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Abstract. In this paper, the temperature field variation and cumulative
oil production rate over time with fracture number, fracture width and gas
injection flow rate were investigated using Fluent software. A mathematical
model of heat transfer within oil shale and a three-dimensional mathematical
model of its in situ heating and fracturing were established. The simulation
results showed that Model II had the highest oil shale heating rate at different
[fracture numbers, being 26.32% higher than that of Model 1. When exploring
fracture width, Model I completed all fractures in the oil shale region in 190
days. Model IV was 15 days slower than Model I with the heating rate being
7.89% lower, while Model V was 10 days faster than Model I with the heating
rate being 5.26% higher. Increasing the fracture width of the oil shale region
appropriately could help to increase the oil shale in-situ heating and fracturing
rate. Considering gas injection flow rate, the higher the gas flow rate, the
faster the increase of the oil shale area temperature and the shorter the time
to reach the 10-day peak oil production rate. The peak was also larger and the
[fracturing of the oil shale area took place more quickly.

Keywords: Chinese oil shale, temperature field, heating time, cumulative oil
production rate, in-situ heating cracking.

1. Introduction

Shale oil is a very abundant unconventional resource, and according to a new
evaluation of oil and gas resources in China, the country ranks fourth in the
world in terms of shale oil and gas reserves [1—4]. Shale oil in China is mainly
distributed in 1-4 resources-rich northern regions, while the southern regions
arerelatively poor. Shale oil is mostly found in Jilin and Shaanxi provinces [5-7].
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Currently, the principal method of shale oil extraction in China is through
surface retorting technology, which, however, is inefficient and causes
serious pollution to the environment. This method is only suitable to be used
in shale deposits that are thick and shallow [8]. As a result, in-situ heating
and cracking technology for shale oil is receiving increasing attention from
scholars and experts. This technology for shale oil involves heating the shale
rock underground to crack it, after which the shale oil produced is transported
to the surface through production wells [9]. At present, there are four main
methods of in-situ heating and cracking technology for shale oil, including
combustion heating, conduction heating, convection heating and radiation
heating [10-11]. Combustion heating involves the In-situ Combustion
technology developed by the United States Bureau of Mines [12]. Conduction
heating comprises Shell’s In-situ Conversion Process technology (ICP) and
IEP’s Gas Field Chromatography technology (GFC) [13]. Convection heating
includes Chevron’s Controlled Freeze Zone Rapid Unloading Single-Stage
Hydrocracking technology (CRUSH) and Jilin University’s Innovative
Integrated Sorption-enhanced Vacuum Thermal Process technology (IIST-
VTCP) [14]. Radiation heating incorporates LLNL’s RF technology and
Raytheon’s Radio-Frequency/Critical Fluids technology (RF/CF) [15]. The
above in-situ heating and cracking technologies for shale oil effectively avoid
air and water pollution and reduce damage to land resources. The combustion
heating technology has broad application prospects for the in-situ exploitation
of shale oil resources [16—18].

This article discusses the in-situ heating and cracking process of oil shale,
which uses a spiral heater to generate high-temperature air and heat the shale in
the area [19]. By now, scholars both domestically and abroad have conducted
numerical simulations of the in-situ heating and cracking process of oil shale.
Kang et al. [20] studied the temperature field variation and small-scale oil
and gas production during the in-situ electric heating of oil shale. Yang et
al. [21] conducted numerical simulations of the in-situ heating and cracking
process of oil shale and found convective heating to be a more optimal mining
technology. Jiang et al. [22] used high-temperature nitrogen gas to heat
the horizontal well section of oil shale, established a mathematical model,
and conducted two-dimensional simulations, finding that the alternating
heating of the heating well and the production well can afford higher energy
utilization efficiency. Li et al. [23] researched the changes in the porosity and
permeability of oil shale with temperature field during its in-situ heating and
cracking. Xue and Liu [24] developed a thermal conduction mathematical
model and conducted numerical simulations of the temperature field, finding
that the entire system consumes a large amount of energy during the mining
process, and the heat transfer in the entire oil shale layer is slow. Jiang et
al. [25] performed numerical simulations of the in-situ heating and cracking
process using fracturing and nitrogen injection technology, and compared the
process with electric heating, discovering that the convective fracturing and
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nitrogen injection technology were more effective. Wang et al. [26] studied
the effects of fracture size and well group position on the heating effect
during the in-situ heating and cracking process of oil shale. Zheng et al. [27]
analyzed the thermal efficiency of oil shale in-situ heating and cracking using
the CMG-STARS software. Ma et al. [1] performed numerical simulations of
the temperature field during the in-situ heating and cracking of oil shale using
Fluent software, and found that the higher the gas injection rate and the higher
the number of injection wells, the better the heating effect.

Today, the main issue with numerical simulation and optimization of the
in-situ oil shale heating and cracking process is that most scholars have only
compared the effects of heating technique, gas temperature and heating rate
on the oil shale heating process. Some investigators have also explored the
effect of injecting high-temperature gas from the surface on the in-situ oil
shale heating and cracking. It has been found that there is a heat loss during
the injection of high-temperature air from the surface to the wellbore, which
results in energy waste. Also, a few researchers have investigated the two-
dimensional in-situ heating and cracking process of oil shale, but the accuracy
and reference value of the process have been found to be relatively poor
compared to the three-dimensional in-situ cracking of oil shale. This paper
differs from the aforementioned scholars’ studies mainly in that it proposes
different three-dimensional oil shale models with different fracture numbers
and fracture widths, using a downhole spiral heater to heat and generate high-
temperature air for the in-situ heating and cracking of three-dimensional oil
shale. The temperature field changes during the in-situ heating and cracking of
three-dimensional oil shale were analyzed, and the effects of fracture number,
fracture width and gas injection rate on the process were investigated to
determine the optimal heating scheme. This provides a plan for the later field
experiments on the in-situ heating and cracking of oil shale.

2. Principle of in-situ heating and cracking of oil shale

Figure 1 shows a schematic diagram of the in-situ heating and cracking of
oil shale. In this study, a downhole spiral baffle heater is used to heat low-
temperature air input from the surface into high-temperature air underground
to heat the oil shale area. At the same time, a barrier is placed at the intersection
of oil shale and the underlying rock in the heating well to prevent the heated
high-temperature air from flowing into the production well. The process of
heating oil shale with high-temperature air mainly involves the following
steps: drilling the production well and the heating well using a drilling rig in the
early stage, followed by casing and cementing. Then conventional fracturing
is carried out. The horizontal fractures generated by fracturing oil shale make
the production well and the heating well interconnected [28, 29]. After oil
shale is fractured, the heating system is installed and air is heated. The high-
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Fig. 1. Schematic diagram of oil shale in-situ heating and cracking.

temperature air generated by heating in the production well permeates into
the oil shale area through the fractures generated by fracturing, and oil shale
is quickly cracked and produces shale oil and gas under the high-temperature
heating in air. After heating, the low-temperature air flows out through the
production well, and shale oil and gas are collected at the production well after
the heating stops.

3. Modeling and numerical simulation methods

3.1. Heat transfer model of oil shale

In the process of in-situ heating and cracking of oil shale described in this
article, air flows through a high-pressure air pump on the ground towards a
gas storage tank, which serves as a gas buffer. The air then flows through pipes
to a spiral heater located in a heating well. The high-temperature air heated
by the spiral heater flows through the fractures towards the production well,
transferring energy to the oil shale along the way. Due to the temperature
difference between the oil shale surrounding the fractures and the nearby
oil shale, heat is transferred to the lower-temperature oil shale through heat
conduction.

The governing equations for the temperature field during the in-situ heating
and cracking of oil shale are derived from the continuity equation, momentum
equation and energy equation [30, 31]:



216 Tengfei Sun et al.

AV°T = pc+Q(x, y,2)- (1
Initial conditions:

T(%,y,2,0)=T, . @)

Boundary conditions:

T|r1=Tw(x,y,z,t) rell, 3)
ﬂ,a—T =q(x,y,z,t) T'el2, 4)
on|p,
pra =h(T,-T) Tel3, )
onr5

where T is the temperature of oil shale formation; t is time; A is the coefficient
of heat conduction for oil shale; c is the specific heat conductivity of oil shale;
Q is the source sink term; T is the initial temperature of oil shale; T  is the
wall temperature; T, is the fluid temperature on the boundary; q is the fluid
density on the boundary; h is the heat transfer coefficient of the boundary; I'
means all the boundary conditions of the control body.

The non-steady-state mathematical model of thermal conduction for oil
shale in-situ heating and cracking is composed of the above-mentioned control
equations for the temperature field in the oil shale region, initial conditions
and boundary conditions [29].

3.2. Geometric model establishment

According to the national oil shale data, Jilin Province in China has abundant
oil shale resources, ranking first in the country in terms of oil shale reserves.
The thickness of oil shale in this region is usually less than 10 m [32]. Figure 2
displays a three-dimensional mathematical model established for this oil
shale. The upper and lower bedrocks in Model I have a thickness of 3 m each,
the middle oil shale has a thickness of 6 m and a diameter of 10 m. There is
a horizontal and uniform crack in the middle of oil shale with a thickness of
10 mm, a diameter of 9.5 m and a distance of 3 m from the upper and lower
bedrocks. The heating well and the production well are spaced 8 m apart.

To investigate the effect of the number of cracks on the in-situ heating
and cracking of oil shale and find its optimal in-situ mining plan, as shown in
Figure 2, Model II and Model III were established based on Model I, with a
single crack changing to double and triple cracks, respectively. For Model 11,
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the upper and lower fractures were 2 m away from the upper and lower base
rocks, respectively, and the distance between the upper and lower fractures
was 2 m. For Model III, the upper and lower fractures were 1.5 m away from
the upper and lower base rocks, respectively, and the distance between the
upper and middle fractures and the middle and lower fractures was 1.5 m.

To investigate the effect of crack width on the in-situ heating and cracking
of oil shale and find its optimal in-situ mining plan, Model IV and Model V
were developed. In Model 1V, the crack width is reduced by 20% based on
Model I, while in Model V, the crack width is increased by 20% based on
Model I. The crack widths in Model IV and Model V are 8 mm and 12 mm,
respectively.
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Fig. 2. Oil shale geometric model.

3.3. Simulation calculation and analysis

In this paper, Fluent software was used for numerical simulation to analyze
the variation in the oil shale temperature field with crack number, crack width
and gas injection rate.

In order to more accurately analyze the oil production capacity of oil shale,
this paper adopts the oil shale production rate, which refers to the cumulative
oil production rate of oil shale heated to the oil production temperature.
The cracking of oil shale mainly occurs at 573.15-723.15 K. The oil shale
production rate is defined as follows [33]:

Niotar = 0-270573 15 62315 T 0-51623 15 67315
+0.877673.15 723,15 T 72315

; (6)
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Where T‘]573.15—623.15’ T‘]()23.15—673.15’ T‘]673.15—723.15 and ni 723.15 l‘eSpeCtlvely represent the

oil shale production rate at temperatures of 573.15-623.15 K, 623.15-673.15
K, 673.15-723.15 K and >723.15 K.

During the numerical simulation of the temperature field in the in-situ
heating and cracking process of oil shale, the model is based on the following
basic assumptions:

1) The size of the shale fractures remains uniformly unchanged during the
entire heating process.

2) When the temperature of the entire oil shale formation exceeds 723.15 K,
it is assumed that the shale has completely cracked throughout the region.

4. Analysis of influencing factors

4.1. Physical parameters

On investigating the effects of fracture number, fracture width and gas
injection rate on the temperature field of the in-situ thermal cracking of oil
shale, the initial temperature of the latter is set to 300 K, and that of the upper
and lower bedrocks is 300 K, too. High-temperature air at 900 K is injected
into the heating well and the rock boundary temperature is set to 300 K. The
gas injection port is a mass flow inlet with a mass flow rate given in Table 1,
and the gas outlet is a pressure outlet with a pressure of 0.1 MPa. The physical
parameters of oil shale, bedrock and air are presented in Table 2 [31].

Table 1. Oil shale models corresponding to the mass flow rates of gas injected
into the heating well

Parameter Model 1 Model 11 Model 111

Mass flow rate, kg/s 0.3 0.4 0.5

Table 2. Physical parameters of oil shale

Parameter | Density, | Thermal conductivity, | Specific heat capacity, | Dynamic viscosity,

kg'm™ W-(m'K)! kJ-(kg'K)! kg'(m-s)!
Air 1.225 1006.43 0.024 1.7894107°
Bedrock 2700 1.0 1200 -

Oil shale 2500 2.5 2000 -
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4.2. Fracture number

Figure 3 demonstrates the distribution cloud map of the oil shale in-situ
heating and cracking with crack number over time at a mass flow rate of
0.3 kg/s and a temperature of 900 K. It is revealed that as the in-situ heating
time of oil shale increases, the temperature of the oil shale region continues
to rise. Model I, Model 1I and Model III reached 723.15 K in the oil shale
region at 190, 140 and 200 days, respectively, indicating a complete cracking
of this region. During the rapid heating phase of oil shale in-situ heating
and cracking, the cracking mainly occurred near the heating well and the
temperature difference between the oil shale region and the high-temperature
air was large, resulting in a rapid heat transfer and fast temperature rise of the
oil shale region. During the slow heating phase of oil shale in-situ heating
and cracking, the temperature difference between the oil shale region and the
high-temperature air was relatively small, resulting in a slow temperature rise
of this region. However, due to the accumulation of a large amount of heat
during the rapid heating phase, an extensive cracking occurred in the oil shale
region with continuous heating during this phase, making it the fastest stage
of cracking. During the constant temperature phase of oil shale in-situ heating
and cracking, at the end of the heating process as the heating time increased,
the temperature of the oil shale region remained constant. This is mainly
because the oil shale region reached a relatively steady state at this stage,
and the high-temperature air flowed out of the production well mainly along
the cracks where the temperature was the same as that of the surrounding oil
shale.
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Fig. 3. Temperature distribution contour maps of oil shale in-situ heating and cracking
with fracture number over time.
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Figure 4 exhibits the speed distribution cloud map of the oil shale in-situ
heating and cracking process with fissure number. It can be observed that
during this process, gas flows into the production well and primarily heats the
oil shale area through the fissures, flowing eventually out of the production
well. At this, the speed of Model I with a single fissure is the highest, followed
by that of Model II with two fissures, while the speed of Model III with three
fissures is the lowest. At the same time, the maximum speed during the in-situ
heating and cracking process of oil shale occurs at the intersection between
the heating well and the fissure and at the intersection between the production
well and the fissure. This is mainly because the cross-section undergoes a
sudden change and the thickness of the fissure is relatively thin.
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Fig. 4. Speed distribution cloud maps of the oil shale in-situ heating and cracking
process with fissure number.

Figure 5a displays the variation in cumulative oil production rate with
heating time during the in-situ heating and cracking process of oil shale. From
the figure it can be seen that in the said process, the heating rate of Model 11
is the highest and the oil shale area is completely cracked after 140 days. The
heating rate of Model I is the second highest and the oil shale area reaches
100% cracking after 190 days, while that of Model III is the lowest and the
cracking of the entire oil shale area is completed after 200 days. The in-situ
heating and cracking of oil shale in the three models mainly occurs in the first
130 days, during which the oil production rates of Models I, II and III are
78.35%, 95.91% and 78.51%, respectively. The heating rate of Model II with
dual fissures is 26.32% higher than that of Model I with a single fissure, while
the heating rate of Model III with triple fissures is 5.26% lower than that of
Model I with a single fissure. The main reason for this is that with increasing
number of fissures, the gas flow rate in each fissure layer decreases and that
of the fissures near the lower part of oil shale is relatively low. In the later
stage of heating, the oil shale near the bottom right area of the production well
heats up slowly. Therefore, the in-situ heating and cracking time of oil shale
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is prolonged. The results indicate that among the three models with different
numbers of fissures, the heating effect of Model II with dual fissures is the
highest.

In Figure 5b, the variation in 10-day cumulative oil production rate during
the in-situ heating and cracking process of oil shale with heating time is
shown. From the figure it can be seen that the early 10-day oil production rate
is low, which is mainly due to the large temperature difference between oil
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Fig. 5. Graphs of the variation in cumulative oil production rate (a) and 10-day oil
production rate of shale oil (b) with time during oil shale in-situ heating and cracking.
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shale and the high-temperature air in the early stage. The high-temperature air
and oil shale rapidly exchange heat, while the temperature of the latter near
the heating well rises rapidly. At this, the region of the entire oil shale area
that can reach the cracking temperature mainly spreads around the heating
well, which results in a low early 10-day oil production rate. The mid-term
10-day oil production rate is relatively high. At a heating time of 110 days, the
oil production rates of Models I, II and III are the highest, being respectively
11.02%, 17.99% and 9.58%. At this stage, under the continuous accumulation
of heat in the early stage, the temperature of the oil shale area has become
relatively high. With the continuous heating in this stage, the cracking rate
of oil shale has significantly increased, while the stage represents also the
main period of oil shale cracking. In the later stage, due to the concentration
of noncracked oil shale mostly around the production well and far from the
heating well, the heating process significantly expands the heat to the basement
area, resulting in a significant decrease in heating efficiency. This stage is also
a period of slow cracking of oil shale.

4.3. Fracture width

Figure 6 presents the temperature distribution cloud maps of the oil shale
in-situ heating and cracking process with crack width over time. Based on
Model I, Models IV and V were established by reducing and increasing the
crack width by 20%, respectively. High-temperature gas with a mass flow
rate of 0.3 kg/s and a temperature of 900 K was injected into Models IV, 1
and V. In the early stage of oil shale in-situ heating and cracking, due to the
presence of cracks in the oil shale region, the heat transfer rate in the vicinity
of the crack was significantly higher than that in the surrounding area. With
increasing heating time of the oil shale region, it was found that appropriately
increasing the crack width accelerated the in-situ heating and cracking of oil
shale. Models IV, I and V completely cracked the oil shale region in 205, 190
and 180 days, respectively.

Figure 7a shows the variation in cumulative oil production rate with time
during the in-situ heating and cracking of oil shale. As can be seen from the
figure, with increasing in-situ heating and cracking time of oil shale, the oil
production rate of Model V is the highest, followed by that of Model I, while
the one of Model 1V is the lowest. When the oil shale region is completely
cracked, Model IV is 15 days slower than Model I, with a heating rate reduction
of 7.89%, and Model V is 10 days faster than Model I, with a heating rate
increase of 5.26%. In the first 40 days, the in-situ heating and cracking of oil
shale is relatively slow, mainly due to its low initial temperature when the
high-temperature gas rapidly exchanges heat with the oil shale region and
the oil shale temperature rises most quickly during this stage. From 40 to 160
days, the heat is accumulated in the early stage of heating, resulting in a higher
temperature in the oil shale region. With continuous heating, the cracking rate



224 Tengfei Sun et al.

contour-3 contour-3
contour-3 Static temperature Static temperature
Static temperature 9.0e+02 9.0e+02
+02
836402 8.3e+02
8.3e+02 _—_
7.7e+02 7.7e+02
7.0e+02
7.0e+02 7.0e+02
) G5 asiis 6.40+02
e+
Soeroz 5.7e+02
5.7e+02
5.7e+02 510402
5.0e+02
5.0e+02 oo
43e+02 43e+02 Sestn
3.7e+02 3.7e+02 3i6i02
3.0e+02 3.0e+02 N
K K
10 day 30 day 60 day

=

contour-3 contour-3 ¥

Static temperature Static temperature §g§é%u€e:;npe[amre
9.0e+02 9.0e+02 9.0e+02
8.4e+02 e5e+02 25e+02
7.8e+02 2.0e+02 8.1e+02
7.2e+02 75e+02 7.6e+02
6.6e+02 7.0e+02 7.2e+02
6.0e+02 6.5e+02 6.7e+02
5.4e+02 6.0e+02 6.2e+02
4.8e+02 55e+02 5.2e+02
420402 5.0e+02 530402
3.7e+02 45e+02 4.8e+02

K K

120 day 180 day 205 day
Model IV

contour-3
Static temperature

9.0e+02
8.4e+02
7.8e+02
7.2e402
6.6e+02
6.1e+02
5.5e+02
4.9e+02
43e+02
3.7e+02
3.1e+02

K

contour-3

S Sy
8.46402 8.40402
7.8e+02 - 7.8e+02
7.20402 1" i 7.2e+02
6.60+02 6.6e+02
6.06+02 6.0e+02
5.40402 5.40402
48e402 48e+02
420402 420402
3.6e+02 3.6e+02
3.0e+02 3.0e+02

K K

10 day 30 day 60 day

contour-3 contour-3
Static t&;xg[ﬁr:;ure Static temperature
9.0e+02

8.5e+02 8.6e+02
7.9e+02 8.1e+02
7.4e+02 7.7e+02
6.9e+02 7:2ef02
6.4e+02 6.8e+02
5.8e+02 6.4ev02
5 3es02 5.9¢+02
48e+02 8 5ev02
43e+02 5 0es02
3.7e+02 “oeroz

e K

120 day 180 day 190 day

contour-3
Static temperature
9.0e+02

8.6e+02
8.1e+02
7.7e+02
7.3e+02
6.9e+02
6.4e+02
6.0e+02
5.6e+02
5.2e+02
4.7e+02

Model I



Numerical simulation and optimization of the in-situ heating and cracking process of oil shale 225

contour-3 contour-3 tour-3
Static t:TSfI:;me Static tegr?;irgg.lre gg‘ti:ut'emperature
: 9.0e+02
83e+02 83e+02 8.40+02
7.7e+02 7.7e+02 7.7e+02
7.0e+02 7.0e+02 710402
63e+02 63e+02 6.4e+02
57e+02 5.7e+02 5.86+02
5.0e+02 5.0e+02 5.1e+02
43e+02 43e+02 450402
3.7e+02 3.7e4+02 3.8e+02
b 3.0e+02 by 3.0e+02 b 3.2e+02

10 day 30 day 60 day

contour-3
Static temperature
9.0e+02

contour-3
Static temperature
9.0e+02
8.4e+02 8.5e+02
7.9e+02 B.1e+02
7.3e+02 7.6e+02
6.76+02 7.1e+02
6.1e+02 6.6e+02
5.6e+02 6.2e+02
5.0e+02 5.7e+02

4.4e+02 5.2e+02

3.9e+02
K

4.8e+02

120 day 180 day
Model V

Fig. 6. Temperature distribution cloud maps of the oil shale in-situ heating and
cracking process with heating time and crack width.

of oil shale increases significantly during this stage and the cracking takes
place during the entire heating process, mostly. After 160 days, the in-situ
heating and cracking rate of oil shale begins to decline and a large amount
of heat flows to the bedrock, reducing the heating efficiency. Therefore,
appropriately increasing the crack width is beneficial for improving the in-situ
heating and cracking rate of oil shale.

As shown in Figure 7b, the average temperature rise rate of oil shale during
the in-situ heating and cracking process varies with time. The figure reveals
that for all three models, the average temperature rise rate of oil shale decreases
as the heating time increases. In the first two months, Model V exhibited
the highest temperature rise rate, averaging 174.03 K/m and 95.86 K/m,
respectively. In the next four months, as the temperature difference between
the oil shale region and the high-temperature gas decreases and the heat
transfer rate slows down, the temperature rise rate of oil shale decelerates and
the curvature of the average temperature rise rate curve gradually becomes
horizontal. The average temperature rise rates of Model V are 61.78 K/m,
44.73 K/m, 34.52 K/m and 27.68 K/m. The temperature rise rate of Model I in
the first two months is the second highest, being respectively 146.45 K/m and
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102.51 K/m. The temperature rise rate of Model IV in the first two months is
the lowest, 132.99 K/m and 94.48 K/m, respectively. Because the temperature
rise rate of Model IV is low in the early stage and the temperature of the oil
shale layer is relatively low, the temperature difference between the oil shale
region and the high-temperature gas is relatively large, resulting in the highest
temperature rise rate of Model I in the next four months, with averages of
70.67 K/m, 53.74 K/m, 41.34 K/m and 32.73 K/m.
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Fig. 7. Graphs of the variation in cumulative oil production rate and average heating
rate of shale oil during the oil shale in-situ heating and cracking process with fracture
width over time: (a) cumulative oil production rate; (b) average temperature rise rate
of oil shale.
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4.4. Injection rate

Figure 8 presents the temperature field distribution cloud maps of the oil shale
in-situ heating and cracking with gas injection flow rate. The 900 K high-
temperature gas with a mass flow rate of 0.3 kg/s, 0.4 kg/s and 0.5 kg/s was
respectively introduced into Model 1. With the increase of heating time, the
temperature field diffusion range and the oil shale cracking area continuously
expand. The high-temperature air continually heats the oil shale along the
fractures and the temperature field of the oil shale area diffuses forward in
a ripple shape. When the heating time reaches 110 days, the 0.5 kg/s high-
temperature air will first completely crack the oil shale in this area. When
the heating time reaches 140 days, the 0.4 kg/s high-temperature air will
completely crack the oil shale in the given area. When the heating time reaches
190 days, the 0.3 kg/s high-temperature air will completely crack the oil shale
in the area concerned. With the mass flow rate increased from 0.3 kg/s to
0.4 kg/s, the in-situ heating and cracking time of oil shale is shortened by
26.32%. When the mass flow rate is increased from 0.3 kg/s to 0.5 kg/s, the
in-situ heating and cracking time of oil shale is reduced by 42.11%.
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Fig. 8. Temperature field distribution contour map of oil shale in-situ heating and
cracking with injection gas flow rate as a function of heating time.
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The graph in Figure 9 shows the variation in the cumulative oil production
volume and the 10-day oil production volume of oil shale during in-situ heating
and cracking. According to Figure 9a, as the injection gas flow rate increases,
the in-situ heating and cracking of oil shale happen more rapidly. With the
increase of heating time, the high-temperature gas with a mass flow rate of
0.5 kg/s is the first to complete the cracking at 110 days, with a cumulative
oil production volume of 471 m®. The in-situ heating and cracking with
high-temperature gas with a mass flow rate of 0.4 kg/s lags behind that with
high-temperature air with a mass flow rate of 0.5 kg/s by 30 days. The in-situ
heating and cracking speed with high-temperature air with a mass flow rate
of 0.3 kg/s is relatively low. In the early stage of heating, the in-situ heating
and cracking of oil shale takes place relatively slowly because its temperature
is low at the beginning and the high-temperature gas exchanges heat with oil
shale rapidly. During this stage, the temperature of oil shale increases most
significantly. In the middle stage of heating, the in-situ heating and cracking of
oil shale occurs at the highest speed. In the later stage of heating, because the
temperature difference between the oil shale region and the high-temperature
air is small, the heat transfer between the high-temperature gas and the oil
shale slows down, leading to a decrease in the cracking speed of oil shale.

Figure 9b shows that the higher the mass flow rate, the larger the 10-day
oil production volume and the higher the peak value of oil production volume.
In the early stage, the 10-day oil production volume is relatively small, and
the high-temperature air with mass flow rates of 0.5 kg/s, 0.4 kg/s and 0.3 kg/s
reaches the peak value of 10-day oil production volume at 50th, 90th and
100th days, respectively, with volumes of 93.68 m?, 67.26 m* and 51.92 m®.
Afterward, the oil shale in-situ heating and cracking start to decrease the oil
production volume, and they are completely cracked at 110th, 140th and 190th
days, respectively.

(2)

480

L 420 |

2

(=N

(==}
T

13

S

(=}
T

240

180

m 0.3kg/s
I o 04kg/s
120 A 05kg/s

Cumulative oil production volume, m

(o))
S
T T

(=]
—

T AU R S RS RS R
0 30 60 90 120 150 180 210 240

Time, day



230

Tengfei Sun et al.

(b)
100
%
S 80
g
= —=—0.3ke/s
& ol —e—0.4kg/s
2 —A—0.5kg/s
Q
5
£ 40 -
2
&)
= 20k
=

TR IR U U NS RO BN RN
0 30 60 90 1200 150 180 210 240 270

Time, day

Fig. 9. Graphs of the variation over time in cumulative oil production volume (a) and
10-day oil production volume of shale oil (b) during the oil shale in-situ heating and
cracking process.

5. Conclusions

1.

During the in-situ heating and cracking process of shale oil, when there
are two fractures in the shale region of Model 11, the heating rate of shale
is the highest, being 26.32% higher than that of Model I. The peak of
the 10-day oil production rate is the highest, those of Models I, II and III
all appearing at around 90 days. The results indicate that increasing the
number of fractures appropriately is beneficial to improving the heating
rate of shale.

During the in-situ heating and cracking process of oil shale, Model I
completes the entire shale cracking in the shale area at 190 days, Model
IV is 15 days slower than Model I with a 7.89% decrease in heating rate,
and Model V is 10 days faster than Model I with a 5.26% increase in
heating rate. The results indicate that appropriately increasing the width
of shale fractures in the shale area can increase the heating rate of oil
shale in the early stage and also contribute to the rise of the in-situ heating
and cracking rate.

During the in-situ heating and cracking process of oil shale, when the mass
flow rates of high-temperature air were 0.5 kg/s, 0.4 kg/s, and 0.3 kg/s,
respectively, the oil shale region was completely cracked on the 110th,
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140th and 190th days, and the peak value of the 10-day oil production
volume was reached on the 50th, 90th and 100th days, respectively.
The volumes of the cracked shale regions were 93.68 m3, 67.26 m*® and
51.92 m?, respectively. The heating rates of high-temperature air with
mass flow rates of 0.5 kg/s and 0.4 kg/s were increased by 42.11% and
26.32%, respectively, compared to Model 1. The results showed that as the
gas flow rate increased, the temperature of the oil shale region increased
faster, reaching the peak production rate of oil in a shorter time, and the
peak value was also larger, indicating that the cracking of the oil shale
region took place more rapidly.
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