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Abstract The molten salt leakage accident is an important
issue in the nuclear safety analysis of molten salt reactors.
While the molten salt leaks from the pipeline or storage
tank, it will contact the insulation layer outside; hence, the
processes of penetration and spreading play an important
role in the development of leakage accidents. In this study,
the penetration and diffusion of leaking molten salt (LMS)
in an aluminum silicate fiber (ASF) thermal insulation
layer were studied experimentally. A molten salt tank with
an adjustable outlet was designed to simulate the leakage of
molten salt, and the subsequent behavior in the thermal
insulation layer was evaluated by measuring the penetra-
tion time and penetration mass of the LMS. The results
show that when the molten salt discharges from the outlet
and reaches the thermal insulation layer, the LMS will
penetrate and seep out from the ASF, and a higher flow rate
of LMS requires less penetration time and leaked mass of
LMS. As the temperature of the LMS and thickness of the
ASF increased, the penetration time became longer and the
leaked mass became greater at a lower LMS flow rate;
when the LMS flow rate increased, the penetration time
and leaked mass decreased rapidly and tended to flatten.
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1 Introduction

As one of the generation IV types of nuclear reactors,
molten salt reactors (MSRs) are being widely developed
and studied around the world to achieve THE promising
goals of a higher degree of sustainability, improved safety
and reliability, lower costs, and protection from nuclear
material proliferation [1-3]. The attractive properties of
molten salt coolants, such as their high density and heat
capacity, high chemical stability, high boiling point, low
viscosity, and low vapor pressure, allow that MSR designs
employ forced and passive safety systems working at low
system pressure [4—6].

In MSRs, the molten salt serves as both a fission fuel
and a coolant, and the characteristics of molten salt with
different reactor components have been investigated [7-9].
Molten salt leakage accidents are an important issue in the
safety analysis of MSRs [10, 11]. There are many reasons
for molten salt leakage accidents, including temperature
and quality control problems during the welding process,
vessel or pipe stress, failure to perform stress-relief heat
treatment after welding, corrosion, and sealing problems on
flange connections and valve stems with a rotary fit
[12-14]. A molten salt leakage accident may cause heat
transfer deterioration, incorrect reactivity insertion,
abnormal shutdown of the reactor, leakage of radioactivity,
and reaction of molten salt with water and oxygen in the
surrounding air, producing toxic gases, all of which seri-
ously affect the safety of MSR equipment and operating
personnel [15].
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When the molten salt pipeline or storage tank of an
MSR leaks, leaking molten salt (LMS) contacts the outer
aluminum silicate fiber (ASF) thermal insulation layer,
which is commonly used in high-temperature loops [16].
As the molten salt leakage accident continues to develop,
and an ideal situation is that the LMS gradually solidifies in
the ASF as a result of heat loss to the ambient environment
at a lower temperature, a solid cladding consisting of
molten salt and ASF can be formed. This cladding may
prevent further molten salt leakage, that is, provide self-
freezing blocking (SFB) of the molten salt leakage; if SFB
really exists, it will be a major advantage of MSR safety.

At present, research on leakage accidents in nuclear
reactors is concentrated on many working fluids. Journeau
et al. [17] conducted two-dimensional molten core—con-
crete interaction tests in the VULCANO facility with
prototypic oxidic corium and found different ablation
behaviors between silica-rich concrete and limestone-rich
concrete. Yeon et al. [18]. simulated core melt spreading in
a reactor cavity with respect to the FARO and VULCANO
experiments using the ANSYS-CFX code and verified the
validity of the model. Using computational fluid dynamics
(CFD) methodology, Na et al. [19] studied and confirmed
the feasibility of adopting a post-flooding strategy for
molten corium cooling for APR1400 plants. Ye et al. [20]
investigated the flow and heat transfer characteristics of an
ex-vessel core melt using a commercial CFD code and
found a reasonable trend of corium progression compared
with the experimental data from the VULANO VE-U7 test.
Jung et al. [21] investigated CO, leakage accidents in a
sodium fast reactor coupled with an S—-CO, Brayton cycle
and validated their isentropic critical flow model through
an experiment of critical flow under supercritical condi-
tions. Jeltsov et al. [22] developed and verified a CFD
model simulating the potential transport of steam bubbles
to the core to study steam generator leakage in lead-cooled
fast reactors.

To date, only a few studies on molten salt leakage
accidents have been reported. Based on the ANSYS
FLUENT two-dimensional axisymmetric model, Shan
et al. [23] simulated the leakage process of a certain nitrate
salt leaking to the soil surface and studied the influence of
leakage port size, leakage flow rate, and leakage temper-
ature on the leakage process. Wu et al. [24] used a custom-
made SYSU-N1 molten nitrate salt to design migration and
diffusion experiments of nitrate leaking into quartz sand,
and they analyzed the influence of the leakage temperature
and leakage height. Using the ANSYS FLUENT two-di-
mensional axisymmetric model, Zhang et al. [25] simulated
the seepage and solidification phenomena of molten nitrate
salt in porous media material of quartz sand and compared
the simulation results with experimental data.
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However, the experimental phenomenon of LMS pene-
trating through the ASF has rarely been addressed. In
MSRs, the molten salt working fluid is commonly fluoride
salt, and the working temperature is usually between 550
and 650 °C. When a large amount of high-temperature
fluoride salt leaks into the environment, it will spray and
splash, seriously threatening the safety of personnel and
equipment. In this study, the heat transfer salt (HTS)
consisting of KNO3;—NaNO,-NaNO; (53-40-7 wt%) was
chosen as the LMS because of its low melting point, low
latent heat, low chemical toxicity, and convenient opera-
tion. Experiments on molten salt flowing from a storage
tank onto an ASF were designed to simulate the processes
of molten salt leakage, penetration, and diffusion, and then
qualitative and quantitative investigations, including veri-
fying whether the SFB exists and the influences of LMS
temperature and ASF thickness on the process, were
conducted.

2 Experimental setup

A test apparatus was constructed to study the penetration
and diffusion behaviors of LMS flowing onto ASF at the
Shanghai Institute of Applied Physics, Chinese Academy
of Sciences. The main equipment of the experimental
apparatus includes a molten salt storage tank, electric
heaters, a molten salt feeding port, a molten salt leakage
port, a molten salt valve, an ASF thermal insulation layer, a
molten salt catch tray, a platform scale, a lifter, an argon
cylinder, a pressure-reducing valve, thermocouples, a level
gauge, a barometer, a handheld camera, a control system,
and a data acquisition system. Figure 1 shows a schematic
of the designed facility for the experiments with detailed
arrangements and notes.

An onsite photograph of the experimental apparatus is
shown in Fig. 2. The support frame of the experimental
apparatus, a 304 stainless steel structure with four legs and
a hole, was used to fix the molten salt storage tank at an
appropriate height and provide a platform for experi-
menters to feed solid salt powder to the molten salt tank.
The storage tank was made of 316 L stainless steel with a
designed maximum operating temperature of 700.0 °C, and
the actual operating temperature was < 650.0 °C. The
designed maximum pressure of the molten salt tank was
0.6 MPa, and the actual operating pressure was < 0.3
MPa. The tank can be used to hold nitrate and fluoride
salts. The volume of the molten salt tank was ~ 70 L,
which can hold ~ 100 kg of molten salt.

Because molten salts tend to absorb water vapor from
the air and become very sticky, the diameter of the feeding
port should not be too small; otherwise, the sticky salt
powder may easily adhere to the inner wall of the feeding
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Fig. 1 (Color online)
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tube, which could make it difficult to pour the powder
further from the feeding port. This greatly reduces the
feeding efficiency. A transparent quartz glass window was
installed at the feeding port, from which a visual inspection
of the molten salt level in the storage tank can be easily
obtained.

The external heater of the storage tank was a wall-
mounted crawler heater, which was installed in the middle
and lower parts of the tank. Approximately 10 kW of
thermal power can be gained from the external heater under
a 380 V AC power supply. In addition, an inner rod-shaped
electric heater with an output power of ~ 3 kW was
installed on the axis of the storage tank. The heating sec-
tion of the inner heater was located in the middle and lower
parts. The external heater is the main heat source for salt
melting in the storage tank, whereas the inner heater plays
an auxiliary role in melting salts. When the solidified block
of molten salt in the tank is heated and melted again, owing
to the uneven heating from the external heater, the bottom
molten salt block melts before the upper molten salt block.
Affected by the volume expansion of the liquid molten salt,
the storage tank will be subject to a squeezing force from
the inside to the outside in the axial and radial directions,
which will significantly shorten the service life of the
storage tank. With the help of the inner heater, the
squeezing force can be greatly reduced because the molten
salt can be melted from inside and outside simultaneously.

A molten salt outlet pipe was installed at the bottom of
the storage tank. A 316 L stainless steel valve that can
operate normally under the design temperature and pres-
sure of the storage tank was installed at the lower part of
the outlet pipe to control the flow rate and simulate dif-
ferent leakage conditions. The molten salt leakage port was
set at the end of the outlet pipe with an inner diameter of
6.88 mm. A bundle of miniature rod-shaped electric hea-
ters with 1 kW output was installed around the molten salt
valve and the outlet pipe to prevent the LMS from freezing
and blocking the pipe.

The storage tank and outlet pump were covered by
thermal insulation with a thickness of 200 mm to control
the outer surface temperature to < 50 °C.

Meanwhile, ASF layers of the same plane dimension
and different thicknesses were placed below the molten salt
storage tank with the centroid of the ASF layer facing the
leakage port. The ASF material used in the experiment was
a needled aluminum silicate blanket that complied with the
standard GB/T 16,400-2003.

A molten salt catch tray was placed under the ASF
layers to collect the LMS oozing from its bottom surface.
Three holes with a diameter of 20 mm were set on each
side wall to allow the handheld endoscope camera to
observe the LMS oozing from the bottom surface of the
ASF into the tray.

The molten salt catch tray was placed on an electronic
platform scale, which can continuously measure and record
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Fig. 2 (Color online) Onsite photograph of the experimental apparatus

mass changes in real time. An insulation layer with a
thickness of 100 mm was placed between the molten salt
catch tray and platform scale to prevent damage from the
high-temperature molten salts.

The electronic platform scale was located on a lifter
fork. By lifting the fork, the vertical distance between the
molten salt leakage port and the ASF can be freely adjus-
ted. In the present experiment, the distance between the
leakage port and the top surface of the ASF was fixed
at ~ 10 mm, which is close to the actual molten salt
leakage scene of actual pipes or tanks applied in high-
temperature loops, and the leakage process can be easily
recorded by the surveillance video camera system.

The main design parameters of the experimental appa-
ratus are listed in Table 1.

@ Springer

The control and data acquisition systems include a mass
recording system for the platform scale, a control system
for the heaters, a recording system for the liquid level
gauge, thermocouples, and a video monitoring system.

The leakage rate of the LMS was measured using the
electric platform scale. The maximum range of the plat-
form scale was 200 kg, and the measurement accuracy and
minimum recording period were 20.0 g and 1.0 s, respec-
tively. The measurement accuracy of the mass change rate
can be improved by increasing the recording period of the
platform scale.

The molten salt level was measured using a level gauge
composed of a floating ball located inside the storage tank
and an outside magnetic flap scale. The molten salt level
can be visually inspected directly using a magnetic flap
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Table 1 Design parameters of

. Part
the experimental apparatus

Support frame

Design parameter

Length x width x height (mm®)

1500 x 1500 x 1600

Molten salt tank
External heater
Inner heating rod
Outlet pipe
Leakage port

ASF layer
Catch tray

Inner diameter x height (mm?)

Wall thickness (mm)

Volume (L)

Electric capacity (kW)

Electric capacity (kW)

Length of heating section (mm)
Length x Outer diameter (mmz)

Diameter (mm)
Length x width (mmz)
Length x width x height (mm?)

300 x 1000

6.0

70

10.0

3.0

400

Upper part: 150 x 22
Lower part: 100 x 10
6.88

600 x 600

600 x 600 x 150

scale and recorded automatically by the data acquisition
system.

K-type thermocouples with a measuring range of
0-900 °C and an accuracy of 0.5 °C were installed on the
tank outer wall, inside the molten salt, and on the inner
heater surface to obtain the corresponding temperature
data. A high-precision resistance thermometer was used to
calibrate these thermocouples before the experiments were
started.

The cover pressure of the molten tank was controlled by
a gas system comprising an argon cylinder, a pressure-
reducing valve, an inlet gas line, an inlet gas switch, an
outlet gas line, and an outlet gas switch. The argon cylin-
der’s gas pressure was 14.5 MPa, and the pressure of the
storage tank cover gas can be adjusted between O and
0.4 MPa. The pressure gauge range of the tank was
0-0.6 MPa with a measurement accuracy of 0.02 MPa.

The measured parameters in the present experiment are
listed in Table 2.

The thermal physical properties of the HTS molten salts
used in the experiments are listed in Table 3.

3 Experimental method

To quantitatively study the leakage process of LMS in
ASF, several important variables were defined for analysis:
LMS temperature, LMS flow rate, LMS penetration time,
LMS penetration mass, and ASF thickness.

The LMS temperature is the prescribed value to which
the molten salt in the storage tank is heated before the
leakage experiment starts.

The LMS flow rate was used to simulate the leakage rate
and was controlled by adjusting the opening of the molten
salt valve and the pressure of the cover gas in the storage
tank. It can be obtained through the real-time data of mass
change from the platform scale and can be directly used to
feedback the adjustment of the molten salt valve during the
experiments.

The LMS penetration time was determined by the start
and end times of the permeation process. The start time of
the LMS is the moment when the first drop of the LMS
drips from the leakage port onto the top surface of the ASF,
and the end time is the moment when the first drop drips
from the bottom surface into the tray. The LMS start and
end times can be acquired from the mass change data
recorded from the platform scale. During the LMS

Table 2 Measurements and
instrument parameters in the

experiment

Measurement Instrument Parameter

LMS leakage rate Platform scale Maximum range (kg) 200.0
Minimum recording cycle (s) 1.0
Accuracy (kg) 0.02

Molten salt level Level gauge Maximum range (mm) 1200
Accuracy (mm) 10.0

Molten salt temperature Thermocouples (K type) Range (°C) 0-900
Accuracy (°C) 0.5

Cover gas pressure Barometer Range (MPa) 0-0.4
Accuracy (MPa) 0.02

@ Springer
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Table 3 Properties of HTS molten salt [26]

Parameter Value

Salt composition

Melting temperature (K) 415.4
Latent heat (kJ/kg) 80
Thermal conductivity (W/(m K)) 0.48

Viscosity (kg/(m s))
Density (kg/m®)
Specific heat (J/(kg K)) 1550

KNO3;-NaNO,-NaNOj; (53-40-7 wt%)

0.4737 — 2297 x 107> T + 3.731 x 10~ °7% — 2.019 x 107°T° (420-710 K)
2293.6 — 0.7497 T (470-870 K)

penetration time, the total mass of the LMS consumed
during penetration is called the penetration mass.

The ASF thickness was determined based on the number
of layers of the thermal insulation material. Generally, the
thickness of a single layer of ASF was 50 mm, and the
thicknesses of 100, 150, and 200 mm corresponded to two,
three, and four layers, respectively.

Based on the definitions above, the penetration charac-
teristics of LMS in the ASF can be quantitatively described
by the changing tendency of the penetration time and
penetration mass with respect to the LMS flow rate, LMS
temperature, and ASF thickness. The experimental condi-
tions are presented in Table 4.

3.1 Experiment preparation

Before the start of the experiment, the molten salt valve
was completely closed. Approximately 100 kg of solid
HTS salt powder was poured into the molten salt storage
tank through the feeding port, and the inner and exterior
heaters were set at an appropriate heating rate to melt the
molten salt gradually to the prescribed temperature.
Meanwhile, by continuously filling and expelling the
storage tank with argon gas, water vapor and oxygen were
gradually removed from the storage tank.

Subsequently, a certain thickness of ASF and the catch
tray were placed on the fork of the lifter and then settled
directly under the molten salt leakage port. By adjusting

Table 4 Experimental conditions

Parameter Value

LMS temperature (°C) 200, 300, 400
LMS flow rate (kg/h) 6-500

ASF thickness (mm) 50, 100, 150, 200
Ambience temperature (°C) 19.0-22.0
Pressure of cover gas (kPa) 100

@ Springer

the lifter, the vertical distance between the ASF top surface
and leakage port was set to ~ 10 mm.

Once the suitable distance between the ASF and leakage
port was adjusted by the lifter, the pressure-reducing valve
of the gas circuit system was opened to maintain the proper
gas pressure in the molten salt storage tank. The pressure
can be read from the gas pressure gauge and is in the range
of dozens of kilopascals. Therefore, the LMS flow rate
could be regulated according to the experimental cases.

Cameras were set at different locations to monitor the
experimental situation in real time. Among them, a hand-
held camera with an endoscope was placed in the catch tray
through the side hole and used to closely monitor the
conditions of the molten salt leakage at the bottom surface
of the ASF. Another camera was set on the top of the ASF,
facing the center of the top surface of the ASF, to monitor
the situation of molten salt flowing from the leakage port
and into the ASF.

By turning on the platform scale’s mass recording sys-
tem and data system, the mass change with respect to time
will be recorded and displayed on the screen in real time,
and synchronously the corresponding leakage rate can be
extracted. Initially, the value of mass tended to be constant,
as the rate of mass change went to zero, the process of
molten salt leakage was ready to start.

3.2 Molten salt leakage process

Measurement of the molten salt leakage process can be
divided into the following steps:

(I)  Set the LMS flow rate.
When the molten salt valve is opened, the molten
salt flows out of the tank and onto the top surface of
the ASF layer. The opening of the molten salt valve
was adjusted to control the LMS flow rate in the
designed experimental cases. During the entire
leakage process, the molten salt valve was adjusted
slightly and constantly according to the real-time
leakage rate extracted from the platform scale’s mass
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recording system to maintain the leakage at a
constant rate.

(2) Observe the molten salt leakage process.
When LMS flows onto the top surface of the ASF, it
is quickly absorbed by the ASF; meanwhile, the
LMS continues permeating into the ASF, after
which, the LMS reaches the bottom surface of the
ASF. As the molten salt penetrates the bottom
surface of the ASF, the color of the bottom surface
gradually changes from white to light green. As the
LMS continues to flow, the bottom surface color
gradually deepens and the light green area increas-
ingly expands in the shape of a circle until the
molten salt penetrates through the ASF and drops to
the bottom of the catch tray. The entire process was
recorded in real time by the cameras around the
ASF.

(3) Close the molten salt valve.
When the first drop of molten salt dripping from the
bottom surface of the ASF is observed from the real-
time camera, this indicates that the molten salt has
already penetrated through the ASF. The molten salt
leakage valve was then closed immediately, and the
leakage of the molten salt was stopped. After the
molten salt valve is closed, the platform scale’s mass
data recording is continued until horizontal cumula-
tive mass data with time are displayed on the
recording system.

(4) Obtain the molten salt penetration profile.
As soon as the molten salt leakage process is
completed, the ASF layers are moved from the
molten salt leakage port to the open area by the lifter
fork. The diameters of the area where the ASF is
immersed in the LMS are then measured. Subse-
quently, the ASF layer is cut from the center
symmetrical line parallel to the side edge of the
ASF and divided into two pieces. In this manner, the
geometric dimensions of the LMS penetration area
inside the ASF can be measured and recorded.

3.3 Data analysis

After the experiment was finished, the mass change data
over time of the leakage process were exported to the
computer for data post-processing. First, the start and end
times of the molten salt leakage process were determined
based on the mass measurements from the platform scale.
Figure 3 shows the data recorded by the platform scale.
The time span from the time at which the mass starts to
change to that when it becomes constant again is the
molten salt penetration time, and the cumulative mass
difference between the start and end times is the molten

salt penetration mass. The mass data in the penetration time
were chosen for linear fitting, and the slope was the LMS
flow rate with respect to the experimental case.

As shown in Fig. 3, the start and end times of the
leakage process can be clearly read from the recorded data,
and the flow rate from the leakage port to the ASF layer
was very stable during the entire leakage process. From the
fitting of the data, the LMS flow rate was determined to be
0.034 kg/s (122.4 kg/h). The ASF in this case was pene-
trated through by LMS, and the penetration mass was
13.6 kg.

4 Experimental results

To investigate the penetration and diffusion trend of
LMS in ASF, a series of experiments with an ASF thick-
ness of 50 mm were conducted. For these cases, the LMS
temperature was 200 °C and the flow rate was in the range
of 6.1-170.3 kg/h. It was found that the ASF is hydrophilic
to the molten salt and has a strong ability to absorb LMS.
When the LMS constantly flows on the ASF, it diffuses
inside the ASF until it penetrates through the ASF. Sub-
sequently, the molten salt continued to ooze from the
bottom surface of the ASF and then drop into the catch
tray. This indicates that although the ambient temperature
is far below the melting point of the HTS molten salt,
freezing does not occur at the surface of the ASF, and SFB
does not exist. In general, as the flow rate of the LMS
increases, the penetration time and mass decrease rapidly at
low flow rates and tend to flatten at higher flow rates, as
shown in Fig. 4. When the leakage rate of molten salt was
6.1 kg/h, the penetration time was 3540 s and the pene-
tration mass was 6.0 kg. As the flow rate of LMS increased
to 74.6 kg/h, the penetration time sharply dropped to 129 s,
and the penetration mass decreased to 2.56 kg. With a
further increase in the LMS flow rate, the penetration time
stabilized, being on the order of tens of seconds, and the
penetration mass stabilized between 2 and 3 kg.

When the LMS falls on the top surface of the ASF,
owing to the hydrophilicity of ASF, the molten salt per-
meates vertically and horizontally inside the ASF. In the
vertical direction, the permeation is affected by the initial
momentum, gravity of the LMS, and absorption of ASF,
whereas, in the horizontal direction, the permeation is
mainly affected by absorption. The penetration time is a
joint effect of the vertical and horizontal permeation of the
LMS. When vertical permeation dominates, the penetration
time decreases, whereas, when vertical permeation is weak,
horizontal permeation will prevail, and the penetration time
will increase.

At lower LMS flow rates, because the volume of the
LMS falling on the ASF is small, vertical permeation is at a

@ Springer
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low level; as a result, the LMS has enough time to per-
meate horizontally before it penetrates through the ASF in
the vertical direction; therefore, the penetration time is
long. As the LMS flow rate increases, owing to the
increasing scale of the LMS, permeation in the vertical
direction notably increases, and the penetration time
decreases significantly. As the LMS flow rate continues to
increase, owing to the large amount of LMS moving in a
short time, vertical permeation inside the ASF is com-
pletely dominated, and the penetration time mainly
depends on the thickness of the ASF.

With respect to the penetration mass, although the LMS
flow rate increased, the penetration time dropped more

@ Springer

sharply, and, as a result, the penetration mass of LMS
corresponding to the leakage rate and penetration time
exhibits a decreasing trend.

When the LMS flows onto the ASF, the LMS is quickly
absorbed by the ASF owing to its excellent hydrophilic
ability for molten salt. Consequently, the ASF is easily
penetrated by the LMS. After the LMS penetrates through
the ASF, molten salt in the ASF appears in the shape of a
circular truncated cone with a smaller diameter on the top
surface and a larger diameter on the bottom surface. The
zone permeated with high-temperature LMS was light
green in color, while the other zones remained the original
white color, as shown in Fig. 5.
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Fig. 5 (Color online) Size of circular truncated cone diameters in ASF under different LMS flow rates

The variation of the circular truncated cone diameters
along with different LMS flow rates at an LMS temperature
of 300 °C and ASF thickness of 50 mm is illustrated in
Fig. 5. It is shown clearly that the contour diameter of the
top surface of the cone is always smaller, while the contour
diameter of the bottom surface is always larger. As the
LMS flow rate increased, both diameters decreased rapidly
in the beginning and then tended to flatten; in the end, the
difference between the two diameters tended to be invari-
able. Specifically, when the LMS flow rate was 20.1 kg/h,
the diameters of the top and bottom surfaces of the circular
truncated cone were 440 and 600 mm, respectively. When
the LMS flow rate increased to 193.3 kg/h, the top diam-
eter dropped to 183 mm, while the bottom dropped to
270 mm, as shown in the right panel of Fig. 5. Therefore,
the higher the LMS flow rate, the smaller the LMS volume
retained in the ASF, and the easier the molten salt pene-
trates through the ASF.

The behavior of penetration and diffusion for LMS
flowing through the ASF was further investigated by
inspecting the vertical section of the ASF with different
thicknesses (50, 100, 150, and 200 mm) at a comparable
LMS flow rate of ~ 20 kg/h, as shown in Fig. 6. It is clear
that all the penetration and diffusion trends were similar,
and all outlines of the LMS permeation area were
approximately the same. For all thicknesses of ASF, mol-
ten salt penetrates through the ASF and continues to ooze
into the catch tray.

As illustrated above, when the LMS flows onto the ASF,
the LMS will permeate inside the ASF vertically and
horizontally, owing to the hydrophilicity of the ASF; when
the LMS reaches the bottom surface of the ASF, it will not
ooze out and drop immediately but will be held by the ASF
for a while; as a result, horizontal permeation close to the

bottom area will greatly develop, and the vertical section of
the LMS in the ASF exhibits the shape of a circular trun-
cated cone, as shown in Fig. 6.

5 Analysis of influencing factors

Through the above experimental research on LMS
flowing onto ASF, the penetration and diffusion behaviors
are preliminarily known. To further study these behaviors,
the effects of LMS temperature and ASF thickness on the
penetration time and penetration mass under different
experimental conditions were comprehensively
investigated.

5.1 Effect of LMS temperature

An ASF thickness of 50 mm was selected to study the
influence of the LMS temperature on the penetration
behavior. The LMS penetration time and penetration mass
as a function of the LMS flow rate with LMS temperatures
of 200, 300, and 400 °C are shown in Fig. 7. It is clear that
the LMS penetration time and penetration mass generally
decrease as the LMS flow rate increases; specifically, the
LMS penetration time and penetration mass decrease
rapidly at lower LMS flow rates, while they gradually
decrease at higher LMS flow rates.

For the cases of lower LMS flow rate, all the LMS
penetration times under different temperature cases drop-
ped sharply, and the penetration time tended to be longer as
the LMS temperature increased. This indicates that when
the temperature of the molten salt is high, it will take a
longer time to penetrate through the ASF if the leakage of
molten salt is not serious. A possible reason for this is that
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ASF thickness 50 mm

ASF thickness 150 mm

ASF thickness 100 mm

Fig. 6 (Color online) Central section of the molten salt circular truncated cone in the insulation cotton

Fig. 7 (Color online) Influence
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the higher temperature LMS has a lower viscosity, leading
to a greater hydrophilic ability of the ASF. As a result,
under a lower LMS leakage rate, the ASF has a longer time
to absorb molten salt in the horizontal direction before the
LMS penetrates through it. For the cases with a higher
LMS flow rate, the LMS penetration time tends to be
invariable with the change in LMS temperature and is
nearly saturated as the LMS flow rate increases. At a high
LMS flow rate, although the hydrophilic ability of the ASF

@ Springer
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improved at higher LMS temperatures, its absorption
ability was almost saturated and could not keep up with the
rapidly increasing volume of molten salt leaking from the
tank. Consequently, the LMS does not have sufficient time
to diffuse into the ASF in the horizontal direction, and the
diffusion time in the vertical direction determines the
penetration time. In terms of the penetration mass, the same
trend with respect to the LMS temperature and flow rate
was observed under different experimental cases.
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Fig. 8 (Color online) Influence
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For the case with an LMS temperature of 200 °C, as the
flow rate increased from 6.1 to 110 kg/h, the penetration
time dropped sharply from 3540 to 90 s, and, accordingly,
the penetration mass dropped from 6 to 2.5 kg, while as the
flow rate increased from 110 to 170 kg/h, the penetration
time decreased slowly from 90 to 56 s, and, accordingly,
the penetration mass increased slightly from 2.5 to 2.6 kg.
For the case with an LMS temperature of 300 °C, as the
flow rate increased from 20.2 to the 102 kg/h, the pene-
tration time dropped sharply from 2744 to 114 s, and,
accordingly, the penetration mass dropped from 15.4 to
3.1 kg, while as the flow rate increased from 102 to
193 kg/h, the penetration time decreased slowly from 114
to 52 s, and, accordingly, the penetration mass dropped
from 3.1 to 2.6 kg. For the case with an LMS temperature
of 400 °C, as the flow rate increased from 66 to 124 kg/h,
the penetration time dropped sharply from 838 to 92 s, and,
accordingly, the penetration mass dropped from 15.2 to
3.2 kg, while as the flow rate increased from 124 to
239 kg/h, the penetration time decreased slowly from 92 to
39 s, and, accordingly, the penetration mass dropped from
3.2 to 2.6 kg.

100 150
LMS flow rate (kg/h)

200 250

5.2 Effect of ASF thickness

The influence of the ASF thickness on the LMS pene-
tration behavior is shown in Fig. 8. It can be seen that, for
all the experimental cases with different ASF thicknesses,
the trends of penetration behavior are almost the same: As
the LMS flow rate increases, the penetration time decreases
and eventually tends to be flat. In the range of lower LMS
flow rates, significant differences in penetration time
between different experimental cases were observed;
specifically, the greater the ASF thickness, the longer the
penetration time needed. However, when the flow rate
increases to a certain extent, the effect of the ASF thickness
on the penetration time notably declines, and the penetra-
tion times for different ASF thicknesses gradually tend to
be converge. A possible reason for this is that when the
leakage rate is low, vertical permeation is relatively slow;
consequently, the LMS is easily absorbed and diffused in
the horizontal direction. As the thickness increases, the
LMS has plenty of time to spread horizontally before it
vertically penetrates through the ASF. However, as the
LMS flow rate further increases, the LMS penetration
along the vertical direction plays a more important role as
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more molten salt is leaked; therefore, the penetration time
is strongly associated with the thickness of the ASF. When
the flow rate was ~ 20 kg/h, the penetration time sharply
decreased from 5028 to 816 s as the thickness of the ASF
decreased from 200 to 50 mm. When the flow rate
was ~ 170 kg/h, the penetration time slowly decreased
from 274 to 56 s as the thickness of the ASF decreased
from 150 to 50 mm.

All the cases exhibit a decreasing trend in the penetra-
tion mass as the LMS flow rate increases, becoming flat at
higher flow rates. For any of flow rates, the penetration
mass is almost proportional to thickness of ASF. When the
flow rate was ~ 20 kg/h, the penetration masses were
26.2,17.7, 11, and 4.9 kg for ASF thicknesses of 200, 150,
100, and 50 mm, respectively, whereas when the flow rate
was ~ 170 kg/h, the penetration masses were 12.4, 7.9,
and 2.4 kg for thicknesses of 150, 100, and 50 mm,
respectively.

6 Conclusion

In the present study, an experimental apparatus was
constructed to investigate the penetration and diffusion of
LMS in an ASF thermal insulation layer. Experiments with
different LMS flow rates, LMS temperatures, and ASF
thicknesses were conducted, and important phenomena
were observed.

The ASF exhibits a strong hydrophilic ability to the
molten salt, and when the LMS flows onto the ASF, the
LMS is quickly absorbed and spreads inside the ASF. For
all cases with different thicknesses of ASF, different LMS
temperatures, and flow rates, the LMS penetrated and
oozed out from the ASF. The phenomenon of SFB was not
observed in the current experimental cases.

At low LMS flow rates, the penetration time and pene-
tration mass both exhibit obvious dependencies on the
LMS flow rate, LMS temperature, and ASF thickness.
Specifically, the lower the LMS flow rate, the higher the
LMS temperature, and the thicker the ASF, the longer the
penetration time and greater the penetration mass. At
higher flow rates, the penetration time and penetration mass
tended to be less influenced by the LMS flow rate, LMS
temperature, and ASF thickness.

The results from the present work will enhance our
understanding of molten salt leakage onto thermal insula-
tion and provide helpful guidance for safety analysis of
molten salt leakage accidents.
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