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Abstract
The leakage of molten salt tanks has attracted great attention in molten salt tower concentrating solar power plants. The cur-
rent research on the leakage characteristics of molten salt mainly focuses on Solar Salt, and there is no report on the leakage 
characteristics of molten salt with great application potential, which is crucial to the design of molten salt tanks and their 
foundations in the future. In addition, there is no unified explanation for the morphological characteristics of the agglomerates 
formed after the molten salt leakage. In this paper, the migration and heat transfer characteristics of three potential molten 
salts (60–10-20–20 wt%  KNO3-NaNO3-LiNO3-Ca(NO3)2.4H2O, 7.5–23.9–68.6 wt% NaCl–KCl-ZnCl2, 32.1–33.4–34.5 wt% 
 Li2CO3–Na2CO3–K2CO3) leaking into the thermal tank foundation material are experimentally studied and compared with 
Solar Salt. The results indicate that both the operating temperature and molten salt type significantly affect the temperature 
rising rate of tank foundation and migration characteristics of molten salt. Increasing the operating temperature, the average 
temperature rising rate, maximum migration depth, maximum migration width and migration speed respectively increase, 
increase, decrease and increase. Compared with Solar Salt, the maximum migration depths of the three potential molten salts 
increase 56.3%, -11.6%, and -50.2%, and the maximum migration widths increase -22.7%, -16.7% and -2.7%, respectively. 
In addition, a model explaining the solidification and agglomeration of the molten salt is proposed and well verified by the 
experimental results.

Nomenclature

Greek symbols
�   Volume fraction
�   Thermal conductivity (W/(m.K))
�   Thickness (m)

Roman symbols
L
1
   Distance between the top of the solid molten salt 

block and the top of the fillers (mm)
L
2
   Length of the solid molten salt block (mm)

L
3
   Maximum migration depth (mm)

q  Heat flux (W/m2)
Top   Operating temperature (℃)
T    Temperature (℃)

ΔT    Temperature difference in steady state after and 
before the molten salt leakage (℃)

TRR   Temperature rising rate (℃/s)
t   Time (min)
U   Voltage (V)
Wm   Maximum migration width (mm)
z   Coordinate (mm)

Abbreviations
CSP  Concentrating solar power
TES  Thermal energy storage
CSF  Continuous surface force
LECA  Light expanded clay aggregate
SMSB  Solid molten salt block

1 Introduction

Among many renewable energy utilization technologies, 
concentrating solar power (CSP) shows an encouraging 
prospect for its high efficiency, low operating cost and 
good scale-up potential [1], which has been one of the fast-
est growing commercial technologies in the past few dec-
ades. By 2050, CSP will account for 11.3% of global power 
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generation [2, 3]. The inherent advantage of CSP technology 
over other renewable energy technologies (such as photo-
voltaic and wind energy) lies in its integration with thermal 
energy storage (TES) system solving the intermittent and 
schedulability of the technology, leading to a significant 
improvement of its reliability and economic competitiveness 
[1, 4]. At present, 45.5% of the CSP plants during operation 
in the world are equipped with TES systems [5].

The molten salt is recognized as one of the best heat 
transfer/storage fluid choices in CSP plants [6]. There are 
currently three nitrate/nitrite molten salts that are widely 
used commercially in tower CSP plants, including Solar 
Salt, Hitec and Hitec XL [1, 7, 8]. Considering the thermal 
stability of nitrate/nitrite molten salts at high temperatures, 
the most efficient and cost-competitive tower CSP plant 
can only transfer heat to the conventional steam Rankine 
power cycle at 565  °C, the thermal-electric conversion 
efficiency of which is only 35–42% [9]. The recent road-
map [10] chooses the  sCO2 Brayton cycle as the preferred 
way to increase the thermal-electric conversion efficiency 
of the tower CSP plant. The cycle works at a temperature 
above 700 °C, and its efficiency exceeds 50%. Thus, it is 
crucial to develop molten salts with more suitable properties. 
That is, higher heat capacity, higher density, better thermal 
stability and lower corrosiveness to the container materi-
als [11]. The chloride blends and carbonate blends seem 
to be the most viable options for high-temperature molten 
salts [12]. Among them, 7.5–23.9–68.6 wt% NaCl–KCl-
ZnCl2 and 32.1–33.4–34.5 wt%  Li2CO3–Na2CO3–K2CO3 
have attracted many researchers' interests. According to the 
research results, they can be used above 650 ℃ and 800 ℃ 
respectively [13–16]. At present, to prevent Solar Salt with 
a melting point above 200 °C from solidifying, the heat trac-
ing system, higher standards of the insulation system and 
emergency response system are needed in the tower CSP 
plant, increasing the construction and operation costs of the 
plant. Thus, the development of molten salt with a low melt-
ing point also requires effort. The quaternary nitrate blends 
60–10-20–20 wt%  KNO3-NaNO3-LiNO3-Ca(NO3)2.4H2O 
proposed by Ren et al. [17] has a melting point of about 
90  °C and a decomposition temperature above 600  °C. 
Besides, its other thermophysical properties are also com-
parable to Solar Salt, which means that it is a promising heat 
transfer/storage fluid for CSP plants.

During the operation of molten salt tanks, the primary 
environmental pollution is the emission of nitrogen oxides 
arising from high-temperature decomposition and the pen-
etration of molten salt to the tank foundation after its leak-
age [18]. After the molten salt leaks from the tank, it will 
migrate in the tank foundation material and even contam-
inate the soil and groundwater. Due to the relatively low 
temperature of the tank foundation, the molten salt will 
not only migrate around and below after leakage, but also 

solidify in the tank foundation. The process is a complex 
multiphase flow process in porous media, involving fluid 
dynamics, heat transfer, and phase change [19]. Researchers 
have done some research in the related fields. Dawson et al. 
[20] applied the volume of fluid (VOF) model and moving 
boundary model to numerically study the crystalline depos-
its from the dripping salt solution. Song et al. [21] theoreti-
cally and experimentally studied the lateral freezing of the 
aqueous ammonium chloride solution in a porous medium. 
Weisbrod et al. [22] used the light transmission system to 
experimentally study the migration of concentrated sodium 
nitrate solution in different silica sands, and obtained the 
influence of solution density and effective contact angle 
on the migration process. Shan et al. [23] used VOF and 
continuous surface force (CSF) model to simulate the leak-
age of Solar Salt to the soil surface. The results showed 
that the leakage temperature and speed affected both the 
radius and thickness of the solidification layer, while the 
radius of the leakage aperture mainly affected the former. 
Compared with the molten salt SYSU-N1 developed by 
themselves, the radius of the solidified layer of Solar Salt 
is larger. Wu et al. [24] simulated the process of molten 
salt leaking into cold soil by VOF. The results showed that 
the maximum migration radius increased with the increase 
of the inlet temperature or inlet velocity, while decreased 
with the increase of the porosity. The maximum migration 
depth increased with the increase of the inlet temperature or 
porosity, while not affected by the inlet velocity. Zhang et al. 
[25] experimentally and numerically studied the process of 
molten salt leaking into the cold sand. It was found that 
larger porosity and particle size or higher inlet temperature 
increased and decreased the maximum migration depth and 
diameter, respectively. Zhou et al. [19] experimentally stud-
ied the leakage process of molten salt in the thermal porous 
tank foundation material, and the influences of the porosity, 
operating temperature, leakage aperture and leaking mass on 
that were explored. The results showed that the most critical 
factor was the operating temperature.

From the above literature review, firstly, the currently 
available articles on the migration and heat transfer char-
acteristics after the molten salt leakage are mainly carried 
out in cold porous media. However, the molten salt will leak 
into the hot tank foundation material in actual CSP plants 
when the molten salt tanks rupture. Secondly, the current 
research on the migration and heat transfer characteristics 
of molten salt mainly focuses on Solar Salt, and there is 
no report on the leakage characteristics of molten salt with 
great application potential, which is crucial to the design of 
molten salt tanks and their foundations in the future. Finally, 
there is no unified explanation for the morphological char-
acteristics of the agglomerates formed after the molten 
salt leakage.. To fill the above gaps, the migration and 
heat transfer characteristics of three potential molten salts 
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(60–10-20–20 wt%  KNO3-NaNO3-LiNO3-Ca(NO3)2.4H2O, 
7.5–23.9–68.6 wt% NaCl–KCl-ZnCl2, 32.1–33.4–34.5 wt% 
 Li2CO3–Na2CO3–K2CO3) leaking into the thermal tank 
foundation material have been experimentally studied and 
compared with Solar Salt in this paper. In addition, a model 
explaining the solidification and agglomeration of the 
molten salt is proposed and verified. The research results 
are of great benefit to better understanding, preventing and 
treating the molten salt tank leakage accidents.

2  Experimental materials and methods

2.1  Materials

Four molten salts are used in this paper, namely Solar Salt 
(60–40 wt%  NaNO3-KNO3), quaternary nitrate blends 
(60–10-20–20 wt%  KNO3-NaNO3-LiNO3-Ca(NO3)2.4H2O), 
ternary chloride blends (7.5–23.9–68.6 wt% NaCl–KCl-
ZnCl2) and ternary carbonate blends (32.1–33.4–34.5 wt% 
 Li2CO3–Na2CO3–K2CO3). The properties [2, 7–9, 12–14, 
17, 26]of the four molten salts are shown in Table 1, and 
the experimental conditions are shown in Table 2. Among 
them, the Solar Salt provided by Zhejiang Lianda Chemical 
Co., Ltd. has a purity above 99.5%. The other three molten 
salts are prepared by weighing, mixing, melting and cooling 
steps according to their composition ratios. The purity of 
each composition exceeds 99.0%.

As shown in Fig. 1, the typical molten salt tank founda-
tion in the CSP plant is usually composed of multiple layers 
of thermal insulation materials and concrete slabs with a 
ventilation system. On the one hand, the ventilation system 
prevents the concrete slab from being overheating to weaken 
its strength or produce cracks. On the other hand, the ventila-
tion system also prevents the moisture in the tank foundation 
from evaporating and avoids weakening its bearing capac-
ity, causing uneven settlement or even rupture of the tank 
[27]. Due to the low cost, light weight and good thermal 

insulation, light expanded clay aggregate (LECA) is widely 
used as one of the thermal insulation materials for molten 
salt tanks [28]. Therefore, the LECA with different particle 
sizes is prepared and used as the porous tank foundation 
material to restore the leakage process of the molten salt 
tank. The particle size distribution, density and porosity of 
the LECA are shown in Table 3.

2.2  Methods

In order to conduct the study of the leakage process of the 
molten salt in the tank foundation, a lab-scale experimen-
tal system as shown in Fig. 2 was designed and built. The 
experimental process can be divided into three stages: (1) 
filler heating, (2) high temperature molten salt preparation 
and its migration and phase change, (3) filler cooling and 
post-treatment. In the first stage, the mixed LECAs are filled 
into the tank and heated to a steady state. Heating of the 
fillers is achieved by the ceramic sheathed electrical resist-
ance heater with a temperature range of 30 °C–800 °C. The 
on-site molten salt tank foundation is heated by the molten 
salt tank bottom plate, to restore the situation, the heater is 
installed in the tank cover plate in this work to heat the fill-
ers from top to bottom. The inner effective space of the tank 
containing the fillers is 345 mm in diameter and 760 mm 
in height. To prevent excessive heat dissipation of the fill-
ers, the side wall and cover plate of the tank are insulated 
with refractory bricks. Since the heater height is 60 mm, 
the actual final fill height is 700 mm. The temperature dis-
tribution and evolution of the filler during the experiment 
are measured by 16 K-type thermocouples with an accuracy 
of ± 1.0 °C. They are inserted into the center of the tank from 
the holes on the side wall, and the vertical interval between 
adjacent thermocouples is 40 mm. The temperature data 
obtained is recorded and saved by the Agilent 34,970 data 
logger. Its temperature measurement accuracy is ± 1.0 ℃, so 
the total accuracy of temperature measurement is ± 2.0 °C. 
The basis for reaching steady state during the heating stage 

Table 1  Properties of the four molten salts

Property Solar Salt Quaternary nitrate blends Ternary chloride blends Ternary carbonate blends

Composition 60 wt%  NaNO3
40 wt%  KNO3

60 wt%  KNO3
10 wt%  NaNO3
20 wt%  LiNO3
20 wt% Ca(NO3)2.4H2O

7.5 wt% NaCl
23.9 wt% KCl
68.6 wt%  ZnCl2

32.1 wt%  Li2CO3
33.4 wt%  Na2CO3
34.5 wt%  K2CO3

Density (kg/m3) (at 300℃) 1899 1868 2347 2071 (at 450 ℃)
Melting point (℃) 220 85.4 210.3 405
Stability limit (℃) 565  > 600 850 673
Latent heat (kJ/kg) 113.03 106.9 73.89 223
Thermal conductivity (w/(m.K)) (at 300 ℃) 0.500 0.537 0.381 0.454 (at 450 ℃)
Heat capacity (J/(kg.K)) (at 300 ℃) 1495 1554 900 1700 (avg.400–827 ℃)
Viscosity (Pa.s) (at 300 ℃) 0.0033 0.0031 0.0131 0.0043 (at 800 ℃)
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is that the temperature change of the filler does not exceed 
0.5 °C within 3 h. In the second stage, 600 g molten salt is 
first weighed with an electronic balance with an accuracy 
of ± 0.1 g and put into the crucible, then another crucible 
with a 10 mm round hole at the bottom is taken, and finally 
the two crucibles are put into the muffle furnace together. 
After setting the final temperature of the muffle furnace 
to be the same as the final temperature of the heater, the 
heating of the molten salt is started. During this period, the 
molten salt is gradually melted and held for 5 h after reach-
ing the set temperature. After that, we pull up the tank cover 
plate, and take out the bottom opening crucible from the 
muffle furnace and place it in the center above the fillers, 
then take out the high temperature molten salt and pour it 

into the fillers through the bottom opening crucible. The 
cover plate is then quickly covered, after which the molten 
salt migrates and solidifies in the fillers. When the filler 
temperature reaches steady state again, the third stage starts. 
At this point, the heater in the cover plate is turned off and 
the fillers are allowed to cool naturally. The molten salt 
poured into the tank will adhere to a part of the fillers to 
form the solid molten salt block during the experiment. After 
cooling, the tank bottom plate is opened to release the unag-
glomerated fillers, and the formed solid molten salt block 
will hang on the thermocouple. Finally, the solid molten salt 
block is taken out and the relevant parameters are measured 
by a tape measure with an accuracy of ± 0.5 mm.

Table 2  Experimental 
conditions

Case Molten salt Operating temperature (℃)

A 60–40 wt%  NaNO3-KNO3 500
B1 60–10-20–20 wt%  KNO3-NaNO3-LiNO3-Ca(NO3)2.4H2O 300
B2 60–10-20–20 wt%  KNO3-NaNO3-LiNO3-Ca(NO3)2.4H2O 400
B3 60–10-20–20 wt%  KNO3-NaNO3-LiNO3-Ca(NO3)2.4H2O 500
B4 60–10-20–20 wt%  KNO3-NaNO3-LiNO3-Ca(NO3)2.4H2O 550
C1 7.5–23.9–68.6 wt% NaCl–KCl-ZnCl2 300
C2 7.5–23.9–68.6 wt% NaCl–KCl-ZnCl2 400
C3 7.5–23.9–68.6 wt% NaCl–KCl-ZnCl2 500
C4 7.5–23.9–68.6 wt% NaCl–KCl-ZnCl2 550
D1 32.1–33.4–34.5 wt%  Li2CO3–Na2CO3–K2CO3 450
D2 32.1–33.4–34.5 wt%  Li2CO3–Na2CO3–K2CO3 500
D3 32.1–33.4–34.5 wt%  Li2CO3–Na2CO3–K2CO3 550
D4 32.1–33.4–34.5 wt%  Li2CO3–Na2CO3–K2CO3 600

Fig. 1  Schematic diagram of the tank foundation structure of an actual molten salt tank
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3  Results and discussion

3.1  Heat transfer characteristics

3.1.1  Temperature distribution and evolution

Figure 3 presents the temperature distribution and evolution 
of the tank foundation during the whole experimental pro-
cess of case A. In the heating process, due to the presence 
of the top heater, the tank foundation is heated successively 
from top to bottom until the temperature distribution reaches 
a steady state. The closer to the top, the higher the steady 
temperature and the less the time to reach the steady temper-
ature. For example, at z = 40 mm, z = 80 mm and z = 120 mm, 
the steady temperatures are respectively 469.5 °C, 309.7 °C 
and 225.2 °C, and the time to reach the steady temperature 

in these positions are respectively 372.3 min, 1026.0 min 
and 1183.3 min. The entire tank foundation reaches the 
steady state after about 30 h. During the migration and phase 
change process of the molten salt, the temperature of the 
molten salt is high initially and it migrates rapidly in the fill-
ers, the temperature at each position of the molten salt flow-
ing through first rises rapidly to the maximum value, and 
then decreases rapidly for the molten salt continues to flow 
down and dissipates heat. When the molten salt migrates 
down to a specific position, its temperature drops below the 
melting point and the molten salt starts to solidify, hindering 
the upper molten salt from migrating downward and caus-
ing the molten salt to accumulate. Finally, the temperature 
distribution of the entire tank foundation becomes steady 
again. In the cooling process, the tank foundation tempera-
ture drops rapidly to the ambient temperature. Because of 
the higher temperature and heat dissipation, the temperature 
drops faster near the top. As shown in Fig. 4, the steady tank 
foundation temperature after the leakage process is higher 
than that before the leakage process, and the area with large 
temperature difference is exactly the area where the molten 
salt agglomerates (115 mm ≤ z ≤ 448 mm). The reason for 
this phenomenon is that the air in the pores of the LECAs in 
this area is occupied by the solidified molten salt with better 
thermal conductivity. The effective medium theory equation 

Table 3  Properties of the LECA

Properties Value

Particle size distribution 3.35–6.3 mm 39%
6.3–8 mm 31%
8–10 mm 13%
10–20 mm 17%

Bulk density (kg/m3) 596.73
Porosity (%) 35.8

Fig. 2  Schematic diagram of 
the lab-scale molten salt leakage 
experimental system
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as Eq. (1) can be used to obtain the effective thermal con-
ductivity of porous fillers [19].

Equation (1) can be transformed into Eq. (2).

(1)
(

1 − �
2

) �
1
− �e

�
1
+ 2�

2

+ �
2

�
2
− �e

�
2
+ 2�e

= 0

(2)�e =
1

4

(

(

3�
2
− 1

)

�
2
+
(

3
(

1 − �
2

)

− 1
)

�
1
+

√

((

3�
2
− 1

)

�
2
+
(

3
(

1 − �
2

)

− 1
)

�
1

)2
+ 8�

1
�
2

)

where �e , �1 and �
2
 are respectively the effective thermal 

conductivity, thermal conductivity of the fillers and thermal 
conductivity of the air, W/(m.K). �

2
 is the volume fraction 

of the air.
When the molten salt leaks into the tank foundation 

material, the air in the fillers pores is occupied by molten 
salt. The thermal conductivity of molten salt is better than 
that of air. According to Eq.  (2), the effective thermal 
conductivity of the fillers increases. Considering that the 
side wall of the tank is made of thick thermal insulation 
material, the fillers can be regarded as a one-dimensional 
heat conduction system similar to a multilayer flat wall. 
According to Fourier's law, the heat flux of the multilayer 
flat wall can be expressed as Eq. (3).

For each layer flat wall, the heat flux can be obtained 
by Eq. (4).

where q is the heat flux, W/m2, T
1
 and Tn represent the tem-

perature of the top and bottom of the fillers, respectively, �i 
is the thickness of layer i, m, and �i is the thermal conductiv-
ity, W/(m.K).

Since the temperatures on the top and bottom of the 
filler is almost constant, according to Eq. (3), the heat flux 
increases after the molten salt leaks. According to Eq. (4), 
the temperature gradient of the fillers without molten salt 
increases, while the temperature gradient of the fillers 
with molten salt decreases. Therefore, the equilibrium 
temperature of the fillers increases after the molten salt 
leaks.

Figure 5 presents the steady temperature distribution of 
the tank foundation after the heating process at different 
operating temperatures. It can be seen that the temperature 
of the upper part of the tank foundation increases signifi-
cantly as the operating temperature increases, while only a 
small change is found in the lower part. In addition, due to 
the higher temperature and heat dissipation, the tempera-
ture gradient of the upper part is significantly larger than 
that of the lower part. As shown in Table 4, the tempera-
ture gradient of the upper part (40 mm ≤ z ≤ 400 mm) is 
one order of magnitude larger than that of the lower part 
(400 mm ≤ z ≤ 640 mm).

(3)q =
T
1
− Tn

∑n

i=1

�i

�i

(4)q = �i

Ti−Ti+1

�i

Fig. 3  Temperature distribution and evolution of the tank foundation 
during the whole experimental process. (Case A: Solar Salt, Top = 
500 ℃)

Fig. 4  Difference between the steady-state temperature of each meas-
uring point after the molten salt leakage and the steady-state tempera-
ture before the leakage. (Case A: Solar Salt, Top = 500 ℃)
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3.1.2  Temperature rising rate

The average temperature rising rate TRR  of each thermo-
couple within 10 s after contacting the molten salt is shown 
in Fig. 6. When the operating temperature is 300 ℃, 400 
℃, 500 ℃ and 550 ℃, the maximum migration depth of 
7.5–23.9–68.6 wt% NaCl–KCl-ZnCl2 is 247 mm, 304 mm, 
396 mm and 405 mm, respectively. Therefore, it can be 
seen that TRR  of the position below the maximum migra-
tion depth is almost zero no matter what the operating tem-
perature is. In the area of the molten salt flowing through, 
TRR  from top to bottom increases first and then decreases. 
This is mainly because the temperature and heat dissipation 
at the top are high, so the temperature rising rates are low. 
At the bottom, the temperature of the molten salt is already 
low, and the amount of molten salt flowing in is small for the 
downward flow of the molten salt is hindered, so TRR  is also 
low. In addition, it can be noticed that as the operating tem-
perature increases, TRR  in the area increases and the position 
of the highest TRR  gradually shifts downward. The latter is 
mainly caused for the molten salt solidification position is 
closer to the bottom as the operating temperature increases.

Figure 7 presents the average temperature rising rate of 
all the thermocouples within 10 s after contacting the molten 
salt at different operating temperatures. TRR  of the tank 
foundation under the three molten salts increases with the 
operating temperature increase. From 300 °C to 550 °C, TRR  
of 60–10-20–20 wt%  KNO3-NaNO3-LiNO3-Ca(NO3)2.4H2O 
and 7.5–23.9–68.6 wt% NaCl–KCl-ZnCl2 increases from 
5.43 °C/s, 1.44 °C/s to 11.78 °C/s, 6.44 °C/s, respectively. 
As for 32.1–33.4–34.5 wt%  Li2CO3–Na2CO3–K2CO3, 
TRR  increases from 2.82 °C/s to 5.02 °C/s from 450 °C to 
600 °C. Considering that the maximum migration depth 

Fig. 5  Steady temperature distribution of the tank foundation after 
the heating process at different operating temperatures

Table 4  Steady temperature gradient of the tank foundation after heat-
ing process

Case Temperature gradient (℃/mm)

40 mm ≤ z ≤ 400 mm 400 mm ≤ z ≤ 640 mm

C1 0.70 0.02
C2 0.90 0.03
C3 1.16 0.03
C4 1.24 0.05

Fig. 6  Average temperature rising rate of each measuring point of the 
tank foundation at different operating temperatures. (7.5–23.9–68.6 
wt% NaCl–KCl-ZnCl2)

Fig. 7  Influence of operating temperature on the average temperature 
rising rate of the tank foundation
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of 32.1–33.4–34.5 wt%  Li2CO3–Na2CO3–K2CO3 is only 
223 mm at 500 °C, in order to discuss the influence of 
molten salt type on TRR  of the tank foundation, TRR  at 
z = 80 mm, z = 120 mm, z = 160 mm and z = 200 mm within 
10 s after contacting the molten salt is shown in Fig. 8. There 
is significant difference in TRR  when different molten salts 
leak. The reason is that the melting point and thermal con-
ductivity of each molten salt are different. The lower the 
melting point and the better the thermal conductivity, the 
higher TRR  at the same position when the molten salt leaks.

3.2  Migration and phase change characteristics

3.2.1  Migration depth and width

As shown in Fig. 9, four parameters are defined to char-
acterize the migration characteristics after the molten salt 
leakage. They are the distance between the top of the SMSB 
and the top of the fillers L1, the length of the SMSB L2, 
the maximum migration depth L3 and the maximum migra-
tion width Wm, respectively. The influences of operating 
temperature on the above four parameters are presented 
in Fig.  10. As the operating temperature increases, the 
temperature of the fillers increases, leading to a further 
distance that the molten salt can migrate to. Therefore, 
the maximum migration depths of the three molten salts 
increase with the increase of operating temperature. For 
60–10-20–20 wt%  KNO3-NaNO3-LiNO3-Ca(NO3)2.4H2O 
and 7.5–23.9–68.6 wt% NaCl–KCl-ZnCl2, from 300 °C 
to 550 °C, the maximum migration depths increase from 
560 mm, 247 mm to 700 mm, 405 mm respectively, and 
the growth rates are 25.0% and 64.0% respectively. It 

is worth mentioning that the bottom of the SMSB of 
60–10-20–20 wt%  KNO3-NaNO3-LiNO3-Ca(NO3)2.4H2O 
has reached the bottom of the tank. In fact, due to the 
low melting point, the bottom of the SMSB of 60–10-
20–20 wt%  KNO3-NaNO3-LiNO3-Ca(NO3)2.4H2O 
has reached the bottom of the tank at 500  °C. Thus, 
the maximum migration depth of 60–10-20–20 wt% 
 KNO3-NaNO3-LiNO3-Ca(NO3)2.4H2O no longer 
changes with the operating temperature after 500 °C. For 
32.1–33.4–34.5 wt%  Li2CO3–Na2CO3–K2CO3, from 450 °C 
to 600 °C, the maximum migration depth increases from 203 
to 324 mm, and the growth rate is 59.6%. The maximum 
migration widths of the three molten salts decrease with 
the increase of the operating temperature. From 300 °C to 
550 °C, the maximum migration widths of 60–10-20–20 wt% 
 KNO3-NaNO3-LiNO3-Ca(NO3)2.4H2O and 7.5–23.9–68.6 
wt% NaCl–KCl-ZnCl2 are reduced from 125 mm, 139 mm 

Fig. 8  Influence of molten salt type on the average temperature rising 
rate of the tank foundation

Fig. 9  Schematic diagram of the solid molten salt block formed in the 
tank foundation after the molten salt leakage
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to 106 mm, 120 mm respectively, and the reduction rates 
are 15.2% and 13.7% respectively. When the operating tem-
perature rises from 450 °C to 600 °C, the maximum migra-
tion width of 32.1–33.4–34.5 wt%  Li2CO3–Na2CO3–K2CO3 
decreases from 152 to 126 mm, and the reduction rate is 
17.1%. The above results of the influence of the operating 
temperature on the migration characteristics of the molten 
salt are consistent with the results of published literatures 
[19, 24, 25].

Figure 11 shows the influence of the molten salt type on 
the migration characteristics of the molten salt at 500 °C. 
The maximum migration depths of Solar Salt, 60–10-20–20 
wt%  KNO3-NaNO3-LiNO3-Ca(NO3)2.4H2O, 7.5–23.9–68.6 
wt% NaCl–KCl-ZnCl2, and 32.1–33.4–34.5 wt% 
 Li2CO3–Na2CO3–K2CO3 are 448 mm, 700 mm, 396 mm and 

223 mm, respectively. The migration characteristics of the 
molten salt are mainly affected by its melting point, viscosity 
and heat capacity. The melting point of 60–10-20–20 wt% 
 KNO3-NaNO3-LiNO3-Ca(NO3)2.4H2O is significantly lower 
than other molten salts, so its maximum migration depth is 
the largest. Compared with Solar Salt, its maximum migra-
tion depth is 56.3% higher. Although the melting point of 
7.5–23.9–68.6 wt% NaCl–KCl-ZnCl2 is slightly lower than 
that of Solar Salt, its viscosity is larger than that of Solar 
Salt, so its maximum migration depth is 11.6% lower than 
that of Solar Salt. The melting point of 32.1–33.4–34.5 wt% 
 Li2CO3–Na2CO3–K2CO3 is significantly higher than that of 
other molten salts, so its maximum migration depth is the 
lowest, which is 50.2% lower than that of Solar Salt. Since 
the mass of the molten salt leakage is constant, the migration 

Fig. 10  Influence of operating temperature on the migration characteristics of three potential molten salts
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width of the molten salt with greater migration depth should 
generally be lower. The maximum migration widths of 
60–10-20–20 wt%  KNO3-NaNO3-LiNO3-Ca(NO3)2.4H2O, 
7.5–23.9–68.6 wt% NaCl–KCl-ZnCl2, and 32.1–33.4–34.5 
wt%  Li2CO3–Na2CO3–K2CO3 satisfy this rule, which is 
116 mm, 125 mm, and 146 mm, respectively. The maxi-
mum migration depth of Solar Salt is larger than that of 
7.5–23.9–68.6 wt% NaCl–KCl-ZnCl2 and 32.1–33.4–34.5 
wt%  Li2CO3–Na2CO3–K2CO3. However, considering the 
melting point, viscosity and heat capacity, its maximum 
migration width is the largest, which is 150 mm. To sum up, 
compared with Solar Salt, the maximum migration widths of 
60–10-20–20 wt%  KNO3-NaNO3-LiNO3-Ca(NO3)2.4H2O, 
7.5–23.9–68.6 wt% NaCl–KCl-ZnCl2, and 32.1–33.4–34.5 
wt%  Li2CO3–Na2CO3–K2CO3 are reduced by 22.7%, 16.7%, 
and 2.7%, respectively.

3.2.2  Migration speed

The influence of the operating temperature on the aver-
age migration speed of the three potential molten salts 
in the tank foundation is shown in Fig. 12. For all three 
molten salts, the average migration speeds increase with 
the increase of the operating temperature. As the operat-
ing temperature increases, the time that the molten salt 
solidifies in the tank foundation and hinders the down-
ward flow of the upper molten salt is relatively late, so the 
migration speed is relatively large. As mentioned in the 
previous section, the average migration speed of 60–10-
20–20 wt%  KNO3-NaNO3-LiNO3-Ca(NO3)2.4H2O no 
longer increases from 500 °C to 550 °C. From 300 °C to 
500 °C, the average migration speed of 60–10-20–20 wt% 

 KNO3-NaNO3-LiNO3-Ca(NO3)2.4H2O increases from 
0.023 m/s to 0.11 m/s. From 300 °C to 550 °C, the aver-
age migration speed of 7.5–23.9–68.6 wt% NaCl–KCl-
ZnCl2 increases from 0.015 m/s to 0.08 m/s. From 450 °C 
to 600 °C, the average migration speed of 32.1–33.4–34.5 
wt%  Li2CO3–Na2CO3–K2CO3 increases from 0.011 m/s to 
0.08 m/s when the operating temperature increases.

3.2.3  Solid molten salt block

In order to understand the change in the shape of the SMSB, 
a model explaining the solidification and agglomeration of 
the molten salt in the tank foundation is proposed in this 
section. As shown in Fig. 13, during the migration and 
phase change of the molten salt, the tank foundation can be 
divided into four zones from top to bottom, including the 
non-solidification zone, main solidification zone, secondary 
solidification zone and no molten salt zone. At the solidi-
fication starting position of the main solidification zone, 
the temperature of the filler is near the melting point of the 
molten salt, but the molten salt will not completely solidify 
temporarily for the high temperature here and will continue 
to migrate downward. When migrating to the solidification 
concentration position, the molten salt solidifies, accumu-
lates and agglomerates here. After that, the downward flow 
of the upper molten salt is hindered. As a result, from this 
position upwards, the molten salt gradually solidifies and 
agglomerates in the main solidification zone. However, there 
is still a small part of the molten salt that can pass through 
the solidification concentration position to enter the second-
ary solidification zone, and this part of the molten salt all 
solidifies and agglomerates in this zone. Because the mass 

Fig. 11  Influence of molten salt type on the migration characteristics 
of molten salt. ( Top = 500 ℃)

Fig. 12  Influence of operating temperature on the average migration 
speed of three potential molten salts
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of the molten salt in the main solidification zone is far more 
than that in the secondary solidification zone, the width of 
the SMSB in the main solidification zone is larger than that 
in the secondary solidification zone. The mass distribution 
of molten salt in the main solidification zone and secondary 
solidification zone is closely related to its melting point, 
viscosity and heat capacity.

The solid molten salt block formed by the molten salt and 
LECA after the cooling process under various experimen-
tal conditions is shown in Fig. 14. Due to the low melting 
point, the shape of the SMSB formed by 60–10-20–20 wt% 
 KNO3-NaNO3-LiNO3-Ca(NO3)2.4H2O show a transition from 
the thick upper part and thin lower part to the thin upper part 
and thick lower part as the operating temperature increases. 
The reason for the phenomenon is that the molten salt solidi-
fies at the solidification concentration position and the down-
ward flow of the upper molten salt is hindered. However, a 
small part of the molten salt can still pass through the posi-
tion and enter the secondary solidification zone. So the shape 
of the SMSB is thick in the upper part and thin in the lower 
part. When the operating temperature increases, the maxi-
mum migration depth increases. Thus, the main solidification 
zone becomes longer and more molten salts distribute in the 

secondary solidification zone. So the upper part and lower part 
of the SMSB become thinner and thicker, respectively. For 
7.5–23.9–68.6 wt% NaCl–KCl-ZnCl2, due to its high melting 
point, the molten salt all solidifies in the main solidification 
zone at the low operating temperature. Therefore, the SMSB 
has a thin upper part and a thick lower part. As the operat-
ing temperature increases, a small part of the molten salt is 
able to enter the secondary solidification zone, so the width of 
the bottom of the SMSB becomes thinner. Since the melting 
point of Solar Salt is slightly higher than that of 7.5–23.9–68.6 
wt% NaCl–KCl-ZnCl2, the shape of the SMSB of Solar Salt 
is similar to that of case C2. Because the melting point is too 
high, 32.1–33.4–34.5 wt%  Li2CO3–Na2CO3–K2CO3 solidifies 
quickly in the tank foundation and cannot enter the secondary 
solidification zone for all cases. As the operating temperature 
increases, the main solidification zone becomes longer. So the 
thickness of the upper part and lower part is almost the same 
when the operating temperature is below 600 ℃, while the 
upper part is thinner than the lower part when the operating 
temperature reaches 600 ℃. The experimental results well 
prove the validity of the above solidification and agglomera-
tion model of the molten salt.

Fig. 13  Solidification and agglomeration model of molten salt leaking into the tank foundation material



 Heat and Mass Transfer

1 3

4  Conclusions

In this paper, the leakage characteristics of three potential 
molten salts in the thermal tank foundation material have 
been experimentally studied and compared with the Solar 
Salt. The following conclusions are obtained.

(1) During the migration and phase change of the molten 
salt, due to the rapid migration of the molten salt in the 
tank foundation material, the temperature at each posi-
tion where the molten salt flowing through first rises 
rapidly to the maximum value, and then decreases rap-
idly for the molten salt continues to migrate downward 
and dissipates heat. The steady temperature of the tank 
foundation after the leakage of molten salt is higher 
than that before the leakage.

(2) In the area of the molten salt flowing through, the tem-
perature rising rate from top to bottom increases first 
and then decreases, and the position with the highest 

temperature rising rate gradually shifts downward as 
the operating temperature increases.

(3) The operating temperature and molten salt type signifi-
cantly affect both the temperature rising rate of tank 
foundation and migration and phase change character-
istics of the molten salt. Increasing the operating tem-
perature, the average temperature rising rate, maximum 
migration depth, maximum migration width and migra-
tion speed respectively increase, increase, decrease and 
increase. The molten with lower melting point and bet-
ter thermal conductivity leads to a higher temperature 
rising rate during its migration. Compared with Solar 
Salt, the maximum migration depths of 60–10-20–20 
wt%  KNO3-NaNO3-LiNO3-Ca(NO3)2.4H2O, 7.5–23.9–
68.6 wt% NaCl–KCl-ZnCl2, and 32.1–33.4–34.5 wt% 
 Li2CO3–Na2CO3–K2CO3 increase 56.3%, -11.6%, and 
-50.2%, and the maximum migration widths increase 
-22.7%, -16.7%, and -2.7%, respectively.

Fig. 14  Solid molten salt block formed by molten salt and LECA under various experimental conditions
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(4) A model of the solidification and agglomeration of the 
molten salt in tank foundation is proposed, and the exper-
imental results of the shape change of the solid molten 
salt blocks of the three molten salts well prove its valid-
ity. The shape of SMSB is closely related to the melting 
point, viscosity and heat capacity of the molten salt.
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