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1 | INTRODUCTION

Yuhang Zuo |

XinfengYu | AoZhang | Hao Zhou

Abstract

The leakage of molten salt storage tanks in concentrating solar power plants
has attracted much attention. This paper focused on seepage and migration
characteristics of molten salt in the thermal-steady foundation fillers with
different configurations after leakage occurs through a self-built experimental
system modeling the actual leaking process. The results show that the thermal
insulation of light expanded clay aggregate (LECA) as foundation fillers is
better than that of sand and gravel. When the operating temperature is 565°C,
the average temperatures of each layer of LECA, sand, and gravel are
131.73°C, 141.91°C, and 149.27°C, respectively. And the seepage depths in
light expanded clay aggregate, sand, and gravel are 482 mm, 223 mm, and
270 mm, respectively. It is found that the seepage depth of molten salt
distinctly increases with higher operating temperature in all kinds of fillers.
Nevertheless, the seepage depth of molten salt in the multi-layer fillers dimin-
ishes with the increase of the thickness of the sand or gravel layer. The results
obtained from this research would be helpful for the engineering design of
storage tank foundations and reduce economic losses and the complexity of
accident handling.
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the past decades, concentrating solar power (CSP) has
gained significant attention as a renewable energy

With the rapid economic development, the consumption
of traditional fossil energy is increasing, and the global
energy-related CO, emissions in 2020 reach as high as
31.5 Gt per year." The level of CO, emission has been
confirmed to be related to global warming, climate
change, and environmental degradation, and poses a
significant challenge to the human living environment.
The large-scale application of clean energy can effec-
tively reduce carbon dioxide emissions and play an
essential role in achieving “carbon neutrality”.>* During

power generation method due to its cleanness and effi-
ciency, energy storage and peak shaving, and continu-
ous power generation.”> According to the International
Renewable Energy Agency statistics, cumulative CSP
installed capacity grew just over fivefold globally
between 2010 and 2020, reaching around 6.5 GW at the
end of 2020.°

During the operation of the CSP plants, the heliostats
concentrate the solar energy on the heat receiver. The
molten salt in the receiver is heated by solar energy and
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then guided to the molten salt heat storage device or
power circulation device.” The storage tank is an integral
part of the thermal energy storage system (TESS) in the
CSP plant. The unreasonable design of the storage tank
may make the molten salt cool to the freezing point,
which seriously threatens the safe operation of the power
plant. Therefore, storage tank heat loss and its optimal
design have become the focus of many researchers.
Herrmann et al.® evaluated the technical and economic
feasibility of dual-tank molten salt storage and performed
a regression analysis on the heat loss measurements of
the Solar Two power plant to derive an empirical heat
loss equation. Zaversky et al.” built a fully transient tank
model and successfully compared it with the heat loss
data observed in practical molten salt storage tanks. It
was found that heat loss can be affected significantly by
the external surface temperature of the tank, absorbed
solar radiation, and ambient air temperature. Rodriguez
et al.'® proposed a modular object-oriented approach to
solve the molten salt storage tank problem by treating
the different elements as independent systems. To study
the cooling process of the state-of-the-art molten salt
thermal storage tanks during these standby periods,
Sudrez et al."' developed a computational fluid dynamics
model. The results show that the tank filling level has a
significant effect on the onset of localized crystallization.
Bonilla et al."* proposed a dynamic tank model and vali-
dated it against experimental data under static heat loss
estimation, charging, and discharging processes. Araujo
et al.'® proposed a transient model of heat loss from the
storage tank to the environment, discussing the effect of
climatic conditions, load levels, and operating tempera-
ture on heat loss from the CSP heat storage system.
Torras et al.'"* used a modular object-oriented approach
to study the effect of meteorological data, the insulation
thickness of the tank, and the configurations of the foun-
dation on the heat loss.

As a part of the whole storage system, the molten
salt storage tank foundation not only plays the role of
supporting the tank body but also needs to reduce the
heat loss from the tank and prevent the overheating of a
concrete building structure. If the soil overheats, it can
dry out, which can cause the tank to settle. If concrete
overheats, it can lose strength and cause foundation
damage. The foundation design used at Solar Two
worked well, but it was expensive. The simplified and
inexpensive foundation uses expanded clay as insulation
instead of foam glass and refractory materials."> Zhou
et al'®'” studied the porous structure, thermal
properties, permeability, and compressive strength of the
stacked ceramsite used in the foundation materials of
the storage tank in the solar thermal power plant. A
new type of foundation structure was proposed to
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insulate the storage tank, and the temperature distribu-
tion and heat loss of the foundation at different kinds of
scales were also investigated. The results show that the
thermal performance of the foundation can be
improved, and the heat loss through the foundation can
be reduced by using expanded clay and changing the
configurations of the tank foundation. Due to the influ-
ence of the foundation of the storage tank, the enor-
mous thermal stress generated by uneven temperature
may cause mechanical deformation of the storage tank,
and even cause the storage tank to rupture and cause
molten salt leakage accidents. The Gemasolar CSP plant
in Seville, Spain, which can generate electricity 24 h a
day, was shut down due to the molten salt tank accident
in 2017. Due to the severe damage, the original tank
body needs to be dismantled to rebuild the tank.
Roughly estimated, the repair cost will be around 9 mil-
lion euros, and the loss of electricity sales revenue
caused by the power plant's shutdown is even greater.
To have a clearer understanding of the causes of storage
tank leakage and better prevention and treatment, many
researchers have made efforts. Wan et al.'® proposed a
coupled thermal performance evaluation model to evalu-
ate storage tanks' heat loss and temperature distribution.
It is found that lower tank foundation stiffness can
reduce the maximum stress of the tank. Zhou et al."’
explored a series of influencing factors on the seepage
and solidification process of molten salt in the thermal
porous system after a tank leakage accident through a
self-designed experimental system. Shi et al.** explored
the migration characteristics of molten salt which leaked
through the crack in thermally stable foundation mate-
rials and obtained the seepage range under different
working conditions. The results showed that there is lit-
tle effect of crack length and width on migration depth
that impact the agglomeration morphology made of the
solidified salt and porous foundation materials directly.
Wang et al.”! studied the thermophysical properties of
the accumulated ceramsite in the tank foundation with
three different particle size ratios after the leakage of
molten salt using three-dimensional volume reconstruc-
tion from X-ray microtomography technology. It is
found that the thermal conductivity increased by 4.0 to
5.0 times after molten salt leakage leading to a substan-
tial increase in the heat loss.

Combining the above research, the overall perfor-
mance of the foundation is crucial for the operation
safety of the molten salt storage tank. And it can be
found that research on molten salt leakage mainly
focuses on the molten salt seepage characteristics in
expanded clay. However, types of fillers are not limited to
expanded clay in the practical tank foundation. There
is little research on the seepage and solidification
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characteristics of molten salt in various fillers. In this
paper, a comparative experimental study on the molten
salt seepage characteristics in three types of foundation
fillers, including light expanded clay aggregate (LECA),
sand, and gravel, was carried out. Meanwhile, the seep-
age process of the leaked molten salt in the lab-scale and
practical foundation fillers was also explored. The
research results will help guide the selection of storage
tank foundation fillers, which has essential engineering
significance to the safe operation of the molten salt TESS
of the CSP plants and the design of the storage tank
foundations.

2 | MATERIALS AND METHODS

2.1 | Experimental materials

The molten salt used in the experiments is Solar
Salt**?* supplied by Zhejiang Lianda Chemical Com-
pany Limited, China. The salt is a mixture of NaNO;
and KNO; in 60:40 wt % ratio, and its properties are
shown in Table 1. The foundation fillers used are
LECA, sand, and gravel, respectively. Among them,
sand and gravel have enough rigidity to keep the
floor around the foundation flat but have high thermal

conductivity.®**> LECA can effectively prevent the
TABLE 1 Property of solar salt'®
Properties Unit Value (T, °C)
Melting point °C 220.85
Freezing point °C 237.85
Latent heat kJ/kg 113.03
Specific heat J/(kg-°C) 1,443 + 0.172-T
Density kg/m® 2090-0.636-T
Thermal conductivity W/(m-K) 0.443 + 0.00019-T
(liquid state)
FIGURE 1 Foundation fillers of

(a) LECA

storage tank
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foundation from heat loss, but its porous structure
makes it fragile and prone to settlement. The images of
the three types of foundation fillers are shown in
Figure 1. And the characteristics of fillers including par-
ticle sizes, packed bulk density, and porosity are shown
in Table 2.

2.2 | Experimental system

In order to model the actual molten salt seepage process
in the foundation fillers after the leaking of storage tanks,
the leakage and seepage experiment system of the molten
salt was built, as shown in Figure 2. The experimental
system comprises a test rig, resistance heater,
temperature control instrument, lifting device, muffle
furnace, computer, data acquisition instrument, and
thermocouples.

The muffle furnace can heat the molten salt used
in the experiment to the required temperature. The
complex molten salt storage tank is replaced by an
electrical resistance heater with a temperature control
range from 30°C to 800°C, which implements the ther-
mal effect of high-temperature molten salt in the tank
on the foundation materials. The test rig has a cylindri-
cal shape with an inner diameter of 345 mm and a
depth of 760 mm, and the height of the heater is
60 mm. The interior of the test rig is filled with
foundation fillers. And the walls of the test rig and
electrical resistance heater are insulated by refractory
bricks and aluminosilicate fiber cotton to reduce heat

TABLE 2 Characteristics of fillers
Parameters LECA Sand Gravel
Particle size (mm) 3-5
Packed bulk density (kg/m®)  474.05 1417.47 1623.31
Porosity (%) 37.90 45.46 42.84

(b) Sand

(c) Gravel
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Insulation layer

Data acquisition

Computer e e

FIGURE 2 Experimental system of molten salt seepage

dissipation during the experiment. The bottom tray of
the test rig can be opened to discharge the filling foun-
dation materials. A total of 15 K-type thermocouples
are arranged every 40 mm along the axial direction of
the tank center with an accuracy of +1°C. The
thermocouples can measure the temperature change
and distribution of foundation materials during the
experiment. All the thermocouples are connected to the
data acquisition instrument. And the data can be read
and saved on the computer.

2.3 | Experimental methods

The experimental procedures include molten salt pre-
treatment process, foundation fillers heating process,
molten salt leakage process, and data measurement
process.

1) First, heat the salt in at 110°C for 5 h for drying
treatment, weigh the required mass of salt, and put it
into the crucible. After setting the heating program of
the muffle furnace, put the crucible into the muffle
furnace.

2) Pull up the heater, pour the foundation fillers into
the test rig, and then put down the heater. Use the tem-
perature control device to set the temperature of the
resistance heater, then turn on the resistance heater and
heat until the temperature change of the foundation
fillers within 3 h shall not exceed 0.5°C. At this point, the

ZHANG ET AL.

Lifting device

760mm

Temperature
control instrument

®345mm

temperature of fillers is considered to have reached a
steady state.

3) Pull up the resistance heater, take out the crucible
containing molten salt from the muffle furnace, pour the
molten salt into the foundation fillers at the central posi-
tion, and then quickly put down the heater. Continue to
maintain the heater temperature, pull out the thermo-
couples after 0.5 h so as to prevent the molten salt from
sticking to the thermocouples after solidification and
unable to remove the solid blocks, and then turn off the
heater after another 10 h.

4) After the foundation fillers are cooled, pull up the
heater and open the bottom tray of the test rig to release
the fillers, take out the molten salt fillers, solid blocks
formed after the molten salt solidifies in the foundation
fillers, measure, and record the corresponding
experimental data.

The experimental cases are shown in Table 3. Cases
Al1-A4, B1-B4, and C1-C4 compare the seepage charac-
teristics of molten salt in LECA, sand, and gravel at dif-
ferent operating temperatures, respectively. These cases
above are all studied on the seepage characteristics of
molten salt in single-layer fillers. In contrast, the seep-
age characteristics of molten salt in multi-layer fillers
are studied in cases E1-E3. The multi-layer fillers
configuration in case E2 refers to Zhou et al.'° The
multi-layer fillers configuration in case E3 refers to the
foundation fillers of a practical CSP plant and is
arranged in equal proportions. Figure 3 is a schematic

85U8017 SUOLILLOD BA 81D (edldde ay) Ag peusenob s Se(oie YO 88N JO Sa|nI Joj A%eiq1T8UlUQ A8]IM UO (SUOTHPUOD-PUe-SWBIW0 A8 |IMAleIq Ul |UO//SANY) SUORIPUOD PUe SW | 84} 88S *[£202/20/2T] Uo AriqiTauliuo A ‘Aisieaun Buellyz Aq 18z [de/z00T 0T/10p/wioo" A3 1M Akeuq1puluo//:sdny Wo.y pepeojumoq ‘G ‘220z ‘SvTzze6T



19322143, 2022, 5, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/ap;j.2813 by Zhejiang University, Wiley Online Library on [12/02/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

N v [75] g () - 1 ) 1 d — d 1 O 1 Gy - ) - d .
2 3 - @ PEY 0 E g E8cBE8EH8EgScIR8IEY
° an = oo m - QO — o o =R o
" = Qo = = wL =t o Q o, = © I=! m W m o = > S © N
. o o & 7] O 8 3§ n m S 0 P g~ 3 s m o X o ob « Lol 0
) = 52 Z 8§ TEETZ IS PoERELESZIEEELED
N D = 8 5 =)
po s 18 g K o 2 manMmaL.mmo.mmmum4mMmss
; e 2 —~ § T=f 92825 E8F,888%g88%4
o8 = o= n = wme 29 .2 "5 g I 2 S 2o o
=) o = < cvY g €0 Y99S5 09 .9 — o O 8
. 1s g S 172 £ 23 2825 79C 590 d85 9% H <
= je 2 o o > E¥ S,85ESSETEgEZgnI  E g0
2l 3 @ e .= S L ERE »E8g5w 2 .89 = O = 8w
W 18 § = uhL..m Q 0 o= ) hﬂ%.lbO.ﬂaCHam L2890 oy
| ﬂw = :m o @ 75 mw mw&M“wmememm‘mcﬂod6m2%mP
~ e B o= 3 " >0 8 = =
2 1s o < 8 o RS E . o8 g = g o
= o ~ ) — D & in (O] o =1 . < o~ 15} N
5 _ oz 2 3 = o B2 e 88 s S E T3 EY & 2SR
> 32t < 3 & = S 9 < BRI " g ST E "L 0 2HdgIA
= HEE e g c S A o< | Mo RBog au,,8S 89 B ST
n o Y, - 82381 = a9 = O* 8990 a3 ,.0 I
| L PH E o Z oo ~5.8°35CSE5Ecg s et A
£ R | ¢ 4 = =g = =8 e 08 B8 g X3 SRV ) w.E g @)
= 3 T s = & < s achoaMIseetw.mm,Aommmo
= § § &8 & & 5] - o on & ; < = o = Q
m (Do) L m m”wo “ mn.rv %mmnﬁmem.mmtwmm.wMMMtﬁﬁ
— . = 5 = e R I = B he] S o = 9
c 2 g o Q= = .8 g % Q= B S 23 @ oo B9
i < 4 < 5 4 14 = S o< S5 3T 0w 8 8 <5 re g L o o0ov W0
i S fas}
= @ Y = [ wn < = m —
g - =§ =°Z 2 gL SHEfzgf s ffzigifzsi,
(> <] A < v o < 3 = A 80 = = v M © =
= = — o & 9 . DD D > ] m o ] S
Q . 9 e > L >
| — . -5 229 2 Fs mmwwm@bdeMM%mmLmdammWa
£ — O (=] =0 2 V3 A’ QL o = W = < .V
e =5 ZE7 ~3% Byfg=f5sEsEITetissie 3
o o o oS o o o < S Q [« - ] o TRV ) e
S S S S S S P 9 = — Q8 ¥ =g s 5 = 15) QU I D o *x 0 2
o 3 e <5 & Q = v <= Q = = o 8 8 TEL S 0 n 5 9] a2 > o
< S 3 2o w5 <SS88FEf_2Bgsggs8z82slgBEREG
mlu Do)z m S 24538 n A E Ao IsEBAasazszSES2afw2c @2
(]
[=
o— o o O
5 O g B S 3 g
2 E g2 g % ° 2
cd & o4 ) = — 2
- B =] S ) Q R .o
28 ) —>le—>ie 2 4 £ g
g =l = 58 o
= on B o — =
(¥) N —
® £ &= < = o o
32 28 5 =l
ﬂh ﬂ =] - O »n O
=V o m n 9O 9O 9O N 9O 9O 9O wn o 9O 9O wn 70) 172 S I SARARAARA O 2T DAL AT RN I gl =1 > g
0 e O 0 0 (o)) O 0 0 (o)) O O 0 (o)) O Vo) O | e |SRSRSS SRS SSSSSESS v v v v v v v v v v v W v v v Ve v v v v Y v v v o a n -
E A A F A& K B F & K B F & 0" i) LT I SOUR (ott t P LA T L IRRRRIRIRIRIR NIRRT AN MMM = NN R
e ey v e e e e e v e ° =B &
275 MMMV MMMV < 528
. . A A osonenenenanenanent I g3 .
. BB &
= m m = ol RGO - B GO G NN 0) m 2 3 2
BRI T T e @ T T T A=l
8 @ M 1 < o Py g la laelaalasalalla] Py alajelalutalaTaala al0 e e 4 0 a0 a0 s = » =
4 e G = a L N L N N ) S —
S M 2 Il I I .m IR T T T e e e T T T T n.nma o = W
= D S T
S £ & S E o E o g s T EEELOALILIILIIOTD o DI o 5% &
= < E & : 8 T 8 = T R O B = o en
8 g = R o < o
) =} [EEEr IR RN AN © 2 AR R R NIRRT >
S = g o \n o S Sm PN a el o [ AN £ o
5 mat c® E8 ER ) S S ISRt I - Ry
=] .M —_ = = = Y oY own G o S = o ..m
a < < < < Qo o Qo O N I © =l T B R R T T Q )
S £ U U oo °e - T T = = = = FEEEE ol e e e e e %51 o =
O 82 mm@mmm s 5§ § 8§ 8 88 8 o o o T T R = = .4
O& 9 24 9 72 & & & ad OO0 0 0 s S S s MMM o w8 o
2 “ N N OOLorets I m = i
& =) R, AR AN & o=
ol 4 2 D £ 8 g
> @ — & v ¥ 4 & o <+ ~ N 0 Tt I o & en ©»
m < O <« <« <« < mm@mm@mMAMOUO0OUU LA & & 9 2 S o 2
N = B~ = o QN = Qe




Asia-PacificJ I of . . .
o | WAL e Evgineering [ AN
600

3.2 | Temperature distribution of
foundation fillers in steady state

The steady-state temperature distribution of each kind of
foundation filler is shown in Figure 5. This allows the
conclusion that with the increase of operating tempera-
ture, the temperature of each layer of the foundation
increases. When the operating temperatures T,, are
290°C, 400°C, 500°C, and 565°C, the average tempera-
tures of each layer of LECA foundation are 67.69°C,
88.91°C, 115.99°C, and 131.73°C, respectively; the aver-
age temperatures of each layer of the sand foundation are
76.90°C, 101.19°C, 128.63°C, and 141.91°C, respectively;
the average temperatures of each layer of the gravel foun-
dation are 76.76°C, 99.15°C, 127.27°C, and 149.27°C,
respectively. As the depth position of fillers y increases,
the temperature distinctly decreases, and the temperature
gap among different operating temperatures gradually
narrows. The temperature difference of the upper layer of
the foundation (y < 320mm) is large, and that of the
lower layer (y>320mm) is slight at different operating
temperatures. This is mainly because the thermal insula-
tion in the horizontal direction of the test rig is not very
good. In the process of heat transfer, the horizontal dissi-
pation is severe.

Since the practical operating temperatures of the cold
and hot salt tanks of the power plants are 290°C and
565°C, respectively, the temperature distributions of the
different foundation fillers at these two operating temper-
atures are selected for comparison, shown in Figure 6.
When the operating temperature T,, is 565°C,
the temperatures of the foundation fillers LECA, sand,
and gravel at y =40 mm are 506.63°C, 528.91°C, and
531.32°C, respectively, and the average temperatures of
the upper layer (y < 320mm) of the foundation are
218.28°C, 235.01°C, and 245.22°C, respectively. When the
operating temperature T, is 290°C, the temperatures of
the foundation fillers LECA, sand, and gravel at
y=40mm are 257.78°C, 254.99°C, and 276.58, respec-
tively, and the average temperatures of the upper layer
(y £ 320mm) of the foundation are 105.56°C, 117.96°C,
and 121.60°C, respectively. It can be seen from the above
that when sand and gravel are used as foundation fillers,
the thermal insulation is poor, and the temperature level
of the storage tank foundation is relatively high. How-
ever, sand and gravel are of higher flatness and can also
provide higher strength to the foundation. LECA can bet-
ter meet the thermal insulation requirements of the foun-
dation, mainly because the porous structure inside the
LECA makes the thermal conductivity lower and the
thermal insulation better.”® Therefore, it is not appropri-
ate to use sand or gravel as all fillers in the practical stor-
age tank foundation. Otherwise, it will increase the heat
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FIGURE 5 Steady-state axial temperature distribution at
different operating temperatures
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Figure 7 shows the seepage characteristics of molten salt
in each kind of foundation filler. When T, is 565°C, FIGURE 7 Seepage characteristics of molten salt at different
500°C, 400°C, and 290°C, the seepage depths D of molten  operating temperatures
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salt in LECA are 482 mm, 425 mm, 343 mm, and
195 mm, respectively; the seepage depths of molten salt
in sand are 223 mm, 185 mm, 147 mm, and 107 mm,
respectively; and the seepage depths of molten salt in
gravel are 270 mm, 177 mm, 155 mm, and 88 mm,
respectively. The operating temperature significantly
affects the seepage depth (D) and the distance between
the top of the solid block and the top of the fillers (d).
D and d diminish with the decrease of operating tempera-
ture. This is mainly because when Ty, is high, the tem-
perature of the upper layer of the fillers is also high. The
position in the foundation where the temperature is
lower than the freezing point of the molten salt is deeper
so that the molten salt is not easy to solidify and crystal-
lize in the upper part of the foundation. Finally, the seep-
age depth is more prominent. The variation law of
maximum seepage width W with temperature is not
apparent, but it can be concluded that W in sand and
gravel is obviously higher than that in LECA. Excessive
seepage width may cause the molten salt to adhere to the
inner wall of the foundation, which is very unfavorable
for accident handling because the formed sticking part is
very hard. In the practical system operation, due to the
more intense molten salt corrosion and the thermal stress
caused by the huge temperature difference, the hot salt
tank is more likely to rupture and cause molten salt leak-
age. Therefore, it is necessary to focus on protecting the
hot salt tank to prevent accidents. Otherwise, the proces-
sing will be more complex, and the economic loss will be
heavier.

Figure 8 compares the seepage depth of molten salt
in the foundation fillers at different operating tempera-
tures. It can be clearly seen that when the operating

soo L T LECA
—e— Sand
—— Gravel
400
s
300
E
Q
200
100
1 1 1 1
290 400 500 565
T,,(°C)
FIGURE 8 Seepage depths of molten salt in three kinds of

foundation fillers
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temperature T, is the same, the seepage depth of mol-
ten salt in LECA is much higher than that of gravel and
sand. When T, is 565°C, the seepage depth of molten
salt in LECA is 116.14% and 78.52% higher than that in
sand and gravel, respectively. The seepage depth in
LECA is significantly increased, which will also deepen
the difficulty of dealing with the leakage accident of the
storage tank. According to the research results in Zhou
et al.,'” the greater the porosity of the fillers, the greater
the seepage depth should be. Nevertheless, it can be seen
from Table 2 that the porosity of LECA, sand, and gravel
are 37.90%, 45.46%, and 42.84%, respectively, while the
seepage depth of molten salt in different fillers has no
apparent correlation with the porosity. This shows that
the seepage depth of molten salt in the fillers is the
result of a combination of factors. As far as this study is
concerned, this is because the sand and gravel have bet-
ter thermal conductivity and undergo intense heat trans-
fer with the molten salt during the seepage process. The
faster the molten salt cools, the earlier the phase change
occurs, preventing the molten salt from continuing to
seep downward. Meanwhile, the shape of sand and
gravel is flatter; while LECA is similar to a spherical
shape, the gap sizes between particles of LECA are
larger. And the seepage resistance of molten salt in
LECA is more negligible, so the seepage depth of molten
salt in LECA is higher than that of molten salt in sand
and gravel.

The solid blocks formed after the molten salt seepage
and phase change in the foundation fillers are shown in
Figure 9. The widths of the top of molten salt-LECA solid
blocks are smaller than that of the bottom, and a large
amount of molten salt has accumulated at the bottom of
the solid block. On the other hand, the situation of mol-
ten salt-gravel solid blocks and molten salt-sand solid
blocks is opposite to that of molten salt-LECA solid
blocks. The widths of the top are larger than that of the
bottom, but the molten salt also accumulates in a large
amount at the bottom of the solid blocks. This may be
because the seepage resistance of LECA to molten salt is
small. During the seeping process, the molten salt rapidly
migrates downward and does not tend to migrate hori-
zontally due to the action of gravity. Solidification occurs
when the molten salt reaches the position with the lower
temperature at the bottom of the foundation. The molten
salt above cannot make solid crystals at the bottom melt
and break through, and it can only diffuse and migrate
horizontally. Therefore, the bottom widths of molten salt-
LECA solid blocks are larger. However, the seepage resis-
tance of gravel and sand to molten salt is relatively large.
At the beginning of the seepage process, the molten salt
above does not have the disposition to continue to seep
downward. Meanwhile, due to the advance of the
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solidification position, the molten salt cannot continue to
seep downward but can only seep in the horizontal direc-
tion. Because of the higher temperature in the horizontal
direction of the upper layer, the molten salt solidifies
more slowly here. Eventually, solid blocks with the shape
of a cone are formed. When a leakage accident occurs in
a practical CSP plant, the thermal conductivity of the
solid blocks formed by the molten salt and the founda-
tion fillers are greatly improved. If no treatment is carried
out after the accident, the heat loss of the storage tank
foundation will be greatly increased, which is not condu-
cive to the safe operation of the molten salt storage tank.
Therefore, the solid blocks formed by the molten salt and
the foundation fillers should be dug out and cleaned up
after the accident. The smaller seepage depth and seepage
width of the molten salt in the foundation fillers mean
easier accident handling. It can be concluded that when
sand and gravel are used as foundation fillers, it may be
easier for CSP plants to deal with leakage accidents.

The temperature change of the foundation fillers
within 1400 s after the molten salt leakage of case C1 is
shown in Figure 10. Noteworthy is the fact that the seep-
age depth of molten salt in the gravel reaches 270 mm
when the operating temperature is 565°C seen in

| —=—y=40 mm —&— y=80 mm —4A— y=120 mm—¥— y=160 mm
—&— =200 mm—<— »=240 mm—>»— »=280 mm—e— y=320 mm
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FIGURE 10 Temperature change and distribution of the
foundation of case C1 (gravel foundation, T, = 565°C)

Figure 7c, but the thermocouple at y = 240 mm does not
detect the temperature change. It can be seen from
Figure 9 that the molten salt seepage does not proceed
along the central axis at the end but shifts to the
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horizontal direction in case Cl. The high-temperature
molten salt is not in direct contact with the thermocou-
ple, so the temperature level at the position of
y = 240 mm does not change. It can be seen that there is
considerable uncertainty in the detection of molten salt
leakage by arranging thermocouples in the tank founda-
tion. This is mainly reflected in the fact that after the
leaking of the storage tank, if the molten salt does not
flow through the temperature measuring point, the ther-
mocouples cannot accurately detect the temperature
change, so it is impossible to know whether the storage
tank leaks. Of course, the probability of this situation can
be reduced by adding temperature measuring points in
the storage tank, but arranging more thermocouples in
the storage tank will have an adverse effect on the struc-
ture and strength of the storage tank foundation. There-
fore, research should be devoted to how to perform leak
detection of molten salt storage tanks efficiently, accu-
rately, and without disturbance in the future.

3.3.2 | Seepage characteristics of molten salt
in multi-layer fillers

Combining the research results in sections 3.2 and 3.3.1,
it can be found that sand can effectively reduce the seep-
age depth of molten salt in the foundation fillers. When
T,p is 565°C, the seepage depth in sand is 223 mm, which
is only 46.27% of the seepage depth in LECA at the same
temperature. However, sand has poor thermal insulation,
while LECA can prevent heat loss with validity. There-
fore, a foundation configuration with sand in the upper
layer and LECA in the lower layer is proposed in case E1.
In this way, the sand can be used to prevent the seepage
of molten salt and the LECA can be applied to insulate
the tanks simultaneously. In case E1, the thickness of the
sand layer a is 250 mm, and the thickness of the LECA
layer c is 450 mm. The average temperatures of the foun-
dation of cases Al, E1, and B1 are shown in Figure 11. At
the position of 40 mm < y < 240 mm, the average tem-
peratures of cases Al, E1, and B1 are 268.50°C, 286.37°C,
and 286.41°C, respectively. The average temperatures of
cases E1 and B1 are almost the same. This is mainly
because all the fillers in case B1 are sand, and the fillers
at the position of 40mm < y < 240mm in case E1 are
also sand. At the position of 240 mm < y < 600 mm, the
average temperatures of cases Al, El, and Bl are
40.55°C, 42.71°C, and 45.58°C, respectively. Although the
fillers of cases Al and E1 at the position of 240 mm < y
< 600mm are all LECA, due to the better thermal con-
ductivity of the sand layer in case E1, the overall temper-
ature of the lower LECA layer is also slightly increased.
However, the average temperature of case E1 is still
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FIGURE 11 The average temperatures of the foundation of
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2.87°C lower than that of case Bl at the position of
240mm < y < 600 mm, which is still due to the better
thermal insulation performance of LECA. Therefore, the
foundation configuration with sand in the upper layer
and LECA in the lower layer has better thermal insula-
tion than the foundation configuration with all sand.
However, because the thickness of the sand layer is too
large, the thermal insulation effect of the LECA layer is
weakened.

In practical engineering applications, considering
that the foundation has to bear the massive gravity of
the storage tank and molten salt, the foundation will be
filled with gravel to improve the compressive strength of
the foundation and prevent the settlement of the founda-
tion. The configurations of foundation fillers in cases E2
and E3 are proportional to the lab-scale storage tank
foundation and a practical storage tank foundation. Due
to the high thermal insulation requirements of the actual
foundation, the thickness of the LECA layer c is larger,
accounting for 81.4% of the thickness of the foundation
fillers. The seepage depths of molten salt in multi-layer
foundation fillers in cases E1-E3 are shown in Figure 12.
The thickness of the LECA layer c in cases E1, E2, and
E3 are 450 mm, 465 mm, and 570 mm, respectively, and
the seepage depths are 225 mm, 332 mm, and 403 mm,
respectively. The main conclusion that can be drawn is
that when molten salt seeps into the multi-layer fillers,
the seepage depth increases with the thickness of LECA.
The seepage depth of case E1 is almost the same as that
of case B1, the molten salt did not infiltrate into the
LECA layer, and the sand completely blocked the molten
salt. The solid block of Case E2 is divided into two parts,
the upper part is the molten salt-gravel solid block, and
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the lower part is the molten salt-LECA solid block. It
can be seen that a small amount of molten salt seeps
into the LECA layer. Nevertheless, the solid block of case
E3 is that the solidification of the molten salt entirely
occurs in the LECA layer. The seepage depth is reduced
by 79 mm compared with case Al because the molten
salt conducts intense heat transfer with the sand and
gravel during seepage, and the molten salt cools rela-
tively quickly in the sand and gravel layers. Eventually,
the solidification position of the molten salt is advanced,
and the seepage depth is reduced. But this is still a high
value that accounts for 58.3% of the total height of the
foundation. It can be concluded that if a molten salt
leakage accident occurs in the practical storage tank, the
seepage depth of molten salt in the foundation is
tremendous. And it is complicated to deal with the
accident. Therefore, it may be necessary to study how to
block the seepage of molten salt, and this is desirable for
future work.

4 | CONCLUSIONS

In this paper, an experimental study on the seepage of
leaked molten salt in foundation fillers with different
configurations was carried out. The obtained results are
summarized below.

1. At the operating temperature of 565°C, when LECA,
sand, and gravel are used as foundation fillers, the
average temperatures of each layer of the tank foun-
dation fillers are 131.73°C, 141.91°C, and 149.27°C,
respectively. LECA can be preferentially selected as

Chemical Engineering%—Wl LEY-| 1o

the thermal insulation materials of the tank
foundation.

2. Seepage depth of molten salt in foundation fillers
increases with the operating temperature. When the
operating temperature increases from 290°C to
565°C, the seepage depth of molten salt in LECA,
sand, and gravel increases by 1.47, 1.08, and 2.07
times, respectively. Therefore, the foundation design
of the hot tank deserves more attention to prevent
the contamination range from being too large after
the leakage.

3. At the same operating temperature, the seepage depth
of molten salt in sand and gravel is significantly lower
than that in LECA. Moreover, the thicker the LECA
layer and the thinner the sand or gravel layer, the
greater the seepage depth. To increase the strength of
the foundation, reduce the pollution range of the
leaked molten salt, and reduce the difficulty of acci-
dent handling, the thickness of the sand and gravel
layer should be appropriately increased when design-
ing the tank foundation.

Future research should focus on accurate detection
and seepage blocking of leaked molten salt to provide a
guarantee for the safe operation of molten salt TESS in
CSP plants. The results in this paper provide a good start-
ing point for discussion.
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NOMENCLATURE

a thickness of the sand layer (mm)

b thickness of the gravel layer (mm)

c thickness of the LECA layer (mm)

D seepage depth (mm)

d distance between the top of the solid block and the

top of the fillers (mm)
operating temperature (°C)

Top
T temperature (°C)

t time (s, min, h)

W maximum seepage width (mm)

y depth position of fillers (mm)
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