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Abstract: Molten salt is often used for heat transfer and thermal energy storage in concentrated solar power. Molten salt leakage
and migration is a significant issue in its application. Molten salt migration and solidification in thermal porous foundation ma-
terials through cracks are experimentally investigated. The impact of factors, including crack length and width, operation tem-
perature, and leakage mass of molten salt, are studied through an experimental device modeling the leakage of the actual molten
salt storage tank. Experimental results show that the crack width and length slightly affect the migration depth, but directly affect
the shape of the agglomeration of solidified salt and porous foundation material. The most important factor affecting the migration
depth of molten salt leaking through cracks is the tank operating temperature. The molten salt migration depth when the operating
temperature is 500 °C is 95.8% higher than that with an operating temperature of 300 °C. As the leakage molten salt mass reached
400 g, the average migration width increased by 23.6%, but the migration depth only increased by 5.2%. It is found that the

foundation material temperatures after leakage accidents increase with an increase in the mass of leaked molten salt.
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1 Introduction

Molten salt thermal energy storage (TES) tech-
nology has developed into one of the most attractive
energy storage methods (Prieto et al., 2016a, 2016b),
particularly for concentrated solar power (CSP)
systems. With the advantages of superior heat transfer
performance and large specific heat, high-
temperature molten salt is extensively applied to
transfer heat and store thermal energy (Janz, 1967;
Yuan et al., 2018). However, molten salt brings great
thermal shock to its container in the repeated cycle of
charging and discharging (Li et al., 2017), while the
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molten salt composition has a certain degree of cor-
rosiveness to the material at high temperature. Du et
al. (2016) and Xu et al. (2018) studied the fatigue
crack and thermal stress of a solar tower receiver of
molten salt. Moreover, there is a critical thermal
ratcheting phenomenon in a molten salt thermocline
energy storage tank (Flueckiger et al., 2011). The
thermal stress repeatedly changes during the cycle
and operation process, which causes fatigue fracture
and cracking of the container at the locations of
higher stress or strain. The high-temperature corro-
sion performance of nitrate and chlorate molten salts
on stainless steels has been studied (Gomes et al.,
2019; Sun et al., 2020). Both Crescent Dunes Power
Station (USA) and Gemasolar Thermosolar Plant
(Spain) have had the cases of molten salt leakage
(Wan et al., 2020). The leaking molten salt migrates to
the tank foundation and the soil, and even causes
pollution of the groundwater.
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At present, the research on leakage and migra-
tion mainly focuses on pure gas or liquid substances,
such as hydrogen, natural gas, and petroleum (Huang
et al., 2013). Vialle et al. (2016) developed the flow
and transport research of carbon dioxide leakage
through the fractured caprock of a storage reservoir.
Bremer et al. (2014) created the sensor concept com-
bining the fiber Bragg grating-based humidity sensor
and the swellable polymeric sensor to investigate the
leakage of the sewage tunnel. However, the leakage
process of molten salt involves the leakage and dif-
fusion of the high-temperature liquid that undergoes
phase change and solidification after it transfers heat
to the surrounding objects. Weisbrod et al. (2004)
demonstrated that the seepage speed of saline solu-
tions was affected primarily by an induced surface
tension, and the density was not the primary factor in
the seepage patterns. Zafari et al. (2015) and Ou et al.
(2017) investigated the transport properties and heat
transfer of porous metal foams by the method of mi-
crotomography images. In recent years, researchers
have investigated the molten salt flow and thermal
characteristics in different heat exchange tubes and in
porous media of thermocline storage tanks. Lu et al.
(2013) and Yao et al. (2018) researched the convec-
tive heat transfer performance of molten salt when it
flows through a shell-and-tube heat exchanger and a
transversely grooved tube, respectively. Abdulla and
Reddy (2017) created an integrated transient 2D
two-phase model of a thermocline TES tank and
found that, relative to the molten salt inlet velocity,
the operation temperature limit more significantly
affects the discharging efficiency of the thermal
storage system. The cycling characteristics of the
packed bed TES system with molten salt and cas-
caded phase-change material capsules were re-
searched by Wu et al. (2016), including the tempera-
ture distribution between the packed capsules and the
molten salt, the variation of the outlet temperature,
and the cumulative efficiency of cascaded cycles.
Based on multi-scale experiment and local thermal
equilibrium theory, Yin et al. (2017) studied the hy-
brid thermocline charging/discharging process in a
porous packed bed tank and concluded that the ther-
mal storage device structure, rather than the thermal
storage conditions and operational approach, is the
most important factor affecting effective thermal

storage capacity. Yang et al. (2016) experimentally
researched the temperature gradient variations of a
molten salt thermocline storage tank with a filler
material of ceramic particles. The thermal storage
capacity was found to decrease continuously with
increasing charging time. Moreover, some research
studied heat transfer and the phase change dynamics
process by combining the volume of fluid model and
the continuum surface force model when molten salt
fills into cold receiver tubes. Lu et al. (2010) revealed
the evolution behavior of molten salt freezing and
melting phenomena in cold filling by numerical sim-
ulation. The effects of wall temperature and residual
flow on filling and solidification were examined
by Im et al. (2001). The detailed mechanism of
solidification/melting and the evolution of the pres-
sure and temperature drop along the tube were
demonstrated by Liao et al. (2014). Wu et al. (2017)
and Zhang et al. (2019) investigated the transport and
heat transfer process of nitrate salt leaking into cold
porous materials and studied the variation of diffusion
trends under different conditions.

An important issue for molten salt application is
molten salt leakage and transport in porous material
with solidification. However, there has been little
experiment and mechanism research of molten salt
migration in cold sand or soil. The present work
experimentally studies the migration characteristics
of molten salt leaking into thermal steady-state
foundation materials through storage tank cracks.
The migration range is measured under different
conditions, including the crack dimensions, opera-
tion temperature, and mass of leaking molten salt.
The study can guide the environmental polluted
management and leakage detection of high temper-
ature storage tanks.

2 Materials and methods
2.1 Materials

Solar salt, a mixture of 60% (in weight) sodium
nitrate and 40% potassium nitrate, was used in the
experiments. The salt was supplied by Zhejiang Li-
anda Chemical Company Limited, China. The molten
salt mixture can be used from 260 °C to 600 °C, and
its thermophysical properties in a liquid state are
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shown in Table 1 (Ferri et al., 2008; Zhou et al.,
2020b). The salt has an initial melting temperature of
219.8 °C and a phase change latent heat of 113 kl/kg
(Chieruzz et al., 2017). The usual molten salt tank
foundation structure is multilayer insulating materials
and concrete base slab with a ventilating system at the
bottom (Bonilla et al., 2018). Light expanded clay
aggregate (LECA) is applied as the thermal insulation
material in the tank foundation to reduce the heat loss
through the foundation (Zhou et al., 2020a). The
characteristics of particle sizes, packed bulk density,
and porosity are given in Table 2 (Zhou et al., 2020b).

Table 1 Properties of solar salt in a liquid state (Ferri et
al., 2008; Zhou et al., 2020b)

Parameter

Description
1443+0.172T

Specific heat capacity, ¢,
(J/(kg'K))

Density, p (kg/m?) 2090-0.636T

Thermal conductivity, 4 0.443+0.00019T
(W/(mK))

Viscosity, u (kg/(m's)) 2.2714x1072-1.2x107*T
+2.281x107'T°

—1.474x107107°

T is the temperature of molten salt in °C

Table 2 Parameters of LECA (Zhou et al., 2020b)

Parameter Value

Particle size ratio (%)

3.35-6.30 mm 39

6.30-8.00 mm 31

8.00-10.00 mm 13

10.00-20.00 mm 17
Bulk density (kg/m”) 373.5
Porosity (%) 433

2.2 Methods

As shown in Fig. 1, the experimental devices for
investigating molten salt leaking and migration in
thermal state materials include an electrical resistance
heater equipped with a lifting device, a temperature
controlling device, a test rig with thermal insulation
material layer, a muffle furnace, thermocouples, and a
data acquisition instrument. The electrical resistance
heater produces the thermal performance from the
high-temperature medium in the storage tank to the
foundation material at the bottom. The range of

temperature is 30—800 °C and the resolution is £1 °C.
A muffle furnace heats the salt to the operating tem-
perature with a resolution of £1 °C. The foundation
material is stacked in the test rig, and the thickness of
the firebrick insulation layer is 150 mm. The tem-
perature distribution and evolution process of migra-
tion and solidification are measured and recorded by
thermocouples and data acquisition equipment. The
accuracy of the thermocouples is £0.1 °C, and the
gauging points are located at central positions with a
height interval of 40 mm.

Temperature
control device

e .Au'\
Ceramic sheathed
electrical resistance

2
% Lifting device
|

Thermal " heater
insulation layer Thermocouples
€
€ F\
o —sd
3 e
= Data acquisition
instrument
Vertical
& 345 mm separation:
Muffle furnace 40 mm

Fig. 1 Experimental system of molten salt leakage and
migration in hot foundation materials. Reprinted from
(Zhou et al., 2020b), Copyright 2020, with permission
from Elsevier

Before the leaking process, the foundation
material LECA, graded according to the proportions
in Table 2, was heated by the electrical resistance
heater. When the temperature difference of the foun-
dation material was less than 0.5 °C within 3 h, it was
assumed that the foundation material had reached a
thermal steady state. The salt was heated to the oper-
ating temperature in a muffle furnace and kept at a
constant temperature for 5 h to make its temperature
distribution uniform. The molten salt temperature was
the same as the heater temperature, which represented
the operating temperature of the thermal storage tank.
Then, the heater was pulled up, and the molten salt
was poured into a quartz crucible placed on the top of
the foundation material. Slots of various sizes were
cut in the quartz crucibles to simulate the cracks
found in practice. When the leakage of molten salt
was completed, the heater was kept at a constant
temperature, and the molten salt migration and
solidification process was still detected until the
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temperature of the foundation material LECA attained
another steady state. Then the heater stopped heating,
and the foundation material with salt was naturally
cooled to room temperature, the agglomeration of
LECA and salt was taken out, and the transport ranges
were measured with an accuracy of £1 mm. The
experimental conditions of tested cases are given in
Table 3 (Zhou et al., 2020b), and images of the
leaking crucibles are shown in Fig. 2. The tests in
cases A1-A4 and B1-B3 studied the effect of slot
width and length on the molten salt leaking and
migration, respectively. Compared with case A2,
cases C1-C3 were conducted at higher operating
temperatures, and cases D1 and D2 have different
leaking molten salt masses. The effects of the four
factors on the leakage and migration process are
studied separately.

Table 3 Experimental conditions of tested cases (Zhou et
al., 2020b)

Operating  Length of  Width of 1;438? of
Case temperature  leaking leaking caking
(°O) slot (mm)  slot (mm) molten
salt (g)
Al 300 30 3 600
A2 300 30 5 600
A3 300 30 7 600
A4 300 30 10 600
B1 300 5 5 600
B2 300 10 5 600
B3 300 20 5 600
Cl 400 30 5 600
C2 500 30 5 600
C3 565 30 5 600
D1 300 30 5 400
D2 300 30 5 800

3 Results and discussion

3.1 Effect of leakage crack width on the migration
process

Cases A1-A4 researched the influence of the slot
width on the leakage and migration characteristics,
with an operating temperature of 300 °C and a leaking
molten salt mass of 600 g. Leaking molten salt mi-
grates down and around among the pores of the porous
foundation material LECA. Heat is exchanged from
the molten salt to the foundation material at the same

time. When the temperature of the molten salt drops to
its freezing point, it begins to solidify. During the
solidification process, the surrounding LECA granules
are bonded together with solid salt to form agglomer-
ates. Fig. 3 gives the agglomerations of solidified salt
and LECA along the length and width directions of
slot. In general, the agglomerations have a thinner
upper part and a thicker lower part, and the migration
width along the length of the slot is greater than that
along its width. The migration width and migration
depth of each case are given in Fig. 4. As the slot width
increases from 3 mm to 10 mm with a length of 30 mm,
the average migration width of molten salt in LECA
increases by 12.1% from 89 mm to 100 mm. The av-
erage width along the length of the slot increases from
95 mm to 110 mm and the width along the width of
the slot rises from 83 mm to 90 mm. The distances
from the top of the agglomerations to the leaking
point without salt are between 31 mm and 33 mm, and
the migration depth is in the range of 378—400 mm.
Therefore, as the width of the slot increases, the
molten salt migration depth in LECA changes slightly,
and the migration width along the length and width of
the slot increases only in a small range.

100 mm

3 mm

i/
]

.
—

Fig. 2 Diagram of the leaking crucibles with slots at the
bottom: (a) side view; (b) vertical view
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Fig. 3 Agglomerations of LECA and salt with different leakage slot widths: (a) 30 mmx3 mm (case Al); (b) 30 mmXxS5 mm
(case A2); (¢) 30 mmx7 mm (case A3); (d) 30 mmx10 mm (case A4)
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Fig. 4 Molten salt migration characteristics with different leakage slot widths: (a) migration width; (b) migration depth
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3.2 Effect of leakage crack length on migration
process

The agglomerations of LECA and salt in cases
B1-B3 and A2 are shown in Fig. 5. The slot length of
case A2 is 30 mm, while those of cases B1-B3 are
5mm, 10 mm, and 20 mm, respectively. With the
same width, the smaller the length of the slot, the
greater the difference between the upper and lower
width of the agglomerations. When the slot length is
5 mm or 10 mm, the agglomeration shape is similar to
a cone. The width of the solid block of LECA and salt

Along the length of the slot

Along the width of the slot

Along the length of the slot Along the width of the slot

is obviously smaller at the upper part, and the width at
the lower part gradually increases. However, the dif-
ference between the upper and lower width of the
agglomerations is reduced with slots of 20 mmx5 mm
and 30 mmx5 mm. As the molten salt migrates
downward, it gradually migrates radially at the same
time. Fig. 6 shows how the migration width and depth
change with the length of slot. As the length increases
from 5 mm to 30 mm, the average migration width
along its length and width increases by 7.3% and
5.6%, respectively. The molten salt migration depth is
reduced by 11.4%, and the distance between the top of

Along the length of the slot

Along the width of the slot

Along the width of the slot

(d)

Fig. 5 Agglomerations of LECA and salt with different leakage slot lengths: (a) S mmx5 mm (case B1); (b) 10 mmXx5 mm
(case B2); (¢) 20 mmx*5 mm (case B3); (d) 30 mmxS mm (case A2)
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the agglomerations and the leaking location also re-
duces from 45 mm to 30 mm. With an increase in the
length of the slot, the agglomeration shape changes
markedly, and the molten salt migration width grad-
ually increases, but the migration depth decreases.

160
| ZZZ] Along the length of slot
140 I Along the width of slot (a)
| = Average width
120
E L
=100 | 7 _
2 =0 = = e
2 80 HZATITE— — — —!
5 — — — —]
k<] i — — — —
T 60 — — — —
=g L — — — —
= w0 All= — = N
A7 N= — = =
0 — — — —|
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Total migration depth
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E
£400 H
<
a
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c
S
S200H
=
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0 " " "
5 10 20 30

Leakage slot length (mm)

Fig. 6 Molten salt migration characteristics with different
leakage slot lengths: (a) migration width; (b) migration
depth

3.3 Effect of operating temperature on migration
process

The stable thermal temperatures of the porous
material under the operating temperatures of 300—
565 °C are shown in Fig. 7. As the temperature rises,
the drop rate of the foundation material temperature
rises with depth. Along with the depth of the founda-
tion, the temperature drop rate gradually decreases,
and the temperature difference at the bottom of the
foundation is very low. Fig. 8 gives the temperature
change of leaking and migration processes with dif-
ferent operating temperatures of molten salt at the

depths of 80 mm and 160 mm of foundation. When
the molten salt leaks, the high-temperature fluid
quickly migrates within the porous foundation mate-
rial, and the temperature of the porous material rises
quickly. At the tested operating temperatures, the
time differences of the temperature rise at the depths
of 80 mm and 160 mm are less than 2 s, and the
molten salt migrating velocities exceed 0.04 m/s. With
the heat transferring from the salt to the porous ma-
terial, the molten salt temperature first drops rapidly
and then slowly stabilizes to the thermal equilibrium
temperature. In the first 25 min, when the operating
temperatures are 300 °C, 400 °C, and 500 °C, the
average temperature drop rates are 3.19 °C/min,
4.75 °C/min, and 5.11 °C/min at the depth of 80 mm,
and the values are 2.76 °C/min, 5.70 °C/min, and
5.86 °C/min at the depth of 160 mm, respectively.
The temperature change slows down with an average

600

—=—300°C

500 -

400 -

300 -

T(°C)

200 -

100 -

0 1 1 1 1 1
0 100 200 300 400 500 600
y (mm)

Fig. 7 Thermal equilibrium temperatures of the founda-
tion material with different operating temperatures

500
—=— T7,=300 °C, y=80 mm —O— T;=300 °C, y=160 mm
—e— T;=400 °C, y=80 mm —OC— T;=400 °C, y=160 mm
7S —A— T =500 °C, y=80 mm —A— T =500 °C, y=160 mm
400 1y 0 o
M::‘—“Tu:%s °C, y=80 mm
300 |5

T(°C)

0 50 100 150 200 250
t (min)

Fig. 8 Temperature evolution of the molten salt leakage
and migration processes with different operating
temperatures
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rate of 0.73—1.06 °C/min from 25 min to 50 min and
0.21-0.47 °C/min from 50 min to 100 min. After
100 min, the temperature gradually stabilizes to the
equilibrium temperature.

Fig. 9 shows the agglomerations of LECA and
salt under different operating temperatures. With the
increase of operating temperature, the height of the
agglomeration increases significantly, the degree of
looseness increases, and the agglomerations become
more columnar. The migration characteristics with
operating temperatures of 300-565 °C are given in
Fig. 10. There is little change in the migration width

Along the length of the slot

Along the width of the slot

(a)

Along the length of the slot

()

at the operating temperature of 300-500 °C, and the
migration width along with different directions of the
slot also changes little. However, the migration width
at 565 °C is reduced. As the temperature rises, the
distance from the agglomeration top to the tank and
the total migration depth of molten salt both increase
significantly. With an operating temperature of
300 °C, the molten salt migration depth is 378 mm,
and the part without solidified molten salt is only
33 mm. When the operating temperature is increased
to 500 °C, the migration depth rises to 739 mm with an
increase of 95.8%, including a part without solidified

long the length of the slot

Along the width of the slot

(b)

Along the length of the slot Along the width of the slot

(d)

Fig. 9 Agglomerations of LECA and salt with different operating temperatures: (a) 300 °C (case Al); (b) 400 °C (case

C1); (c) 500 °C (case C2); (d) 565 °C (case C3)
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molten salt of 180 mm. With an operating temperature
of 565 °C, the depth where there is no solidified
molten salt on the top of agglomeration reaches
435 mm. The migration depth mainly depends on the
initial temperature of the molten salt and the founda-
tion temperature distribution. When the operating
temperature is high, the high temperature leaking
molten salt needs a long path to transfer heat to the

foundation material before reaching the freezing point.

The operating temperature is the most important
factor affecting the molten salt migration depth. Ac-
cording to the temperature values of foundation ma-
terial after the molten salt migration process in Fig. §
and the distances from the top of the agglomerations
to the leakage positions at different operating tem-
peratures in Fig. 10, the temperature at the molten salt
position after the migration process is lower than the
molten salt freezing point. It can be inferred that the
molten salt flows downward during the migration
process until it reaches its freezing point. Therefore,

160
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Fig. 10 Molten salt migration characteristics with dif-
ferent operating temperatures: (a) migration width; (b)
migration depth

the salt in the foundation material is completely in the
solid phase after the migration process.

3.4 Effect of leakage molten salt mass on migra-
tion process

When the leakage molten salt mass varies, the
agglomerations of LECA and salt are shown in Fig. 11.
It can be seen that with the increase of the leakage
molten salt mass, the width of the lower part of the
solidified block increases significantly, while the
change of the upper part width is small. The migration
width and depth changes with the increase of leakage
molten salt mass are shown in Fig. 12. As the mass of
leakage molten salt increases in the range of 400—
800 g, the distance from the top of the molten salt
block to the leaking location is basically identical due
to the consistent temperature of molten salt and
foundation material. The migration depth of molten
salt leaking through the slot rises slightly with the
increase of leakage molten salt mass, but the molten
salt migration width along the radial direction gradu-
ally increases. As the mass of the leaked molten salt is
800 g, the average migration width is 107 mm, which
is an increase of 23.6% compared to the salt mass of
400 g, where the migration depth only increases by
5.2%.

During the normal operating process, the foun-
dation reaches a thermal stable state with the
high-temperature storage tank. After the molten salt
leaks, the temperatures of the foundation material
with nitrate gradually stabilize to a new equilibrium
temperature as the heat transfers between foundation
material and salt. Fig. 13 gives the thermal stable
temperature distribution of the porous material before
and after the molten salt leakage in cases D1, A2, and
D2. Due to the same storage tank operating temper-
ature, the equilibrium temperature distributions of
these three cases are consistent before molten salt
leakage. The results in Fig. 13 show that the stable
temperatures of the porous material increase after the
molten salt leaking process, especially in the middle
layer. Moreover, as the mass of leaking molten salt
increases, the equilibrium temperature rises. It is
deemed that this increase is caused by the thermal
conductivity of the leaking molten salt in the pores of
foundation material being greater than that of the air
among the foundation material granules.
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the mass of leaking molten salt increases, the volume
fraction of molten salt between the LECA particles
increases. The temperature boundary conditions on
the top and bottom of the porous foundation material
do not change, and the heat flux increases with the
increase of the effective thermal conductivity. The
temperature gradient of porous material without
molten salt on the bottom increases, while the tem-
perature gradient of porous material with molten salt
decreases. Therefore, the temperature at the middle of
the porous material has risen significantly as the
leaking molten salt mass increases.

When the slot width, slot length, and leaking
molten salt mass change, the temperature distribution
and structural parameters of the foundation material
do not change, and the initial temperature of the
leakage molten salt is also the same. The molten salt
begins to solidify at a similar depth, so the length of
agglomerates and molten salt migration depth change
little. However, the size of the slot affects the migra-
tion path of the molten salt in the radial direction. The
greater the mass of the leaking molten salt is, the more
molten salt flows in the radial direction. Therefore,
the agglomerate shapes of the granules and molten
salt under different slot sizes and leaking molten salt
masses change significantly, which affects the mi-
gration width of the molten salt. In addition, when the
operating temperature of the molten salt increases, the
molten salt migrating path increases in the foundation
material before reaching the freezing point, so the
length of the agglomerate and the migration depth of
the molten salt significantly increase.

4 Conclusions

This paper experimentally investigated the high-
temperature nitrate salt leakage through slots and its
migration in porous foundation material accompa-
nying its solidification. The following conclusions
can be drawn:

1. When the slot size varies in the range of 3—
10 mm width and 5-30 mm length, respectively, the
molten salt migration depth and width change slightly,
but the width of the upper part of the molten salt and
foundation material agglomeration significantly in-
creases with the increase in slot size.

2. The operating temperature is the most critical
factor affecting the migration depth when molten salt
leaks through slots. As the operating temperature of
the storage tank rises from 300 °C to 500 °C, the
distance from the top of the agglomeration to the
leaking location increases from 30 mm to 180 mm,
and the total migration depth increases by 95.8%.

3. The increase of leakage molten salt mass in a
certain range has little influence on the molten salt
migration depth. The migration width increases with
the growth of molten salt mass. As the molten salt
mass rises from 400 g to 800 g, the average migration
width rises by 23.6%, but the migration depth only
increases by 5.2%. Furthermore, the thermal stable
temperatures of the porous foundation material after
the leaking accident increase with an increase of the
leakage molten salt mass.
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