A new leakage detection method of molten
salt tank and its experimental verification
and optimization

Cite as: J. Renewable Sustainable Energy 14, 043701 (2022); https://doi.org/10.1063/5.0093179
Submitted: 27 March 2022 - Accepted: 11 June 2022 - Published Online: 05 July 2022

) S @

View Online Export Citation CrossMark

Yuhang Zuo, Zhonghua Huang, Hui Zhao, et al.

AN

ARTICLES YOU MAY BE INTERESTED IN

Powernet: A novel method for wind power predictive analytics using Powernet deep learning
model

Journal of Renewable and Sustainable Energy 14, 043301 (2022); https://
doi.org/10.1063/5.0090126

Deep-learning-based short-term photovoltaic power generation forecasting using improved
self-organization map neural network

Journal of Renewable and Sustainable Energy 14, 043702 (2022); https://
doi.org/10.1063/5.0091454

©
o
®
Q9
0
)
S
Q
e
Q
o
Y
o
®
c
-
-
O
ﬁ

Sustainable Energy

An experimental investigation of temperature distribution and heat loss in molten salt tanks in
concentrating solar power plants

Journal of Renewable and Sustainable Energy 12, 014101 (2020); https://
doi.org/10.1063/1.5131071

READ NOW!
AlIP Advances

Energy Collection

AIP
/4 Publishing

J. Renewable Sustainable Energy 14, 043701 (2022); https://doi.org/10.1063/5.0093179 14, 043701

© 2022 Author(s).



https://images.scitation.org/redirect.spark?MID=176720&plid=1953411&setID=405124&channelID=0&CID=715934&banID=520851898&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=100e90f3a37e3e06854a09a947d2e1d87bb82473&location=
https://doi.org/10.1063/5.0093179
https://doi.org/10.1063/5.0093179
https://aip.scitation.org/author/Zuo%2C+Yuhang
https://aip.scitation.org/author/Huang%2C+Zhonghua
https://aip.scitation.org/author/Zhao%2C+Hui
https://doi.org/10.1063/5.0093179
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0093179
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0093179&domain=aip.scitation.org&date_stamp=2022-07-05
https://aip.scitation.org/doi/10.1063/5.0090126
https://aip.scitation.org/doi/10.1063/5.0090126
https://doi.org/10.1063/5.0090126
https://doi.org/10.1063/5.0090126
https://aip.scitation.org/doi/10.1063/5.0091454
https://aip.scitation.org/doi/10.1063/5.0091454
https://doi.org/10.1063/5.0091454
https://doi.org/10.1063/5.0091454
https://aip.scitation.org/doi/10.1063/1.5131071
https://aip.scitation.org/doi/10.1063/1.5131071
https://doi.org/10.1063/1.5131071
https://doi.org/10.1063/1.5131071

Journal of Renewable

: ARTICLE itation.orgljournall
and Sustainable Energy scltation-orgijournalirse

A new leakage detection method of molten
salt tank and its experimental verification
and optimization

Cite as: J. Renewable Sustainable Energy 14, 043701 (2022); doi: 10.1063/5.0093179 @ 1 @
Submitted: 27 March 2022 - Accepted: 11 June 2022 - 1
published Online: 5 July 2022 View Online Export Citation CrossMark

Yuhang Zuo,' Zhonghua Huang,'? Hui Zhao,” Mingrui Zhang,' Fangzheng Cheng,' Hua Shi,' and Hao Zhou"*"*)

AFFILIATIONS

IState Key Laboratory of Clean Energy Utilization, Institute for Thermal Power Engineering, Zhejiang University,
Hangzhou 310027, China

?Shanghai Electric Power Generation Engineering Co., Shanghai 201199, China

2permanent address: State Key Laboratory of Clean Energy Utilization, Zhejiang University, Zheda Road 38, Hangzhou 310027, China.
P Author to whom correspondence should be addressed: zhouhao@zju.edu.cn. Tel.: +86-0571-87952598

ABSTRACT

Molten salt tank leak detection technology is essential for the timely detection and handling of leaks. Current common thermocouple leak
detection technology cannot meet the demand, and more efficient leak detection technology is urgently needed. In this paper, a molten salt
tank leakage detection circuit based on the conductivity of high-temperature molten salt is proposed for the first time. Its feasibility is verified
by the experimental results of a lab-scale tank foundation experimental system, and a parametric analysis is carried out to optimize the circuit
layout. The results show that when molten salt leaks to the measurement point of the circuit, the voltage of the constant resistor in the circuit
first rises rapidly, then drops rapidly, and finally, reaches a steady value. The vertical spacing, arrangement depth, and operating temperature
significantly influence the detection effect. To ensure the rapid and continuous detection of molten salt tank leakage, the vertical spacing
should be less than 50 mm. The arrangement depth should be as close as possible to the bottom of the molten salt tank, preferably within
150 mm. The decrease in the operating temperature significantly deteriorates the continuous detection effect of the circuit. When the detec-
tion circuit is used in the cold molten salt tank of concentrating solar power plants, timely circuit detection signal processing and prompt
mechanisms are required to ensure that the leakage accident is not missed.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0093179

NOMENCLATURE z  coordinate (mm)

/a  thermal conductivity of the air (W/m K)

Je  effective thermal conductivity (W/m K)

A¢  thermal conductivity of the fillers (W/m K)

h  vertical spacing between the horizontal wire and the verti-
cal wire (mm)
L, maximum migration depth (mm)
L, distance between the top of the solid molten salt block

and the top of the fillers (mm) I. INTRODUCTION
L, length of the solid molten salt block (mm) Concentrating solar power (CSP) is one of the most promising
q heat flux (W/m?) renewable energy power generation technologies.”” It is estimated that
¢ time (min) CSP will account for 11.3% of global power generation by 2050.’
T temperature (°C) However, CSP also has inherent intermittent and volatility problems
Top  operating temperature (°C) which brings challenges to its compatibility with the power grid.
U voltage (V) Integrating the thermal energy storage system (TESS) is an effective
Unmax ~ maximum voltage (V) way to solve these problems and reduce the levelized cost of electricity
Usteady ~ steady voltage (V) (LCOE) of the CSP plant. By the end of 2017, 50.86% of the 116 CSP
va  volume fraction of the air plants under construction or in operation worldwide were equipped
Wmn  maximum migration width (mm) with the TESS.” To meet the needs of CSP plants, the medium of the
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TESS is required to have good transport and thermal properties. Based
on that, molten salt is considered to be one of the best heat transfer/
storage fluids of CSP plants.” Currently, the two-tank molten salt
TESS is mainly adopted for CSP plants, and the most widely used mol-
ten salt is the solar salt composed of 60 wt. % NaNO; and 40 wt. %
KNO,.”’

During the operation of the molten salt tank, heat will be dissi-
pated to the surroundings and the tank foundation, and solar salt will
solidify when the temperature is lower than about 220 °C. Thus, heat
loss is critical to the safe and efficient operation of the molten salt
tanks and the whole plant. Researchers have done a lot of work in this
field* ' Due to the large volume, large bottom area, high operating
temperature of the medium, uneven temperature distribution in the
tank, immature design and manufacturing technology, and cyclic
charging/discharging process, the molten salt tank often suffers huge
thermal stress, which may result in tank rupture and leakage accident
after long-term use. Recently, the leakage accidents of the molten salt
tanks in the Gemsolar plant and the Crescent Dune plant caused huge
economic losses, and the prevention, detection, and treatment of mol-
ten salt tank leakage accidents have aroused people’s attention.'® To
prevent the molten salt tank leakage, some researchers have explored
the mechanical performance of the tank. Gauge et al.'” evaluated the
feasibility of chloride molten salt tank technology for the next genera-
tion CSP plant. With the assistance of the expansion joint design and
finite element analysis software, the maximum stress of the tank shell
was optimized to the allowable range. Wan et al.* conducted a simula-
tion study on the mechanical performance of the hot tank of the two-
tank molten salt TESS. The results showed that the maximum stress
occurred on the inner corner between the tank bottom and the shell
wall. The decrease in the molten salt level and the increase in the stiff-
ness of the tank foundation fillers could decrease the stress. Wang
et al.” conducted extensive parameter studies on the mechanical per-
formance of a molten salt thermocline tank. The results showed that
the increases in inlet velocity, cold salt temperature, and refractory
brick thickness or the decreases in tank wall thickness, bed porosity,
filler diameter, thermal conductivity, and specific heat could reduce
the maximum mechanical stress of the tank wall. Once the molten salt
tank leaks, the molten salt will migrate and solidify in the porous tank
foundation material, and even pollute the soil and groundwater.”' To
better deal with the leakage accident, it is necessary to understand the
leakage characteristics of molten salt in the tank foundation material.
Some researchers have studied the migration or solidification charac-
teristics of salt solutions in porous media. Song et al.”* experimentally
and theoretically studied the lateral freezing of the aqueous saline solu-
tion in porous medium and discussed the influence of the permeability
of the porous matrix. Weisbrod et al.” studied the migration phenom-
enon and the mechanism of concentrated NaNO; solution in the uni-
form pre-wetted silica sand and found that solutions of 5 molal
NaNO; migrated downward 24%-62% faster than pure water. Hird
et al.”* investigated the upward migration of saline (NaCl) fluid in the
dry sand column and explored whether the salt transportation through
the capillary phenomenon of fine sand was feasible. Dawson et al.”’
established a growth model of crystalline deposits from dripping salt
solutions, and the calculated results of the model were pretty consis-
tent with the experimental data. Other researchers studied the migra-
tion and solidification characteristics of molten salt in porous media.
Shan et al’® studied the influence of leakage aperture, leakage
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temperature, and leakage velocity on the migration range of solar salt
when it leaked to the soil surface based on the volume of fluid (VOF)
model and continuous surface force (CSF) model, and the leakage
characteristics of solar salt and SYSU-NI salt were compared and ana-
lyzed. Wu et al”” and Zhang et al.”® conducted experimental and
numerical studies on the migration and solidification characteristics of
molten salt in the cold soil porous system, revealing the influence of
various operating and structural parameters on the molten salt migra-
tion range. The results showed that the increases of the inlet velocity,
inlet temperature, soil porosity, or particle size increased the maxi-
mum migration depth. On this basis, to get closer to the actual molten
salt tank leakage, Zhou et al.”' built a thermal tank foundation experi-
ment platform to investigate the influences of filler porosity, leakage
aperture, operating temperature, and leakage mass on the migration
and solidification characteristics of the molten salt in thermal stable
porous materials and found that the greatest influencing factor was the
operating temperature.

The leakage of a molten salt tank is usually a small-scale leakage
in the early stage, but it will gradually spread and expand, and eventu-
ally become a large-scale leakage. Therefore, it is pretty critical to con-
duct early detection and treatment of the accidents to ensure the
normal operation of CSP plants, avoiding the expansion and deteriora-
tion of leakage accidents. For liquid leak detection, there have been
many studies. For example, for water tanks, the most common leak
detection methods include volume and mass measurement, statistical
inventory reconciliation, liquid sensor probes, and fiber-optic sensor
probes.”” " The first two methods use the unexplainable mass loss to
indicate the presence of a leak and cannot obtain the accurate location
of the leak.”” For molten salt tanks, the molten salt in the tank always
undergoes the process of dynamic charging and discharging, and the
volume and mass change all the time. Thus, these methods are difficult
to cope with smaller leaks. Probe measurement uses probes to detect
changes in the physicochemical signal after the liquid leaks, thereby
providing accurate information about the leak. However, this method
requires probes to be buried in advance. When the number of probes
required for the storage tank is large, this method is costly, and the
arrangement of a large number of probes may cause damage to the
structure and characteristics of the tank foundation.”” Unlike water
tanks, the media in molten salt tanks have high temperature and
strong corrosiveness, and most probe methods cannot be applied. At
present, the CSP plant mainly detects the molten salt tank leakage by
embedding a certain number of thermocouples in the tank foundation.
However, due to the high cost, installation difficulty, and damage to
the structure and heat dissipation of the tank foundation after instal-
ling the thermocouples, the number of embedded thermocouples is
limited, resulting in a large detection area for a single thermocouple.
Since the thermocouple is a point-type temperature measurement
technology, this method cannot achieve good coverage of the tank
foundation. In addition, the temperature of the tank foundation is also
changing during the operation of the plant, and it is difficult to distin-
guish smaller leaks by the thermocouple method.

The leakage accidents of molten salt tanks are extremely detri-
mental to the normal operation and economic benefits of concentrat-
ing solar power plants, the leakage detection technology of molten salt
tanks is critical to discover and deal with the leakage accidents
promptly. Unfortunately, current research on molten salt tanks mainly
focuses on temperature distribution and heat loss, mechanical
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performance, migration and solidification characteristics after the tank
leaks, and there is almost no research on leakage detection. The cur-
rent common detection method with thermocouples is difficult to
achieve good coverage of the entire tank foundation and to distinguish
smaller leaks. To address the deficiencies of current leakage detection
technology, a molten salt tank leakage detection circuit based on the
conductivity of high-temperature molten salt was first proposed in this
paper. Relevant experiments were carried out to verify its feasibility. In
addition, the effects of vertical spacing, arrangement depth, and oper-
ating temperature on the detection effect were analyzed, and the bene-
ficial results of optimizing the detection circuit layout were obtained.
The proposed molten salt tank leakage detection method can reliably
detect the leakage and has the advantages of low cost, simple installa-
tion, and little impact on the structure and heat dissipation character-
istics of the tank foundation. It has a good prospect of large-scale
commercial application and is of great significance to solve the prob-
lem of molten salt tank leakage detection.

Il. LEAKAGE DETECTION CIRCUIT OF THE MOLTEN
SALT TANK

Figure 1 shows the structure of the molten salt tank and tank
foundation of a tower CSP plant. It is the load-bearing foundation
below the molten salt tank of the CSP plant, which is usually com-
posed of multiple layers of thermal insulation materials and the bot-
tom concrete slabs. The load-bearing capacity of the foundation may
decrease when the concrete slab overheats or the moisture of the tank
foundation evaporates, so the concrete slab is usually equipped with
ventilation pipes to accelerate heat dissipation.””” In actual operation,
the thermal stress of the bottom plate and the intersection of the bot-
tom plate and the side shell are relatively large, so the molten salt tank
leakage usually occurs in these positions. After the molten salt tank
leaks, the molten salt will flow from the tank bottom into the insula-
tion material of the tank foundation. To detect the molten salt tank
leakage of the CSP plant, we propose a detection circuit based on the
conductivity of the high-temperature molten salt. As shown in Fig. 2,
the detection circuit including the three-dimensional wire group is
embedded in the thermal insulation material of the tank foundation.
The three-dimensional wire group consists of the horizontal parallel
wire group and the longitudinal parallel wire group, and the horizontal
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R
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parallel wire group and the longitudinal parallel wire group are
arranged at different depths of the tank foundation. The material of
the wires is 347H stainless steel with good conductivity, high-
temperature resistance, and molten salt corrosion resistance. The
three-dimensional wire group is connected in series with the first con-
stant resistors and second constant resistors, and the first constant
resistors and second constant resistors are, respectively, connected to
the positive and negative electrodes of the direct current (DC) power
supply. As a result, a molten salt leak detection circuit with multiple
detection loops is formed, wherein each of the first constant resistors
and second constant resistors has the same resistance. During the
operation, the DC power supply is turned on, and the electrical signals
of all the first constant resistors and second constant resistors are
recorded by different channels of the data acquisition and alarm
device. Once the corresponding channel monitors the electrical signal,
the corresponding alarm device quickly alarms to remind the leakage
accident of the molten salt tank.

In the detection circuit, the horizontal parallel wire group and the
longitudinal parallel wire group are not in contact, then many measur-
ing points are formed in the tank foundation. Initially, there is no elec-
trical signal in each recording channel due to the disconnection of the
circuit. When the molten salt leaks to any measuring point, due to the
electrical conductivity of the high-temperature molten salt, the electri-
cal signals of the first constant resistor and the second constant resistor
change rapidly to realize the rapid detection and accurate positioning
of the molten salt tank leakage. The determination of the leakage loca-
tion of the molten salt tank is carried out in the following three steps.
(1) When the electrical signal of any first constant resistor appears, the
x coordinate of the measuring point where molten salt leakage is
detected can be determined. (2) According to the electrical signal of
the second constant resistor, the y coordinate of the measuring point
where molten salt leakage is detected can be determined. (3) Finally,
the location of the measuring point where molten salt leakage is
detected can be determined, and the location of molten salt tank leak-
age is usually near directly above the measuring point. To ensure reli-
able, efficient, and comprehensive detection, the number of wires in
the three-dimensional wire group can be selected according to the
actual molten salt tank size to make the entire tank bottom is covered.

Bottom plate

FIG. 1. Structure of the molten salt tank
and tank foundation of a tower CSP plant.
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Ill. EXPERIMENTAL SETUP AND METHOD
A. Experimental setup and materials

To verify the feasibility of the proposed molten salt tank leakage
detection method and optimize the detection circuit layout, a lab-scale
experimental system of molten salt tank foundation is built. As shown
in Fig. 3, the diameter and height of the inner hole of the tank are
1000 and 900 mm, respectively. The light expanded clay aggregate
(LECA) is widely used as a thermal insulation material for molten salt
tank foundations in the actual CSP plant due to its low cost, light
weight, and good load-bearing and thermal insulation performance.”
Thus, the LECAs with mixed particle sizes are used as the fillers. The
mixed LECAs are shown in Fig. 4, and the particle size distribution,
bulk density, and porosity are shown in Table I. A programmable
resistance heater is installed below the tank cover plate. The function
of the heater is to heat the fillers from the top, so as to restore the tem-
perature distribution of the tank foundation of the actual CSP plant.
In addition, the upper part of the cover plate is connected with a pul-
ley, so that it can be lifted or lowered during the experiment. The
refractory brick with a thickness of 250 mm is used in the sidewall of
the tank to reduce the heat dissipation of fillers to the surroundings.
The molten salt leaking into the fillers will eventually form the solid
molten salt block (SMSB) after cooling. To remove the SMSB
smoothly, the bottom plate of the tank is designed to be openable.
Fifteen K-type thermocouples with a uniform longitudinal spacing of
50 mm are installed on the sidewall of the tank to measure the temper-
atures of the fillers during the experiment, and the temperature mea-
surement accuracy of the thermocouple is *0.75%. The top
thermocouple was 50 mm away from the top of the fillers, and the

Vertical
3 Spacing it

FIG. 2. Schematic diagram of the leakage
detection circuit of the molten salt tank
based on high temperature molten salt
conductivity.

@ Direct current power source

(2 Connected wires

® First constant resistance

@ Stainless steel 347H

® Second constant resistance

(® Data acquisition and alarm device

@ Light expanded clay aggregate

temperature measuring terminal of each thermocouple is inserted into
the center of the tank. The temperatures measured by thermocouples
are recorded by the Agilent data acquisition device, which measures
temperature and DC voltage with an accuracy of =1.0°C and
+0.004%, respectively. Finally, to obtain high-temperature molten
salt, the muffle furnace with an accuracy of +1.0°C is used for melting
and heating of molten salt. The molten salt used in this paper is a solar
salt, and its properties are shown in Table I1.*'

B. Experimental method of leak detection

To verify the feasibility of the leakage detection circuit and
optimize its layout, we designed the simplified detection circuit
shown in Fig. 5 for the experimental study. The simplified leakage
detection circuit is only arranged in the center of the fillers, includ-
ing one longitudinal wire and five horizontal wires. The longitudi-
nal wire is connected to the positive pole of the 3V DC power
supply and arranged above the horizontal parallel wire group. The
five horizontal parallel wires are only 25mm apart from each
other, and they are, respectively, connected to a 1000 Q constant
resistor, and the other end of each constant resistor is connected to
the negative pole of the DC power supply. The constant resistors
are connected to different channels of the Agilent data acquisition
device to record the voltage signals. The reason for arranging five
horizontal wires is to prevent the molten salt leakage position from
deviating from the center in the experiment, so that the voltage sig-
nal can always be measured. While analyzing the data, only the
channel with the largest signal among the five channels is selected.
The horizontal and longitudinal wires in the experimental circuit
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FIG. 3. Schematic diagram of the experimental system.

TABLE . Properties of the LECA.

Muffle furnace

Properties

Value

Particle size distribution

3.35-6.3 mm 39%
6.3-8 mm 31%
8-10mm 13%
10-20 mm 17%

Specific heat (J/kg K)
Thermal conductivity (W/m K)
Dynamic viscosity (Pa s)

Bulk density (kg/m?) 596.73
Porosity (%) 35.8
TABLE II. Properties of solar salt.
Properties Formulas
Density (kg/m?) 2263.7-0.636xT

1396+0.172xT
0.3914-0.000 19x T
0.0755-2.776x10"*x T
+3.489x1077 xT?
—1.474x10710%x T3

FIG. 4. The appearance of the experimental material (LECAs) with mixed particle

size.
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FIG. 5. Molten salt leakage detection circuit used in experiment.

are 347H steel bars with a diameter of 5mm and a length of
330 mm. The experimental conditions are shown in Table III.

The experimental process is divided into three stages: filler heating,
molten salt leakage, and filler cooling and post-treatment. At the filler
heating stage, after the mixed LECAs are filled to a position 50 mm
from the tank top, the tank cover plate is lowered. The programmable
resistance heater with a predetermined temperature is then turned on,
and the fillers are gradually heated to a stable state. At the same time,
600 g solar salt is weighed by the electronic balance with an accuracy
of 0.1 g and put into the crucible. Then, the crucible containing
molten salt and a crucible with a circular hole of 15 mm diameter at the
bottom are both put into the muffle furnace and heated to the same pre-
determined temperature as the programmable resistance heater. The
molten salt leakage begins after the temperature distribution of the fillers
is stable. First, the cover plate is pulled up. Second, the crucible with a
circular hole is taken out from the muffle furnace and placed in the cen-
ter above the fillers, and then the high-temperature molten salt is taken
out and poured into the fillers through the circular hole of the crucible.
Finally, the cover plate is quickly lowered, and the heater continues to
heat the fillers until the temperature stabilizes again. At this stage, the
molten salt undergoes complex migration and phase change in the fill-
ers. At the filler cooling and post-treatment stage, the heater is turned
off, and the fillers gradually cool to ambient temperature. After that, the
solid molten salt block is taken out, and its migration range is measured

ARTICLE scitation.org/journalirse

TABLE Ill. Experimental conditions.

Vertical spacing
(vertical spacing Arrangement
between horizontal depth (vertical distance

wire and between horizontal
Operating longitudinal wire) wire and the top
Case temperature (°C) (mm) of fillers) (mm)
Al 565 20 100
A2 565 50 100
A3 565 80 100
A4 565 110 120
Bl 565 50 150
B2 565 50 200
B3 565 50 250
Cl 290 50 100
C2 390 50 100
C3 500 50 100

by a tape with an accuracy of 0.5 mm. The thermocouples and leakage
detection circuit completely record the temperature and voltage signals
in the whole experimental process.

To ensure the feasibility of the detection method, we first use the
experimental system to test the electrical conductivity of the molten
salt and fillers. Figure 6 shows the voltage evolution of the constant
resistor with the temperature of the junction of the circuit (connected
by the molten salt or the fillers). It can be seen that when the tempera-
ture is about 530 °C, the voltage is almost equal to the voltage of the
DC power supply. As the molten salt temperature decreases, the volt-
age gradually decreases. When the temperature decreases near the
melting point of the molten salt, the voltage decreases rapidly to near
zero for the solidification of the molten salt and remains zero when
the temperature continues to decrease. That is, the conductivity of the

3.0 b —Solar Salt 430
===-LECAs

U(v)

0 100 200 300 400 500 600
T(C)

FIG. 6. Evolution of electrical conductivity of solar salt and LECAs with
temperature.
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solar salt increases with temperature, and it is not conductive in solid
state. The above results are consistent with the theoretical situation.
The solar salt is composed of two ionic compounds: NaNO; and
KNO;. In the molten state, there are freely movable ions inside the
molten salt, so it is conductive. The higher the temperature, the faster
the movement rate of internal ions, resulting in an increase in electrical
conductivity. In the solid state, the ions cannot move freely, so it is not
conductive. The electrical conductivity data of the fillers are obtained
from the experimental results of the heating process of case Al.
During the whole heating process, the voltage of the constant resistor
remains zero, which indicates that the fillers are not conductive. The
above results lay a good foundation for the feasibility of the proposed
leakage detection circuit.

IV. RESULTS AND DISCUSSION

A. Temperature distribution and evolution
characteristics

Figure 7 presents the temperature distribution and evolution of
the fillers during the experiment at T,, = 565 °C. During the heating

600
(a)—I—z:SOmm —@—2=100 mm —A—z =150 mm —¥—z =200 mm
—9—2z=250 mm —<¢—z= 300 mm —»—z= 400 mm —&— z = 450 mm|
500 b —h—z=500 mm —®—z =550 mm —3—z= 600 mm —+—z= 650 mm|
=—>¢—=2="700 mm —¥—z =750 mm
400 |-
& 300
&~

200 f-

100 |-

L
0 500 1000 1500

t (min)

2000 2500 3000
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process, the temperature of the fillers increases gradually until reaching
a steady state. Because the heater is on the top of the fillers, so the
closer to the top, the faster the temperature rises and the higher the
steady temperature is. The steady temperature at z=50mm is
467.1°C, and the temperature distribution of the tank foundation is
steady after about 40 h. During the molten salt leakage process, due to
the heat exchange between the fillers and the high-temperature molten
salt, the temperature of the area contacting with the high-temperature
molten salt increases rapidly in succession and then decreases gradu-
ally after the high-temperature molten salt leaves. Since the tempera-
ture of the fillers gradually decreases from the top to the bottom, the
temperature of the molten salt will drop below the melting point after
migrating a certain distance and begin to solidify. The solidified mol-
ten salt is bonded with the fillers to form the SMSB, which hinders the
continuous downward flow of the molten salt, so that the molten salt
will gradually solidify upward from there.”® Therefore, the flow of the
molten salt in the fillers will stop finally, and a new steady temperature
distribution will be formed. This process takes about 20 h. As for the
cooling process, due to the stop of heating and the opening of the
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FIG. 7. Temperature distribution and evolution of the fillers during the experiment of case B3. (a) Heating process; (b) leakage process; and (c) cooling process.
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cover plate, the temperature of the fillers eventually decreases to the
ambient temperature, and the temperature in the upper part of the fill-
ers decreases significantly faster. The cooling process takes about 40 h.

Figure 8 presents the steady-state temperature distribution when
the heating process reaches stability at different operating tempera-
tures. In the region of z < 400 mm, the steady temperature increases
significantly with the increase in the operating temperature, while in
the region of z>400mm, the change of operating temperature has
only little influence on the temperature distribution. This is because
that the lower part receives less heat and has a large heat dissipation.
When the operating temperature is 290, 390, 500, and 565°C, the
steady temperature at z=50mm is 211.7, 284.8, 343.7, and 467.1°C,
respectively. In addition, because the heat dissipation of the upper part
is large, the temperature gradient of the area closer to the top is larger,
and the temperature gradient increases with the increase in the operat-
ing temperature.

The temperature evolution at z= 50 mm throughout the experi-
ment at different operating temperatures is shown in Fig. 9. It can be
noted that the steady temperature of the molten salt leakage process is
higher than that of the heating process, and the difference increases
with the increase in the operating temperature. For example, when the
operating temperature increases from 290 to 565°C, the difference
increases from 1.2 to 6.3 °C. The above phenomenon is caused by the
increase in the thermal conductivity of the filler area with molten salt
after it leaks into the fillers. According to Fourier heat conduction law,
for multilayer wall heat conduction, the heat flux can be expressed as

_ 1 Tﬂ+1
n 51’ ?
Ai

1

i=1

where q is the heat flux (W/m?), Ty and T, are the temperatures of
both ends of the multilayer wall (K), J; is the thickness of the layer i
(m), and 4; is the thermal conductivity of the layer i (W/m K).
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FIG. 8. Steady-state temperature distribution when the heating process reaches
stability at different operating temperatures.
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FIG. 9. Temperature evolution at z= 50 mm throughout the experiment at different
operating temperatures.

For each layer of material, the heat flux can be expressed as

Ti — Tira
1=k )

Considering that the filler in this paper is the porous medium,
the thermal conductivity in Egs. (1) and (2) can be represented by the
effective thermal conductivity of the porous medium. The effective
thermal conductivity can be modeled by the equivalent medium the-
ory (EMT) equation as follows: "

b=t | da—de _
A 420 A+ 24

(1 =) 0. (3)

Thus, A. can be written as follows:

Je = 1/4((31»a — 1o+ [B(1 —v,) — 1)

+ \/[(31/3 — D) +[B(1 = vy) — 14 + 81@,), (4)

where A, Af, and 4, are, respectively, the effective thermal conductiv-
ity, thermal conductivity of the fillers, and thermal conductivity of the
air, W/m K. v, is the volume fraction of the air.

The thermal conductivity of the molten salt is significantly higher
than that of air. After the molten salt leaks into the fillers, the molten
salt replaces part of the air in the upper part of the fillers. According to
Eq. (4), it can be simply regarded as an increase in /,, so A, of the upper
part of the fillers increases. Considering that the top of the fillers is in
contact with the heater, the temperature there does not change after the
molten salt leakage. The temperature at the bottom of the fillers is
hardly affected by the molten salt leakage, so it also remains unchanged
after the molten salt leakage. Since the overall effective thermal conduc-
tivity of the fillers increases, the heat flux q increases according to
Eq. (1). The effective thermal conductivity of the lower part of the fillers
where there is no molten salt remains unchanged after the molten salt

J. Renewable Sustainable Energy 14, 043701 (2022); doi: 10.1063/5.0093179
Published under an exclusive license by AIP Publishing

14, 043701-8


https://scitation.org/journal/rse

Journal of Renewable

and Sustainable Energy

leakage. According to Eq. (2), the increase in heat flux will cause the
temperature gradient at the lower part of the fillers to increase, so the
temperature gradient at the upper part of the fillers decreases. As a
result, in the filler area with the molten salt after the molten salt leakage,
the steady-state temperature will be higher than that before the molten
salt leakage. In addition, the higher the operating temperature, the
greater the increase in /, and the greater the temperature rise.

B. Migration and phase change characteristics

The migration and phase change characteristics after the molten
salt leakage are critical for understanding and handling the leakage acci-
dent of the molten salt tank. Figure 10 shows the final state after the mol-
ten salt leaks into the fillers. Several parameters are defined to describe
the migration characteristics, including the distance between the top of
the SMSB and the top of the fillers L,, the length of the SMSB L,, the
maximum migration depth L,,, and the maximum migration width
Wi, Figure 11 shows the migration results of the molten salt in the tank
foundation materials after its leakage under different operating tempera-
tures. The increase in the operating temperature means the higher tem-
peratures of the molten salt and the fillers, which cause the maximum
migration depth of the molten salt to increase significantly. The maxi-
mum migration depths at To, = 565 and T, = 290°C are 702 and
355 mm, respectively. The former is almost twice that of the latter. Thus,
it is especially important to prevent the leakage of the hot tank of the
two-tank molten salt TESS. After the molten salt leaks into the fillers and
migrates for a certain distance, its temperature will drop below its melt-
ing point. From there, the molten salt begins to solidify gradually. In the
upper area of this position, only a small amount of molten salt remains
after the leakage process is over, so the solid molten salt block will not
form in this area after cooling. As the operating temperature rises, the
position where the molten salt temperature drops below its melting point
moves down. Thus, L; increases. When the operating temperature is
290, 390, and 565°C, L; is 20, 120, and 300mm, respectively.
Considering that the temperature at the lower part of the fillers is less
affected by the operating temperature, L, increases first and then
decreases with the operating temperature. When the operating tempera-
ture is 290, 390, and 565 °C, L, is 335, 445, and 402 mm, respectively.
The increase in operating temperature leads to an increase in L,,, while
the amount of the leaking molten salt is constant, so W, decreases as
the operating temperature increases. When the operating temperature is
290, 390, and 565°C, W, is 134, 131, and 124 mm, respectively. The
above results of the maximum migration depth and maximum migration
width are consistent with the results of published literatures.”""**

To explain the morphological change of the SMSB, we proposed
the solidification agglomeration model shown in Fig. 12. The entire
fillers can be divided into the non-solidification zone, main solidifica-
tion zone, second solidification zone, and no molten salt zone. As
mentioned earlier, in the non-solidification zone, the molten salt does
not agglomerate due to the small amount. The molten salt begins to
solidify after it crosses the upper boundary of the main solidification
zone. The lower boundary of the main solidification zone is the loca-
tion where the molten salt concentrates and agglomerates here. After
the solidification and concentration, only a small amount of molten
salt can cross this position and enter the second solidification zone. As
the molten salt solidifies and concentrates, the flow of molten salt
above the position is hindered, so the molten salt gradually solidifies
upward from here. When the operating temperature increases, the

ARTICLE scitation.org/journalirse

FIG. 10. Schematic diagram of the solidification molten salt block finally formed in
the fillers after molten salt leakage.

amount of molten salt passing through the main solidification zone
increases, so that more molten salt solidifies in the second solidifica-
tion zone. The lengths of the main solidification zone and the second
solidification zone are variable. As the operating temperature
increases, the solidification concentration position moves downward,
leading to a longer main solidification zone and a downward move-
ment of the second solidification zone. As shown in Fig. 13, the SMSB
shows an obvious shape with a thin upper part and a thick lower part
at Top = 290°C. This is because it is difficult for molten salt to pass
through the solidification concentration position. When the operating
temperature increases to 390 °C, the molten salt passing through the
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FIG. 11. Migration characteristics of molten salt leakage into tank foundation materi-
als at different operating temperatures.

solidification concentration position increases, and a sharp tip appears .
at the bottom of the SMSB, and the upper part of the tip still presents Second solidification zone
the shape with a thin upper part and a thick lower part, though the
width decreases. When the operating temperature further increases to
565 °C, the molten salt passing through the solidification concentra-
tion position increased significantly, and the width of the agglomera-
tion at the bottom of the main solidification zone is close to that of the
secondary solidification zone, so the SMSB returns to the shape of a

olten salt zone
thin upper part and a thick lower part.

C. Feasibility and parameter analysis of leak

detection circuit @1 of tank foundation
1. Typical voltage evolution

Among all the detection results, the voltage signal of the constant FIG. 12. Solidification agglomeration model after molten salt leaks into the tank
resistor shows the two patterns in Fig. 14. When the detection circuit foundation.

W CL.LIL'"Q;

FIG. 13. Solid molten salt block formed
after molten salt leaks into the tank foun-
dation at different operating temperatures.
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FIG. 14. Two typical situations of voltage evolution of constant resistor constant. (a) Typical situation 1 and (b) typical situation 2.

is arranged at a lower position or the operating temperature is lower
(Cases B2, B3, and Cl), the evolution of the voltage is shown in Fig.
14(a). During the heating process, the voltage is zero because the mea-
suring point of the detection circuit is disconnected. After the molten
salt leaks, the circuit is connected when the high-temperature molten
salt migrates to the measuring point, and the voltage rises rapidly to
the peak value. Because the measuring point is arranged at a lower
position or the operating temperature is lower, when the molten salt
continues to migrate downward, the amount and temperature of the
molten salt in the connecting part of the measuring point decrease, or
even the molten salt solidifies here, which makes the molten salt of the
measuring point gradually lose conductivity. As a result, the voltage
drops rapidly to zero and remains zero during the cooling process.
When the detection circuit is arranged at a relatively high position or
the operating temperature is high (Cases Al, A2, A3, A4, B1, C2, and
C3), the evolution of the voltage is shown in Fig. 14(b). Compared
with Fig. 14(a), the voltage in Fig. 14(b) will not drop to zero during
the leakage process. This is because the temperature in the connecting
part of the measuring point is higher, so that there is always conduc-
tive molten salt after the leakage. Since the amount and temperature of
the molten salt at the measuring point gradually decrease, the conduc-
tivity of the molten salt also gradually decreases, and the voltage at the
end of the leakage process is lower than the initial voltage. After the
cooling process starts, the molten salt rapidly drops in temperature
and solidifies, so the voltage rapidly drops to zero and then remains
zero. Under all experimental conditions, the detection circuit has
detected the leakage of the molten salt. Therefore, the proposed molten
salt leakage detection method has good feasibility.

2. Parameter analysis

Figure 15 presents the voltage evolution of the constant resistor
under different vertical spacings within 1000 min after the leakage.
When the interval is less than 50 mm, the circuit can be quickly con-
nected after the molten salt leaks, so the voltage rapidly reaches the
peak value. However, once the interval exceeds 50 mm, although the
voltage also appears quickly, the time to reach the peak value becomes

significantly longer. When the interval is 20, 50, 80, and 110 mm, the
time from the start of the leakage to the peak voltage is 0.05, 0.13, 46.6,
and 139.3 min, respectively. Figure 16 presents the maximum voltage
after the leakage and the steady voltage after 1000 min of the leakage
under different longitudinal intervals. The maximum voltage and the
steady voltage hardly change with the interval when the interval is less
than 50 mm. This is mainly due to the small difference in the resis-
tance of the connected part of the measuring point after the leakage
within this interval. With the further increase in the interval, the resis-
tance of the connected part changes with time due to the flow of the
molten salt, and it takes a longer time to reach the maximum conduc-
tivity. As the interval increases, the resistance of the connected part
also increases significantly, so the peak voltage and steady voltage
decrease. Based on the above discussion, to ensure the rapidity and

3.0
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20
z
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FIG. 15. Voltage evolution of measuring point at different vertical spacings (Top
= 565°C, z= 100 mm for Cases A1, A2, and A3, and z= 120 mm for Case A4).
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FIG. 16. The effect of vertical spacing on the maximum voltage and steady voltage
(Top = 565°C, z= 100 mm for Cases A1, A2, and A3, and z= 120 mm for Case A4).

continuous effectiveness of the detection, the longitudinal interval
between the horizontal wires and the longitudinal wires should not be
too large, preferably less than 50 mm.

Figure 17 presents the voltage evolution of the constant resistor
under different arrangement depths within 1000 min after the leakage.
When the arrangement depth is z=100, z=150, z=200, and
z =250 mm, the time from the start of the leakage to the peak voltage is
0.13, 2.35, 0.60, and 0.07 min, respectively. This time is directly related to
the flow velocity of molten salt in the fillers. It can be noticed that this
time is not the maximum when the arrangement depth is maximum.
Due to the difference in the packing arrangement and the initial velocity
of molten salt entering the fillers, the flow velocity of molten salt in the
fillers is not consistent in each experimental condition, so it cannot be
guaranteed that the greater the arrangement depth, the longer the time.

3.0
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25F Case B2: z=200 mm
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2.0 |
3
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FIG. 17. Voltage evolution of the measuring point at different arrangement depths
(Top = 565°C, h="50mm).
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Overall, the arrangement depth has little influence on the detection
speed within these arrangement depths. However, the arrangement
depth greatly influences the maximum voltage and steady voltage. As
shown in Fig. 18, as the arrangement depth increases, the temperature of
the molten salt when it connects the circuit is lower, that is, the conduc-
tivity is lower, so the maximum voltage and steady voltage both decrease
as the arrangement depth increases. For example, the maximum voltage
and steady voltage at z= 250 mm are only 25.5% and 0.16% of those at
z=100mm, respectively. Moreover, when the arrangement depth
moves down, the period that the circuit can detect the leakage also be
shortened. When the arrangement depth is z=200 mm and above, the
circuit can detect the leakage during the entire process. While the voltage
is almost zero after only 125 min when the arrangement depth moves
down to z =250 mm. Therefore, an excessively large arrangement depth
is not conducive to continuous detection of molten salt leakage and may
lead to missed judgment of leakage accidents. Thus, the detection circuit
should be arranged as close as possible to the tank bottom, preferably
within 150 mm from the tank bottom.

For tower CSP plants, the molten salt temperatures in the cold tank
and hot tank are usually 290 and 565 °C, respectively. Therefore, it is very
important to study the influence of the operating temperature on the
detection effect of the detection circuit. Figure 19 presents the voltage evo-
lution of the constant resistor under different operating temperatures
within 1000 min after the leakage. When the operating temperature is
290, 390, 500, and 565 °C, the time from the start of the leakage to the
peak voltage is 0.03, 0.03, 0.08, and 0.13 min, respectively. So the operating
temperature also has little effect on the detection speed. As shown in Fig.
20, the approximately linear positive correlation between the maximum
voltage, the steady voltage, and the operating temperature can be noted,
which is mainly caused by the change of the conductivity of the molten
salt with temperature. The higher operating temperature is more condu-
cive to the leakage detection. When the operating temperature is 290 °C,
the voltage will quickly drop to zero after reaching the peak value, which
results in a shorter period for the circuit to detect the leakage. Therefore, if
the proposed leakage detection circuit is applied to the cold tank of the
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FIG. 18. The effect of arrangement depth on the maximum voltage and steady volt-
age (Top = 565°C, h=50 mm).

J. Renewable Sustainable Energy 14, 043701 (2022); doi: 10.1063/5.0093179
Published under an exclusive license by AIP Publishing

14, 043701-12


https://scitation.org/journal/rse

Journal of Renewable
and Sustainable Energy

3.0
Case C1: T, =290 °C
Case C2: T, =390 °C
25 F g
Case C3: T, =500 °C
| Case A2: T, =565 °C
2.0
&
ST Wl o
T \
1.0 |
0.5 |
0‘0 L L 1 L L
0 200 400 600 800 1000
t (min)

FIG. 19. Voltage evolution of the measuring point at different operating tempera-
tures (h =50, z= 100 mm).
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FIG. 20. The effect of operating temperature on the maximum voltage and steady
voltage (h= 150, z= 100 mm).

CSP plant, timely circuit detection signal processing and prompt mecha-
nisms are required to ensure that the leakage accident is not missed.

V. CONCLUSIONS

Molten salt tank leak detection technology is critical for the timely
detection and treatment of leaks. However, the current thermocouple
leak detection methods cannot meet these needs, and there is an urgent
need for a better leak detection method. In this paper, a molten salt
tank leakage detection method based on the conductivity of molten salt
at high temperatures is proposed for the first time, and a lab-scale tank
foundation experimental system is built to verify its feasibility. The
results show that the proposed leakage detection method is feasible. In
addition, the influences of the vertical spacing, arrangement depth, and

ARTICLE scitation.org/journalirse

operating temperature on the detection effect are studied to optimize
the detection circuit. The following conclusions are obtained.

(1) During the leakage process, the temperature of each position con-
tacting with the molten salt presents a trend that first rises quickly,
then drops gradually, and finally stabilizes. Since the thermal con-
ductivity of molten salt is better than that of the filler and air, the
temperature of the area where the molten salt exists after the mol-
ten salt leaks is higher than that before the leakage, and the differ-
ence increases with the operating temperature. When the operating
temperature increases from 290 to 565°C, the difference at z
= 50 mm increases from 1.2 to 6.3 °C.

(2) The maximum migration depth and maximum migration width
of molten salt leakage into the fillers increase and decrease with
the operating temperature, respectively. When the operating
temperature increases from 290 to 565°C, the maximum
migration depth and maximum migration width increase by
97.7% and decrease by 7.5%, respectively.

(3) A model explaining the morphological change of the solid mol-
ten salt block (SMSB) is proposed. The shape change of the
SMSB under different operating temperatures confirms the reli-
ability of the model. According to the model, the fillers after the
molten salt leakage can be divided into the non-solidification
zone, main solidification zone, second solidification zone, and
no molten salt zone. After the molten salt leaks, the SMSB will
be formed in the main solidification zone or in the main solidi-
fication zone and the second solidification zone.
The proposed molten salt tank leakage detection method has
good feasibility. When the molten salt leakage is detected, the
voltage of the constant resistor rises first, then drops, and finally
reaches a steady value. The vertical spacing, arrangement depth,
and operating temperature have significant influences on the
detection effect. To achieve rapid and continuous detection of
leakage accidents of molten salt tanks, the vertical spacing
should be less than 50 mm, and the arrangement depth should
be as close as possible to the bottom of the molten salt tank,
preferably within 150 mm. The low operating temperature is
not conducive to the detection effect. When the detection cir-
cuit is used in the cold tank of the CSP plant, timely circuit
detection signal processing and prompt mechanisms are
required to ensure that the leakage accident is not missed.
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