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Abstract: In order to improve the productivity of shale gas, in situ heating technology has been
applied generally. However, this technology is limited by unknown properties in heated matrix, e.g.,
permeability. Therefore, a method for measuring the permeability of heated shale matrix particles
was designed, and transport tests were conducted on the shale matrix at heating temperatures of
100~600 degrees centigrade. Through fitting the experimental data with numerical simulation results,
pore structures and permeabilities at different heating temperature conditions were obtained and the
corresponding transport properties were determined. The porosity and pore radius were positively
correlated with the heating temperature, while the tortuosity was negatively correlated with the
temperature of the heat treatment. Despite the weakening effect of Knudsen diffusion transport,
slippage transport played a critical role in the transport function of the heated shale matrix, and the
domination became stronger at higher heating temperatures. The study of gas transport in heated
shale matrix provides a guarantee for the effective combination of in situ heating technology.

Keywords: shale matrix; gas transport; in situ heating technology; slippage transport; Knudsen
diffusion transport

1. Introduction

Shale gas is an important oil and gas resource for energy worldwide, providing pow-
erful support for social and economic development. Considering its high compactness, in
order to improve the productivity of shale gas, in situ heating technology has gradually
been applied to increase shale gas production in addition to hydraulic fracturing technology.
The study of gas transport in heated shale matrix could help to clarify the permeability in-
crement of heated shale matrix and its impact on gas productivity improvement, providing
valuable data for the effective combination of in situ heating technology and supporting
technologies [1,2].

Shale gas reservoirs can be difficult to develop, owing to their low permeability and
the low abundance of gas [3,4]. In situ heating technology is not only widely used in shale
oil development [5-7], but has also been applied constantly in shale gas development [8-10].
Generally, the in situ heating technologies and yield-increasing mechanisms for shale gas
and shale oil are consistent and universal [11]. Through heating technology, the organic
matter in the shale is decomposed and the inorganic matter is ruptured via heating, and
fractures are increased [12].

Compared with matrix acidizing and surfactants, hydraulic fracturing with proppants
and in situ heating is more suitable to enhance shale gas recovery, due to the strong fracture-
making ability of the process [13]. The created fractures can improve the permeability of
shale and reduce the gas transport difficulty from shale matrix to wellbore [14]. Different
from hydraulic fracturing, the thermal fractures induced by in situ heating are less likely
to reclose due to irreversible pyrolysis of organic matter [15]. For shale gas reservoirs,
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microwave heating [10,16,17] and electrical heating technologies [9,18] have been able to
effectively increase gas production by more than 5%. The thermal evolution of permeability
is the key to the increase in gas production through heated shale, which is worthy of further
study [17].

In order to determine the permeability variation characteristics of heated shale, a series
of gas transport studies were carried out through measuring the permeability of the shale
core plug at different heating temperatures. The permeability was mainly controlled by
the pyrolysis of organic matter and the thermal stress fracture of inorganic matter [19,20].
When the temperature exceeded the threshold temperature, the permeability increased
rapidly to a value nearly 100 times the original [21]. The variation of shale permeability is
slight when the heating temperature is lower than 200 degrees centigrade, and there is a
process decreasing and then increasing the heating temperature to higher than 200 degrees
centigrade [22-24]. The pyrolysis and thermal cracking mentioned in studies appear in
the shale matrix. However, the shale core plug used in the measurement of permeability
contained matrix and fractures. It is impossible to establish the relationship between the
variations in heated shale matrix and matrix permeability based on shale core plug samples.
In addition, due to the nanoscale pore size of shale matrix [25,26], the matrix permeability
is controlled through both slippage effect and Knudsen diffusion [27]. Gas flow tests in
shale core plug are more likely to reflect the macro flow in fractures, rather than the micro
flow in the shale matrix, consisting of slippage flow and Knudsen diffusion flow.

For the effective determination of shale matrix permeability, the shale samples, which
were regarded as shale matrix without fractures, were crushed to particles in advance [28-30].
This method has been standardized and is referred to as the Gas Research Institute (GRI)
method [31,32]. In hermetic equipment, gas expanded into the evacuated shale matrix
particles, and the corresponding pressure drop during this process was recorded as experi-
mental data. These data could be fitted with mathematical models, and the key transport
parameters could be obtained for further matrix permeability studies. For a more accu-
rate fitting, the slippage effect and Knudsen diffusion were applied to the mathematical
model [33]; the microscale slippage flow and Knudsen diffusion flow in heated shale matrix
have seldom previously been studied. The detailed method is introduced in Section 2. To
improve gas supplement speed and ensure the accuracy of experimental data processing,
an automatic gas supplement and pressurization (AGSP) system [34] and an apparent
permeability model [33] were applied to improve the GRI method. Based on the improved
GRI method, the permeability of heated shale matrix was obtained, supplying transport
parameters for the application of in situ heating technology on heated shale gas reservoirs.
Meanwhile, it was necessary to avoid the pollution of organic matter cracking products on
the experimental equipment.

In this context, there have been insufficient experimental studies on shale matrix parti-
cles, and the influence of heating temperature on matrix permeability is still unclear, which
stands adverse to the application of in situ heating technology. In this study, the equipment
for the GRI method was further improved, and transport tests were conducted on the shale
matrix at 100~600 degrees centigrade heating temperature conditions. Through fitting
the experimental data, pore structures and permeabilities at different heating temperature
conditions were obtained and the corresponding slippage flow and Knudsen diffusion
flow properties were determined, revealing the dynamic transport mechanisms. This study
provides a theoretical basis for the intelligent and systematic development of heated shale
gas reservoirs.

2. Materials and Methods
2.1. Experimental Samples

As a typical rock sample of shale gas reservoir, a sample of Wufeng-Longmaxi Forma-
tion shale was selected to study the transport ability of heated shale matrix [15]. In order to
compare the transport characteristics of shale at different heating temperatures, 11 shale
samples were heated in the range of 100~600 degrees centigrade at 50 degree intervals in
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high temperature heating furnace. Aiming to avoid the effect of fracture on the permeability
of shale matrix, the shale was crushed to 20~30 mesh before heat treatment [35]. All the
crushed samples were obtained from a single shale rock and were mixed evenly in advance
to reduce the difference of properties in each sample. The shale sample was to investigate
the related transport without heating treatment at 30 degrees centigrade using the GRI
method; the porosity obtained was 0.038, the pore radius was 1.5 nm, and the tortuosity
was 37 [34]. The mass proportion of TOC in shale samples was 3.61%, based on carbon and
sulfur analysis. Quartz accounted for the largest proportion, 37.9%, and calcite accounted
for 16.3% [36], according to the X-ray diffraction test.

2.2. Experimental Equipment and Method

Aiming to conduct accurate permeability testing of the heated shale matrix, a corre-
sponding experimental device was designed. The device was characterized by two vents
controlled via Valve 3 and Valve 5 and a vacuum port controlled via Valve 4 (Figure 1).
The sample cell containing the sample was pre-placed in a thermostatic oven. In the
high-temperature heating stage (higher than 400 degrees centigrade), the moisture and
hydrocarbon gases produced by the pyrolytic shale matrix would easily pollute the out-
gassing line controlled via Valve 3 only. To prevent this pollution, the two outgassing lines
controlled via Valve 3 and Valve 5 were used in the heating round and transmission test
round, respectively. The polluted outgassing line controlled via Valve 3 was not utilized
in the transmission test round, while the contaminated line controlled via Valve 5 was
utilized to prevent the water and hydrocarbon gases in the line (controlled via Valve 3)
from refluxing to the shale matrix sample and interfering with the sample transmission
test results.

Valve 5
Pressure _>
Sensor _Dq
Valve 1 Valve 2 Valve 4 Vacuu-f- Pump

—-

Valve 3

Reference

Cell Thermostatic

Oven

Figure 1. Equipment for transport testing of heated shale matrix.

To obtain the experimental data on gas transport in the heated shale matrix particles,
the specific operating steps were as follows:

(1) Valves 1, 2, 4, and 5 were closed in advance and Valve 3 was opened.The thermo-
static oven was turned on to heat the shale matrix in the sample cell. The temperature was
raised to the target temperature at a rate of 10 degrees centigrade/min and maintained
for4h.

(2) Then, the sample was cooled naturally to a constant temperature of 30 degrees
centigrade. In the natural cooling process, when the temperature reached 80 degrees
centigrade, Valve 3 was turned off quickly, Valves 2 and 4 were turned on, and the vacuum
was started and run for 12 h. In the vacuum, in time, the contact time between shale sample
and external air was reduced, and a secondary reaction between pyrolysis matrix and
oxygen and water adsorption was avoided.

(3) After vacuuming, Valves 2 and 4 were turned off. Valve 1 was opened, and after
using helium cylinders to supply the reference cell to the target pressure [34], Valve 1
was closed.
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(4) Valve 2 was opened to let the gas in the reference cell release to the sample cell. The
pressure in the system varied sharply due to the gas release and dropped gradually due to
the entering of the gas into the shale matrix. The dynamic pressure drop data needed for the
experiment were recorded with the pressure sensor to obtain the required experiment data.

The parameters of sample refilling degree, particle density and total particle volume
were the same as the pilot study [34], i.e., 39.331%, 2.636 g/mL, and 17.052 mL. From the
beginning of the vacuum to the end of the experiment, the thermostatic oven maintained the
temperature of the sample cell at 30 degrees centigrade. Based on the numerical model used
in the pilot study [33], according to the experimental temperature and pressure data, the
microscopic apparent permeability considering the slippage effect and Knudsen diffusion
characteristics was obtained through fitting porosity ¢, transmission pore radius r, and
tortuosity T.

In order to deal with the experimental data effectively, the following numerical simu-
lation expressions were used [33]:

n

k
. 2 4l n n
ZIAt (l+ %) W((%)H—l - (%)i)_

n+l _ ity vl n
;= K +pi 1)
LGP 1\ (pyn l
=3 “*%Tl (2)i = (2)ia
=3

where p is the pressure of helium, ka is the apparent permeability, # is the nth time step,
and Z, i, and Cq are gas property coefficients, which are compressibility factor, viscosity,
and compression coefficients. ka can be expressed as [37,38]:

ka = ksws + ki @)

where ks and ky are permeabilities for slippage flow and Knudsen diffusion, and ws and
wy are weight factors of slippage flow and Knudsen diffusion.

For Equation (1), divide the single preheated and cooled shale matrix particle into m
intervals in the radial direction, and designate a certain interval as i, as shown in Figure 2.

Helium with
initial pressure

Preheated and
cooled shale matrix

Figure 2. Differential processing of heated shale matrix particle.

3. Results and Discussion
3.1. Experimental Results and Analyses

In order to study the characteristics of gas transport in heated shale matrix, the
pressure drop curves of initial pressures 3 MPa, 4 MPa, 5 MPa, and 6 MPa in the heating
temperature range of 100~600 degrees centigrade were obtained based on the shale matrix
testing device, as shown in Figure 3. The pressure drop curves of 3 MPa, 4 MPa, and 5 MPa
were selected to fit the shale matrix parameters, ¢, r, and 7, and the fitting verification was
carried out under 6 MPa initial pressure. It was found that, for heating temperatures of
100~600 degrees centigrade, the accuracy of the fitting results’ ¢, r, and T parameters was
high. In Figure 3, the fitting results for 100, 200, 300, 400, 500, and 600 degrees centigrade



Processes 2024, 12, 1247

50f 14

are shown. Based on the coefficient of determination values, R?, the simulated pressure
drop curves corresponded well to the experimental pressure drop data under 3 MPa, 4 MPa,
and 5 MPa pressures (Figure 3a—c). Under the condition of 6 MPa pressure, the simulated
pressure drop curve based on the same fitting parameters was still in good agreement with
the experimental pressure drop curve (Figure 3d). The values of R? under 3 MPa, 4 MPa,
5 MPa, and 6MPa pressures were all larger than 0.8. The permeability of the shale matrix at
different heat treatment temperatures was further calculated with Equation (2). The specific
simulation results are shown in Figure 4.

For higher heating temperatures, the time for the pressure drop to stabilize was shorter,
and the pressure drop amplitude was larger, indicating that the gas transport velocity and
porosity in the matrix increased with the increase in treatment temperature. It should be
noted that due to the limitations of the experimental equipment and operating errors, the
initial pressure of the experiment could not be strictly controlled to 3 MPa, 4 MPa, 5 MPa,
and, 6 MPa, and could only be set close to the target pressures of the experiment. This
operation did not affect the accuracy, and the theoretical simulation pressures utilized were
consistent with the actual experimental pressure.
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Figure 3. Experimental fitting and verification of transport in heated shale matrix: (a-c) represent the
curve fittings for 3, 4, and 5 MPa conditions; (d) represents the verification at 6 MPa.
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Figure 4. Relationships of porosity (a), pore radius (b), and tortuosity (c) with heating temperature.

The fitting results show that the porosity and pore radius were approximately posi-
tively correlated with the heat treatment temperature (Figure 4a,b), while the tortuosity
was negatively correlated with the heat treatment temperature (Figure 4c). According to
the characteristics of the relationship curve, porosity, pore radius, and tortuosity could be
divided into three stages with the increase in heating temperature, as shown in Figure 4,
corresponding to the three-stage change in the pore structure of oil shale [39—41]. In the
three stages of <300, 300~550, and >550 degrees centigrade, the pore structure was mainly
controlled through inorganic thermal stress, pyrolysis, and inorganic cracking. Moreover,
as a reference for the analysis of shale pore structure, the pyrolysis of shale organic matter
can be divided into three stages [20]: an unpyrolytic stage (<300 degrees centigrade), a
pyrolytic stage (300 degrees centigrade) and the end of the pyrolytic stage (>450 degrees
centigrade). Due to the differences between shale samples, the temperatures of each stage
are different, but the basic mechanism is the same [6].

Specifically, based on this study, the thermal evolution characteristics of the pore struc-
tures of Wufeng-Longmaxi shale samples were determined. When the heating temperature
was lower than 300 degrees centigrade, the porosity increased slowly. In this temperature
range, there was no pyrolysis, and the porosity was dominated by quartz thermal stress
brittleness (quartz mass accounted for 37.9%). Due to the continuous formation of organic
matter pyrolysis products, the pore space expanded rapidly, and the porosity increased
rapidly from 300 to 550 degrees centigrade. Similarly, due to the generation of new pores
and the enhancement of connectivity, the pore size increased rapidly and the tortuosity
decreased rapidly. When the temperature was higher than 550 degrees centigrade, the shale
was fully pyrolyzed and the porosity tended to be stable.

In the range below 250 degrees centigrade, the pore radius decreased at first and
then increased with the increase in heating temperature. This was because the width of
the micro-cracks produced by the thermal stress at low temperature was narrower than
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the original pore diameter, which reduced the overall pore size. With the increase in
temperature, the width of microcracks produced by thermal stress gradually became larger
than the original pore diameter. Owing to the domination of quartz in the shale sample and
the strong thermal stress, the pore size increased rapidly after 250 degrees centigrade. The
growing complexity of pore structures was also observed in previous research [23], while
the corresponding variation of tortuosity remained unknown. In the current study, the
tortuosity increased briefly when the temperature was lower than 200 degrees centigrade.
The microcracks caused by low temperature thermal stress increased the connectivity of the
original pores, while the small width of the cracks increased the complexity of the interpore
connectivity. Compared with the initial values, the porosity and pore radius increased
by 5.29 times and 10.25 times, respectively, and the tortuosity decreased to 0.46 times its
original value at 600 degrees centigrade. Porosity is mainly affected by the single factor of
organic matter pyrolysis. However, due to the comprehensive effect of the thermal stress
of inorganic minerals and the pyrolysis of organic matter, the variation range of the pore
radius was much larger than that of porosity or tortuosity.

3.2. Influence of Heating Temperature on Shale Matrix Transport

To analyze the transport characteristics of shale matrix particles in micropores at different
heating temperatures, initial pressures of 1 MPa, 5 MPa, and 9 MPa were selected for inves-
tigation. In the heating temperature range of 100~600 degrees centigrade, the fluid transport
in the matrix micropores was dominated by transition flow (Figure 5). Within the transi-
tion flow, slippage flow and Knudsen diffusion flow were both present (0.1 < kn < 10) [42].
At the same heating temperature, the greater the pressure, the smaller is the Knudsen num-
ber [43,44]. Knudsen diffusion single flow was present in the matrix pores at lower temperatures
(<200 degrees centigrade) and lower pressure (<1 MPa), and slippage single flow was present in
the matrix pores at higher temperatures (>400 degrees centigrade) and higher pressure (>9 MPa).
At 150 degrees centigrade, the Knudsen number reached its maximum value, corresponding to
the minimum point of the pore radius (Figure 4b), reflecting the strong correlation between the
Knudsen number and the pore radius. Above 150 degrees centigrade, the Knudsen number
under each pressure condition decreased rapidly, approaching 0.1, and the transition flow
gradually approached the slip flow.

12 T T T T T T
(1] R S S—— ]

—&— IMPa

—&— 5MPa
8t 9MPa -

= Transition
M 6F flow J
4k -
2F .
0 koo :
0 100 200 300 400 500 600
O
Tfreafed / C

Figure 5. Relationship of Knudsen number with heating temperature.

For different pressure conditions, the variations of slippage permeability and Knudsen
diffusion permeability are similar, and both increase with the rising of heating temperature
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(Figure 6). According to the definition of slippage permeability and Knudsen diffusion
permeability [45], both permeabilities are positively correlated with porosity and pore
radius, and negatively correlated with tortuosity. Therefore, there are positive correlations
of porosity, pore radius with heating temperature (Figure 4a,b) and negative correlation
of tortuosity with heating temperature (Figure 4c), stimulating the positive correlations
of slippage permeability and Knudsen diffusion permeability with heating temperature.
Under the condition of lower than 300 degrees centigrade, the slippage permeability and
Knudsen diffusion permeability increase slowly, due to the slight increases of porosity,
pore radius and tortuosity. When the temperature is higher than 300 degrees centigrade,
the increases of porosity, pore radius, and tortuosity are expanded, resulting in the rapid
growth of slippage permeability and Knudsen diffusion permeability. There is a break
point at 500 degrees centigrade, and the permeability continues to increase, which is
consistent with the variation of tortuosity at 500 degrees centigrade. Therefore, at the heat
treatment temperature above 500 degrees centigrade, the changes in slippage permeability
and Knudsen diffusion permeability are mainly controlled by tortuosity.

2000

(a) 1800 F (b) -

—e— |MPa

—@— 5MPa ) L
oMPa ] N/-\1400

0

100 / 200 l 300 400 500 600 0
O,
Ttreated /°C Ttreated
Figure 6. Relationships of slippage permeability (a), and Knudsen diffusion permeability (b), with
heating temperature.

The weight factors of slippage and Knudsen diffusion were calculated according to
the single factor of the Knudsen number, which represents the probability of transmis-
sion of fluid molecules in the forms of slippage and Knudsen diffusion [46], respectively.
Weight factors can be used to characterize the intensities of slippage transport and Knudsen
diffusion transport. Under the same conditions, the sum of weight factors of slippage
and Knudsen diffusion is 1. As shown in Figure 7a, affected by the relationship of the
Knudsen number and the heating temperature, the slippage weight factor increased in an
“S” shape with the heating temperature. Accordingly, the Knudsen diffusion weight factor
decreased with an inverse “S” shape. At the same heating temperature, with higher pres-
sure, the weight factor of slippage transmission increased, and the probability of slippage
transmission became stronger. The variation in proportions for slip flow and Knudsen
diffusion flow in the total transmission was similar to the weight factors (Figure 7b), indi-
cating the dominant role of the weight factor on the total transmission mechanism. In the
low temperature range (<200 degrees centigrade), the slippage transport ratio was basi-
cally less than 0.5, dominated by Knudsen diffusion, while in the high temperature range
(>400 degrees centigrade), the slippage transport ratio was basically larger than 0.5, domi-
nated by slippage flow.
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Figure 7. Relationships of weight factors (a) and flow proportions (b) with heating temperature.
The parameters, ws and ksws,ka, were represented by solid lines with solid circle and square, sep-
arately. The parameters, wy and kywy ks, were represented by dashed lines with solid circle and
square, separately.

Based on the relationships of slippage permeability, Knudsen diffusion permeability,
and corresponding weight factors with heating temperature, according to Equation (2), the
relationship of total apparent permeability with heating temperature was obtained (Figure 8).
Based on the core plug sample, only large scale fractures increased the permeability, and
the impact of pore structure variations in the matrix was ignored [19]. In this research,
the temperature had an obvious impact on the total matrix particle permeability due to
variations in the pore structure. The shape of the total permeability curve was similar to
that for the slippage permeability, further implying that the slippage transport played a
critical role in the transport in the heated shale matrix. In the low temperature range (below
300 degrees centigrade), there was a minimum point of total permeability, reflecting the
influence of the minimum value of the pore radius on the total permeability (Figure 4b). It
was found in previous research on a Wufeng-Longmaxi shale core plug sample [15] that
the permeability increased rapidly above 400 degrees centigrade, higher than the shale
matrix in the current study, as shown in Figure 8. Therefore, the matrix permeability may
be more sensitive to the temperature of the core.

4000 r r T
3500 F b
| —e— IMPa i
3000 —&— SMPa
o 9MPa
82500} ;
©2000F % 2 1
FI500F < .
1000 B ; 100 - /zoo(q N
500 F b
0 Dt — + , .
0 100 200 300 400 500 600
o
Ttreated /°C

Figure 8. Relationship of apparent permeability with heating temperature.

Owing to the break points of slippage permeability and Knudsen diffusion permeabil-
ity at 500 degrees centigrade, the total permeability also showed a break point at 500 degrees



Processes 2024, 12, 1247

10 of 14

centigrade, and it continued to increase with the increase in heating temperature. In spite
of the domination of slippage flow, Knudsen diffusion flow could not be ignored. The
existence of Knudsen diffusion transport weakened the dominant role of slippage transport.
The lower the heating temperature, the stronger was the weakening effect. As a result,
the total permeability was lower than the slippage permeability in the whole temperature
range. These novel findings about apparent permeability will be beneficial to improving
the accuracy of in situ heating technology.

3.3. Dynamic Transport in Heated Shale Matrix

For the study of the dynamic transport characteristics in the actual heated shale
matrix, the distribution characteristics of pressure, Knudsen number, apparent permeability
and slippage permeability in shale matrix particles at heating temperatures of 200 and
400 degrees centigrade and 5 MPa pressure were analyzed, as shown in Figures 9 and 10.
At heating temperatures of 200 and 400 degrees centigrade, the matrix was in unpyrolytic
and pyrolytic conditions, respectively. The zero point of the abscissa represents the center
of the shale matrix, and the gas transports from the right end of the abscissa to the left end,
representing the process of gas entering the shale matrix particle.

5
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Figure 9. Distributions of pressure (a), Knudsen number (b), apparent permeability (c) and slippage
permeability (d) of shale matrix particle at 200 degrees centigrade heating temperature.
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Figure 10. Distributions of pressure (a), Knudsen number (b), apparent permeability (c), and slippage
permeability (d) of shale matrix particles for 400 degrees centigrade heating temperature.

At the heating temperature of 200 degrees centigrade, the pressure in the shale matrix
increased gradually with the gas transporting from the surface of the shale matrix particles
to the center (Figure 9a). Closer to the center of the particles, the pressure increased faster.
Therefore, in the center of the matrix particles, the pressure distribution appeared relatively
gentle. In the process of gas transport, the Knudsen number at each position of the matrix
particle was much larger than 0.1, and the Knudsen number near the particle center was
larger than 10 at 50 s (Figure 9b). The results showed that there was Knudsen diffusion
flow in the matrix at the heating temperature of 200 degrees centigrade, but the transition
flow was still in a dominant role. As time passed, the Knudsen diffusion flow at the center
of the particles developed into transition flow.

At the same time, closer to the particle center, the higher apparent permeability was
beneficial to the gas transfer from the high pressure area to the low pressure area (Figure 9¢).
Corresponding to the Knudsen number distribution, the apparent permeability at the
center of the particles decreased gradually, and the permeability difference between the
high pressure zone and the low pressure zone diminished. In addition, the transmission
speed of the gas transport leading edge also decreased. The distribution of slippage
permeability and shape of the variation with time (Figure 9d) were quite different from the
apparent permeability, indicating that, at the heat treatment temperature of 200 degrees
centigrade, the dynamic transport in the shale matrix was dominated by Knudsen diffusion
rather than slippage.

At the heat treatment temperature of 200 degrees centigrade, the gas in the shale
matrix was transported from the high pressure area to the low pressure area. Owing to the
higher permeability in the low pressure area, the pressure rising speed appeared higher
than that in the high pressure area. With the continuous transport of gas, the pressure in
the matrix increased integrally, and the Knudsen diffusion flow completely transformed
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into transition flow. Thus, the permeability distribution appeared gradual and smooth and
reduced the gas transport speed.

At the 400 degrees centigrade heating temperature, the shale matrix was pyrolyzed,
the porosity and pore radius greatly increased, and the tortuosity decreased, resulting in
much a higher apparent permeability value than the shale matrix heated at 200 degrees
centigrade (Figure 10c). The gas transport process was significantly shortened, and the
pressure lifting speed in the matrix particles was accelerated. The pressure distribution
in the matrix particles at 400 degrees centigrade for 2 s was similar to that at 200 degrees
centigrade for 50 s (Figure 10a). However, in spite of the similar pressure distribution, the
Knudsen number decreased and was close to 0.1 in the area of high pressure (Figure 10b). At
the heating temperature of 400 degrees centigrade, the gas transport in the shale matrix was
closer to the characteristics of slippage. Generally, it is believed that small-scale variations
in gas transport in heated shale are not large enough to enhance the recovery [13]. However,
positive transformation of the transmission mechanism could bring more gas flowing to the
wellbore, which cannot be ignored. At 3 s and 4 s, the distribution of Knudsen number in
the whole particle varied slightly, close to 0.1. Correspondingly, the apparent permeability
in the low-pressure area was much higher than that in the high-pressure area at 2 s, and the
apparent permeability distribution was gentler at 3 s and 4 s (Figure 10c). The distribution
pattern of the slippage permeability was similar to that of the apparent permeability,
indicating that slippage permeability had a greater contribution to apparent permeability.

4. Conclusions

For the study of gas transport in heated shale matrix, experimental and theoreti-
cal investigations were conducted, providing an opportunity to combine in situ heating
technology and supporting technologies. The conclusions are given below.

The experimental transport data for heated shale matrix fitted well with the numerical
model. The pore structures at each heating temperature (100~600 degrees centigrade) were
obtained successfully, and the total permeability was further calculated. The porosity and
pore radius were positively correlated with the heating temperature, while the tortuosity
was negatively correlated with the heat treatment temperature. Compared with the initial
values, the porosity and pore radius increased by 5.29 times and 10.25 times respectively,
and the tortuosity decreased to 0.46 times its original value at 600 degrees centigrade.
Porosity, pore radius, and tortuosity variations could be divided into three stages due
to the thermal stress of inorganic matter and organic matter pyrolysis caused by the
heat treatment.

The total permeability was lower than the slippage permeability in the 100~600 degrees
centigrade temperature range. Slippage transport plays a critical role in the transport of
heated shale matrix. The existence of Knudsen diffusion transport weakened the domi-
nant role of slippage transport, and they both had break points at 500 degrees centigrade.
The lower the heating temperature, the stronger was the weakening effect. There was
Knudsen diffusion flow in the matrix at the heating temperature of 200 degrees centi-
grade, but the transition flow was still in a dominant role. As time passed, the Knudsen
diffusion flow at the center of the particles developed into transition flow. At a heating
temperature of 400 degrees centigrade, slippage permeability had a greater contribution to
apparent permeability.
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