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Abstract

This paper combines numerical and experimental to study the heat transfer by free convection for nanofluids of molten salt
within a cavity with cylindrical shape which is heated at the bottom and releases heat at the top. The aim is to acquire the free
convection laws for nanofluids of molten salt in a cylindrical cavity. It is found that after adding nanoparticles, the molten
salts have lower viscosity, higher flow velocity and higher heat transfer rate, and therefore, the free convection heat transfer
is enhanced. Meanwhile, nanofluids Nusselt number is larger than that of the molten salts at the same Rayleigh number. In
addition, as the classical Garon’s equation cannot provide good predictions of free convection heat transfer for the nanofluids
of molten salt, this paper establishes a free convection equation for the nanofluids of molten salt in a cylindrical cavity. This
equation is able to predict with an error less than 20% the experimental results. Therefore, the findings can provide a basis
for engineering applications of nanofluids and for designing optimal systems of heat stockpile with a single tank.
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Nu Nusselt number T, Top temperature (K)

Ra Rayleigh number T, Average temperature (K)
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a Thermal diffusivity(m2 s7h
p Coefficient of thermal volume expansion (K1)
Introduction

Over the last several years, concentrating solar power (CSP)
technologies have been considered as the most promising
approach for generating renewable electric power because
they can be combined with the low-cost and widely used
thermal energy storage technologies to respond to issues
such as energy shortage and environmental pollution [1-3].
The design of heat storage-release systems and the selection
of heat storage-release materials are the key technologies for
concentrating solar power.

Dual-tank system of energy store is now most extensively
applied within CSP demonstration plants, but its cost is too
high. To cut down the cost, the system of fusional salt heat
stockpile with single jar is put forward by our team. In this
system, the submerged-pipe coil heat-exchange facility
is arranged for single-tank storage and release of thermal
energy [4]. The molten saltside heat transfer is natural con-
vection during the single-tank energy storage and release
processes, so heat transfer must be carefully considered in
designing the system of fusional salt heat stockpile with a
single tank.

Molten salt can make CSP technologies more efficient
and reliable as a thermal fluid. In addition, applying fusional
salt as the heat carrying agent can realize low-cost and large-
scale energy storage and ensure the output of high-quality
electric power through CSP technologies. Therefore, the use
of this fluid as a heat transfer carried has become central to
the development of CSP technologies. However, as molten
salt has a low thermal conductivity and a low specific heat,
its heat transfer and storage properties are severely limited.
To improve these two properties, an effective way is to add
nanoparticles into the molten salt. Nanofluid technologies
can enhance the heat transfer capacities of fluids, thereby
making the thermal energy storage system more efficient.

Convective heat transfer of nanofluids has been exten-
sively studied over the last several years. In numeral simula-
tions, Ahmed [5] used the finite difference method to study
two-dimensional steady-state laminar MHD mixed convec-
tion flow in a square inclined cavity. It was found that the
nanofluid was better than water to enhance the heat transfer
when the effect of the magnetic field was weak, while water
was better than the nanofluid when the magnetic effect was
strong. Shirazi [6] studied mixed convection heat transfer of
water—Al,O; nanofluids between two cylinders. The results
showed that within the entire range of Rayleigh number
10° <Ra <10° and Richardson number 0.1 <Ri<100, an
increase in Rayleigh and Richardson numbers leads to an
increase in the average Nusselt number on the inner cylinder
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wall. Rashmi [7] utilized the Fluent software to study Al,O,
nanofluids based on water for free convection within a hori-
zontal cylindrical cavity. It was discovered that the convec-
tive heat transfer diminished with the increase in nanopar-
ticles volume fraction. Oztop [8] studied natural convection
heat transfer at steady state within chambers filled with two
distinct nanoparticles, namely Al,O; and TiO,. He discov-
ered that nanoparticles addition would affect the fluid flow
and temperature distributions, especially when the Ra num-
ber was high. Mahmoodi [9] researched free convection heat
transfer and flow of nanofluids based on water. The right
and left walls of the rectangular cavity were kept at constant
temperatures, while the lower and upper walls were heat
retaining. The heater was situated inside this cavity. The
results showed that the rate of heat transfer increased as the
Ra number was increased. Lai and Yang [10] studied free
convection heat transfer of Al,0; nanofluids based on water
under two conditions, namely a constant Ra number and a
constant temperature difference. It was noted that the average
Nu number increased with Ra number, while the relative Nu
number increased with the average fluid temperature as well
as with the temperature difference between the side walls.
Sokhansefat [11] carried out a simulation study on the heat
transfer utilizing a nanofluid of Al,O5/synthetic oil within an
unevenly heated parabolic collector tube. The author found
that the convective heat transfer coefficient increased as the
nanoparticles volume fraction increased, while it decreased
when the temperature increased. Mwesigye [12, 13] added
nanoparticles into synthetic oil with the aim to study oil heat
transfer properties. The author found that nanoparticle addi-
tion at a temperature between 77 and 327 °C could enhance
the efficiency of the receiver by 8-13%.

As it is difficult to prepare nanofluids and to measure their
properties, the experimental researches of nanofluids within
a closed cavity under free convection are very limited. Putra
[14] carried out experiments on nanofluids with CuO and
Al,05 particles based on water under free convection within
a horizontal cylindrical cavity. It was discovered that the
nanoparticles presence deteriorated natural convection
heat transfer, which was thought to be the possible result of
aggregation and sedimentation of the nanoparticles. Suhaib
[15] used an experimental method to study natural convec-
tion heat transfer characteristics in a vertical rectangular
enclosure. The results showed that the cooling performance
of MWCNT-hot oil-based nanofluids is adversely affected
in natural convection heat transfer, despite that high ther-
mal conductivity is observed in nanofluids. Subramanian
[16] studied heat transfer of TiO,—water nanofluids in a
heat exchanger. The results showed that the heat transfer
of nanofluids is higher than that of the base fluid (water),
and increased with increasing Reynolds number. Torki [17]
studied natural convection heat transfer of nano-SiO,/water
in a rectangular enclosure with different concentrations and
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inclinations. It was found that the effect of nanofluid con-
centration on Nusselt number decreased with increased cav-
ity inclination. Ming and Pan [18] researched the influence
of nanoparticles on fusional salt heat transfer properties in
a round tube. It was revealed that when nanoparticles of
Al,O; were added to the fusional salt with concentrations
from 0.016 to 0.25%, the average Nu number increased by
6.9-11.6%. For all molten salt-based nanofluids, the average
Nu numbers became higher due to the added Al,O; nano-
particles (Table 1).

As indicated by the foregoing discussion, most results
show that the nanofluids obviously increase the traditional
fluids heat transfer capacity. However, the results of experi-
ments show that nanoparticles presence may worsen the heat
transfer. There are more researches on free convection heat
transfer of nanofluids based on water and less reports on
free convection heat transfer of fusional salts. In this paper,
nanofluids of fusional salt under free convection heat trans-
fer within a cylindrical cavity are studied by numerical cal-
culation and experiments. The results can provide a basis
for engineering applications of nanofluids and for designing
optimal systems of heat stockpile with a single jar.

Numerical calculation of natural convection
heat transfer in nanofluids

Computational domain and boundary conditions

The assumptions of heat transfer along with flow are simpli-
fied before establishing free convection pattern:

1. The fluid is an incompressible Newtonian fluid, and the
flow in the cavity is three dimensional.

2. The viscous dissipation heat is negligible.

3. In the calculation process, the wall of the cylindrical
cavity is insulated, so the heat loss of the wall is not
considered.

A cylindrical cavity is used as the physical model for the
numerical calculations. The cylindrical cavity has a diameter
of 150 mm and a height of 140 mm. To keep accuracy of
the study, the structure of the cylindrical cavity is simpli-
fied. Because the calculation domain is symmetrical, half
of this region is in the simulations, as shown by the colored
half of the cylinder in Fig. 1. The Ansys CFX software is
applied for the numerical simulations of free convection for
the nanofluids of fusional salt in the cylindrical cavity. A

Table 1 Summary of

. . References Experimental and Particle material Base fluid Parameters
experimental and numerical numerical
studies on the natural
COHV;CFiOH heat transfer of Ahmed [5] Numerical Cu Water 0°<p<175°
nanofluids Shirazi [6] Numerical ALO, Water 10°<Ra<10°
0.1 <Ri<100
Rashmi [7] Numerical AlLO4 Water ©<1%, 4%
A=1.0
Oztop [8] Numerical AL 04/TiO, Water 10*<Ra<10°
0<9p<10%
A=1.0
Mahmoodi [9] Numerical Cu/TiO,/Ag Water 10°<Ra<10°
0<9p<9%
A=1.0
Yang [10] Numerical Al,O4 Water 10°<Ra<10°
0<9p<4%
A=1.0
Sokhansefat [11] Numerical Al,O4 Synthetic oil
Mwesigye [12, 13] Numerical Al,05/TiO, Synthetic oil 3.5x10°<Ra<10°
0<p<8%
Putra [14] Experimental CuO/Al,04 Water 10’ <Ra<10°
0=1%, 4%
A=05,1.0
Suhaib [15] Experimental MWCNT Oil 415<Pr<600
Subramanian [16] Experimental TiO, Water 9»=0.1%, 0.3%, 0.5%
d=20 nm
Torki [17] Experimental Sio, Water ¢<0.1 vol%
0°<t<120°
Ming [18] Experimental Al O4 Salt 0.016% <p<0.25%
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140
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Fig.1 Schematic diagram of computational domain

three-dimensional unsteady turbulent flow model is applied,
and a second-order scheme of upwind differences is used to
calculate momentum and energy transport. The convergence
criterion is defined, so that the absolute value of the mass
residual must be lower than 1 x 107> and the energy residual
should be lower than 1 x 1076, The bottom wall is heated to a
high temperature, while the top wall is heated to a low tem-
perature, and the vertical wall of the cylinder is insulated.
By controlling the bottom wall temperature, the intensity of
the heat flow is changed, and so is the Ra number.

Grid independence verification

A finite volume approach is adopted for the mesh generation.
Because the number of meshes near the walls at the bottom
and the top would affect the simulation results considerably,
meshes near these two walls are refined and made denser
during the mesh generation. The mesh generation has been
introduced in detail in a previous study [19].

In the numerical computations, the mesh quality will
affect the accuracy and speed of the computations. In order
to ensure the quality of the mesh, water is used as a medium
to verify the grid independence. Table 2 reveals the relation
between the convective heat transfer coefficient and the num-
ber of grids. It can be seen from the table that convective

Table 2 Grid independence test of water

Number Grid number WW m™2K™!
1 54720 131.68
2 62880 132.29
3 73953 132.29
4 83540 132.31
5 93762 132.36
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heat transfer coefficient is greatly affected by the number of
grids between 50,000 and 60,000. The grids in this range are
not suitable for numerical calculations. When the grid num-
ber is between 62,000 and 83,000, the convective heat trans-
fer coefficient is less affected by the grid number. Within this
study, the number of grid is chosen as 73,953 (3).

Experimental equipment and methods
of natural convection heat transfer

Experimental system

Figure 2 shows the schematic diagram of the system for
experiments of nanofluids at free convection heat transfer.
An electric resistance heater was installed on the bottom
wall of the cavity, and it was connected to a 220-volt AC
supply in a series connection to heat the molten salt nano-
fluids in the cavity. A sliding rheostat was connected to the
circuit in series with the aim to regulate the bottom wall
electric resistance heating power. The heating power of the
cavity is measured by a voltmeter and an amperometer. The
heater had a maximum power of 300 W and was required
to withstand a high temperature of 500-600 °C. It was pos-
sible to heat evenly so that the temperature variation of the
bottom wall was within 1 K. Heat transfer by conduction
and convection induced by the heater in this experiment was
approximated to be only in the vertical direction.

The cavity in the experiment was made up of a cylindrical
cavity, a thermal insulation layer and molten salt nanofluids.
The cylindrical cavity was 150 mm in inner diameter and

Thermostatic
Pump 5 oil bath
Oil cooling tank =
Oil inlet - - [ 3— Oil outlet
SR
Thermal
insulation ™ Molten salt )
nanofluids €
Heater o
T 150 mm -
tw \
O,
S —— (A)
220 V R

Fig.2 Natural convection heat transfer experimental setup
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170 mm in height. It was covered with a 125 mm-thick layer
of thermal insulation material to reduce heat losses to the
surroundings. The fusional salt nanofluid in the cavity was
140 mm high after complete melting. An oil cooling tank
was installed on the top wall of the cavity to take away the
fluid heat. To measure temperature variations at different
positions during the natural convection, temperature meas-
urement points were installed on the top and bottom walls
as well as in the cavity at various heights inside the experi-
mental setup. Detailed information of the measurement point
installations in the cavity is available in [19].

Experimental data analysis

In the free convection experiment, the heating power Q;
is changed via adjusting the current / and voltage U. The
bottom area A is obtained by the bottom diameter. The
bottom and the top temperatures of the cylinder cavity are
measured by thermocouples, and the temperature difference
AT is acquired. Then, the heat transfer coefficient 4 can be
obtained.
The heating power Qr is calculated as:

Or=Ul (D)

With Stefan—Boltzmann’s law, the heat loss to the surround-
ings is determined as:

O = eAcy (T, — T}) @)

Then, by applying Eqgs. (1) and (2), the heat flux by free
convection is found:

Q:QT_QR 3)

By Eq. (3), the convective heat transfer coefficient can be
calculated as:

hl _ 4l ol

Nu = = = —
YT T ATA T ATAL @
The Rayleigh number Ra is calculated by Eq. (5):
T,-T.)P
Ra = M—C) 5)

va

The coefficient of volumetric expansion can be estimated
by Eq. (6):

pe—P
ﬁ =
p(T-T,) ©)

The average temperature is determined by Eq. (7):

Tn=(T,+T.)/2. (7

Reliability verification of the computational model
and experimental system

Before the numerical simulations and experiments of the
nanofluids of fusional salt during free convection in the
cylindrical cavity, the reliability of the calculation model
and experimental setup was studied for water. In the experi-
ment, the applied current began at 0.2 A and then increases
by 0.1 A. After steady state was achieved, the relevant data
for different heating conditions were recorded. The free con-
vection Nu number of water in the cavity was obtained via
experiments and numerical calculations, and comparison
with Garon’s [20] correlation was carried out, as shown in
Fig. 3. It can be seen from the figure that the Nu number
of water increases as the Ra number increases in the range
of 7x10” <Ra<1.2x10°. The maximum deviation of the
results of simulations and experiments from the correlation
is less than 10%. Therefore, the established experimental
setup and the numerical method are reliable. Based on this,
free convection of nanofluids of fusional salt can be studied
satisfactorily.

Thermophysical properties of base salt
and nanofluids preparation

Thermophysical properties of base salt

Ren [22] developed a new quaternary mixed molten salt,
which is used as base salt. The fusional salt fusing point
is 96.8 °C, which is about 40 and 130 °C lower than Hitec
and Solar Salt fusing point, respectively. The temperature
of disintegration is 612.0 °C. Two kinds of experimental
studies to achieve thermal stability at large differences in
temperature for cool-hot quenching and maintain a certain

70 E
E 0.13Ra"* 120 .

60 & * Simulating data /,’/%
E 4 Experimental data +10%. &

S0

S 40fF
30
20 L 1 11 1 I 1 1 1 1 1 11 1 I

1x108 1x10°

Ra

Fig. 3 Natural convection heat transfer of water
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high temperature are processed. The experiment at large
temperature differences for quenching cool and heat contains
1000 cycles from room temperature to 520 °C. The experi-
ment at a certain high temperature lasts 1200 h at 520 °C.
The experimental results fully proved fusional salt thermo-
stability. Ren et al. measured viscosity, thermal conductivity,
specific heat as well as density. The specific parameters can
be estimated as follows [21, 22].

(1) Density, kg m™>

The density p; of the base salt is a function of temperature:

pr = 2038 —0.5679 X (T —273.15) 390K <T <773K
®)

(2) Specific heat, J kg™! K~!

The specific heat (Cp)ycan be estimated as follows.
(C,), = 1450 +0.3451 x (T —273.15) 390K < T <773K.
&)

(3) Viscosity, Pas

The viscosity p; is an important parameter in the natural
convective heat transfer process. The viscosity of the mixed
salt can be written as follows.

py = 0.007363 exp [—(T — 273.15)/244.509] + 0.998 x 10~

experiment is 5 kg, of which the molten salt is 4975 g
and SiO, nanoparticles is 25 g. The base salt is placed
in the cylindrical cavity and is heated to 300 °C with the
bottom heater and stirred for half an hour.

3. The preparation of nanofluids. SiO, particles of 25 g are
added to the fusional base salt slowly and mixed effi-
ciently at the time of mixing for 15 min, and the speed
of stirring is 750 rpm [25]. Then, nanoparticles are dis-
persed uniformly in the base salt and the molten salt
nanofluids are obtained.

Molten salt nanofluids stability

The solubility of SiO, nanoparticles in water is very low
and hydrophobic, but the molten salt is ionic liquid, and
the solubility of SiO, nanoparticles in molten salt is large.
Different researchers [23-26] dispersed different contents
of SiO, nanoparticles into molten salt. The results showed
that when the mass fraction of SiO, nanoparticles is 1%,
stable nanofluids can be obtained. Zhang [27] prepared
molten salt nanocomposites with 1 mass% nanoparticles
added. It was found that the addition of nanoparticles had
a positive impact on the thermal properties of the base salt.
Song [28] studied the thermophysical properties of molten
salt nanofluids by a mechanical dispersion method. It was
found that the thermophysical properties of the molten salt
were greatly improved by adding 1 mass% nanoparticles.
Therefore, on the basis of previous studies, we have inves-

390K < T <773K (10

(4) Thermal conductivity, W m ' K!

The temperature has little effect on the thermal conductivity
of the molten salt, which is approximately 0.53 W m~' K~1.

Molten salt nanofluids preparation and its physical
properties

Molten salt nanofluids preparation

The preparation methods of nanofluids of fusional salt are
as follows.

1. Alkali salt preparation. Base salt is prepared via mixing
of four types of nitrates, i.e., KNO; and Ca(NO),-4H,0,
LiNO; as well as NaNO;, which have 99.9% purity at a
certain ratio of 2:6:1:2.

2. Melting of base salt. The composition of the composite
is quaternary mixed molten salt and SiO, nanoparticles.
The diameter of SiO, nanoparticles is 20 nm, and the
mass fraction is 1 mass% [23, 24]. The total mass in the
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tigated natural convection heat transfer of nanofluids and
adopted the optimal addition ratio recommended. Song [28]
found that the specific heat, thermal conductivity and other
thermal properties of the molten salt nanocomposites did
not change significantly through high-temperature constant
temperature and large temperature difference quenching/
thermal experiment, which confirmed that the molten salt
nanocomposites prepared by mechanical stirring method
had good stability.

In order to investigate the distribution of SiO, nanopar-
ticles in the base salt, the surface microstructure of the base
salt and molten salt nanocomposites is measured by SEM.
Figure 4a shows the surface structure of the base salt without
adding nanoparticles. It can be seen that the surface of the
base salt is relatively flat and smooth. Figure 4b shows the
microstructure of the molten salt added 1 mass% SiO, nano-
particles. Compared with the base salt, the surface of the
molten salt nanocomposites has nearly uniform distribution
of small particles, which reduces the surface smoothness
and increases the brightness. The structure formed by these
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Fig.4 SEM: a Base salt, b Molten salt nanocomposites

uniformly distributed particles is called nanostructure, which
effectively increases the specific surface area of molten salt.

Moreover, an EDS element mapping measurement was
performed to see the distribution of element Na, K, Ca, Si,
O, N in the molten salt nanocomposite. The element map-
ping results are shown in Fig. 5. We can see from the fig-
ures that the nanoparticles represented by element Si are
uniformly dispersed in the composite. At the same time, a
uniform nanostructure can be formed on composite surface
and increase the specific surface area of nitrate.

Physical properties of nanofluids

Adding nanoparticles into traditional heat transfer media
thus forming nanofluids creates new type of enhanced heat
transfer media. Song [25] prepared molten salt-based SiO,
nanofluids by a melting-mechanical stirring method. The
thermal stability of nanofluids is verified by maintaining a
certain high-temperature and large temperature difference
for the quenching cool and heat tests. The specific param-
eters of nanofluids, i.e., viscosity, thermal conductivity,
specific heat and density, can be estimated as follows [28].

(1) Density, kg m™>

The density p, ¢ of the nanofluids can be estimated as
follows.

P = 2043.9 — 0.5626 x (T —273.15) 410K <T <773K

an
(2) Specific heat, J kg~! K™!
The specific heat (C,),¢ can be estimated as follows.
(Cp),,=1622.57+7.827 x 107
X (T —273.15) 410K <T<773K (12)

(3) Viscosity, Pas

The viscosity of the nanofluids in the temperature range of
410-773 K can be expressed as follows.

e = 9.28 X 1073 —4.79 x 1075 x (T - 273.15)

13
+7.30 x 1078 x (T — 273.15)* (13)

(4) Thermal conductivity, W m ' K!

The thermal conductivity 4, can be estimated as follows.

dyr=0.573+8.08% 10~ x (T —273.15) 410K < T < 773K
(14)

Result analysis

The distribution of velocity along with temperature
for free convection heat transfer

Figure 6 exhibits temperature distributions for the molten
salt with a temperature of 390 K on the top wall and temper-
atures of 450 K and 523 K on the bottom wall. Figure 7 gives
temperature distributions for nanofluids during natural con-
vection heat transfer at these temperatures. Figure 8 shows
velocity distributions for the fusional salt with a temperature
of 390 K on the top wall and temperatures of 450 K and
523 K on the bottom wall of the cylindrical cavity during
free convection. Figure 9 gives the velocity distributions of
nanofluids during natural convection heat transfer at these
temperatures.

As illustrated in Fig. 6, during the molten salt free con-
vection, there is significant thermal stratification in the cav-
ity at the top and bottom with high temperature gradients.
Nevertheless, the stratification is not pronounced in the mid-
dle section of the cavity. When the temperature of the bottom
wall is high (T=523 K), thermal stratification at the bottom
is quite strong, and the heat is moving fast upward with pro-
nounced temperature variations. On the other hand, when
the temperature of the bottom wall is low (T=450 K), heat
moves up slowly with weaker temperature variations. Com-
bining Figs. 6 and 8, one finds that the fluid flow at the bot-
tom is relatively slow (v;=0.0015 m s71) at a lower bottom
temperature of 450 K and heat transfer at the bottom wall is
mild. At 523 K temperature at the bottom, the fluid flow is
relatively fast (v;=0.0023 m s~') and heat transfer is strong.

In Fig. 7, the temperature distribution of nanofluids dur-
ing free convection is very similar to that of molten salt.
There is also a significant thermal stratification in the cavity
at the top and bottom with high temperature gradients, and

@ Springer
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Fig.5 EDS element mapping images of the molten salt nanocomposites

the stratification is not pronounced in the middle section.
When the temperature of the bottom wall is at 450 K, the
temperature variations are quite gentle. As the bottom wall
temperature is increased (at 523 K), there is strong tem-
perature changes at the bottom wall. Combining Fig. 7 and
Fig. 9, one finds that the fluid flow at the bottom is relatively
slow (v,;=0.0032 m s~!) at the low temperature of 450 K,
but the fluid flow is relatively fast (v,;=0.0051 m s™') and
the heat transfer at the bottom wall is strong at the high tem-
perature of 523 K. Comparing Fig. 7 with Fig. 6, one finds
that at the same bottom and top temperatures, the thermal
boundary layer at the bottom wall of nanofluid is thinner,
which indicates that the heat transfer performance of nano-
fluid is better than that of liquid molten salt and the free
convection heat transfer is enhanced. It is speculated that the
Brownian motion of nanoparticles promotes the fluid flow

@ Springer

Element Mass % Atomic,%
NK 22.89 28.64
OK 55.72 61.06
Na K 2.07 1.58
SiK 0.50 0.31
KK 16.11 7.22
CakK 2.71 1.19

Totals 100.00

and enhances the natural convection heat transfer. Tzou [29]
studied the heat transfer of nanofluids and believed that the
Brownian motion of nanoparticles can promote the convec-
tive motion of fluids.

According to Fig. 8, the fusional salt temperature
increased after receiving heat from the bottom wall is at
higher temperature, and the buoyancy force moves the fluid
upward along the side wall of the cylindrical cavity. When
the fluid reaches the top wall, it transfers heat to that wall
and becomes cooler. It then moves downward from the mid-
dle section of the cylindrical cavity. When the temperature
of the bottom wall is high (7T=523 K), the fluid moves faster
and creates great impact on the bottom wall. Heat transfer is
also strong, and temperature stratification is significant mak-
ing the thermal boundary layer thinner compared with the
low temperature of 450 K. When the flow reaches a steady
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Fig. 6 Temperature distributions of molten salt
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Fig. 7 Temperature distributions of nanofluids

state, there are two symmetric vortices. Independent vortices
are quite a few around the bottom wall at a low temperature
of 450 K, while their appearance gradually increased as the
temperature increases to 523 K. This was because a higher
temperature of the bottom wall led to a more rapid heat
transfer between the wall and fluid. Small localized vortices
are formed by cool fluid elements flowing from the wall of
a low temperature and hot fluid elements from the wall of
high temperature. It is also indicated that the temperature
variations are relatively stronger when the temperature of
the bottom wall is higher.
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From Fig. 9, the velocity distributions of nanofluids dur-
ing natural convection heat transfer resemble the fusional
salt velocity distributions. However, the free convection flow
velocity of nanofluids (v,;=0.0051 m s~') is higher than the
velocity of the fusional salt (v;=0.0023 m s™) at the same
temperature of 523 K. It is inferred that the Brownian motion
of the nanoparticles added to the fusional salt lowered the
viscosity of the molten salt. (At 473 K, the dynamic viscos-
ity of the nanofluids was 0.00262 Pa s, while that of molten
salt was 0.004248 Pa s.) Therefore, it increases the insta-
bility of nanofluids flow and enhances the free convection

@ Springer



1216 Q.Yuetal.
Velocity
Velocity Vector 1
Vector 1 9.380e-003
6.113e-003
- I 7.035e-003
4.585e-003 |-, /[ N Srre
3.057e-003 4.690e-003
1.528e-003 2.345e-003
0.000e+000 0.000e+000
[ms7-1] [m sA-1]
H to I OMI
O G
0 20.000 40.00|(mm) 0 25.000 50.00I(mm)
10.000 30.000 12.500 37.500
(a) Bottom temperature is 450 K (b) Bottom temperature is 523 K
Fig.8 Velocity distributions of molten salt
Velocity
Velocity Vector 1
Vector 1 2.022e-002
1.293e-002
\
1.516e-002
9.695e—003
1.011e-002 \
6.463e-003 N
3.232e-003 5.054e-003
0.000e+000 B_.OODe+OOD
[m sn-1] [m s~-1]

50.00 (mm)

12.500

(a) Bottom temperature is 450 K

37.500

Fig.9 Velocity distributions of nanofluids

heat transfer of nanofluids. Ghasemi [30] also considered
the influence of Brownian motion when studying natural
convection heat transfer in a triangular enclosure filled with
nanofluids.

Natural convection heat transfer law of molten salt
nanofluids in a cylindrical cavity

Figure 10 shows experimental and simulated Nu numbers
versus the Ra number of nanofluids, and comparisons with
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those of molten salt and water are provided. After addition of
nanoparticles into the molten salt, the fluid free convection
heat transfer is improved. The Nu number variation versus
the Ra number of the nanofluids is consistent with that of
the molten salt. This is because the dynamic viscosity of
nanofluids (at 473 K, u,,=0.00262 Pa s) is far smaller than
that of molten salt (at 473 K, y;=0.004248 Pa s). Thus, the
velocity of the former is higher, leading to stronger natural
convection heat transfer.
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Fig. 10 Nu of nanofluids versus with Ra

Putra [14] carried out experiments to study natural con-
vection of Al,O; based on water along with CuO nanofluids
and found that the aggregation and sedimentation of nano-
particles worsened the natural convection heat transfer. This
was because the densities of AL,O; (p=3.7 gcm™>) and CuO
(p=6.6 g cm~>) were significantly different from that of
water (p=1 g cm™), incurring their aggregation and sedi-
mentation. In contrast, as SiO, (p=2.2 g cm™>) has approxi-
mately the same density as molten salt (p;=2.04 g cm™), it
will not easily settle down. This is a principle reason why
enhancement occurs of nanofluids of fusional salt convec-
tive heat transfer.

Figure 11 shows results of experiments and simulations
for nanofluids free convection heat transfer compared with
classical correlations. From Fig. 11, the Nu numbers from
various classical correlations [31-34] of free convection
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Fig. 11 Nu of nanofluids versus Ra and comparisons with other cor-
relations

50
45 E-—— New fitting correlation
40 A Experimental data of quaternary salt
®  Simulating data of quaternary salt
35 .
A
30 A
0, 4”"‘/
< 25 + 20’@_7 N o
= A
L
20
E20%
15
s ®
1 1 1 1 1 1 11 I
1x 108 1x10°

Ra

Fig. 12 Heat transfer correlation of molten salt

were quite different from the nanofluids Nu number. The
predictions by Garon’s correlation were closer to nanofluids
free convection, followed by Fand’s correlation. Fand’s cor-
relation could accurately predict fusional salt free convec-
tion on the surface of horizontal microcolumns [35, 36].
However, it cannot predict nanofluids free convection in the
cylindrical cavity accurately. It is found that the nanofluids
free convection heat transfer is better than that of molten salt
after adding nanoparticles.

The Nu number of free convection in the cylindrical cav-
ity is related to the Ra number. The relationship between Nu
number and Ra number for natural convection of fusional
salt was predicted within this paper. It was discovered that
the free convection Nu number in pure fusional salts can
be predicted by formula (15), and the results are revealed
in Fig. 12.

Nu = 0.0445 x Ra®3% (15)

The maximum deviation of the experimental Nu and the
fitting correlation was less than 20% between Ra 7 x 107 and
1.2 % 10°. Moreover, the correlation could better predict the
simulated results, and the error was within 10%. This is so as
the vertical wall was insulated in the numerical calculations,
which effectively reduced the influence of the heat loss and
makes the calculation results closer to the predicted values.
Therefore, free convection Nu number for fusional salt can
be calculated by formula (15).

Nanofluids free convection Nu number can be calculated
by formula (16). The results are revealed in Fig. 13.

Nu = 0.044 x Ra®31° (16)

The maximum deviation of the Nu number of simula-
tions and fitting correlation as well as experiments was less
than 20% between Ra 2 % 10 and 1.5 x 10°. Hence, the free
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convection Nu number of nanofluids can be calculated via
formula (16).

Conclusions

Free convection heat transfer for molten salt nanofluids in
a cylindrical cavity is studied using eutectic nitrate as the
foundation salt and SiO, nanoparticles as additives. The
results of experiments and numerical simulations reveal that:

1. The free convection heat transfer of nanofluids in the
cylindrical cavity is similar to that of molten salt. The
temperature gradient is large in the cylindrical cavity at
the bottom and top wall, while the temperature in the
cylindrical cavity middle is almost unchanged.

2. With the addition of nanoparticles (1 mass%), the vis-
cosity of the nanofluids for molten salt is reduced, while
the rate of flow is enhanced, which enhances the natural
convection.

3. Density of SiO, nanoparticles is close to that of molten
salts, which is liable to form stable molten slat nanoflu-
ids and enhance its heat transfer.

4. A new correlation between Nu number and Ra number
is proposed. The correlation can predict nanofluids free
convection accurately. The largest deviation of the cor-
relation is below 20%, which is verified by both experi-
mental data and simulation data.
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