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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.
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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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