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Salt rock is recognized as one of the most suitable parent rocks for geological disposal of
high level radioactive waste due to its low permeability, good ductility, good thermal
conductivity and damage self-healing properties. The thermal conductivity of salt rock
directly affects the temperature of disposal storage and surrounding rock, high
temperature will lead to a series of problems such as nuclear waste storage tank
rupture, mechanical and permeability reduction of surrounding rock. In this paper, the
thermal conductivity, specific heat and thermal diffusion coefficient of NaCl single crystal
made by crystallization method in the laboratory and polycrystalline salt rock from Khewra
salt mine were measured in the range of 22—-240°C by the transient plane source method.
The results showed that the thermal conductivity and thermal diffusivity of salt rock
decrease gradually with the increase of temperature, while the specific heat capacity
increases with the increase of temperature. The thermal conductivity of salt rock is slightly
lower than that of single-crystal NaCl. The reason for this phenomenon may be that there
are a few pores in salt rock. Based on the experimental data, the models of thermal
conductivity, thermal diffusivity and specific heat of salt rock with temperature were
established. The results can provide a reference for the construction of underground
salt rock high-level radioactive waste disposal repository. Based on the thermal
conductivity model of polycrystalline salt rock established in this paper, the
temperature field evolution during the operation of the underground salt rock high-level
nuclear waste repository in 1,000 years was studied. It was found that the temperature of
the glass solidified of high-level radioactive waste reached the highest (177.6°C) and then
dropped rapidly. The decay heat radiation influence radius of the nuclear waste reaches its
maximum in about 50 years of operation of the repository and then gradually decreases.
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1. INTRODUCTION

Salt rock is internationally recognized as one of the best geological
media for oil and gas storage and hazardous waste isolation because
of its excellent quality, such as low porosity (Chen et al,, 2016), low
permeability (Popp et al., 2012), good rheology (Fan et al,, 2019; Fan
et al,, 2020) water-soluble mining (Li et al, 2015) and excellent
damage self-healing ability (Chen et al., 2018; Kang et al., 2019). At
present, underground salt rock caverns have been widely used in the
underground storage construction of oil (Costa et al, 2015) and
natural gas (Schiebahn et al, 2015; Chen et al, 2020). The
applications of underground salt rock caverns in hydrogen (Liu
et al., 2016) underground storage and compressed air energy storage
(CAES) (Chen et al., 2017) are in research stage. Moreover, salt rock
is also one of the main target strata for the construction of
underground high-level nuclear waste disposal repository.
Germany and the United States have carried out a lot of research
on the construction of high level nuclear waste disposal repository in
underground salt rock (Ge, 2011). Spain, Netherlands and Denmark
are planning to use salt rock as the parent rock for underground
nuclear waste disposal repository (Bechthold et al.,, 2004).

The thermal conductivity of salt rock is one of the important
issues for the design and performance evaluation of the
underground salt rock high level nuclear waste disposal
repository, as well as the temperature fleld evolution of
surrounding rock of natural gas storage and CAES in salt rock
during the long-term injection and production. Some studies have
shown that due to the factors such as the compression work of
storage media (natural gas, air and hydrogen) in the salt cavern
(Figure 1A), the temperature of the surrounding rock of the salt
cavern would gradually increase, for example, the surrounding rock
temperature of the CAES would rise to 80-90°C (Vollaro et al.,
2015). In the underground salt rock high-level nuclear waste
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repository (Figure 1B), due to the decay and heat release of
nuclear waste and other factors, the temperature of the
surrounding rock of the disposal chamber will be higher, even
more than 200°C (Blanco-Martin et al., 2016). The increase of the
surrounding rock temperature will affect the mechanical properties
and permeability of salt cavern surrounding rock and threaten the
safety of reservoir (Kang et al, 2021). Therefore, it is of great
engineering significance to clarify the thermal conductivity of salt
rock and accurately predict the evolution of the surrounding rock
temperature field of underground salt rock storage and disposal.

Another important significance of clarifying the thermal
conductivity of salt rock is to realize the accurate modeling of
the thermal conductivity of reconsolidated crushed salt
(Figure 1B). Reconsolidated crushed salt is the most
commonly used backfill material in underground salt rock
high-level nuclear repository, and its thermal
conductivity is also an important factor affecting the evolution
of the temperature field of nuclear waste repository. The thermal
conductivity of reconsolidated crushed salt is related to the degree
of consolidation of crushed salt and ambient temperature.
Establishing an effective thermal conductivity model for
reconsolidated salt is the main way to accurately describe the
thermal conductivity of backfill materials (Bauer and Urquhart,
2016). As a heterogeneous material composed of air and salt rock,
the thermal conductivity of air and salt rock is the basis for
establishing the effective thermal conductivity model of
reconsolidated crushed salt. At present, the thermal
characteristic parameters such as thermal conductivity,
thermal diffusion coefficient and specific heat capacity of air
have been widely studied and clearly understood (Paneru et al.,
2018). Therefore, the accuracy of the thermal conductivity of the
salt rock is the main factor that determines the accuracy of the
reconsolidated crushed salt effective thermal conductivity model.

waste

A

Near-suface Units

Concrete plug

such as compacted clay
and asphalt

Compacted salt column
Rock salt
Atrtificial bottomhole

Salt cavern
Air
Hydrogen
Natural gas

FIGURE 1 | Schematic diagram of underground engineering facilities in salt rock (Kang et al., 2021). (A) Salt cavern is used to store natural gas, compressed air,
hydrogen, etc.; (B) Schematic diagram of underground salt rock high-level nuclear waste repository and reconsolidated crushed salt as backfill material.
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location of Khewra salt mine, Pakistan.

FIGURE 2 | The experimental specimens and origin of polycrystalline salt rock. (A) NaCl single crystal; (B) Polycrystalline salt rock from Khewra mines; (C) The

The thermal conductivity of salt rock is an important
parameter in evaluating the underground salt rock high level
nuclear waste disposal repository and monitoring the
temperature field evolution of surrounding rock of natural gas
storage and CAES in salt rock. However, it is difficult to prepare
the actual salt rock sample with small size (diameter less than
10 mm) in accordance with the requirements of conventional
thermal parameter test method, as the actual salt rock in the
formation is brittle when the size is small. As a result, the thermal
parameters of the salt rock are usually replaced by NaCl single
crystals in previous studies (Urquhart and Bauer, 2015). Different
from NaCl single crystal, naturally deposited salt rocks in the
stratum usually show polycrystalline structure (Desbois et al.,
2012). Simply using the thermal parameters of NaCl single crystal
instead of salt rock will cause a certain deviation during the
evolution of surrounding rock temperature field of underground
salt rock facilities, as well as affect the accuracy of effective
thermal conductivity modeling of reconsolidated crushed salt.
Therefore, it is necessary to test the thermal conductivity of
polycrystalline salt rock in formation.

In this paper, the thermal parameters of polycrystalline
salt rock from Khewra salt mine in Pakistan, which represent

most salt dome deposits were tested. The variation of
thermal conductivity, thermal diffusivity and specific heat
with temperature of polycrystalline salt rock was clarified.
The differences of thermal parameters between
polycrystalline salt rock and NaCl single crystal were
revealed. The study provided basic data for the prediction
of temperature field evolution of the surrounding rock and
the establishment of a thermal conductivity model of backfill
materials. The test data in this paper could improve the
accuracy of temperature field evolution prediction of the
surrounding rock and effective thermal conductivity model
of backfill material.

2. MATERIALS AND METHODS

2.1 Experiment Materials

The purposes of this paper were to test the thermal parameters of
polycrystalline salt rock in actual salt structure, including thermal
conductivity, thermal diffusivity and specific heat, and to reveal
the differences in thermal parameters between polycrystalline salt
rock and NaCl single crystal. Therefore, two kinds of specimens
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TABLE 1 | Thermal conductivity test method comparison.

Technical indicators GHP method?®

Test range (W -m™".K™") 0.005-2
Range of test temperature ("C) -160-250
Direct measurement Yes
Test accuracy +2%
Sample size of diameter (mm) 300
Sample size of thickness (mm) <100
Sample surface Strict

Test duration A few hours

Take GHP 456 Titan as an example.
PTake LFA 467 HT as an example.
®Take Hot Disk 25008 as an example.

were prepared in our tests: NaCl single crystals and high-purity
polycrystalline salt rock.

(1) NaCl Single Crystal

The NaCl single crystal specimen was prepared in the laboratory
by the crystallization growth method. The lattice constant of the
sample is 5.642 A and the density is 2.16 g/cm’. The NaCl single
crystal was processed into a rectangular shape of 10 x 10 x 2 mm,
and the upper and lower surfaces of the specimen were polished,
as shown in Figure 2A.

(2) Polycrystalline Salt Rock

The polycrystalline salt rock specimen was made of the “mine-run”
salt rock excavated from the Khewra Salt Mines, Pakistan, as shown
in Figure 2C. There are seven salt seams with a cumulative thickness
of about 150 m in Khewra Salt Mines, which cover an area of about
110 km? as an irregular dome-like structure in Pre-Cambrian rocks.
The salt of Khewra mines is translucent and appears white, pink,
reddish, or beef-color red. The sodium chloride content in salt rock
of Khewra mines exceeds 98% and the main component of a very
small amount of impurities is soluble matter such as sodium sulfate
and magnesium chloride, as shown in Figure 2B. The specimens in
these tests were processed into a cylinder with a diameter of 50 mm
and a height of 20 mm, and the top and bottom surfaces of the salt
rock specimen were finely polished with 1,000 mesh ultra-fine
sandpaper to ensure that the upper and lower surfaces of the
specimens were flat and parallel to each other.

2.2 Experiment Methods

2.2.1 Selection of Thermal Parameters Testing
Methods

At present, the more mature test methods for thermal parameters
of solid materials mainly include guarded-hot-plate (GHP)
method and laser flash (LF) method. GHP method is mainly
used to measure the thermal conductivity of construction and
insulation materials, and LF method is mainly used to test the
thermal conductivity of small volume solid materials and high
thermal conductivity materials. Due to the strict sample size
requirements and long test time, GHP method and LF method
have certain limitations for rock materials with the characteristics
of difficult sample acquisition, anisotropy and difficult
preparation of small-size samples.

Thermal Conductivity of Salt Rock

LF method"® TPS method®
0.01-2000 0.005-500
20-1,200 —240-1,000

No Yes
+5% +3%
10 >20
1-3 =10
Very strict Smooth surface

A few seconds A few seconds

Transient plane source (TPS) method is an emerging method
for non-stationary testing of thermal conductivity of solid
materials. When using the TPS method to measure the
thermal conductivity, only a relatively flat sample surface is
required without other special sample preparation. At the
same time, TPS method has the advantages of short
measurement time, wide test range and high measurement
accuracy, so it is very suitable for the measurement of thermal
conductivity of rock materials. The comparison of the TPS
method with GHP method and LF method is shown in
Table 1. In our tests, the thermal parameters of the NaCl
single crystal specimens were tested by the LF method, and
the thermal parameters of the polycrystalline salt rock
specimens were tested by the TPS method.

2.2.2 Introduction to the Transient Plane Source
Method

For a better understanding, the test principle of TPS method is
briefly introduced in this section. TPS method, evolving from the
hot wire method, is a non-stationary thermal conductivity
measurement method. In this method, a plane probe is made
of thermal resistance material, which can be used as a heat source
and temperature sensor at the same time.

During the test, the thermal conductivity and thermal
diffusivity of the test sample are obtained directly from the
mathematical model by recording the temperature and the
response time of the probe, and thus the volumetric specific
heat capacity of the material. During the test, the temperature and
the response time of the probe were recorded and the thermal
conductivity and thermal diffusivity of the specimen are directly
obtained through the mathematical model, then the volumetric
specific heat of the material was obtained. The principle of TPS
method is based on the transient temperature response generated
by a disc-shaped heat source capable of heating in an infinitely
large material medium.

The Hot Disk 25008 thermal constant analyzer is a common
instrument for measuring thermal conductivity of materials
based on TPS method, and its core component is a thin disk-
shaped temperature dependent probe (Figure 3A). During the
test, the probe was sandwiched between two samples (Figure 3B)
and outputted a constant current and causes the change of sample
temperature. The increase of temperature will change the

Frontiers in Earth Science | www.frontiersin.org

May 2022 | Volume 10 | Article 835974


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Ren et al.

Thermal Conductivity of Salt Rock

formed by the sample and the probe during testing.

FIGURE 3 | Schematic diagram of thermal parameters by Hot Disk 25008S. (A) A thin disk-shaped temperature dependent probe; (B) The sandwich structure

resistance of the probe, resulting in a certain voltage drop at both
ends of the probe. Different thermal conductivity of the specimen
results in different voltage changes. As a result, the change of
probe temperature can be accurately obtained by recording the
change of voltage over a period of time, and then the thermal
conductivity of the measured specimen can be obtained.

At the beginning of the test, the resistance value of the probe
varies with time as shown in Eq. 1:

R(t) = Ry[1 + aAT; + aAT (7)] (1)

Where: Ry is the resistance of the probe before the instantaneous
recording; « is the temperature coefficient of the resistance; AT} is
the temperature difference of the protective layer of the probe
film, which can be regarded as a constant value for a short time;
AT (1) is the average temperature rise of the probe when it is in
ideal complete contact with the specimen.

AT (1) can be expressed as follows:

AT (1) = LD(T) )
/\7’0 m
Where: Q is the constant output power, r is the probe radius, A is
the thermal conductivity of the sample, and D(7) is the time
function.

Define:
R* =Ry (1 + aAT) (€)
OCR()Q
K= 4
Ao\ @
Substituting Eq. 2 into Eq. 1, then:
R(t)=R"+K-D(7) (5)

According to Eq. 5, R(t) and D (1) will be linearly correlated.
Fitting by transforming different characteristic time factors t to
maximize the linear correlation between R (¢) and D (1), and then
the thermal conductivity can be obtained by the slope of the
corresponding fitted curve.

2.2.3 Test Scheme Design

Based on the temperature range of surrounding rock during
the operation of underground compressed air storage power
station and underground high-level nuclear waste repository,
the thermal conductivity, thermal diffusivity and specific heat
of the NaCl single crystal and polycrystalline salt rock were
measured in the temperature range of 20 ~ 240°C. LF method

(LFA 467 HT) and TPS method (Hot Disk 2500S) are used to
test the thermal parameters of NaCl single crystal and
polycrystalline salt rocks respectively. The temperature
gradient during the tests was 20°C. One temperature series
of five measurements was made at every temperature, followed
by a second temperature series, to show reproducibility, of
three measurements at each temperature. All measurements at
each temperature within each series were within 1% of their
average; the series averages at every temperature were within
2% of each other.

The series averages are reported and discussed. The
uncertainties in the temperature values reported are less than
1% and material property values are approximately 2%. The test
results mentioned in the Results and Discussion below were the
series averages of each temperature to avoid the uncertainty.

3. RESULTS AND ANALYSIS

3.1 Thermal Properties of NaCl Single
Crystal

The average values of the test results of NaCl single crystal
specimens at different temperatures were shown in Table 2.
The variation of thermal conductivity, thermal diffusivity and
specific heat of NaCl single crystal with temperature in the
temperature range of 20-240°C are shown in Figure 4.

As shown in Figure 4, both the thermal conductivity and
thermal diffusivity of NaCl single crystal decreased with
increasing temperature, and the rate of descent decreased with
increasing temperature. The thermal conductivity decreased from
6.182 W/ (m - K)at 20°C to 3.067 W/ (m - K)at 240°C, and the
thermal diffusivity decreased from 3.423 mm*/s at 20°C to
1499 mm®/s at 240°C. Compared with the thermal
conductivity and thermal diffusivity, although the specific heat
of NaCl single crystals did not vary significantly with
temperature, overall the specific heat capacity of NaCl single
crystals showed an increasing trend with the increase of
temperature. The trends of thermal conductivity, thermal
diffusivity and specific heat of NaCl single crystals with
temperature were fitted using quadratic polynomials, as shown
in Eqs 6-8.

A =6.585—-2.209 x 10T +3.045 x 10°T2 R*=0.998 (6)
o =3.684 — 1.525 x 1072T +2.595 x 107°T% R®>=0.998 (7)
C =1.859 +2.450 x 10T — 5.210 x 107°T%> R?>=0.987 (8)
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TABLE 2 | Test results of thermal parameters of NaCl single crystal.

Temperature T (°C) Thermal Thermal Specific
conductivity 1 (W/(m - K)) diffusivity «(10°m?/s) heat C (MJ/(m? - K))
20 6.182 3.423 1.806
40 5.703 3.089 1.846
60 5.370 2.862 1.878
80 5.018 2.603 1.928
100 4.687 2.402 1.951
120 4.412 2.227 1.981
140 4.089 2.053 1.993
160 3.868 1.929 2.004
180 3.601 1.781 2.021
200 3.418 1.692 2.020
220 3.208 1.576 2.037
240 3.067 1.499 2.046
10 4 128

0
T
1
»

1
-
Specific heat/(MJ/(m3 *K))

N
T

EN
T

Thermal diffusivity/(mm?2/s)

1
e
9

—&— Thermal conductivity =
—— Thermal diffusivity
L —&— Specific heat | |

Thermal conductivity/(W/(m*K))

9]
T

0 : 1 i L i 1 i 1 i L i 1 i 0 10.0
0 40 80 120 160 200 240
Temperature/°C
FIGURE 4 | Test results of thermal parameters of NaCl single crystal.
TABLE 3 | Test results of thermal parameters of polycrystalline salt rock.
Temperature T (°C) Thermal Thermal diffusivity « Specific
conductivity A(W/(m - K)) (107 m?/s) heat C (MJ/(m3 - K))

20 5.893 3.228 1.828
40 5.409 2.750 1.967
60 5.091 2.489 2.046
80 4.741 2.185 2.168
100 4.417 1.983 2.228
120 4.130 1.786 2.314
140 3.842 1.619 2.371
160 3.643 1.519 2.398
180 3.356 1.366 2.456
200 3.193 1.299 2.459
220 3.054 1.228 2.486
240 2.937 1.176 2.495
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FIGURE 6 | NaCl single crystal mined in situ from Hockley salt mine
(Urquhart and Bauer, 2015)

Where, A is the thermal conductivity of the specimen
(W/(m-K)), a is the thermal diffusivity of the specimen
(mm?/s), C is the specific heat of the specimen (M]/(m? - K))
and T is the temperature (°C).

3.2 Thermal Properties of Polycrystalline

Salt Rocks
The testing results of thermal conductivity, thermal diffusivity
and specific heat of polycrystalline salt rocks in the temperature
range of 20-240°C were shown in Table 3; Figure 5.

As shown in Figure 5, the variation of thermal
conductivity, thermal diffusivity and specific heat of

Alexander and Stephen(2015)

Thermal conductivity/(W/(m*K))

4 L
2 | | —®—NaClsingle crystal(Laboratory preparation)
—e— NaCl single crystal (Hockley Salt Mines)
—%— Polycrystalline salt rock (Khewra Salt Mines)
0 . 1 . 1 1 1 1 1
0 40 80 120 160 200 240
Temperature/°C

FIGURE 7 | Test results of thermal parameters of different kinds of salt
rock samples.

polycrystalline salt rock with temperature were basically the
same as those of NaCl single crystal, where the thermal
conductivity and thermal diffusivity decreased with
increasing temperature and the specific heat increased with
increasing temperature. Thermal conductivity decreased from
5.893 (W/(m-K))at 20°C to 2.937 (W/(m-K))at 240°C,
thermal diffusivity decreased from 3.228 mm®/s at 20°C to
1.176 mm?/s at 240°C, and specific heat increased from
1.828 (MJ/(m® - K))at 20°C to 2.495 (M]/(m? - K))at 240°C.
The trends of thermal conductivity, thermal diffusivity and
specific heat of polycrystalline salt rocks with temperature
were fitted using quadratic polynomials, as shown in
Eqgs 9-11.
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FIGURE 8 | Description of geological repository model for underground salt rock high-level radioactive nuclear waste. (A) Layout of nuclear waste repository; (B)
Physical model geometry parameters and monitoring point location; (C) Model grid meshing.
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A =6.287-2206 x 10T +3.365 x 10°T* R*=0.998 (9)
o =3.523-1.930 x 107°T +4.023 x 10°T> R>=0.998 (10)

C=1.715+6.660 x 10T — 1.441 x 10°°T> R* =0.987
(11)

All the determination coefficients R in Eqs 6-11 are greater
than 0.98, which shows that the quadratic polynomial has a

very good fitting effect on the variation of salt rock thermal
parameters with temperature. However, it must be noted that
Although Eqs 6-11 are good thermal properties estimates in
this range of 20-240°C, they do not represent an obvious
natural relationship between the variables and should not
be extrapolated to temperatures out of the range. In other
words, Eqs 6-11 could only be used to estimate the thermal
conductivity, thermal diffusivity and specific heat of NaCl
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FIGURE 9 | Exothermic decay function of solidified glass of high-level
radioactive waste.

single crystals and polycrystalline salt rocks at any temperature
in the temperature range of 20-240°C. Whenever the
temperature out of the range, the corresponding tests need
to be carried out again.

3.3 Comparative Analysis

Alexander and Stephen (Urquhart and Bauer, 2015) used the TPS
method to test the thermal conductivity of a transparent single
crystal salt rock (Figure 6) from a coarse-grained salt rock extracted
from the Hockley salt mine in Harris County, Texas, United States.
The test results (selected in the temperature range of 25-250°C) and
the comparison with NaCl single crystal and polycrystalline pure salt
rock in our tests are compared in Figure 7.

As shown in Figure 7, the thermal conductivity curves of the
NaCl single crystals made by the crystallization method in our tests
coincide with those of the NaCl single crystals mined from the
Hockley salt mine. It was indicated that, for undamaged and
unadulterated NaCl single crystals, there was no significant
difference in thermal conductivity between the naturally grown
salt rock crystals in salt mines and those made by crystallization
method in the laboratory. Therefor the data obtained from laboratory
tests could be used to estimate the thermal parameters of salt rock in
underground salt mines. The accuracy of the TPS method for
measuring the thermal parameters of rock materials was also verified.

It can be found from Figure 7 that both polycrystalline salt rock
from Khewra salt mine and NaCl single crystal specimens showed a
trend similar in thermal conductivity curves. However, the thermal
conductivity of polycrystalline salt rock was smaller than that of
NaCl single crystal at the same temperature, which might be caused
by the tiny pores or impurities in the natural polycrystalline salt rock.
The differences in thermal parameters between polycrystalline salt
rocks and NaCl single crystals also suggest that the thermal property
parameters of actual salt rocks in salt mines are more realistic for the
assessment of the evolution of the temperature field of the
surrounding rocks in salt rock underground projects than using
the thermal property parameters of NaCl.

Thermal Conductivity of Salt Rock

4. NUMERICAL SIMULATION OF SALT
ROCK DISPOSAL REPOSITORY

Based on the thermal conductivity model of polycrystalline salt
rock, the temperature field evolution of the geologic repository of
underground salt rock high-level radioactive nuclear waste in
1,000 years was studied by ABAQUS finite element software.

4.1 Physical Model

The physical model was established by the layout of horizontal
roadway commonly used in the construction of high-level
nuclear radioactive waste disposal repository, as shown in
Figure 8A. The burial depth of physical model was 2000 m
considering the actual burial of large salt mine and the
influence of groundwater. The disposal caverns were
excavated on both sides of the main disposal roadway and
the metal waste tank of high-level nuclear waste was installed
in the disposal cavern. Polycrystalline salt rock was packed
around the waste tanks as backfill material. The shape of
disposal cavern was a straight wall semicircular arch with
width of 6 m and height of 6 m, the diameter of high-level
radioactive nuclear waste was 1 m and the diameter of metal
waste tank was 1.5 m, the metal waste tank was placed around
the center, 1 m from the bottom of the disposal cavern, as
shown in Figure 8B. The object of the numerical simulation
was a disposal cavern with a size of 100m x 100 m.
Quadrilateral grid cells were used for grid division,
generating 40,627 nodes and 40,226 cells, as shown in
Figure 8C.

The simulation only focused on the evolution of temperature
field without considering the influence of stress and other factors.
The temperature of the constant temperature layer was 7°C and
the geothermal gradient is 3°C/100 m. The initial temperature of
the disposal layer and the boundary both were set at 67°C, the
boundary maintained heat exchange with the outside.

4.2 Material Parameters

4.2.1 Nuclear Waste Heat Source

In the simulation, based on data of single exothermic decay
function diagram of the glass solidified of high-level
radioactive waste from SNFWN, Sweden (Figure 9), the heat
source of the model was set. It can be seen that the thermal power
of nuclear waste decreases gradually with the increase of time and
approaches 0 after about 3,000 years. The exothermic decay
function of nuclear waste was piecewise fitted based on Figure 9.

Dt<10a Q(t) = 544.45¢ 7 + 2338.99 R? = 0.995
(12)
2)10a<t<100a Q(t) = 2240.78¢ /%% 1 551,23 R* =0.999
(13)

3)100a<t<1000a Q(t) = 10508.57.t™% R* =0.986 (14)
4)1000a <t<10000a Q(t) = 727.19¢7 %% 4 2775 R* = 0.994
(15)

Where, Q(t) is the thermal power of a single nuclear waste,
Witank; T is time, a.
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TABLE 4 | Physical and thermal parameters of materials.

Materials Density (kg/m?)
Nuclear waste 2,100
Metal waste tank 7,800
Backfill and salt rock 2,165

Thermal Conductivity of Salt Rock

Thermal conductivity (W/m - K) Specific heat (J/kg - K)

1.93
48
Determined by Eq. 9

590
460
Determined by Eq. 11
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FIGURE 10 | The variation of disposal temperature with time. (A) Changes in temperature at different locations of the repository with time; (B) Change of radius of
influence of surrounding rock temperature with time.

The heat source was set in the form of heat flux. For this
calculation model, the high-level radioactive nuclear waste body
was a circle with a diameter of 1 m in the two-dimensional plane
and its circumference was T, so the heat flux P(t) of each tank
could be obtained from Eq. 16:

Q(1)

T

P(t) = (16)

4.2.2 Physical and Thermal Parameters

Based on the damage self-healing properties of salt rock, the
reconsolidation salt as the backfilling material is expected to have
similar properties to salt rock after long-term consolidation.
Therefore, the thermal parameters of salt rock are used to replace
the reconsolidation salt in this calculation. Therefore, the physical
and thermal parameters of the nuclear waste, metal waste tank,
backfill and salt rock are shown in Table 4.

4.3 Temperature Field Evolution of Disposal
Repository

In order to reveal the spatial and temporal evolution of temperature
field of the disposal cavern and surrounding rock, five points were
selected for temperature monitoring: nuclear waste body
(monitoring point 1), outer wall of metal waste tank (monitoring
point 2), bottom of the treatment chamber (monitoring point 3), side
(monitoring point 4) and top (monitoring point 5). The evolution of
temperature field was shown in Figure 10A.

It can be seen from Figure 10A that the temperature changes
over time at the five monitoring points were basically the same. At
the beginning of the operation of the disposal repository, the
temperature of each monitoring point increased rapidly, and
reached the maximum value about 10 years. Then, with the
increase of operation time, the temperature of each
monitoring point decreased rapidly, and the longer the
distance from the nuclear waste body, the longer the time for
each monitoring point to reach the maximum temperature. In
terms of absolute value, as the heat source center, the temperature
of the nuclear waste body was the highest in the whole disposal
repository at all stages. When the nuclear waste body reached the
highest point of temperature, its central temperature was 30°C
higher than the surface temperature of the metal waste tank. The
temperature of the bottom, side and top of the disposal chamber
decreased successively, which should be related to the distance of
the nuclear waste body. It could be found from the peak
temperature of each monitoring point in 10 years that the
peak temperature of each monitoring point in the disposal
repository was very sensitive to the distance from the nuclear
waste body. The peak temperature at the top of the disposal
cavern 3.75m away from the nuclear waste body was only 112°C,
which differed about 65°C from the peak temperature at the
center of the nuclear waste body, while the temperature of
surrounding rock during the operation of the disposal
repository was basically below 100°C.

Figure 11 showed the temperature field cloud diagram when
the disposal repository operates at 5 a, 10 a, 50a, 100 a, 500 a and
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FIGURE 11 | The characteristics of the temperature field of the repository in 1,000 years.

Temperature/(C)

177.6
168.3
159.1
1499
140.7

131.5
t=1000a 122.3
113.1
103.9
94.60
85.54
76.20

67.00

1,000 a. At the beginning of the operation of the repository, the
temperature of the waste body and the disposal cavern gradually
increases and then decreases rapidly. In terms of the range of
temperature influence, the influence radius of temperature
increased caused by nuclear waste gradually increased first and
then decreased. In the first 10years, the temperature of
surrounding rock increased gradually from near to far, and the
influence radius increased gradually caused by nuclear waste
releasing. After 50 years, the temperature influence radius
gradually decreased. At 500 years, only the temperature near
the metal waste tank in the disposal cavern was higher than
the ground temperature. At 1,000 years, it was almost impossible
to see any significant warming effect on the surrounding area
caused by nuclear waste releasing. By comparing Figure 11B and
Figure 11C, it could be found that the temperature of nuclear
waste decreased rapidly after the temperature rose to the peak,
while its temperature influence radius in 50 years gradually
increased. This indicated that the influence radius evolution of
temperature was not synchronous with the temperature evolution
of nuclear waste.

To reveal the variation rule of the influence boundary of
surrounding rock temperature caused by nuclear waste
releasing with the operation time of the disposal repository,
ABAQUS software was used to measure the influence radius
of surrounding rock temperature with time (within rising 10°C),
as shown in Figure 10B. The temperature influence radius
gradually increased in the early stage of operation, and
reached the maximum value of 30m at 21.3 years.
Subsequently, the temperature influence radius decreased
rapidly, and narrowed to the disposal carven at 300 years.

In addition, the temperature influence radius of surrounding
rock was not synchronous with the temperature variation of
nuclear waste body over time, and the variation of temperature
influence radius of surrounding rock lagged behind the
temperature variation of nuclear waste body, which should be

attributed to the heat released by nuclear waste takes a certain
time to conduct in surrounding rock.

5. CONCLUSION

1) Compared with the guarded-hot-plate (GHP) method and
laser flash (LF) method, the transient plane source (TPS)
method was more suitable for the measurement of thermal
parameters of rock materials.

The thermal conductivity, thermal diffusivity and specific heat
of NaCl single crystal and polycrystalline salt rock were
measured in the range of 20-240°C by the laser flash (LF)
method and transient plane source (TPS), respectively.

The thermal conductivity and thermal diffusivity of salt rock
decrease gradually with the increase of temperature, while the
specific heat capacity increases with the increased of
temperature. The thermal conductivity of polycrystalline
salt rock was slightly lower than that of single-crystal NaCl.
The models of thermal conductivity, thermal diffusivity and
specific heat of NaCl single crystal and polycrystalline salt
rock with temperature in the range of 20-240°C were
established, which could improve the accuracy of
temperature field evolution prediction of surrounding rock
and effective thermal conductivity model of backfill material.
Based on the thermal conductivity model of polycrystalline
salt rock established in this paper, the temperature field
evolution during the operation of the underground salt
rock high-level nuclear waste repository in 1,000 years was
studied. It was found that the temperature of the glass
solidified of high-level radioactive waste reached the
highest (177.6°C) and then dropped rapidly. The decay
heat radiation influence radius of the nuclear waste reaches
its maximum in about 50 years of operation of the repository
and then gradually decreases.

2)

3)

4)

5)
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