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In this study, we report the anomalous enhancement of specific heat capacity of high-temperature nano-
fluids. Alkali metal chloride salt eutectics were doped with silica nanoparticles at 1% mass concentration.
The specific heat capacity of the nanofluid was enhanced by 14.5%. Dispersion behavior of the nanopar-
ticles in the eutectic was confirmed by scanning electron microscopy (SEM). Three independent compet-
ing transport mechanisms are enumerated to explain this anomalous behavior.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Solvents doped with stable suspensions of nanoparticles at min-
ute concentrations are termed as “nanofluids” [1-3]. Nanoparticles
are defined as distinct solid particles with a nominal size in the
range of 1-100 nm [4]. Nanofluids were reported for the anoma-
lous enhancement of thermal conductivity over that of the neat
solvent. Eastman et al. [5] reported thermal conductivity enhance-
ment of 30% and 60% for water based nanofluids of Al,05 and CuO,
respectively, at 5% volume concentration. Xuan and Li [6] reported
thermal conductivity enhancement of 54% for water based nanofl-
uids using copper nanoparticles at 5% volume concentration. Mur-
shed et al. [7] observed 30% enhancement of thermal conductivity
of water based TiO, nanofluid at 5% volume concentration. Choi
et al. [8] observed 160% enhancement of thermal conductivity for
multi-walled carbon nanotube dispersed into oil at 1% concentra-
tion by volume. Eastman et al. [5] observed 44% enhancement in
thermal conductivity at only 0.052% volume concentration of cop-
per nanoparticles in oil. Kang et al. [9] reported that for ethylene
glycol based diamond nanofluid the thermal conductivity was
enhanced by 75% at 1.32% volume concentration of diamond nano-
particles. Das et al. [10] explored Al,03 and CuO nanofluids and
observed temperature dependency of thermal conductivity
enhancement. Patel et al. [11] observed thermal conductivity of
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Ag nanofluid enhanced by 21% for only 0.00026% volume
concentration. Several studies have been performed to explain
the anomalous enhancement of thermal conductivity of nanofluids
[12-17]. Recent studies proposed that percolation network within
cluster of nanoparticles due to aggregation may be primarily
responsible for the enhancement of the nanofluids [18,19].

Similarly, specific heat capacity of solvents can also be en-
hanced by doping with nanoparticles. Nelson et al. [20] reported
that the specific heat capacity of polyalphaolefin was enhanced
by 50% on addition of ex-foliated graphite nanoparticles at 0.6%
concentration by weight. Shin and Banerjee [21] synthesized mol-
ten salt-based silica nanofluid and observed 26% enhanced specific
heat capacity for 1% weight concentration. On the contrary, Zhou
and Ni [22] reported that the specific heat capacity of water based
Al,03 nanofluid decreased by 40-50% at 21.7% volume concentra-
tion of Al,03. However, Al,05 nanoparticles are likely to agglomer-
ate and precipitate since Al,Os is not soluble in water. It is
necessary to control the pH of the nanofluids within close
tolerances for the Al,03; nanoparticles to remain in suspension
and to be well dispersed in water. However, in this study the
authors did not verify (or report) whether the nanoparticles were
well dispersed and if they were not agglomerated. It is possible
that the nanoparticles were agglomerated and precipitated out of
the water based solution, resulting in degradation of the thermal
properties.

Solar energy conversion to electricity is achieved primarily by
using (a) photovoltaic technology, or (b) by harnessing solar
thermal-energy. At larger scales of production, solar thermal
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Nomenclature
G specific heat capacity
Greek symbols

o density
¢ volume fraction

Subscripts

f fluid properties

p solid (nanoparticle) properties

t total/cumulative (nanofluid) properties

techniques are more reliable and cost effective (as opposed to
photovoltaic technologies), since these platforms can provide
uninterrupted power supply in the off peak time (at night and dur-
ing cloud cover). Solar thermal power plants rely on high temper-
ature thermal storage units for continuous operation. Typical solar
thermal-energy storage facilities require the storage medium to
have high heat capacity and thermal conductivity. Contemporary
commercial solar thermal units use energy storage facilities that
operate at ~400 °C and typically use mineral oil based storage
medium as well as heat transfer fluids. It is estimated that pushing
the storage facility to operate at ~500-600 °C or higher can make
the cost of solar power competitive with coal fired power plants in
near future [23]. However, few materials are compatible with the
cost and performance requirements for such high-temperature
thermal-energy storage. Typical materials used as HTF and for
high-temperature thermal-energy storage include Na-K eutectics
and alkali metal salt eutectics (e.g., NaNOs;, KNOs;, KCI, etc.).
However, these materials have low thermo-physical properties.
Hence, there is a need to find better performing thermal-energy
storage technologies and materials that are cost effective. It should
be noted that novel materials (such as nano-material additives)
can become cost-effective if they can increase the operating range
of the storage facilities to higher range of temperatures. For high-
temperature thermal-energy storage, compatible materials include
molten salts and their eutectics, such as alkali-nitrate, alkali-
carbonate, or alkali-chlorides. However, those molten salts have
relatively low heat capacity - usually less than 0.8 J/g K (in contrast
to specific heat capacity of water which is 4.1]/g K at room
temperature).

The objective of this study is to measure the change in specific
heat capacity of molten salt eutectics by doping them with minute
amount of nanoparticles, thus realizing high temperature nanofl-
uids for the thermal energy storage applications. In this study, sil-
icon dioxide nanoparticles at 1% concentration by weight were
dispersed in a eutectic of alkali chloride salts (BaCl,, NaCl, CaCl,,
and LiCl). The pure eutectic has a melting point of 378 °C [24].
Then, the specific heat capacities of the eutectic as well as the silica
nanofluid were measured using a differential scanning calorimeter
(Model: Q20, TA Instruments, Inc.). The specific heat capacity of the
SiO, nanofluid is then compared with the theoretical predictions
from the thermal equilibrium model for mixtures of materials [25]:

_ ‘i)pppCP-P + ‘bfpfcp-f

= (1)
d)ppp + ¢ Py

where ¢, is effective specific heat capacity of mixture, c,fis specific

heat capacity of fluid, ¢, is specific heat capacity of particle, ¢, is

volume fraction of particle, ¢; is volume fraction of fluid, p, is den-

sity of particle, and py is density of fluid.

Nanofluid properties are degraded if the nanoparticles do not
dissolve properly in the base liquid. Dissolution of nanoparticles
ensures more homogeneous composition and helps to enhance
the thermo-physical properties of the nanofluids. Dissolution of
nanoparticles is accompanied by more uniform dispersion of the
nanoparticles and this helps to prevent or minimize the agglomer-
ation of the nanoparticles [4]. In this study, uniform dispersion and

minimal amount of agglomeration is observed and confirmed by
scanning electron microscopy.

2. Experimental procedure

The general protocol for preparing the nanofluid is as follows
(Fig. 1): 68.490 mg of barium chloride, 24.784 mg of sodium chlo-
ride, 79.206 mg of calcium chloride, 25.520 mg of lithium chloride,
and 2 mg of silicon dioxide were measured in advance on a bal-
ance. The pure eutectic was prepared in the same manner without
adding the silicon dioxide nanoparticles. All chemicals were then
dissolved in 20 ml of distilled water. This water solution, which
contains 1% of SiO,/chloride eutectic nanofluid, was sonicated by
an ultra sonicater (Branson 3510, Branson Ultrasonics Corporation)
for ~100 min. to obtain homogeneous dispersion of the nanofluid.
The water solution was then rapidly evaporated on a hot plate
(C-MAG HP7, IKA), which was maintained at 200 °C. A portion of
the dry sample was transferred to a Tzero hermetic pan (for subse-
quent DSC measurements). The pan was then mounted on a
hotplate to remove any absorbed moisture. The standard Tzero
hermetic pan was fixed with a lid (TA Instruments, Inc.) and
hermetically sealed. Before transferring the samples to the pan,
the empty pan/lid and the pan/lid with a sapphire reference
(25.412 mg) were mounted in a differential scanning calorimeter
(Q20, TA Instruments, Inc.) to obtain a baseline and a reference
data. A custom temperature program which follows the standard
DSC test method (ASTM-E1269) was created for these measure-
ments. The temperature was initially held at 150 °C for at least
4 min. to evaporate any adsorbed moisture. The temperature was
then ramped up to 560°C at 20 °C/min. and held for another
4 min. The DSC was then cooled down to room temperature. The
same temperature program was then cycled 4-6 times with the
same sample to test repeatability of the sample.

The size of the nanoparticles in the nanofluid samples were also
measured before and after performing the DSC experiments using a
scanning electron microscope (JEOL JSM-7500F).

3. Measurement uncertainty

The precision of the heat flow measurements in the DSC instru-
ment is 1 mJ (1073 ]). It is shown in Table 1 that the standard devi-
ation in the measurement for the different nanofluid samples
varies from 0.02 J/g K to 0.04 ]J/g K. Hence, the measurement uncer-
tainty in the experiments is estimated to be in the range 2-4%. This
shows that the heat capacity enhancements observed in this study
are significantly higher than the measurement uncertainties.

4. Data analyses

The results from the DSC measurement are shown in Fig. 2 and
Table 1. The specific heat capacity of both chloride eutectic and
nanofluid seems to be constant at liquid phase. This result is con-
sistent with literature data for the pure (neat) chloride eutectic.
According to Janz et al. [24], the specific heat capacity of eutectic
of molten salt is constant for the liquid phase. Araki et al. [26]
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Fig. 1. The general protocol for preparing the nanofluid (liquid solution method).

Table 1

Specific heat capacity measurements for pure eutectic of chloride salts and the eutectic doped with SiO, nanoparticles at 1% mass concentration.

Base chloride

Base chloride

Si0, nanofluid SiO, nanofluid

Sample #1 Sample #2 Sample #1 Sample #2
1st run 0.82]/g°C 0.82J/g°C 0.93 /g °C 0.92]/g°C
2nd run 0.80]/g °C 0.85 J/g°C 0.96 /g °C 0.95]/g °C
3rd run 0.82]/g°C 0.86 J/g°C 0.96]/g °C 0.97]/g °C
4th run 0.84]/g°C 0.88 J/g°C 0.97 J/g °C 1.01]/g°C
5th run 0.87]/g°C 1.03]/g°C
6th run 0.89]/g °C 1.01]/g°C
Average 0.84]/g °C 0.86]/g °C 0.96 J/g °C 0.99]/g °C
Standard deviation 0.03 0.02 0.02 0.04
12 0.87J/g K, respectively. The average specific heat capacity of SiO,
nanofluids (#1 and #2) was measured to be 0.97 J/g K and 1.00
e J/g K, respectively. The average enhancement on the specific heat
’ capacity was thus observed to be 14.5%. However, the existing the-
_ oretical models (e.g., Eq. (1), [25]) cannot explain this anomalous
f.n 0.8 enhancement of the specific heat capacity at such low concentra-
= tions of the nanoparticles (~0.6% by volume). This result implies
E 0.6 ‘ that alternate transport mechanisms exist for nanofluids, thus dis-
2 -~ Nanofluid(#1) tinguishing nanofluids from a simple mixture of two materials.
z,- 04 - Nanofluid(#2)
@ — Chloride eutectic(#1)
§5 —Chloride eutectic(#2) 5. Results
— Thermal equilibrium model Since nanoparticles have a propensity to agglomerate and pre-
0 cipitate if the liquid properties (such as pH) are not controlled
495 505 515 525 515 545 555 within close tolerances, it is necessary to examine whether or

Temperature (°C)

Fig. 2. Variation of the specific heat capacity of pure eutectic and nanofluid with
temperature. Theoretical model based on thermal equilibrium is shown in the
figure for comparison. The theoretical estimate for the nanofluid is not different
from the pure eutectic. However, experimental measurements at 1% weight
concentration of SiO, nanofluid shows enhancements of ~14.5% in the liquid
phase. This anomalous enhancement demonstrates alternate transport mechanisms
in nanofluids that are not accounted for in the theoretical model (“Thermal
Equilibrium Model”, Eq. (1), [25]).

measured specific heat capacity of molten salt and reported that it
remains constant for the liquid phase, while the specific heat
capacity of solid phase was reported to increase with temperature.
The average specific heat capacity of chloride eutectics (#1 and #2)
between 500 °C and 555 °C were measured to be 0.85]/g K and

not nanoparticles are well dispersed and unagglomerated before
and after thermal cycling. The high-temperature nanofluid sam-
ples were subjected to rapid melting/solidification and tempera-
ture cycles, and therefore it is necessary to ensure that the
nanoparticles are not agglomerated and are well dispersed after
the measurements are performed. Fig. 3 is an SEM image of
SiO, nanofluid before melting/solidification in the DSC, while
Fig. 4 is an SEM image of SiO, nanofluid after melting and solid-
ification several times in the DSC. Fig. 4 shows that the rapid
thermal cycling did not cause any significant agglomeration of
the nanoparticles in the eutectic. The average diameter of SiO,
nanoparticles in the Fig. 3 is ~26 nm (before temperature cy-
cling). The average diameter of the silica nanoparticles observed
in Fig. 4 is ~27 nm. It is shown in Fig. 3 and 4 that SiO, nanopar-
ticles are uniformly dispersed before running in the DSC and the
dispersion did not change after melting/solidification. Close
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Fig. 3. SEM image of SiO, nanofluid before melting in the DSC. The average diameter of SiO, nanoparticles is ~26 nm. The nanoparticles are uniformly dispersed and no

agglomeration is observed.
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Fig. 4. SEM image of SiO, nanofluid after repeated thermal cycling involving melting and solidification in the DSC. The average diameter of SiO, nanoparticles is ~27 nm. The
nanoparticles are uniformly dispersed and no agglomeration is observed after thermal cycling and melting/solidification cycles in the DSC. A special substructure of higher
density layer is observed in the eutectic surrounding the nanoparticles, forming a percolation type network.

examination of Fig. 4 shows that a network substructure forms in
the eutectic in the location of the nanoparticles. The alkali salt
material appears to be of a higher density in the vicinity of the
nanoparticles and appears to be of a lighter color. The substruc-
ture seems to interconnect the SiO, nanoparticles, thus forming
a percolation network. For comparison, a SEM image of the pure
eutectic after multiple thermal cycling is presented in Fig. 5. The
interconnected network was not observed in the pure eutectic.
This network could be formed due to the adhesion layer of the

eutectic molecules around the nanoparticles that potentially have
semi-solid properties, such as higher density, specific heat capac-
ity and thermal conductivity (as well as higher viscosity in the
semi-solid/liquid state). This interconnected network formed
due to the presence of the nanoparticles in the eutectic may be
one of the factors that are responsible for enhancing thermal
properties of the nanofluid. The other modes or mechanisms
responsible for the anomalous enhancement of specific heat
capacity of the nanofluid are discussed next.
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Fig. 5. SEM image of pure eutectic after repeated thermal cycling involving melting and solidification in the DSC. A special substructure, which was shown in the nanofluid

(Fig. 3), was not observed in the pure eutectic.

6. Discussion

The anomalous enhancement of the specific heat capacity can
be explained by three independent competing inter-molecular
interaction mechanisms (or modes). These three modes are dis-
cussed next.

Mode I. Higher specific heat capacity of nanoparticles than the bulk
value of silica: (Fig. 6) Literature reports show that the specific heat
capacity of particles can be enhanced up to 25% (compared to bulk
property values) due to the high surface energy per unit mass of
the nanoparticle. Wang et al. [27] used a theoretical model and re-
ported that the specific heat capacity of nanoparticle was enhanced
when the size of the nanoparticle is decreased. Experimentally,
specific heat capacity of Al,03 nanoparticle was observed to in-
crease by up to 25% compared with the bulk value property value
of Al,O3 [28]. Hence, for nanometer-sized particles, the specific
heat in Eq. (1) should be a function of the nominal nanoparticle
diameter. The surface atoms in the lattice of the nanoparticle are
less constrained due to the less number of bonds. Since the bonds
can be “visualized” to act like springs — the surface atoms vibrate at

a lower natural frequency and higher amplitudes - resulting in
higher surface energy. Hence, the phonon spectrums of nanoparti-
cles are quantized and have discrete values which are constrained
by the size of the nanoparticle.

Mode 11. Solid-Fluid interaction energy: (Fig. 7) Furthermore,
extremely high surface area per unit mass of nanoparticles cause
an anomalous increase in the interfacial thermal resistance be-
tween the nanoparticles and surrounding liquid molecules, which
is usually negligible in macro scale. This high interfacial thermal
resistance should act as additional thermal storage due to the
interfacial interaction of the vibration energies between nanoparti-
cle atoms and the interfacial molecules [16,29].

Mode IIl. “Layering” of liquid molecules at surface to form
semi-solid layer: (Fig. 8) In addition, liquid molecules adhering on
the surface of the nanoparticles have a semi-solid behavior. The
thickness of this “adhesion layer” of liquid molecules would
depend on the surface energy of the nanoparticle. These semi-solid
layers usually have higher thermal properties than the bulk liquid
and therefore contribute to increasing the effective specific heat
capacity of nanofluid. Li et al. [30] performed an equilibrium

MODE |

Low vibration frequency
(High surface energy)

Fig. 6. Schematic showing Mode I of energy storage arising from high surface energy of the surface atoms in the lattice (low vibration frequency and higher amplitudes of

vibration leading to higher surface energy).
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MODE Il
Interfacial interaction
(Energy storage)

Fig. 7. Schematic showing Mode II of energy storage arising from interfacial interactions between liquid molecules and lattice atoms — which act as virtual spring-mass

systems.

Higher mean free path
(Low specific heat)

distance

Fig. 8. Schematic showing Mode III of energy storage arising from a layer of semi-solid molecules adhering to the surface lattice-atoms. The layer of semi-sold molecules is
expected to have a higher specific heat capacity due to the reduced inter-molecular spacing and semi-solid behavior of this layer. Such a layer of semi-solid molecules would

not exist in the absence of the nano-particles (key: p = mass density; units: kg/m?).

molecular dynamics simulation to demonstrate the existence of
the semi-solid layer surrounding a nanoparticle. Oh et al. [31]
reported TEM images to show the experimental evidence for order-
ing of liquid molecules on the interface between liquid aluminum
and sapphire. Ample evidence exists in the molecular dynamics
literature that shows that this semi-solid layer of liquid molecules
on a crystalline surface is constrained to a region that is ~2-5 nm
in thickness, which is about ~10 molecules or less in thickness. The
numbers of adhered layers of the liquid molecules are expected to
be a function of the surface energy of the crystalline interface. The
mass fraction of the adhered “semi-solid” molecules is expected to
increase proportionally on a nanoparticle surface with the reduc-
tion in the size (for the same concentration of nanoparticles by
weight).

Thus, for a given concentration (mass fraction) of the nanopar-
ticles — an optimum diameter of the nanoparticle can also be ex-
pected to exist in order to maximize the mass fraction of the
adhered molecules from the liquid-phase forming the semi-solid
layer - and thus providing an optimum in the enhancement of
the specific heat capacity of the nanofluid. In addition, the opti-
mum concentration of the nanoparticles can be a function of the
nanoparticle nominal size or the size distribution of the nanoparti-
cles (this is the subject of future studies by our research group).

7. Conclusion

In conclusion, specific heat capacity of neat chloride eutectics
and their nanofluids obtained by doping with SiO, nanoparticles
(at 1% weight concentration) with ~20-30 nm nominal diameter
- were explored in this study. The SiO, nanofluid enhanced the
specific heat capacity by 14.5% compared with that of the neat
chloride salt eutectic. This enhancement is significantly higher
than the measurement uncertainty of 2-4%. This anomalous
enhancement of the specific heat capacity confirms a previous re-
port by the authors on this topic and also contradicts a previous
study reported in the literature (which was probably due to
agglomeration/precipitation of the nanoparticles from the solu-
tion). Three independent thermal transport mechanisms were pro-
posed to explain the unusual enhancement of the specific heat
capacity: (1) Mode I: enhanced specific heat capacity of nanoparti-
cle due to higher specific surface energy (compared with bulk
material); (2) Mode II: additional thermal storage mechanisms
due to interfacial interactions (e.g., such as interfacial thermal
resistance and capacitance) between nanoparticle and the adher-
ing liquid molecules due to the extremely high specific surface area
of the nanoparticle; and (3) Mode III: the existence of semi-solid
liquid layer adhering to the nanoparticles, which are likely to have
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enhanced specific heat capacity due to the smaller inter-molecular
spacing similar to the nanoparticle lattice structure on the surface
(compared to the higher inter-molecular spacing in the bulk li-
quid). The authors hope that this finding of anomalous enhance-
ment of specific heat capacity of nanofluids will raise the interest
level of the scientific community for further research into this to-
pic, which currently receives less attention than research on, say,
anomalous enhancement of thermal conductivity of nanofluids.
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