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Abstract Nanofluids of Li,CO3-Na,CO3;-K,CO3 improved
by three nano-Al,O; samples are firstly prepared by means
of two-step aqueous method to enhance thermal properties
for high-temperature heat transfer, when used as heat
transfer fluids and thermal energy systems for concentrat-
ing solar power systems. Specific heat of ternary carbon-
ates containing AlL,O; of 0.2, 0.4, 0.8, 1.0, 1.4 and
2.0 mass% is measured, and nanofluids with 1.0 mass% of
20-nm Al,O3, 1.0 mass% of 50-nm Al,O5; and 0.8 mass%
of 80-nm Al,O5 are selected as superior candidates. The
maximum enhancement of specific heat is 18.5% in solid
and 33.0% in liquid, 17.9% in solid and 22.7% in liquid,
13.2% in solid and 17.5% in liquid for nanofluids con-
taining 20-, 50- and 80-nm Al,O3. Thermal conductivity is,
respectively, improved by 23.3, 28.5 and 30.9% under the
addition of Al,O;. New chemical bonds and crystals are
scarcely formed in composites through FT-IR and XRD
determination. SEM images certify that nano-Al,O; are
homogeneously mixed into nanofluids and this structure
may be a critical incentive for enhancing thermal proper-
ties. There are no significant changes with respect to the
heat flow, melting/freezing point and latent heat after the
30 circles of determination. Briefly, it can be speculated
that these nanofluids will exhibit tremendous potential in
the coming applications of heat transfer and thermal stor-
age for concentrating solar power systems.
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Introduction

High-temperature heat transfer fluids (HTFs) and thermal
energy storage (TES) are the dominating components for
effective thermal management in concentrating solar power
(CSP) with the outstanding advantage of high efficiency
and dispatchability, which can be incorporated into or out
of power grid according to the practical requirement [1-3].
Heat transfer ability of HTFs mainly determines the ther-
mal exchange between TES and high-temperature vapor
that drives the turbine for electricity production. And the
well-designed TES system that represents approximately
10-30% of the total capital cost can sustain extended
thermal supply for several hours in the absence of solar
radiation to reduce the radiation mismatching in time and
space [4-7]. Molten salt of Li,CO3;—Na,CO3;-K,COj5 is the
promising medium used in high-temperature CSP plants
running with the same material for HTFs and TES due to
its high melting point, excellent thermal stability and low
vapor pressure [2, 8]. Unfortunately, poor thermal proper-
ties of carbonate ternary, especially small specific heat,
limit the heat transfer performance which leads to be
uncompetitive for CSP plants competing with traditional
fossil-fueled power plants [9-11].

Nanofluids are defined as stable colloidal suspensions
with the dimension of nanoparticles less than 100 nm.
Referring to the literature, metallic particles and metallic
oxide particles together with carbon materials are three
mainly additives used in nanofluids [12-16], whereas
metallic particles will be corroded in liquid molten salts
that they are commonly seen in water- or organic oil-based
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nanofluids [13, 17-20]. Carbon materials basically
appeared with the purpose of improvement of thermal
conductivity. For molten salt nanofluids, the metallic oxide
particles are the preferred choice of additives in the pursuit
of improved thermal properties [21-24]. It can be expected
that using this enhanced eutectic as a single fluid for HTF
and TES of CSP plants can dramatically reduce the cost of
electricity by eliminating heat exchangers between HTF
and TES for high exegetic efficiency and reducing the heat
load for the freeze protection.

Extensive studies have been carried out in respect of molten
salt nanofluids for the purpose of enhancing thermal properties.
Myers et al. [25] prepared single salt (NaNO3z, KNO3) with
CuO nanoparticles in order to improve the heat transfer for
thermal energy storage. Statistically significant increases in
thermal conductivity were observed for KNO; over the entire
temperature range (273-523 K), and significant increases in
conductivity for NaNO; were observed only for temperatures
under 423 K. Dudda and Shin [26, 27] studied NaNOz;—KNO;
(60:40) with different sizes of silica nanoparticles. The
enhancement of specific heat was 12.0, 19.0, 25.0 and 27.0%
for 5-, 10-, 30- and 60-nm particles at 1.0% concentration by
mass, respectively. Ho and Pan [28] reported effect of 50-nm
alumina on the specific heat for KNO3;—NaNO,—NaNO;
(53:40:7 mol.%). The enhancement reached 19.9% under the
optimal concentration of 0.063 mass%. Notably, there was a
decrease in trend of enhanced effect as the concentration
increases from 0.063 to 2.0 mass%, which might be caused by
the particle agglomeration at high concentration. This molten
salt in the composition of (49:30:21) was modified by the
20-nm silica in the research of Devaradjane and Shin [29]. At
the concentration of 1.0 mass%, the measured values testified
that the specific heat achieved approximately a 19.0%
enhancement compared to the pure eutectic. Shin and Banerjee
[30] evaluated the specific heat of Li,CO3—K,COj3 (62:38) in
the presence of 1.0% of silica by mass with 5, 10, 30 and 60 nm
of average size. Their investigations showed that an increase of
about 25.0% in specific heat and the size of nanoparticles had
little effect on the enhancement. SEM images of nanofluids
after the melting/freezing process revealed the formation of
special needle-like nanostructures, which was speculated as a
potential inducement for the enhanced phenomenon. In
another research of Shin and Banejee [31], Li,CO3-K,COj3 in
the same composition expressed 33.0% of improvement in
specific heat when mixed with alumina at the mass concen-
tration of 1.0%. Similarly, the needle-like nanostructures were
found in the study. However, other studies have scarcely
reported this structure and no evidence can certify the existence
of this structure in molten salt-based nanofiuids. Chlorate
quaternary of BaCl,—NaCl-CaCl,~LiCl with silica nanopar-
ticles was prepared, and its specific heat was measured in DSC
[32]. When the concentration was 1.0 mass%, the specific heat
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exhibited a 14.5% increase at the temperature range from 773
to 828 K.

Based on the initial pioneering efforts in this field, most
available literature is related to nitrates and binary carbonate
[33-35]. There is no feasible study to explore the enhancement
of specific heat of Li,CO3;-Na,CO3—K,CO3, which is regarded
as the excellent medium for the next generation of high-tem-
perature CSP plants [36]. From the above discussion, it is
anticipated that specific heat of Li,CO3—Na,CO;-K,CO; can
be also enhanced by the similar mechanism of nanofluids.
Therefore, this study aims to prepare and investigate ternary
carbonate nanofluids doped with nano-Al,O3 (T, = 2318.0 K,
p =3.960 g cm >, Cpayerage = 0.842 J g~ K™'). Three dif-
ferent sizes (20 nm, 50 nm and 80 nm) of Al,O; nanoparticles
picked from the reagents are chosen to research the particle size
effect. Nanoparticles are firstly doped into the ternary carbonate
at different concentrations by mass. Next, the measured specific
heat and thermal conductivity validate the improvement of
Al,O3 nanoparticles. Finally, the composition, structure and
morphology of prepared nanofluids are characterized through
FT-IR, XRD and SEM.

Materials and methods
Materials

Lithium carbonate (Li,CO3, content >99.0%), sodium car-
bonate (Na,CO3, content >99.8%) and potassium carbonate
(K>CO3, content >99.0%) are provided by Kelong Chemical
Co. as the carbonate salts. Three alumina (Al,Os, content
>99.99%) in the nanoscale are bought from Aladdin chem-
ical Co. According to the reagent instructions, their sizes are
20, 50 and 80 nm, respectively. All the chemicals are of
analytical grade and used without further purification.

Preparation of nanofluids

Carbonate nanofluids in this study are prepared by two-step
aqueous method, which had been proved to be an effective
method to avoid the aggregation and sedimentation of
nanoparticles. Three carbonates were firstly dried in a vacuum
oven (DZF-6050A, Zhongxingweiye) at 393 K for 3 h to
clearly remove absorbed moisture. Then, each carbonate was
precisely weighed on an electronic balance (MS105DU,
METTLER TOLEDO) to ensure that the mass ratio was con-
formed to the ternary composition (Li,CO5:Na,CO3:K,.
CO; = 32.1:33.4:34.5 mass%). For 1.000 g of the sample, the
mass is 0.321 g for Li;CO3, 0.334 g for Na,CO3 and 0.345 g
for K,CO;. Three weighed carbonates were dissolved into
100 mL distilled water. Meanwhile, the Al,O5 was also added
into the solution with different contents (0.2, 0.4, 0.8, 1.0, 1.4
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and 2.0 mass%). The solution was under sonication for 3 h
with the purpose of forming a homogeneous solution for the
following process. After the ultrasonic treatment, the solution
was transferred to a hot plate and heated at 473 K to completely
evaporate the distilled water. Finally, the cooled mixtures in
solid form were ground into powder and preserved in a glass
desiccator for further utilization.

Measurement and characterization of nanofluids

Thermophysical properties, structures and morphology of
improved nanofluids are investigated to explore their
potentials in applications of CSP systems.

Specific heat measurement

A differential scanning calorimeter (DSC, Q20, TA) is
employed to accomplish the measurement of specific heat.
Each sample to be tested was sealed in a Pt crucible to
prevent possible sample loss and corrosion of carbonates
during measurement. The mass of samples was strictly kept
within 5-10 mg. To avoid moisture absorption, each
sample was firstly heated at 473 K for 5 min. In the sub-
sequent step, the sample was heated to 873 K under the
constant heating rate of 10 K min~' and the sample
eventually underwent an isothermal treatment for 5 min at
873 K. Three samples of each carbonate eutectic with and
without Al,O3; were separately analyzed to confirm the
reliability of the measurement and the average of specific
heat were used as the results shown in this study. With
indium as a standard reference material, the deviation of
DSC instrument and the instrument reproducibility are
40.1 and £1.0%, separately. The value of specific heat is
calculated by comparing the heat flow of samples to be
tested with that of the standard sapphire provided by TA.

Thermal conductivity measurement

The thermal diffusivity and thermal conductivity of the
pure eutectic and nanofluids in solid were measured using
laser flash analysis instrument (LFA457, NETZSCH) at
298 K. To minimize moisture infiltration, materials were
milled and kept in a drying oven prior to pressing. Next,
samples were pressed into cylindrical pieces
(® = 10.0 mm) under 30.0 MPa pressure. Additionally,
the sample height was about 1.0 mm to ensure the flash
diffusivity effect. The measured instrument is calibrated by
a graphite standard with a stated accuracy of +6.0%.

FT-IR characterization

In order to explore whether possible chemical reactions
that occur during the formation of nanofluids may be the

reason for the enhancement of thermal properties, Fourier
transform infrared spectroscopy (FT-IR) is introduced to
analyze the characteristic absorption peak. The structural
analyses of the pure ternary and prepared nanofluids doped
by Al,O3; were performed by using an instrument (Nicolet
6700, Thermo) with a diffuse reflectance accessory. The
FT-IR spectra were recorded on a KBr pellet in the fre-
quency range from 4000 to 400 cm™".

XRD characterization

X-ray diffraction (XRD, 4 = 1.7890 A, X’Pert Pro MPD)
was used to analyze the crystal structure of samples.
Numerous characteristic peaks in the diffraction spectrum
could indicate the inner structure of molecules or atoms,
and the composition of composite molten salts prepared in
the investigation. The angle of the diffraction detected in
XRD was chosen between 5° and 70°.

SEM characterization

Scanning electron microscope (SEM) mainly used sec-
ondary electron signal to observe the surface morphology
of the sample. It is widely recognized as a popular tech-
nology in the determination and analysis of surface mor-
phology in the micro- or nanoscale. Hence, the
microstructure and morphology of samples were measured
through the SEM performed in the instrument (Fei Inspect
FEI, Netherlands). Different magnifications (x 1000 and
x20,000) of figures were acquired to compare the surface
morphology and structure.

Stability

As the HTFs and TES used in CSP plants, stability is an
essential element that should be considered seriously.
Meanwhile, it is difficult to conduct the long-term stability
testing; thus, short-term measurement of 30 circles is car-
ried out by using the DSC instrument in order to provide
available reference to the further research. The program of
a circle was set as follows: samples firstly were kept
isothermal for 10 min at 573 K. Then under the heating
rate of 10 K min_l, samples were heated to 773 K fol-
lowed by another isothermal process of 10 min. After that,
the temperature of samples decreased to 573 K at a cooling
rate of 10 K min~'. All the samples circled the above
program 30 times to finish the stability determination.

With the purpose of highlighting the effect of Al,O5; on
the stability, the melting/freezing point defined as the
peak value and latent heat of samples before and after
various circles (10, 20 and 30) were studied in DSC
determination.
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Results and discussion
Specific heat measurement

Specific heat is the dominating parameter which directly
determines the heat absorption or release ability of molten
salts used in CSP plants. Within the same amount of time,
nanofluids improved by Al,O; with larger specific heat
obtain the capacity to absorb or release more thermal
energy collected by heliostats/lenses when conducting heat
transfer in CSP systems.

Thus, with the purpose of evaluating the specific heat of
nanofluids, pure salts and three nanofluids were subjected
to DSC measurement and their results are exhibited in
Figs. 1-3.
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Fig. 1 Specific heat of nanofluids with 20-nm Al,0O5

Specific heat/J g-1 K1

1 —a—Pure —#— 0.2 mass% —&— 0.4 mass %

—¥—0.8 mass % 4—1.0 mass% —»—1.4 mass%
1 ———2.0 mass %

0.8

0.6

Specific heat/J g—1 K-1

04 -

0.2

0.0

Specific heat/J g-1 K-1

Temperature/K

Fig. 2 Specific heat of nanofluids with 50-nm Al,0O5
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Figures 1-3, respectively, show the specific heat of
three nanofluids of various alumina concentration (0.2, 0.4,
0.8, 1.0, 1.4 and 2.0 mass%) in the form of solid
(473-623 K) and liquid (723—-873 K). Table 1 shows the
value of specific heat for pure salts and three nanofluids.

As shown in Figs. 1-3 and Table 1, addition of Al,O;
expressed diverse enhancement of the specific heat,
depending on the concentration of additives. For nanofluid
of 20-nm Al,O3, no matter in solid and liquid, specific heat
increases as the concentration increases. Solid specific heat
of this nanofluid reached the maximum at the concentration
of 1.0 mass%, and the value was 1.475 ] gfl K~! which is
approximately 18.5% higher than pure salts. After that, the
value began to decrease when Al,O; continued to increase.
In liquid stage, there was an analogical change as the Al,O3
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Fig. 3 Specific heat of three nanofluids with 80-nm Al,O3
Table 1 Specific heat of the pure salts and three nanofluids
Material Content/mass% Co /1 g 'K! Enhance/% Co i1 g K Enhance/%
Pure salts - 1.243 - 1.453 -
Salts + Al,O3 (20 nm) 0.2 1.269 2.1 1.577 8.5
0.4 1.337 7.6 1.685 16.0
0.8 1.376 10.7 1.787 23.0
1.0 1.475 18.5 1.933 33.0
1.4 1.444 16.2 1.816 249
2.0 1.321 6.3 1.713 11.8
Salts + Al,O3 (50 nm) 0.2 1.287 3.6 1.516 43
0.4 1.315 5.9 1.596 9.6
0.8 1.407 13.2 1.811 18.4
1.0 1.465 17.9 1.875 22.7
1.4 1.383 11.3 1.694 16.6
2.0 1.369 10.2 1.583 8.9
Salts + Al,O5 (80 nm) 0.2 1.224 —-1.7 1.551 6.8
0.4 1.392 12.0 1.607 10.6
0.8 1.406 13.2 1.708 17.5
1.0 1.376 10.8 1.662 14.4
1.4 1.361 9.5 1.683 12.1
2.0 1.261 1.5 1.562 7.5

content increases. The specific heat of nanofluid of 20-nm
Al,O5 climbed from 1.453 to 1.932 J g~' K™ with 33.0%
improvement. Continuing to enlarge the content, the
specific heat displayed a decline, but the enhancement was
still 11.8% at 2.0 mass% of Al,Os.

Similarly, at 1.0 mass% Al,O3, the optimal specific heat
was 1.465 J ¢! K=' with 17.9% enhancement for solid
nanofluids with 50-nm AL,O; and 1.875J g~!' K™' with
22.7% enhancement for liquid nanofluids with 50-nm Al,Os.

When it comes to nanofluids of 80-nm Al,Os, the enhance-
ment of specific heat was 13.2% in solid and 17.5% in liquid
at the concentration of 0.8 mass% of Al,O3, respectively.
The largest value of specific heat for this nanofluid was
1.406 J g~ ' K 'insolidand 1.708 J g~' K™ inliquid. Itis
obvious to observe that the specific heat of nanofluids exhi-
bits significant improvement over the original salts. Simul-
taneously, nanofluids with 20-nm alumina demonstrate the
largest specific heat followed by nanofluids with 50-nm
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alumina, and the nanofluids containing 80-nm alumina pre-
sent the lowest value.

Meanwhile, the theoretical prediction from the thermal
equilibrium model for molten salts mixtures presented in
[32, 36] is in Eq. (1):

pe X e X Cc+ p, X ¢, X Cpp
pcx¢c+ppx¢p

Cont = (1)
where Cp.r, Cp. and C,, are effective specific heat
capacity of nanofluid, carbonates and nanoparticles,
respectively. ¢ and ¢, are volume fraction of carbonates
and nanoparticles; p. and p, are density of carbonates and
nanoparticles.

From the theoretical equation (Eq. (1)), specific heat of
nanofluids containing nano-Al,O3 should be lower than
that of pure salts. However, results of DSC determination
show that prepared nanofluids illustrate distinctively
reverse trends.

The reason for enhancement may be the special nanos-
tructures of nano-Al,O5 [27]. As is well known, the smaller
nanoparticles have larger specific surface area which enables
them to produce more interface between particles and salts,
compared to the larger nanoparticles. There also exists
thermal resistance in the nanoscale interface, and more
interface leads to larger thermal resistance [34]. Therefore,
nanofluids with smaller nanoparticles will absorb more heat
and have larger specific heat due to the existence of larger
thermal resistance [37]. In addition, larger interfacial energy
between the nanoparticles and molten salts may be another
important reason for the enhancement of specific heat.

In the following investigation, nanofluids with
1.0 mass% of 20-nm Al,Os, 1.0 mass% of 50-nm Al,O;
and 0.8 mass% of 80-nm Al,O3 were selected as the can-
didates in the following investigation to explore the ther-
mal properties structures and morphology.

Thermal conductivity
When used as HTFs and TES in CSP plants, thermal
conductivity significantly affects the ability of thermal

diffusion and the heat exchange rate. On the basic principle
of the laser flash diffusivity method, the thermal

Table 2 Thermal conductivity of pure salts and three nanofluids

conductivity of pure salts and nanofluids modified by
Al,O3 is illustrated in Table 2.

As shown in Table 2, three samples were taken into the
thermal conductivity determination and there is no larger
fluctuation among three results. The maximal vibration is
approximately 0.014, 0.064, 0.016 and 0.013 W m~' K™!
for pure salts and nanofluids modified by 20-, 50- and
80-nm Al,O3. Thus, the laser flash analysis is a reliable
method and these nanofluids exhibit extremely stable per-
formance in thermal conductivity.

From the measured results in Table 2, it seems easy to
draw the conclusion that three nanofluids upon addition of
Al,O5 nanoparticles all display dramatic improvement to the
thermal conductivity. The average thermal conductivity of
nanofluid was 2.064 Wm™ ' K™' for 20-nm ALO;;
2.148 W m~! K~ ! for 50-nm Al,05; and 2.191 W m~' K~!
for 80-nm Al,O3. The enhancement caused by the addition of
nanoparticles reached 23.3, 28.3 and 30.9%, respectively.
Moreover, results also indicate that the enhancement of
thermal conductivity for nanofluids continues to increase
with the amount of the nanoparticles.

As is well known, Al,Oj3 particles uniformly scattered in
the carbonate ternary is inclined to form the heat transfer
network. This network can be employed as the effective
path for heat transfer. Therefore, three nanofluids upon
addition of Al,O5 nanoparticles all demonstrate statistically
significant improvement over that without addition. Fur-
thermore, smaller nanoparticles that have larger surface
energy tend to agglomeration or precipitation which is
averse to the formation of effective heat transfer network.
The network for heat transfer will present some missing or
partially incomplete structure when the agglomeration or
precipitation of Al,O3 appears in the nanofluids. These
sites will cripple the efficiency of thermal transfer, leading
to the decrease trend with the addition of nanoparticles.
Thus, nanofluids with 80-nm Al,O; obtain the largest value
of thermal conductivity.

FT-IR determination

Three prepared composite carbonate salts together with
the original carbonate salts underwent the FT-IR

AW m~! K Pure salts Salts + Al,O3 (20 nm) Salts + Al,O3 (50 nm) Salts + Al,O3 (80 nm)
First sample 1.664 1.995 2.142 2.202

Second sample 1.670 2.079 2.138 2.178

Third sample 1.688 2.118 2.164 2.193

Average 1.674 2.064 2.148 2.191

Enhance/% - 23.3 28.3 30.9
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Fig. 4 FT-IR determination of the pure salts and three nanofluids

determination, and their characteristic absorption peaks are
illustrated in Fig. 4.

As demonstrated in Fig. 4, numerous absorption peaks
of corresponding compositions appeared in the four
nanofluids. The locations of characteristic peaks at 2850,
2910, 1430 and 503 cm™' belonged to the peculiar chem-
ical bonds of Li,CO3, Na,CO;, K,CO3 and Al,Os. As to
Li,CO3, Na,COj5 and K,CO;3, their existence could also be
verified by the absorption peaks that emerged at 688, 864,
889 and 1660 cm ™.

In general, it is clear to get the conclusion that FT-IR
results vary scarcely with the addition of Al,Os. None of
the characteristic peaks for new structures are visible after
modification by Al,O;. There are some slight shifts
between FT-IR spectra of the pure ternary and the
nanofluids, and this sight may be caused by a new mac-
roscale structure formed through intermolecular forces and
electrostatic interaction when the Al,O; is added in the
preparation. In conclusion, nanofluids can be considered as
the physical mixtures without new formed materials.

XRD determination

In an effort to analyze the crystal structure after the mod-
ification of Al,O; with diameters of 20, 50 and 80 nm,
XRD determination was conducted in the diffraction angle
from 5.0° to 70.0° and the results of carbonates before and
after Al,O3; enhancement are represented in Fig. 5.

As illustrated in Fig. 5, various diffraction peaks were
observed in these spectra. The intense diffraction peaks
appearing at 29.5°, 33.7° and 51.8° were indexed to the
characteristic planes of the crystal for Al,O3, respectively.
Compared to original salts, the improved nanofluids pre-
sented unique diffraction peaks of Al,O3 and the results

* n * o  AOz-80nm
* 40 o  AlO3-50nm
e S A A ...ﬂM‘L\MM; A -\
. * Al,O5 —20nm
Pure
AAA MM A Py
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20/°

Fig. 5 XRD determination of the pure salts and three nanofluids

could demonstrate that additives are successfully intro-
duced into the salts. The diffraction peaks showed the
identical crystal plane distances in the three carbonate
crystals. However, due to the existence of crystal doping, it
is particularly observed that the locations (21.5°, 22.4°,
26.2°, 32.0° and 41.8°) of peaks in Li,CO3;-Na,CO3—
K,CO; with Al,O5; nanoparticles are slightly lower than
those of pure salts.

The three carbonates have a monoclinic structure and
larger crystal lattice spacing. In the formation of the
eutectic, three carbonates firstly form a monoclinic crystal.
Then, a small amount of Al,O3, which possesses a different
structure and smaller radius, enters into the interval of
forming structure of the monoclinic crystal, leading to the
occurrence of crystal doping. This doped structure is
reflected in the right shift of the XRD spectra in Fig. 5.

SEM determination

In this investigation, three prepared nanofluids and original
salts experienced the SEM determination and the scanned
images with the magnification of x1000 and x20,000 are
shown in Fig. 6.

From Fig. 6a, b, the original salts presented smooth
surfaces and a few large particles appeared in the cross
section. When nano-Al,O3 was added into the mixtures, the
surface of the solid nanofluids became rougher than that of
pure salts, as shown in Fig. 6¢-h. This unsmooth structure
might be produced by the inset of nano-Al,O;. It is also
obvious that the content of roughness is becoming larger in
the order of (d), (f) and (h), which is consistent with the
size of the added Al,O3. Therefore, it can be speculated
that the Al,O5; nanoparticles are homogeneously scattered
into the mixture of nanofluids and this composition might
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Fig. 6 Images of SEM with the magnification of x1000 and
%x20,000. a, b are the pure salts; ¢, d are nanofluids of 20-nm
Al,O3; e, f are nanofluids of 50-nm Al,Os; g, h are nanofluids of
80-nm Ale';

be the structural factor for enhancing the thermal
properties.

However, the smaller nanostructure reported in [32]
having a diameter of 100—150 nm and a length of up to
1-2 pm did not appear in SEM determination.

Stability

Equipped to the CSP systems, nanofluids can play an
important role in the function of HTFs and TES. Hence,
nanofluids with excellent stability will obtain an out-
standing advantage over other materials. In this investi-
gation, three nanofluids underwent 30 circles of stability
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determination. After that, these samples were subjected
to DSC determination and the results are presented in
Figs. 7-9 and Table 3.

As illustrated in Figs. 7-9 and Table 3, the DSC curves
after 10, 20 and 30 circles presented a slight shift to the left
compared to that without the circle determination. For
nanofluids of 20-nm Al,Os;, the melting point after 10, 20
and 30 circles decreased from 672.3 to 670.8, 670.9,
670.1 K, respectively. The corresponding latent heat in
melting process slowly fluctuated to 222.1, 217.8 and
214.0J gfl. In the solidification of three nanofluids,
freezing point presented scarcely any variation after the
circle determination, whether in any one of these circles.
As for the latent heat in the solidification, the value reduced
to 203.3, 198.7 and 199.1 J g™, respectively.
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Table 3 Melting/freezing point and enthalpy of nanofluids before
and after 30 circles

Material Circle T/K AHpeiingd T¢/K AHreeying!
J g’1 J g*'
Pure salts - 680.1 247.1 659.8  229.3
Salts + ALO; 0 6723 230.8 659.2  210.7
(20 nm) 10 670.8 222.1 658.4  203.3
20 670.9 217.8 657.8  198.7
30 670.1 214.0 657.9  199.1
Salts + ALO; 0 672.3 233.1 661.0 211.8
(50 nm) 10 671.7 221.0 664.1  208.7
20 671.0 219.6 6634  204.3
30 670.2 215.4 6634  200.1
Salts + ALO; 0 671.1 239.7 661.6  208.0
(80 nm) 10 6702 226.0 663.8  209.8
20 669.5 219.1 663.1  208.6
30 668.7 216.8 662.6 2024

When it comes to nanofluids with 50- and 80-nm Al,O3,
there exists the similar trend for melting/freezing point and
latent heat. After 30 circles, melting point decreased to
670.2 and 668.7 K for nanofluids with 50- and 80-nm
Al;O3. The latent heat in the melting process mildly went
down to 215.4 and 216.8 J g, respectively. During the
solidification, melting point of nanofluids with 50- and
80-nm Al,O; declined to 663.4 and 662.6 K and the cor-
responding latent heat dropped to 200.1 and 202.4 J g~ ',
respectively.

In brief, it is apparent that there are no significant
changes with respect to the heat flow, melting/freezing
point and latent heat after various circles of determination.
Therefore, results measured in the investigation can con-
firm the superior stability of these nanofluids.

Conclusions

CSP plants operated under high-temperature condition
will not only generate much more electricity but also
benefit the reduction of fossil fuel use and carbon emis-
sion to the environment. High-temperature nanofluids
in the form of Li2CO3—Na2CO3—K2CO3 with A1203
nanoparticles which can be used as superior HTFs and
TES are firstly prepared through two-step aqueous method
with the purpose to enhance the thermal properties.
Nanofluids with three different sizes of Al,O3 nanoparti-
cles in various concentrations (0.2, 0.4, 0.8, 1.0, 1.4 and
2.0 mass%) underwent specific heat determination. Under
the criterion of specific heat, the content of Al,O3 is
optimized and nanofluids with 1.0 mass% of 20-nm
Al,O3, 1.0 mass% of 50-nm Al,O; and 0.8 mass% of
80-nm Al,O3 are selected as the superior candidates.
Specific heat of nanofluids containing 20-, 50- and 80-nm
alumina is improved by 18.5% in solid and 33.0% in
liquid, 17.9% in solid and 22.7% in liquid, 13.2% in solid
and 17.5% in liquid, respectively. The enhancement of
thermal conductivity caused by the addition of Al,Os,
respectively, reaches 23.3, 28.5 and 30.1%. By the char-
acterization of FT-IR and XRD, three improved nanoflu-
ids are proved to be the physical mixtures and there are
no new chemical bonds formed in them. It can be spec-
ulated from the SEM images that the Al,O; nanoparticles
are homogeneously scattered into the mixtures of
nanofluids and this special structure might be an important
factor for enhancing the thermal properties. Finally, there
are no significant changes in heat flow, melting/freezing
point and latent heat between the original nanofluids and
those after the stability determination.

In conclusion, results from determination can confirm
the superior stability of nanofluids and it can be anticipated
that they will exhibit tremendous potential in the coming
application of HTFs and TES for CSP systems.
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