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Solar thermal power generation technology is the most feasible technology to compete with fossil fuels in the
economy, and is considered to be one of the most promising candidates for providing a major share of the clean and
renewable energy needed in the future. The appropriate heat transfer fluid and storage medium is a key technological
issue for the future success of solar thermal technologies. Molten salt is one of the best heat transfer and thermal
storage fluid for both parabolic trough and tower solar thermal power system. It is very important that molten salt heat
transfer mechanisms are understood and can be predicted with accuracy. But studies on molten salts heat transfer are
rare.

This study will lay a foundation for the application of carbon nanotubes in molten salt which can remarkably
improve the stability and capacity of thermal storage. Preliminary experiments found that adding nanoparticles
provided an anomalous enhancement to the specific heat capacity of molten salt. According to the experiments, multi-
walled carbon nanotubes and Au nanoparticles both can enhance the specific heat capacity of molten salt by a factor
approaching 100%.

In this paper, the interface thermal resistance theory is used to explain the phenomenon of the significantly
improved heat capacity, then investigate the factors which affect the mechanism of specific heat capacity
enhancement, such as the concentration, the size, the attributes, the stability of the nanoparticles, and dispersion
behavior of the nanoparticles in the eutectic composition. The microstructure was confirmed by scanning electron
microscope (SEM) and transmission electron microscope (TEM).

Key words: Molten Salt, Nanoparticles, Concentration Solar Plants, Interfacial Thermal Resistance

INTRODUCTION

Solar thermal techniques are especially
promising since these platforms can provide
uninterrupted power supply during off peak times.
Solar thermal power plants rely on high
temperature thermal storage facilities and require
the storage medium to have high heat capacity and
thermal conductivity. Hence, there is a need to find

facilities to a higher range of temperatures. High-
temperature molten salt acting as the heat storage
medium has the following advantages:

(1) The heat transfer coefficient of the molten
salt is twice that of other organic heat carriers,
making the thermal stability of the molten salt
relatively high.

(2) The upper temperature limit of the molten

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
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salt which is put into practical applications is at
present 600°C.

Therefore, in order to improve the operating
parameters and efficiency of solar concentrating
systems and reduce the cost of electricity,
approaches to enlarge the thermal capacity, enhance
the heat transfer characteristics and increase the
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thermal stability higher of molten salt, are urgently
needed. Many related research works have shown
that nanoparticles can enhanced heat transfer
characteristics, most of these research works focus
on how to improve the thermal conductivity. This
paper sets out to study the change in specific heat
capacity in molten salt after mixing it with
nanoparticles, as well as to find the main factors
causing this change. Chiefly, the motivation of this
study was to synthesize novel nanomaterials for
TES in CSP applications. The experiments
preliminarily validate that, nanoparticles strongly
enhance the heat capacity of molten salt. Moreover,
much to our surprise, endothermic and exothermic
characteristics of molten salt change significantly
after mixing in multi-walled carbon nanotubes
during a certain temperature period.

THEORETICAL ANALYSIS

There are few related research works about the
mechanisms by which nanoparticles improve the
specific heat.

Three independent thermal transport mechanisms
were proposed to explain the unusual enhancement
of the specific heat capacity:(1) Mode I: enhanced
specific heat capacity through nanoparticles due to
higher specific surface energy (compared with the
bulk material); (2) Mode IlI: additional thermal
storage mechanisms due to interfacial interactions
between nanoparticles and the adhering liquid
molecules due to the extremely high specific surface
area of the nanoparticles; and (3) Mode IlI: the
existence of a semi-solid liquid layer adhering to the
nanoparticles, which are likely to have enhanced
specific heat capacity due to the smaller inter-
molecular spacing similar to the nanoparticle lattice
structure on the surface.

However, the three theoretical models are not
fully proved by theory and experiments research is
still at the speculation stage. The objective of the
study is to explore the effect of the addition of
nanoparticles on the specific heat capacity of
eutectic salt. And the influence factor and
mechanical of the synthesis protocol on the specific
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heat capacity of the nanomaterials is also explored
in this study.

In this study, multi-walled carbon nanotubes are
selected as the main object of study, Au
nanoparticles are also selected for comparison.

First of all, when the state of mixture of salt and
nanoparticle is unclear, we have to analyse the
simple mixing state in which the salt and
nanoparticles are separated exist in molten state.
The state is considered whether it can anomalous
enhance the specific heat capacity of eutectic.

A simple mixing rule (Equation 1) was used to
estimate the property values of the mixture
(nanomaterials), as follows:

- mCl MGy

p.np
m,, +m,

Co (1)
Where Cp is specific heat and m is mass of the
sample. Subscripts t, np, b denote property values of
the mixture (nanomaterial), the nanoparticles, and a
pure solvent material (eutectic). This equation is
frequently used in the nano-fluids literature.

The specific heat capacity of the eutectic is easy
to determine, but the specific heat capacity at
constant pressure of nanoparticles is difficult to
calculate quantitatively.

The Debye theory is used to calculate the
specific heat capacity of carbon nanotubes. The
Debye theory assumes that a crystal is an isotropic
continuous elastic medium where the thermal
motion of atoms is sent in the form of elastic waves,
Each elastic wave vibration mode is equivalent to an
harmonic oscillator, the energy is quantized, and
specifies a maximum elastic wave frequency p,
called the Debye frequency. Since the Debye
temperature for carbon nanotube is expected to be
2500K as high as that for diamond, the quantum
effect for the heat capacity is very important even at
room temperature.

The degrees of freedom in a crystal which is
composed of N atoms is 3N, therefore there can only
be 3N vibration modes, so:

[ g(w)dw=3N 2)
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Substitution into the state density of elastic

wave:
Vo’
W) =——= 3
9(w) 277 3
The Debye frequency values can be determined:
1
2,,3\3 1
wp = [(SNVLVSJ - (67r2n)3v5 (4)

n is the number of atoms per unit volume.

The Debye crystal vibration theory is the basis of
traditional crystal molar heat capacity theory, which
is suitable for the calculation of molar volume heat
capacity for macro crystalline materials Cy(T).
Through the relation between Cy(T) and Cp(T),
Cr(T) can be calculated. The Cy(T) formula in the
Debye model theory is :

4
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Where Cy(T) is the Moore constant volume heat

capacity of the material, with units of J/(mol K) ; T

is the thermodynamic temperature, with units of
K ; & is Debye temperature of material, with units
of K ; R is the molar gas constant, which equals to
8.314 J/(mol K).

In order to conveniently calculate Cy(T), a semi-
empirical relation from the literature is used.

Where Tn is the melting point of carbon
nanotubes, with units of K; Aois a universal constant,
equal to 3.9 x 10 mol K/J.,

This is the modified Nernst-Lindrmann equation,
which is a widely used semi-empirical formula. The
formula is used to calculate the Cy(T) of carbon
nanotubes. The melting point of carbon nanotubes
Tm is  substituted into  formula  (6):

T
Co(T)=C, (T)1+3RA, )
Tm
(6)

The simulation curve shows that in the work
temperature segment, carbon nanotubes are not
enough to improve the value of the heat capacity of
nanomaterial reached 100%. It can be concluded
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Fig 1. The variation of specific heat capacity with
temperature for carbon nanotubes by simulation
that the nanoparticles and the salt do not form an
independent simple mix in the eutectic compound
but form a composite structure, which can
anomalously enhance the specific heat capacity of
the eutectic.

By research, it can found that the influencing
factors of carbon nanotubes/molten salt composite
material thermodynamics performance mainly
include: the degree of carbon nanotubes dispersion,
carbon nanotube content percentage by mass,
morphology and diameter of carbon nanotubes,
carbon nanotube/molten salt two-phase interface
thermal resistance.

Of these factors, the interface thermal resistance
is regarded as the most important one. Interface
thermal resistance causes the blockage of heat flow
because of the difference of two phase phonon
spectra, and the weakness of interface interaction.
Interfacial thermal resistance has an intensity
rejection effect to the heat transfer between
nanoparticles and salt molecules, which makes the
heat conduction rate slow, thus greatly enhancing
the heat capacity. Phonon heat conduction is the
main mechanism in multi-walled carbon nanotubes.
However, in molten salt/multi-walled carbon
nanotube composite materials, the phonon heat
conduction between the multi-walled carbon
nanotubes have to through salt molecules.

The impact of heat capacity caused by
dispersion, mass percentage, morphology and
diameter are all contributed by the interfacial
thermal resistance, it will be analysed below.
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EXPERIMENTAL ANALYSIS
Experimental procedure

In this paper, the molten salt samples are nitrate
salts. Nitrate salts were selected for Solar Two use
because of their favorable properties compared with
other candidates. In particular, these nitrate salts
have low corrosion rates with common piping
materials, are thermally stable in the upper
temperature range required by steam Ranking
cycles, have very low vapor pressures, are widely
available, and are relatively inexpensive.

The general protocol for preparing the nanofluid
eutectic is as follows: 600mg of Sodium nitrate,
400mg of Potassium nitrate were mixed and heated
to a molten state. After cooling, the mixture is
ground to powder and called the molten salt. 5mg
multi-walled carbon nanotubes and 50mg gum
arabic (GA) is dissolved in 20ml of Ultrapure water.
After ultrasonically vibrating the water solution for
one hour by an ultra sonicator (PS-20, Shenzhen
Yida Corporation), 495mg of the new salt is added.
This water solution, which now contains 1% of
eutectic nanofluid, was ultrasonicated again for one
hour to obtain a homogeneous dispersion of the
nanofluid. This is the reference group called the
nanofluid. The water solution was then rapidly
evaporated in a drying oven, which was maintained
at 100°C. A portion of the dry sample was put into a
differential scanning calorimetry (DSC)
measurements to test the heat capacity. The
temperature was then ramped up to 500°C at
20°C/min.

What is more, to discover the reasons that result
in the enhancement of specific heat capacity of
nanofluid, six groups of comparative experiments
were designed. Each of them altered one property
that had a great impact on nanoparticles, such as the
size, the mass percentage and so on to explore the
reasons that result in the enhancement of nanofluid's
heat capacity. The experimental group is listed as
follow:

Sample A: 1.5% concentration of multi-walled
carbon nanotubes in nanofluid.
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Sample B: 0.5% concentration of multi-walled
carbon nanotubes in nanofluid.

Sample C: half an hour ultrasonication time.

Sample D: 50°C evaporating temperature.

Sample E: 10uL gold particle (Ted pella)of 5nm
diameter to substitute the multi-walled carbon
nanotubes.

Sample F: 10 xL gold particle (Ted pella) of
10nm diameter to substitute the multi-walled carbon
nanotubes.

Results and data analyses

According to the data obtained from six sets of
comparative experiments, curves that reflect the
specific heat capacity coefficient of the comparative
groups under ambient conditions were obtained. As
is shown in the graphs, nanoparticles enhance the
specific heat capacity of a water solution
significantly, but not to the same level. Properties of
nanoparticles, volume fraction, particle diameter and
suspension stability of the nanofluid are important
factors that influence the thermal conductivity of
nanofluid. The impact of various factors are
analysed as follow:

Adding nanoparticles to the in pure eutectic.
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Fig 2. The variation of specific heat capacity with
temperature for the pure eutectic and the nanofluid in
liquid phase.

It shows that the heat capacity of the pure molten
salt eutectic is about 1.25 J/(g K) , which is the same
as given in the literature. In the 370~420°C high
temperature work section, the specific heat capacity
of sample nanofluid has been improved nearly 100%
by adding 1% of multi-walled carbon nanotubes
compared to that of the pure molten salt. What is
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more, the specific heat capacity is increasing by
temperature. When the temperature is 420°C, the
specific heat capacity is about 4.2 J/(g K), which is
nearly 332% of pure molten salt. The mechanism

and influence factors will discuss below.
volume fraction.

The sample nanofluids in Fig 3 and 4 are the
same as the one in Fig 2, but they choose the
different work temperature. Fig 2 is 370-420°C, and
Fig 3 and 4 is 365-410°C, this is mainly determined
by the stability of thermal analysis base line in DSC
graphic. The specific heat capacity of sample A and
B are both less than nanofluid. The value of sample
A is approach to the pure molten salt and has a small
enhancement which is 1-1.5 J/(g K). Sample B has a
similar variation tendency with nanofluid which has
an obvious enhancement effect. But the value of
sample B is
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Fig 3. The variation of specific heat capacity with
temperature for sample A and the nanofluid in liquid
phase.
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Fig 4. The variation of specific heat capacity with
temperature for sample B and the nanofluid in liquid
phase.

smaller than nanofluid all the time. So the two
conditions of volume fraction have different
mechanisms.

There are two mechanisms of heat transfer in the
composite structure:(1) nanotube-molten salt heat
transfer; (2) nanotube -nanotube heat transfer. They
are respectively restricted to the interfacial thermal
resistance and thermal contact resistance. The
concentration of carbon nanotubes is low, interfacial
thermal resistance is the main influence factor of
composite materials ; The concentration is high,
nanotube-nanotube heat transfer is remarkably
improved, the interfacial thermal is weakend which
causes a reduction of specific heat capacity.

It can be seen that the concentration of carbon
nanotubes does not have a linear relationship with
specific heat capacity, but there is an ideal
concentration range for nanomaterial. Too high or
too low a concentration are both a disadvantage for
the formation of the interfacial thermal resistance .

suspension stability of nanofluid

Fig 5 and 6 shows the specific heat capacity of
sample C and D is not enhanced but has a large
reduction which are both less than 1 J/(g K).
Moisture and shortage of ultrasonic sonication all
lead to the agglomeration of carbon nanotubes,
which are then unable to form the effective
interfacial thermal resistance. It caused the salt
molecules absorb more heat in the same temperature
region that leads to the reduction of specific heat
capacity.

comparison between the nanofluid and sample C
T T T T T T T

4k sample C |
nanofluid il

35

al-
25
2k -

151

Specific Heat Capacity J/(g-°C)
\

1k

05—

3;0 3;5 3éO 3%;5 3Er)0 3;5 4[rJO 4(;5 4£O 415 4;0
Temperature °C

Fig 5. The variation of specific heat capacity with

temperature for sample C and the nanofluid in liquid

phase.
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Fig 6. The variation of specific heat capacity with
temperature for sample D and the nanofluid in liquid
phase.

Properties of nanoparticles

Gold nanoparticles have stable physical and
chemical properties which enhance the specific heat
capacity of the solution. What is more, in a high-
temperature section, the specific heat capacity of the
eutectic composition is more stable and changes
little.

Compared with multi-walled carbon nanotubes,
nanometer gold particles have the shape of a ball,
which makes the surface area large enough to scatter
phonons. Therefore, the nanofluid containing gold
nanopaticles has a very high interfacial thermal
resistance, and the enhancement of the specific heat
capacity is significant.
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Fig 7. The variation of specific heat capacity with
temperature for sample E and the nanofluid in liquid
phase.

Fig 7 shows the comparison between sample E
and sample nanofluid. In work temperature, sample
E has the better effect of specific heat capacity
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enhancement than sample nanofluid, and the
enhancement effect of sample E is more stable. Gold
particles have the shape of a ball, which makes the
surface area large enough to scatter phonons, due to
many two-phase interfaces increased.Therefore, the
nanofluid containing gold nanopaticles has a very
high interfacial thermal resistance.

Particle diameter

Gold nanoparticles which have large particle size
are less effective than smaller ones in enhancing the
specific heat capacity of a nanofluid. According to
the research, nanoparticles of large size can increase
the density of low-frequency vibrational phonon
modes, however, they reduce the interfacial thermal
resistance and coupling loss of heat conduction from
the interior of the nanoparticles to the surrounding
salt molecules with phonons of different vibration
frequencies. Therefore, nanoparticles of small size
have the advantage in terms of improving heat
capacity.
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Fig 8. The variation OF specific heat capacity with
temperature for sample E and the sample F in liquid
phase.

Fig 8 shows the specific heat capacity of sample
E and F have the same variation tendency and
stability in work temperature. They all can enhance
the specific heat capacity to 100%, and sample E is
more effective than sample F, which can reach to
220%. According to the research, nanoparticle of
large size can increases the density of low-frequency
vibrational phonon modes, however, reduce the
interfacial thermal resistance. Therefore,
nanoparticles of small size have the advantage in
terms of improving heat capacity.
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CONCLUSIONS AND DISCUSSION

There are many reasons that contribute to the
change of the specific heat capacity, like the degree
of dispersion of nano particles, the mass percentage
of nanoparticles or the morphology or type of
nanoparticles. In this paper, a speculation is made
that all those reasons mentioned above are
effected through the two-phase interfacial thermal
resistance of nanoparticles and molten salt, which in
turn changes the value of the specific heat capacity.
The improvement of interfacial thermal resistance of
nanoparticles and salt molecules forms a good two-
phase interface, so that lots of heat is absorbed by
nanoparticles and the heat transfer speed of salt
molecules is reduced. This causes the overall hybrid
system to absorb or release heat with slower
temperature fluctuations, resulting in a significant
enhancement of specific heat capacity.

Transmission electron microscopy (TEM) and
scanning electron microscope (SEM) are utilized to
observe the microstructure of the samples which
have finished the test on DSC. Compared with
Fig.9, the images Fig.10 from the TEM show that
multi-walled carbon nanotubes can still present a
good dispersion in molten state, and formed a
complex heat conduction network structure between
salt molecules which can anomalously enhance the
heat conduction between nanoparticles; Through the
observation of SEM images, it can be found that the
original salt eutectic has a smooth surface, however
after adding nanoparticles, a lot of the punctation
structures appear at the surface which is formed by
gold-nanoparticles due to enhance the interfacial
thermal resistance.

In this paper, specific heat capacity of molten salt
is anomalously enhanced by adding nanoparticles,
we explore the mechanism and impact factors of this
phenomenon by theoretical analysis and
experiments. We hope that it can attract the attention
of other researchers to do further research in this
field and to improve the theoretical and
experimental research, our research group aims to
explore this method for industrial applications.

Fig 9. Transmission electron micrograph (TEM) of
pure eutectic mixture after testing.

e

Fig 10. Transmission electron microscope (TEM) of
nanofluid after testing. Multi-walled carbon nanotubes
present good dispersion, and formed a complex heat
conduction network structure.

I3y
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Fig 11. Scanning electron micrograph (SEM) of pure
eutectic mixture after testing.
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Fig 12. Scanning electron micrograph (SEM) of
Sample F after testing. Special punctation structures are
formed all over the nanomaterial (gold nanoparticle).
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PA3PABOTBAHE HA HOBA, TOIUIO-CbXPAHABAIIIA CTOITNIIKA 3A COJIAPHU
NHCTAJTALIMY, 3AITBJIHEHA C HAHO-HACTHUILIA

Honrcsio Hro, An Jly, [ln V*

CegepHOKUMAICKU eleKmpomexHuyecku ynusepcumem, Xyunoneeya, pation Yanenune, bevdocun, Kumarti

(Pestome)

ITocrpnuna Ha 22 anpuin, 2014 r.

ConapHuTE TEPMUYHH CTAHINH Ca HAali-KOHKYPEHTHOCIOCOOHUTE CIPSIMO OCHOBaHMTE Ha M3KOMaeMu ropusa. Te ce
CcMsTaT 3a Hai-oOelIaBalinTe M3 TEXHOJOTHHTE C YHCTH M BH30OHOBAEMHM CHEPIMHHM WM3TOYHHIM B OBbjeIIe.
IMoaxonsimmar ¢ayun 3a TOIOOOMEHa M 3a ChXpaHABAaHE HAa TOIUIMHATA € OT KIIOYOBO 3HAUCHME 3a ycrexa Ha
coJapHUTE eHepro-texHojoruu. ConeBUTE CTOMWIKK ca Hai-moOpure (uayuau npu napaboIMYHUTE M KOJIOHHHTE
conapHu cucteMd. OT rosiMo 3HaUEHHE € J]a ce TI03HABaT MEXaHM3MHUTE Ha TOIIOOOMEHA NPH TEe3M CTONMIKH. TaknuBa
W3CIICIBAHMS Ca PAIKOCT.

HacrosmoTro n3cienBanus mocTaBsi OCHOBAaTa HA IPHJIOKEHUETO Ha BBIJIEPOJHN HAHOTPHOM B COJICBH CTOIMIIKH,
KOWTO MOTaT 3HAYHMTEIHO Ja MOJOOpAT CTaOMIHOCTTa M KamaluTeTa Ha TOIUIMHHOTO ChXpaHeHWe. [IpensapurenHu
EKCIIEpUMEHTH T0Ka3axXa, 4ye J0OABSHETO HAa HAHOYACTUIM BOJIH JI0 aHOMAJIHO TIOBHUIIIABAHE HA CIICNN(UIHNS TOIUTMHEH
KamanuTeT Ha cojeBaTa cTommika. Cropes Te3u eKCIIepUMEHTH MHOTOCTCHHUTE BBIVIEPOJHH HAHOTPBOM M 3JIaTHHUTE
HAHOYACTHUIN 3aCTHO MOJKE J]a OBHUIIAT CTICM()UIHUS TOIUIMHEH KalaluTeT Ha coeBaTa cromuika ¢ 6mmzo 100%.

B HacrosimaTa pabota € M3MOI3BaHa TEOPUATA HA MEX1y(PasHOTO CHIIPOTHBIICHHE 3a J]a ce OOSICHU SBJICHUETO Ha
3HAYUTEITHO MTOBHIICHUS TOIUIMHEH KananuTeT. Ciex ToBa ca u3cienBaHn (pakTopuTe, KOUTO BIHMAAT HA MEXaHU3Ma Ha
MIOBUILICHNS TOIUIMHEH KamnaluTeT (KOHLIEHTPALus, pa3MepH, ChCTaB, CTAOMIHOCT Ha HAHOYACTUIUTE, MUCIEPCHOHHU
OTHACSHHSI HA HAHOYACTUIINTE B €BTEKTHYHMS ChCTaB). MUKPOCTPYKTypaTa € IOTBhPCHA Ype3 CKaHMpalla eJIeKTpOHHA

mukpockomnus (SEM) u tpancmucronna mukpockonus (TEM).
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