the Micro and
Nano Characterization Facility (MNCF), Centre for Nano
Science and Engineering, IISc Bangalore.

3. Results and discussion

The melting point and the specific heat capacity (Cp) of the
procured HITEC salt are verified using differential scanning
calorimetry. The DSC curve of the pure salt is shown in Fig. 4. It
is seen that the melting peak of HITEC salt starts at around
142 °C and ends at 162 °C. Moreover, the specific heat capacity
at the liquid phase is weakly dependent on the temperature
having an average value of 1.42347 J ¢ ' °C™'. It is important to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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12 DSC Curve
[ Average C, Molten salt
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100 150 200 250 300

Temperature (°C)

Fig. 4 Cp curve of HITEC salt obtained from DSC measurement. The
melting point is found to be 142 °C (beginning of melting peak). The
average specific heat capacity of 1.42347 J g% °C~! is obtained from
the curve in the liquid phase. The minor peak (highlighted as *) is
caused by solid transformation, as reported in previous literature.5*52

note that the upper bound of the Cp for HITEC salt is reported to
be 1.56 ] g~ ' °C™" in previous literature.*** However, average Cp
of the present study is found to be in good agreement with the
literature ref. 48 (Cp = 1.424 ] g~ " °C™ "), ref. 23 (Cp = 1.37-1.48 ]

at any fixed sample temperature 7

g 1 oC™), ref. 49 (Cp = 1.439] g ' °C™"), and ref. 50 (Cp = 1.40 ]
g ' °C™") as well as with the value cited by the manufacturer
(0.34 keal kg™ ' oC™™).

The results obtained from the DSC measurements (Cp vs. T
curves) of alumina and silica nanofluids are shown in Fig. 5,
which reveals two interesting features. Firstly, the Cp of both
nanofluids are temperature dependent. Secondly, there is
a decrease in Cp with respect to the base molten salt (Cp =
1.42347 ] g~ ' °C™") for Al,O; NF for all three batches (#1 to #3),
and an increase in Cp for SiO, NF (batch #1 and #2). However,
there is a decrease in Cp for the batch #3 of SiO, NF. Regarding
the mean specific heat capacity of nanofluids, a sampling
interval of 10 °C gives 0.810684 + 0.1138 for alumina NF, and
1.634839 + 0.204117 for silica NF. In consequence, the
enhancement in Cp of HITEC salt owing to the doping of 1%
nanoparticle can be presumed to be —43.0487%, and
14.84886% for alumina and silica nanofluids, respectively. In
addition, the theoretical Cp of the NFs can be calculated from
the mixing theory:

RSC Adv, 2023, 13, 5496-5508 | 5501
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B: HITEC + SiOz
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Fig. 5 DSC plot of HITEC-salt nanocomposites (1% wt. fraction) shown between 200 and 400 °C at a sweep rate of 20 °C min™; (A) alumina
nanofluid, (B) silica nanofluid. Each plot consists of measurements using 3 batches (batch 1-3).

mnp CPnp + Mgy CP

@

Crowr) = My ~+ Mgty
to be Cp(a,0,nr) = 1.416965, and Cp(sio, nr) = 1.416235; each is
having a decrement in Cp ~0.5%. So, it is clear from the
discussion that this anomalous Cp in molten salt nanofluid
deals with some microscopic phenomenon that is temperature-
dependent and certainly cannot be explained by classical heat
transfer considerations.

In the present work, therefore, the T-history method is used
to investigate whether such microscopic phenomena have any
profound effect on the bulk-specific heat capacity of the nano-
fluids. The results obtained from this temperature history
experiment are shown in Fig. 6a-c, where the test samples are
cooled inside the static-air chamber, as described in Section
2.3.2. The primary observation of these cooling curves reveals
that both Al,O; and SiO, nanofluids cool faster than base
HITEC salt in test #1, and #2; however, the cooling curve in the
SiO, NF for the test #3 is slower compared to the base salt
indicating an increase in specific heat capacity. On reverting to
the previous discussion of DSC results, a similar variation is
observed in SiO, NF, where sample #3 diverges from samples #1
and #2. These results are not surprising as both increment and
decrement of Cp of nanofluids are already reported in earlier
studies™*® using DSC. The critical point, however, to note here
is that we still see such irregular Cp behavior in the bulk
samples.

Regarding quantitative estimation, the Cp ratios of the

Prano

. G .
nanocomposites are calculated from the cooling curves

Pl
using eqn (3) at 10 °C intervals and are shown in Fig. 6d-f. On

average, the bulk-specific heat capacity of the nanofluids is
0.729959 + 0.176598 for alumina NF and 1.383344 + 0.426798
for silica NF. In consequence, a decrement in Cp of HITEC salt
owing to the doping of 1% nanoparticle can be found to be
—48.7198% and —2.81887% for alumina and silica nanofluids,
respectively. While average Cp values of the alumina NFs as
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obtained from both DSC and T-history methods are compa-
rable, the outcomes for silica NFs are quite different. The
minimum and maximum enhancement in Cp of silica-NF are
—9% and 60% from DSC, and —38% and 42% from T-history
tests. Thus, it indicates that the result obtained from small
samples using DSC may not represent the bulk behavior/Cp of
the NFs. In addition, Fig. 6d-f shows that the Cp ratios of all
nanofluid samples are nearly linear with respect to temperature

Pnano

and are approaching a unit value (i.e., = 1; specific heat

Psalt
capacity of the base molten salt). This observation, however, is

consistent with Ho an Pan,? in which the Cp curves of nano-
composites at different concentrations approaches the base salt
with increase in temperature. So, it signifies that the micro-
scopic phenomena which are contributing to an increment/
decrement of Cp of the nanofluid are quasi-stable. Rapid
agglomeration and sedimentation of nanoparticles may be
responsible for this instability owing to the decrease in density
of the base molten salt (specific gravity: from 1.94 at 200 °C to
1.81 at 400 °C) with rising temperature.

For a concise comparison between DSC and T-history
experimental results, the Cp increment/decrement percentage
of both nanocomposites are shown in a Box-and-Whisker plot
with data overlay (Fig. 7). Upon closer inspection, it reveals that
the results of both tests are not completely different but rather
show different central measures and variability in one test
compared to the other as:

e For Al,0; nanoparticle-based composite, both tests show
a decrement in Cp.

e For SiO, nanoparticle-based composite, both tests show
increment and decrement in Cp.

e The interquartile ranges of the results obtained in both
tests overlap for Al,O3 and SiO, nanocomposites.

However, there are differences in their statistical moments
(mean and median). From these statistical moments, we deduce
the central tendency/measure of the samples. For this study, the
central measures of the tests are not comparable as:

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.6 Results obtained from three T-history tests for all samples shown between 200 and 400 °C; (a)—-(c) are the cooling curves (temperature vs.
time curve) for different batches; (d)-(f) are the corresponding ratio of specific heat capacity of nanofluids with respect to the reference sample

(pure HITEC salt).

o Although the interquartile ranges overlap, the medians of
the T-history results are lower than that of the DSC results for

both nanofluids.

© 2023 The Author(s). Published by the Royal Society of Chemistry

e Both T-history mean and median values of SiO, nanofluid
are of opposite sign to that of the DSC experiment.

e A wider interquartile range for SiO, NF results obtained
from the T-hisory test indicates a larger variability of bulk Cp.
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This indicates that the resultant effect on Cp of salt nano-
composite for larger weight samples (bulk-Cp) can be different
than it seems from the smaller samples. There are two potential
reasons for such behavior. Firstly, the agglomerative scale of
nanoparticles can vary in large-size samples, and there is
a possibility that we may not be able to capture these in small-
size samples. Secondly, there is a possibility of a difference in
the nanoparticle distribution in both samples, and we only
capture a subset of the overall distribution in the DSC test.

Considering all the above analysis, we now ask an interesting
question: are the results obtained from both DSC and T-history
experiments from the same population? In an attempt to
answer this question, we have performed a nonparametric
Mann-Whitney U test.>>** It is a well-known statistical test for
comparing two sample groups where the null hypothesis is Hy:
both sample groups are the subsets of the same population. In
this test, the U-test static is the minimum U;, which is obtained
by

Ui:nlnz+w—2R,«; i=1, and 2 (5)
where U;, and n; are the U-static, and the number of values from
the sample of interest, respectively. > R; is the sum of the ranks
from sampe of interest. The characteristic z-score (z*) is also
calculated by

¥ = ——2 (6)

Fig. 8 Representative microstructures of HITEC salt nanocomposites after T-history experiments; (a) aggregated network structure found in
alumina nanocomposite, (b) aggregated network structure found in silica nanocomposite, (c) isolated particle structure found in silica

nanocomposite.
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where Xy, and Sy are the mean and standard deviation obtained

mny(ng +n, +1)
2

order to test the null hypothesis, this z* is then compared to

a critical threshold obtained from a standard normal distribu-
tion for a fixed confidence level. For the details of this method,
the readers may refer to the book.* The z* obtained for alumina
and silica nanofluids are —2.505, and —3.656, respectively.
Since the critical threshold of z-score for 95% confidence is
+1.96, z* lies outside of this interval, and we reject the null (H,)
in both tests with the inference that the results obtained from
DSC and T-history experiments aren't from the same pop-
ulation. The point of this discussion is that the bulk-specific
heat capacity values are statistically different than that of the
specific heat capacity values obtained from the DSC test
(certainly for this 1-step dry dispersion preparation method).

From a microstructure point of view, we have characterized
the nanofluid samples obtained from the T-history experiment
using scanning electron microscopy (SEM). The representative
microstructures of both Al,O; and SiO, nanocomposites are
shown in Fig. 8. Based on the observation, the obtained
microstructures can be classified into two types: (i) aggregated
network structure, as seen in Fig. 8a and b, and (ii) isolated
particle structure, as seen in Fig. 8c. Similar network-like
microstructures were observed earlier in ref. 56 and 57 and an
isolated-particle structure was reported in ref. 23. We presume
that the aggregated network structures are semisolid layers and
are responsible for a decrease in Cp whereas the isolated particle
structures favor Cp enhancement. Moreover, the percentage of
these microstructures may vary with in a nanocomposite batch
owing to the variations in nanoparticle dispersion which further
depend on the preparation method and agglomeration of
nanoparticles. Furthermore, we believe the rod type Al,O;
nanoparticles are favorable to form network structures, and
hence we see a decreased Cp in DSC and T-history experiments.
However, spheroid shape of SiO, nanoparticles forms both type
of structures and depending on their percentage we see either
an enhancement or diminution of Cp. In the view of above
analysis, it can be concluded that there is an agglomerative-
scale dependency on the bulk Cp of molten salt
nanocomposites.

niny

by ¥y = ——, and Sy =+/ , respectively. In

4. Conclusion

The current article reports on the specific heat capacity (Cp) of
HITEC salt nanocomposites prepared by 1-step dry dispersion
method using mechanical shear mixing. In which alumina and
silica nanoparticles with distinct morphological features (Al,O5:
rod type, <50 nm; SiO,: spheroid type, 10-20 nm) were doped
into the base salt at 1 wt% concentration. The Cp measurements
were carried out using DSC and T-history test methods for small
(=10 mg), and large (20 g) random samples, respectively, aim-
ing to determine whether or not the specific heat capacity
measured in DSC is representative of the bulk specific heat
capacity of the nanocomposite. The key findings of the study
can be summarized as follows.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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1. The rod type Al,O; nanoparticle results in a decrement in
Cp of the HITEC salt, about —43% from the DSC, and —49%
from the T-history experiment.

2. The spheroid type SiO, nanoparticle results in both
increments and decrements in Cp for silica nanocomposite as
obtained from DSC and T-history tests. The minimum and
maximum Cp enhancement in silica-NF are found to be —9%
and 60% from DSC, and —38% and 42% from T-history tests,
respectively. However, the average Cp enhancement percentages
are of opposite sign (+15% for DSC test and —3% for T-history
test), which indicates that the Cp result of DSC test is not
representative of the bulk Cp that obtained from T-history test.

3. More importantly, from the statistical analysis (Mann-
Whitney U test with 95% confidence interval), it is inferred that
the parent nanocomposite samples/statistical population of the
DSC and the T-history test batches are unalike. Since the test
batches are taken randomly from the same original sample, it is
believed that there is an inhomogeneity in nanoparticle
dispersion within the prepared nanocomposite sample; which
explains why diverging Cp increment/decrement is observed for
selective nanocomposite samples within the same prepared
sample, even in studies by other groups reporting 2-step prep-
aration method.

4. From microscopic characterization, only aggregated-
network microstructure is found for Al,0; nanocomposite,
whereas both network and isolated-particle type microstruc-
tures are found in SiO, nanocomposite. It is believed that the
bulk Cp of the silica NF in the T-history experiment differs from
the DSC test due to a non-uniform distribution of these repre-
sentative microstructures in the large samples, which depends
on the preparation procedure and stability of nanoparticles.

Based on the presented results, there is a possibility that the
behavior of Cp obtained from DSC may differ from the bulk-
specific heat capacity substantially. To conclude whether the
prepared nanocomposite has indeed achieved Cp enhancement,
both DSC and T-history methods must be used in a comple-
mentary manner.
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Nomenclature

ASTM American Society for Testing and Materials
g8 Heating rate (°C s~ )

Cp Specific heat capacity (J g " °C™)

CSP  Concentrated solar power

DSC Differential scanning calorimeter
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HF Heat inflow rate (mW)

H, Null hypothesis

m Mass of the sample (mg)

n Number of values in a sample group

NF Nanofluid

NP Nanoparticle

R; Individual rank of sample values

Sy Representative standard deviation in Mann-Whitney U
test

SEM  Scanning electron microscope

TEM Transmission electron microscope
Ts Sample temperature (°C)

dTs  Slope of the colling curve (°C s™")

at

U U-static in Mann-Whitney U test

Xy Representative mean in Mann-Whitney U test
z* Characteristic z-score in Mann-Whitney U test
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