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Abstract: Due to its sedimentary characteristics and natural fractures, oil shale shows anisotropy in
heat transfer characteristics. Moreover, the anisotropic thermal conductivity will change with the
temperature. This change in the anisotropic thermal conductivity coefficient affects the temperature
field distribution and heating efficiency during the in situ electric heating pyrolysis of oil shale.
Therefore, it is very important to study the evolution of the anisotropy thermal conductivity coefficient
of oil shale with temperature. In this study, the variation of weight loss and the specific heat of an
oil shale with temperature is investigated using a differential scanning calorimeter. The variation
of the anisotropic pore and fracture structure of the oil shale with temperature is studied through
CT scanning technology. The variation of the anisotropic thermal conductivity with temperature is
studied through the hot disk method. Finally, the relationship between the change in the anisotropic
heat conductivity of the oil shale and the evolution of the anisotropic pore and fracture structure is
discussed. The results show that the mass loss of oil shale mainly occurs after 400 °C. The thermal
conductivity of both perpendicular and parallel to bedding directions decreases linearly with the
increase of temperature. The research results of this study can serve as an important reference in the
study of the in situ pyrolysis of oil shale.

Keywords: high temperature; thermal conductivity; pore and fracture; anisotropy; oil shale

1. Introduction

Oil shale has an obvious bedding structure and is rich in organic matter, which can
be pyrolyzed into pyrolysis oil and gas at a high temperature. Therefore, oil shale is
considered as an important alternative energy for traditional oil resources and is widely
distributed in the world, with about 4.8 trillion bars of reserves [1-3]. China is rich in oil
shale resources, which are mainly distributed in Jilin, Liaoning, Guangdong, Shandong,
Xinjiang, Inner Mongolia, and other provinces. China’s estimated oil shale resources are
about 720 billion tons, which is convertible into shale oil resources of about 47.6 billion
tons, making it rank second in the world; this amount also exceeds China’s total cumulative
proven natural oil reserves [4-6].

At present, the world’s mainstream oil shale mining methods include ground retorting
and in situ pyrolysis [7,8]. However, due to its small output and prominent environ-
mental pollution problems, reserves obtained from ground-retorting technology cannot
compete with those obtained from conventional oil, but they are an alternative oil energy
resource [9-11]. Compared with ground-retorting technology, in situ mining of oil shale has
the characteristics of environmental friendliness, high efficiency, and economical extraction.
Oil shale in situ mining technology has attracted the attention of researchers from all over
the world and is classified into solid-heating technology (such as Shell’s ICP technology)
and fluid-heating technology (such as Chevron’s CRUSH technology). Among them, the
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heat conduction through solid-heating technology mainly depends on the thermal con-
ductivity of the oil shale itself and, therefore, it is very important to study the thermal
conductivity of oil shale at different temperatures (Figure 1).

(a) (b)

Figure 1. Schematic diagram of in situ heating oil shale technology. (a) ICP electric heating technol-
ogy [12]; (b) Chevron crush technology [13]. (Lonney et al. 2011).

However, the ordered arrangement and special sedimentary structure of oil shale
minerals result in obvious anisotropy in many aspects, such as physical characteristics,
mechanical characteristics, permeability characteristics, and so on [14-16]. For example,
flat minerals such as clay minerals tend to be oriented parallel to the bedding direction.
The arrangement of such minerals forms a natural barrier to fluid flow in the direction of
perpendicular to beddings, resulting in low thermal conductivity in the direction of perpen-
dicular to beddings (Kper). The natural weak surface formed in the deposition process, and
the existence of microcracks, prevents the transfer of heat in the direction of perpendicular
to beddings. Therefore, the existence of microcracks and mineral arrangements causes an
anisotropy of heat conduction characteristics. The anisotropic thermal conductivity of oil
shale affects the heat conduction in the oil shale deposit, and then this affects the prediction
of the temperature conduction range and the heating efficiency [17-19].

To date, many scholars have studied the variation of rock thermal conductivity with
temperature and have found that thermal conductivity decreases when the temperature
increases [20-24]. Under the action of temperature, the mass loss of the mineral composition,
the expansion of internal microcracks, and the increase in the pores decrease the heat
conductivity [25-27]. However, unlike other rocks, oil shale is rich in organic matter and
will decompose with an increase in temperature. Due to the difference in the composition
of oil shale in different regions, the sensitivity of the thermophysical characteristics of the
different oil shales to temperature is also different. Li [28] performed an in-depth study of
the thermophysical parameters of oil shale in the Huadian area. The results showed that the
specific heat capacity decreased when the pretreatment temperature increased; the thermal
conductivity increased from normal temperature to 150 °C and then decreased gradually.
The thermal diffusion coefficient first increased, then decreased, and then increased again.
The changes in these parameters were affected by the porosity, water content, and organic
matter precipitation of the oil shale samples. The results show that the thermal conductivity
parallel to the beddings (Kp,r) is 1.07~1.09 times that perpendicular to the bedding direction.
Wang [29] studied the change in the thermophysical properties of oil shale in the Huadian
area during heating. The results show that the thermal conductivity and specific heat
capacity of the oil shale increase when the temperature increases from normal temperature
to 150 °C; in the stage of 150-520 °C, the thermal conductivity and specific heat capacity
decreased when the temperature increased; at 520-750 °C, the thermal conductivity and
specific heat capacity basically remained unchanged with the increase in temperature.
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Zhou [30] studied the Nong’an oil shale and found that the Ky, and Kj,r had a good
consistency with the change in the temperature. However, Ky, was larger, indicating that
it had anisotropic characteristics. This characteristic is related to the bedding structure
of oil shale. During the deposition process, the vertical stress of the oil shale is less than
the horizontal stress and, therefore, the compactness in the vertical bedding direction is
poor. The thermal conductivity is directly proportional to the compactness of the rock and,
therefore, the thermal conductivity is small in the vertical bedding direction [31].

A large number of scholars have studied the development of pore fractures in oil shale
under high temperatures. Kang [32] studied the thermal fracture characteristics of Fushun
oil shale using CT scanning technology and found that the thermal fracture of oil shale
before 300 °C is mainly caused by thermal stress, while the thermal fracture after 300 °C is
mainly caused by the decomposition of organic matter. However, it is not clear what kind
of mineral causes the thermal stress and the contribution of organic matter pyrolysis to
thermal cracking. Saif et al. [33] studied the evolution law of pores and fractures in Green
River oil shale by using CT scanning technology and found that the temperature point
of rapid development of pores and fractures is about 400 °C and the amount of organic
matter content has a great impact on porosity. Sun et al. [2] used a variety of experimental
methods to study the thermal effect and physical and chemical characteristics of oil shale.
The 100~800 °C pyrolysis experiment of the Huadian oil shale shows that temperature
has a great influence on the yield of pyrolysis products and the change of pore structure;
350~500 °C is the main stage of kerogen decomposition and the smaller the pore, the more
complex the structure.

In this study, the change in the weight and specific heat of an oil shale with temperature
is studied using a differential scanning calorimeter, the variation of the anisotropic pore
structure and the fracture structure of the oil shale with temperature is investigated by CT
scanning technology, and the change in the anisotropic heat conductivity with temperature
is investigated using the hot disk method. Finally, the relationship between the change in
the anisotropic heat conductivity of the oil shale and the evolution of the anisotropic pore
fissure structure is discussed. The research results of this study can serve as an important
reference in the study of the in situ heating and oil production of shale.

2. Experimental Equipment and Experimental Procedures
2.1. Preparation of Test Pieces

(a) Test specimen for the specific heat capacity measurements: irregular-shaped sam-
ples can be used as oil shale samples. Six samples were chosen and they were heated to
200 °C, 300 °C, 400 °C, 500 °C, and 600 °C, respectively, and then cooled to room tem-
perature. Then, the specific heat capacity of the oil shale samples subject to different
temperatures was tested to avoid the influence of kerogen decomposition and heat absorp-
tion in the oil shale on the specific heat capacity of the oil shale matrix. The oil shale test
specimens used for the specific heat measurements are shown in Figure 2.

(b) Test specimens for the pore and fracture measurements: cylindrical oil shale
samples with a size of ® 10 mm x 15 mm were pyrolyzed at 200 °C, 300 °C, 400 °C, 500 °C,
and 600 °C, respectively, and then cooled for the CT scanning experiment.

(c) Test specimens for the thermal conductivity measurements: the oil shale samples
were processed into thin squares with sizes of 20 x 20 x 1 mm [32] and the thickness
direction of the specimens was the direction of the tested thermal conductivity. The
specimens were divided into two groups: the specimens whose thermal conductivity
direction was processed parallel to the oil shale bedding plane were marked as parallel
bedding direction specimens and the specimens whose thermal conductivity direction
was processed perpendicular to the oil shale bedding plane were marked as vertical layer
specimens. As shown in Figure 3, each group of test pieces was processed several times,
and 6 test pieces with more regular grinding planes were selected for the test, as shown in
Figure 4.
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Figure 2. Specific heat test specimen.

(a) (b)

Figure 3. Schematic diagram of the heat conduction direction [32]. (a) Perpendicular to bedding;
(b) parallel to bedding. (Yu et al. 2015 [31]).
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Figure 4. Oil shale test specimen [29].

2.2. Experimental Equipment and Procedures

(a) Thermogravimetric experiment: thermogravimetric analysis of the oil shale was
carried out using a STA 449F3 (Netzsch, Bavaria, Germany) thermal analyzer (Figure 5a).
The specimen was heated to 600 °C at a heating rate of 10 °C/min, and nitrogen protection
with a nitrogen flow rate of 50 mL-min~! was passed during the heating process.
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Figure 5. Experimental equipment [34]. (a) Differential scanning calorimeter; (b) NanoVoxel-3502E
CT scanner; (c) hot disk thermal constant analyzer. (Wang et al. 2018).

(b) Specific heat experiment: the DSC-200-F3 (Netzsch, Germany, bavaria) differential
scanning calorimeter (Figure 5b), produced by NETZSCH, Germany, was used to test the
evolution of the specific heat capacity of the oil shale with temperature. The heated oil shale
specimen was placed in the sample furnace, heated to the preset temperature of 200 °C,
300 °C, 400 °C, 500 °C, and 600 °C, and the specific heat capacity of the oil shale specimens
was tested.

(c) Pore and fracture test experiment: the specimens were placed on the working
turntable of a nanoVoxel-3502E high-resolution X-ray 3D CT scanner (Sanying Precision
Instrument Co., Ltd., Tianjin China) (Figure 5b) (and non-destructive CT scans with a spatial
resolution of 6.5 um were performed in sequence. Before scanning, the cylindrical specimen
was placed vertically in the center of the micro-CT scanning table and the specimen was
corrected to the center of the scanning area by adjusting the height of the fixture. Then, the
scanning parameters of the instrument were adjusted according to the size of the specimen
and a high-definition resolution of the scanned image was ensured by adjusting the current
and voltage. After adjusting the parameters, the test piece was scanned once for every 0.9°
rotation of the turntable, generating a total of 1400 images.

(d) Thermal conductivity test experiment: the thermal conductivity test was per-
formed using a hot disk thermal constant analyzer (Figure 5c). The sample was placed
according to the physical model of the selected test module, and the contact time between
the finger and the sample was minimized during the placement process to reduce the heat
transfer from the human body to the sample. After the sample was placed, it was made
to stand for 20 min at room temperature until the internal temperature distribution of the
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sample reached a stable state to prevent heat transfer caused by the difference between the
sample’s temperature and the ambient temperature.

3. Experimental Results
3.1. Oil Shale Weight Loss at Different Temperatures

Figure 6 shows the TG and DTG curves of the oil shale sample. Based on these curves,
the pyrolysis of the oil shale can be divided into the following three stages:
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Figure 6. TG and DTG curves of the weight loss during oil shale pyrolysis. TG—thermogravimetry.
DTG—differential thermogravimetric.

(1) Low-temperature weight loss stage, from room temperature to 350 °C

The weight loss at this stage is mainly caused by the precipitation of water, including
the structural water and the interlayer water of the clay minerals. The weight loss at this
stage is about 2% of the total weight loss. At this stage, the TG curve declines, the DTG
curve is at 150 An, and an obvious peak of water loss appears before 150 °C.

(2) Medium temperature weight loss stage, 350~580 °C

In this temperature range, the oil shale has the characteristics of centralized pyrolysis
and its weight loss is very large, accounting for about 12% of the total weight loss. This is
due to the large amount of pyrolysis of the organic matter in the oil shale, resulting in a
large amount of shale oil and a large number of gaseous products. At this stage, the TG
curve shows a large decline and a large peak appears on the DTG curve.

(3) High-temperature weight loss stage, 580~800 °C

This stage is generally considered to be the cracking stage of carbonates such as
calcite and dolomite. In addition, the fixed carbon contained in the oil shale leads to
high-temperature carbonization and the carbonaceous particles disintegrate due to heating,
producing a small amount of volatile gas and causing a certain amount of thermal weight
loss. The TG curve shows a decline and the weight loss accounts for about 3% of the total
weight loss. The DTG curve is not very obvious.

3.2. Variation of the Anisotropic Pore and Fracture Structure at Different Temperatures

Figure 7 shows the structural evolution characteristics of the oil shale at different
positions in the XZ direction (vertical bedding) at different temperatures. It can be seen
that with the rise in temperature, the evolution characteristics of the pore fissure structure
of the oil shale can be divided into the following temperature stages.
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n§r$55§ ,
(f) 600 C
Figure 7. Structural evolution of the oil shale at different positions in the XZ direction at differ-
ent temperatures.
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(1) 20~300°C

It can be seen from Figure 7 that the oil shale is relatively dense at room temperature,
showing significant sedimentary characteristics of argillaceous and sandy interbedding, and
the argillaceous layer deposition is grayish-black overall and the sandy layer is gray—white
overall. Under the original condition, there are a few original fracture structures parallel to
the bedding in the oil shale; these are at the junction of the argillaceous layer and the sandy
layer, and the fracture width is basically 10~30 pm. These cracks prevent temperature
conduction along the vertical bedding direction, resulting in poor thermal conductivity
in the vertical bedding direction. As the temperature rises to 200 °C and 300 °C, a small
number of thermal fracture cracks caused by the uneven thermal expansion of the rock
mineral particles are produced in the oil shale (see Figure 7c). At the same time, the width
and length of the original cracks are further expanded. At 300 °C, the width range of the
original cracks increases to 15~90 um. At this time, the increase of fracture number and
fracture opening is mainly related to the evaporation of free water and adsorbed water in
oil shale.

(2) 300~400 °C

At the temperature rise stage of 300 to 400 °C, some light organic substances in the oil
shale undergo significant thermal decomposition reactions to generate shale oil and gas, as
shown in Figure 6. After the pyrolysis of the much banded organic matter, a large number
of fracture structures with various levels parallel to the bedding direction are formed
in their original location. The formation and development of the large number of new
cracks inflates and squeezes the surrounding rocks, resulting in a significant “condensation
effect” on the original crack structure, which significantly reduces its opening, as shown in
Figure 7c,d. The width of the original crack increases from 80% at 300 °C 80 um condensed
to 30 um. According to Wang’s research, it is also found that when the temperature rises to
400 °C, the crack width of oil shale also decreases. However, Wang's research focuses more
on the relationship between fracture width and permeability.

(3) 400~600 °C

In the heating stage from 400 to 600 °C, the residual organic matter is further pyrolyzed,
as shown in Figure 6, resulting in a qualitative change in the fracture scale inside the oil
shale. Cracks parallel to the bedding direction are produced in all parts of the specimen;
the number of these cracks is significantly increased and so are their lengths and widths.
The original cracks are also widened and extended in this temperature range and the
cracks overlap and cross each other. A complex pore fissure connection network structure
is formed in the oil shale, which fundamentally reduces the thermal conductivity of the
oil shale.

It can be seen that in the range of 300~500 °C, the chemical thermal decomposition
reaction of the organic matter dominates the formation process of the pore fissure structure
of the oil shale, and the fissures show the characteristics of centralized explosion and
extensive development, which makes the originally dense oil shale become a multi fissure
and porous medium, resulting in a decline in its thermal conductivity.

3.3. Variation of the Anisotropic Thermal Conductivity of the Oil Shale with Temperature

Figure 8 shows the variation of the thermal conductivity of the oil shale in the vertical
bedding and parallel bedding directions with temperature. The measured thermal conductiv-
ity of each group of specimens decreases with the increase in temperature, and it has a good
linear relationship with temperature. In addition, Figure 8 shows that the thermal conductiv-
ity of the oil shale along the direction parallel to the bedding is significantly greater than that
along the direction perpendicular to the bedding at the same temperature. According to the
heat transfer theory, except for gas mediums, the thermal conductivity of most solids and
liquids maintains an approximately linear decreasing trend with temperature and, overall,
the thermal conductivity of solids is greater than that of liquids at the same temperature,
while the thermal conductivity of liquids is slightly greater than that of gases. Therefore, the
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results of this test also roughly conform to this classical heat transfer law. The relationship
between thermal conductivity and temperature can be expressed as follows:

Apar = —0.0007T + 0.9355 )

Aper = —0.0006T + 0.8126 2)

Here, T is the temperature, °C; Ay, is the thermal conductivity along the parallel
bedding, W/(m-K); Ay, is the thermal conductivity along the vertical bedding, W/(m-K).
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Figure 8. Variation of heat conductivity with temperature.

As the temperature increases, the oil shale begins to slowly undergo phase transition,
pyrolysis, and cracking at medium and low temperatures, and the organic matter in it
begins to decompose to generate liquid shale oil and hydrocarbon gas. The continuously
generated oil and gas weaken the solid framework. Its own thermal conductivity, therefore,
shows a decreasing trend with the increase in temperature. In particular, in specimens
that conduct heat along the vertical bedding direction, since the heat transfer process
passes through the bedding vertically, the primary fractures between the beddings contain
moisture or gas, the thermal conductivity of moisture and gas is smaller than that of the
rock, and the thermal conductivity obtained along the vertical bedding direction is lower.
On the contrary, in specimens that conduct heat along the parallel bedding direction, the
parallel bedding oil shale framework is not split by the pyrolysis cracks and the heat
transfer process is always in the parallel bedding direction and the heat conduction is
carried out in a relatively continuous and solid oil shale framework and, therefore, the
obtained thermal conductivity is relatively high.

It can be seen in Figure 8 that the thermal conductivity of the oil shale in the horizontal
bedding direction is greater than that in the vertical bedding direction, indicating that it
has the characteristics of anisotropy. This characteristic is related to the bedding structure
of the oil shale. During the deposition process, due to the shallow burial depth, the vertical
stress on the oil shale is smaller than the horizontal stress and, therefore, the compactness
in the vertical bedding direction is poor. The thermal conductivity is positively correlated
to the compactness of the rock. The anisotropy of the thermal conductivity of the oil
shale is represented by the anisotropy coefficient (A, /A ;) and its variation curve with
temperature is shown in Figure 9. It can be seen in Figure 9 that the anisotropy coefficient
of the thermal conductivity of the oil shale is between 1.13 and 1.15, indicating that the
thermal conductivity in the parallel bedding direction is greater than that in the vertical
bedding direction at different temperatures. However, the anisotropy coefficient does not
change much with temperature.
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Figure 9. Anisotropy coefficient of the thermal conductivity of the oil shale.

3.4. Variation of the Specific Heat Capacity of the Oil Shale with Temperature

Figure 10 shows that the specific heat of the oil shale first increases and then decreases
with the increase in temperature. The average specific heat capacity at room temperature
is 1.109 J/(g-K). After the oil shale is heated to a temperature of 200 °C, the specific heat
capacity of the oil shale drops to 0.9771 J/(g-K), which is lower than that of the oil shale
at room temperature. This is because, after the oil shale is heated to a temperature of
200 °C, the free water and bound water evaporate, resulting in a decrease in the specific
heat capacity of the oil shale. When the oil shale is subjected to a high temperature of
300 °C, the specific heat capacity of the oil shale increases as compared with the specific
heat capacity at room temperature and 200 °C. This is because the volatile matter inside
the oil shale begins to volatilize and absorb heat after 300 °C, increasing the specific heat
capacity of the oil shale. When the oil shale is subjected to a high temperature of 400 °C,
the specific heat capacity begins to rise sharply at 400 °C, because the kerogen in the 400 °C
oil shale begins to undergo a large amount of pyrolysis and absorbs a lot of heat. However,
after the oil shale is subjected to a high temperature of 500 °C, the kerogen inside the oil
shale has already been pyrolyzed to a large extent, and the specific heat capacity at this
time is lower than that at 400 °C. When the temperature is increased again, the internal
residual organic matter continues to decompose and the specific heat capacity at 600 °C
increases slightly.

2.2 1

A
|

N
o
1

-
oo
1

-
o
1

Specific heat capacity (J/(g*K)

8+
0 100 200 300 400 500 600

Temperature (°C)

Figure 10. Variation of the specific heat capacity of the oil shale with temperature.
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4. Discussion
4.1. Relationship between Thermal Conductivity Evolution and Thermal Cracking

First, the reason why the thermal conductivity along the vertical bedding decreases
linearly with temperature is explained. Figure 7 shows the structural evolution charac-
teristics of the oil shale at different temperatures in the XZ direction (vertical bedding) at
different positions. It can be seen in the figure that there are many microscopic fractures
in the oil shale at room temperature. At room temperature —300 °C, these microscopic
fractures make the oil shale more likely to expand in the vertical bedding direction, so that
the thermal conductivity continues to decrease with the increase in temperature. Accord-
ing to Yu [30], the thermal expansion deformation of oil shale increases linearly at room
temperature —300 °C under unconstrained conditions, which corresponds to the linear
decrease in the thermal conductivity of the oil shale in this project at room temperature
—300 °C. As the temperature continues to increase, the softening and swelling deformation
of the oil shale is not so obvious. In addition, at room temperature —300 °C, the water in
the primary pores and fissures of the oil shale volatilizes, leaving air components, and the
poor thermal conductivity of the air also leads to a decrease in the thermal conductivity
along the vertical bedding. However, after 400 °C, the kerogen in the oil shale begins
to decompose in large quantities, and the oil and gas expansion generated by the rapid
decomposition of the kerogen generates local high pressure, which leads to the formation
of large fractures in weak layers, as shown in Figure 7d—f, resulting in a linear decrease in
the thermal conductivity.

The reason for the decrease in the thermal conductivity with temperature along the
parallel bedding is explained as follows. It can be seen in Figure 7 that the oil shale is
relatively dense at room temperature and the interior is characterized by interbedded
argillaceous and sandy deposits. The sandy layer is generally grayish-white, and hard
mineral particles (white bright spots in Figure 7, such as quartz and pyrite, etc.) are
scattered inside the sandy layer. In each part, the structure is very dense. It can be seen
in Figure 7 that the distribution of the hard minerals and the argillaceous minerals in the
oil shale is orderly. The thermal conductivity decrease in the parallel bedding direction
is less affected by the bedding fractures, and the linear expansion of the oil shale in the
parallel bedding direction is larger. Soft mudstone mainly exists between the beddings.
Hard minerals affect the thermal expansion in the direction parallel to the bedding. These
hard minerals continue to expand and the thermal conductivity in the direction parallel to
the bedding continues to decrease linearly.

Figure 11 shows the relationship between the thermal conductivity and porosity. It
can be seen in Figure 12a that the thermal conductivity along the vertical bedding and
the porosity have a good linear relationship, indicating that the decrease in the thermal
conductivity along the vertical bedding is directly related to the generation of “cracks”. It
can be seen in Figure 12b that the relationship between the thermal conductivity and the
porosity along the parallel bedding decreases linearly, which is related to the “pyrolysis
pores” formed after the pyrolysis of a large amount of organic matter in the oil shale
under high-temperature conditions. However, the thermal conductivity coefficients do not
continuously decrease linearly.

4.2. Application of the Experimental Results in Oil Shale Development Engineering

The thermal conductivity anisotropy of an oil shale affects the heat transfer range
and heating efficiency of the oil shale strata. In order to quantify the thermal conductivity
effect on the in situ electric heating pyrolysis of oil shale, the heat transfer range and
the heating efficiency of electric heating pyrolysis technology of an oil shale ore bed by
considering and not considering thermal conductivity anisotropy are analyzed through
numerical calculation.
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Figure 12. Geometric model and mesh. (a) Geometric model; (b) mesh.

Mathematical model [35]:
oT .
pstg — le(}\sVT) =0 (3)

where C,, is the specific heat capacity of the oil shale, ps is the density of the oil shale, and
As is the thermal conductivity tensor of the oil shale.

As— par 0 0
As = 0 As— par 0 (4)
0 0 As— per

where As_ oy is the thermal conductivity parallel to the direction of the oil shale bedding and
As—per is the thermal conductivity perpendicular to the direction of the oil shale bedding.

Geometric model:

The simulation area is a 20 x 40 x 20 m cube area. Five heating wells are located in
the middle of the model, as shown in Figure 12a. Among them, the cube pyrolysis area
uses three-dimensional tetrahedral units to divide the network, and the five heating wells
use one-dimensional linear units to divide the network, as shown in Figure 12b, for a total
of 132,415 tetrahedral networks.
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Boundary conditions:

The constant temperature boundary of the heating well is T = 600 °C and the other
boundaries are free boundaries, T = T.

Simulation results:

Figure 13 shows the distribution of the temperature field in the case of considering
anisotropy and isotropy. It can be seen in the figure that, if heat conductivity anisotropy
is considered, the cloud diagram of the temperature field distribution is elliptical. This is
because the heat conduction coefficient in the parallel bedding direction is greater than
that in the vertical bedding direction, resulting in the temperature conduction velocity in
the parallel formation direction being greater than that in the vertical formation direction,
further leading to the elliptical distribution of the temperature field. If heat conductivity
isotropy is considered, the temperature field distribution will not be anisotropic and will
be in a circular shape. In Han’s study [36], the anisotropy of the thermal conductivity of oil
shale is not considered and the distribution of temperature field is circular shape.

m

20

4 15

(a) (b)

Figure 13. Temperature field distribution after heating for 1000D. (a) Considering anisotropy; (b) con-
sidering isotropy.

Figure 14 shows the variation of the average temperature of an oil shale ore bed with
heating time when considering heat conductivity anisotropy and isotropy. It can be seen in
the figure that under the condition of anisotropy, the temperature rise rate of the oil shale
ore bed is smaller than that under the condition of isotropy. It can be seen that the thermal
conductivity anisotropy affects the temperature conduction range and the heating efficiency
of the oil shale ore bed. Yang [37] conducted a numerical study on the development of
oil shale by in situ electric heating. The study found that it takes 9 years to complete the
exploitation of oil shale in the corresponding area, which is similar to the research results
in this paper and can verify the accuracy of the research results in this paper.
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Figure 14. Variation of the oil shale reservoir’s temperature with heating time.

5. Conclusions

In this study, the anisotropic pore and fracture structure of oil shale at different

temperatures is obtained by CT scanning technology. The anisotropic thermal conductivity
evolution of oil shale at high temperatures is studied using the hot disk method. The
relationship between anisotropic thermal conductivity and anisotropic pore structure is
analyzed and the following conclusions are obtained:

)

@)

®)

4)

The thermal conductivity along the parallel bedding and the vertical bedding both
decrease linearly with the increase in temperature, and the thermal conductivity along
the parallel bedding is greater than that along the vertical bedding. The thermal
conductivity ratio along the parallel bedding and the vertical bedding changes little
with temperature.

The specific heat capacity first increases and then decreases with temperature and
reaches its maximum at 400 °C. The reason why the maximum value is reached at
400 °C is that the pyrolysis of kerogen at 400 °C absorbs a lot of heat, resulting in the
maximum specific heat capacity value being achieved.

The primary thermal conductivity anisotropy of oil shale is caused by sedimentary
characteristics and natural fractures, while the change in the thermal conductivity
anisotropy with temperature is caused by anisotropic thermal fractures.

The anisotropic thermal conductivity of oil shale affects the distribution of the tem-
perature field and the heating efficiency of shale produced by electric heating. The
temperature undergoes anisotropic conduction in the oil shale seam, and the cloud
diagram of the temperature field distribution is elliptical.
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Nomenclature

Aper  Thermal conductivity in the direction of perpendicular to bedding
Apar  Thermal conductivity in the direction of parallel to bedding

TG Thermogravimetry

DTG Differential thermogravimetric

Os The density of oil shale

Cp Specific heat capacity of oil shale

As Thermal conductivity tensor of the oil shale
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