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ABSTRACT: Injecting steam into coal seam is an important
means to accelerate gas desorption and improve gas extraction sai':l‘)‘lls
efficiency. However, the change law of pore—fracture structures of S
coal after high-temperature steam shock (thermal shock) is still
unclear. Through this study, pore—fracture structures of coal
samples before and after thermal shock were compared and ) 02
analyzed based on the experimental methods of surface pore and ' § R
fracture extraction, scanning electron microscopy (SEM), and ey 20 2o
nuclear magnetic resonance (NMR) spectroscopy. The results Z N o :Zz v N .
show that after thermal shock, the surface porosity, max equivalent Dn pric ourscone 000 01 T 0 0 100 000 Before After
fracture width, fracture lengths, fracture number, and probability

entropy of coal samples increased significantly, and the increment of bituminous coal was greater than that of anthracite. This
indicates that thermal shock can promote the development of coal pores, which is significantly better for bituminous coal than
anthracite. A SEM analysis reveals that fractures tend to appear at the interface between minerals and coal matrix. The NMR analysis
demonstrates that the absolute increment of micropores is the largest, followed by that of mesopores, and that of macropores is the
smallest. The increase of porosity in coal shows pore enlargement and penetration, which enhance the connectivity between the
pores, thus providing a smoother channel for methane migration. Heterogeneous distribution of mineral components with different
thermal expansion coefficients as well as the temperature gradient is the fundamental mechanism behind thermal stress-induced
porosity development. The research results provide theoretical support for enhanced gas extraction technology by high-temperature
steam injection into coal seams.
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1. INTRODUCTION

Coal is the pillar energy in China whose coal consumption

The commonly used hydraulic fracturing has some deficiencies
such as serious fracturing fluid filtration, low flowback rate, short

accounted for 56% of the total energy consumption in 2021. As
China commits to the world to achieve carbon peak in 2030 and
carbon neutralization in 2060, the proportion of China’s coal
consumption in the total one-time energy consumption will
decline year by year, which makes it urgent to find low-carbon
energy for substitution. Coalbed methane (CBM), a kind of
coal-associated clean energy with abundant reserves and broad
development prospects, is an important carrier to promote the
revolution of energy production and consumption.

Coal is a heterogeneous and natural porous medium with a
complex internal structure. Most CBM is stored in the coal seam
through adsorption. As the pore—fracture network structure
inside the coal is the main channel for gas seepage, the
permeability of the coal seam is the key factor that determines
the effect of CBM extraction. With the depletion of shallow
resources, coal mining continues into the deeper part with
increasing CBM reserves and pressure and gradually decreasing
permeability of the coal reservoir.”* Therefore, increasing the
permeability of coal seams is a major challenge for CBM
development and efficient gas extraction. Hydraulic fracturing is
a widely used measure to promote CBM production currently.

© 2022 The Authors. Published by
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and complex fracturing fractures, excessive consumption of
water resources, and water lock effect affecting CBM
extraction.’™” In order to increase the permeability of coal
seams and improve the CBM extraction effect, in view of the
temperature-sensitive characteristics of gas adsorbed coal,'’
many scholars at home and abroad have begun to explore and
develop new technologies to improve the permeability by
adopting heat injection to shock the coal in recent years' "' so
as to accelerate the desorption of adsorbed gas and change the
pore—fracture structure of raw coal and then enhance the
permeability and production.

With respect to heat injection into the coal seams, relevant
scholars have put forward various technical schemes, including

Received: September 8, 2022
Accepted: October 27, 2022
Published: November 17, 2022

https://doi.org/10.1021/acsomega.2c05849
ACS Omega 2022, 7, 44298—-44309


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Youping+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Baiquan+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuxue+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c05849&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05849?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05849?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05849?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05849?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/48?ref=pdf
https://pubs.acs.org/toc/acsodf/7/48?ref=pdf
https://pubs.acs.org/toc/acsodf/7/48?ref=pdf
https://pubs.acs.org/toc/acsodf/7/48?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c05849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

microwave heating coal,'® gas heating coal,"*”'® and steam/hot

water heating coal,"” according to different working media.
Based on these technical schemes, basic research studies have
been carried out, achieving some results. Based on the heating
function of microwave, some scholars have studied the
characteristics of temperature change, evolution law, and
mechanism of pore structure of coal samples under microwave
irradiation.'®™** These studies have promoted the progress of
this technology, but they are all based on small size coal samples.
How to apply this technology under the condition of a large coal
field size is a key difficulty. Although some scholars have put
forward application ideas,” no successful application cases have
been reported. Salmachi used hot water (80 °C) for coal seam
heat injection, increasing the temperature of coal seam by 30 °C.
As a result, the CBM recovery ratio increased by about 60% and
the extraction rate increased by about seven times.”* Wang et al.
studied the permeability change and increase mechanisms of
coal under the cyclic temperature and found that the
heterogeneity of coal and thermal stress are the main internal
mechanisms of permeability increase under high-temperature
shock.” Shahtalebi et al. found that thermal excitation could
effectively raise the diffusion rate of gas in a coal matrix through
experiments and numerical simulations.”® Cai et al. confirmed
that high-temperature pyrolysis of coal (>400 °C) could induce
the loss of oxygen-containing functional groups and minerals,
resulting in increasing seepage pores and fractures.”” Teng et al.
concluded that gas pyrolysis, heat removal of water and volatile
matter content, and thermal fracture of matrix are the main
factors accounting for increasing coal porosity and perme-
ability.28 In addition, injecting heat into the coal seam can
effectively increase the production of CBM.

The above research studies have made some contributions to
heat injection in coal seam to improve gas extraction and deepen
the understanding of physical and chemical properties of coal
heated in different ways. However, there are few studies on the
change rule of the coal pore morphology and the thermal
mechanism of high-temperature steam shock on coal. Therefore,
it is of prime significance to study the evolution law of coal pores
and fractures after injecting high-temperature steam into coal.

2. EXPERIMENTAL FACILITY AND MATERIALS

In order to study the evolution law of pore—fracture structure of
coal subject to high-temperature steam shock, an experimental
platform was developed, and two kinds of coal samples with
different metamorphic degrees were selected. After machine
shaping, the macroscopic fractures and microscopic pores of
coal samples before and after thermal shock were studied,
respectively. In terms of macroscopic fractures, photographs of
the coal sample surfaces before and after thermal shock were
collected, and fractures were extracted and analyzed with the
Particles (Pores) And Cracks Analysis System (PCAS). In terms
of microscopic pores, the coal samples were tested before and
after thermal shock based on the nuclear magnetic resonance
(NMR) test method, and the evolution law of the coal pore—
fracture structure was analyzed.

2.1. Coal Samples. Coal samples from Shanxi Daxi coal
mine (DX) and Shaanxi Daliuta coal mine (DLT) were
processed into cylinders of 25 mm in diameter and 50 mm in
length and cubes of 100 mm in length (Figure 2). The proximate
analysis and vitrinite reflectance of samples in Table 1 reveal that
DX coal is high metamorphic anthracite and DLT coal is a low-
rank bituminous coal, which meet the requirements of selecting
coals with different metamorphic degrees.
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Table 1. Proximate Analysis and Vitrinite Reflectance Results
of DX and DLT Coals”

proximate analysis (%)

coal sample M,y Ay Viaat FCy Ro max (%)  coal rank
DX 140 740 896 8430 298 anthracite
DTL 9.24 3.04 35.83 6222 0.56 bituminous
“M,,4, moisture content (air-dried basis); A,4 ash content (air-dried

basis); V.5 volatile matter content (dried and ash-free basis); FC,,
fixed carbon content (dried basis); and Ry, maximum vitrinite.

2.2. Experimental Facility. The experimental equipment
mainly includes a steam shock coal experimental platform, and
the testing equipment mainly includes a high-definition camera,
an electron microscope, and a NMR spectrometer. The fracture
extraction is performed with the help of PCAS software.

(1) Steam shock coal experimental platform. The self-built
experimental platform consists of two major parts: a high-
temperature steam generation system and an autoclave
(Figure 1).

Flow valve

Water  Safety valve
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1 X Steam pipe with
heat preservation

Piezometer Thermometer Safety valve

® ¢ X

Heat steam generator

Egﬁ/gy Ergn ;/alve X ‘ ‘
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(a) Electric heat steam generator (b) Customized autoclave

Figure 1. Steam heating experimental platform. (a) Electric heat steam
generator; (b) customized autoclave.

1. High-temperature steam generation system: As
shown in Figure la, the main function of this
system is to produce high-temperature steam for
the autoclave. The high-temperature steam gen-
erator, which has a working pressure of 3 MPa, can
use deionized water to produce superheated steam
of 300 °C (internal temperature of the steam
generator).

. Customized autoclave: As shown in Figure 1b, it is
mainly used to provide a container with good
thermal insulation performance for heating coal. Its
maximum working pressure is 1.65 MPa, beyond
which the top safety valve will get started. There is a
drain valve at the bottom. After testing, the
maximum temperature when the steam generator
reaches the autoclave is about 210 °C.

(2) PCAS: In the experiment of macroscopic crack extraction,
images of samples are processed by PCAS software,
professional software used to quantify the pore system
and the crack system in images. The software can be used
to automatically identify various pores and fractures and
obtain geometric and statistical parameters. Compared
with traditional manual measurement methods, the PCAS
system boasts simplicity, efficiency, and repeatability.

(3) SEM: SEM characterization was completed in the
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University of Mining and Technology using a ZEISS
SIGMA field-emission SEM of Germany. The resolution
of the secondary electron image is 4 nm and the
magnification is 12~1,000,000.

(4) NMR: The MINI MR NMR pore structure analyzer is
used for comparing the experimental results of micro-
scopic pores and fractures. The analyzer uses a permanent
magnet with a magnetic field intensity being 0.53 T. In the
test, the temperature of the permanent magnet is 32 °C,
the echo interval is 0.225 ms, the scanning times are 16,
and the sampling frequency is 333.333 KHz. After the test,
the T, relaxation distribution is calculated with the joint
iterative reconstruction technique, and the number of
iterations is 1 X 10*

The principle of the NMR test is that some atomic nuclei have
net magnetic distance and angular momentum, and when there
is an external magnetic field, the atomic nuclei will respond to
the magnetic field and produce a measurable signal.”” For the
atomic nuclei found in most strata, the signal caused by the
external magnetic field is weak, and only hydrogen nuclei can
produce a strong signal. So far, almost all NMR rock tests are
based on the response of hydrogen nuclei. According to many
researchers, NMR can effectively measure the pore distribution
of coal for two reasons: (1) only a few mineral components in
coal are magnetic and (2) when the test frequency is low enough,
the signal generated by the hydrogen nucleus in the solid cannot
be measured.”””' Therefore, NMR can be used to effectively test
the pore structure in coal.

2.3. Experimental Scheme. Changes of surface and
internal pores and fractures of the coal samples before and
after high-temperature steam shock are compared in the
experiment, and the experimental scheme is shown in Figure
2. During the experiment, the indoor temperature is 26 °C. The
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Figure 2. Macroscopic and microscopic pore—fracture experiments.
(a) Steps of the macroscopic pore—fracture experiment. (b) Steps of
the microscopic pore—fracture experiment.

external pore—fracture structure experiment is shown in Figure
2a, and the steps are described as follows:

(1) Select one cubic DX and DLT raw coal with a side length
of 10 cm and take photos of six faces of each coal sample
with high-definition camera, which are numbered F1-F6
in turn.

(2) Put the abovementioned samples into the steam heating
experimental platform and adjust the temperature of the
steam generator panel to 300 °C. Once the autoclave
achieves heat balance, the temperature shown on the

gauge is 203 °C and the pressure shown on the pressure
gauge is 1.65 MPa. Stop heating after 180 min, and take
out the coal samples after exhausting and depressurizing
the autoclave.

(3) Take pictures of six faces of the coal samples again.

(4) Expand the photos in the shape of a cube as shown in
surface photography in Figure 2a. Then extract the crack
with PCAS software and quantitatively characterize the
characteristics of the crack.

The experimental procedure of SEM is similar to that of a
high-definition camera, and the difference is that the shooting
object is a block coal sample with a side length of about 1 cm.

The steps of the internal pore—fracture structure experiment
are described as follows (Figure 2b):

(1) Select four DX and DLT cylindrical coal samples,
respectively.

(2) Put coal samples into the centrifuge for 6 h.

(3) Conduct the NMR test.

(4) Put samples into a water saturator for 24 h.

(5) Conduct the NMR test again after drying the surface
moisture on the samples.

(6) Put samples on the steam heating experimental platform
and treat it according to Step (2) of the macroscopic crack
experiment.

(7) Repeat Steps (2)—(5) on the shocked coal samples.

3. RESULTS AND DISCUSSION

3.1. Evolution Law of Macroscopic Fractures in Coal
before and after Thermal Shock. After the cubic coal
samples are photographed, the photos are processed by PCAS to
extract the pore fractures. Photos taken before and after thermal
shock of one face of the DLT coal sample and the extraction
results are shown in Figure 3. For a clearer observation of the
expansion of fractures, six faces of coal samples are expanded in
line with surface photograph in Figure 2a to obtain Figure 4.

The analysis results in Figure 4 show that high-temperature
steam shock on coal samples can effectively increase macro-
scopic fracture development. Compared with DX anthracite,
high-temperature steam shock is more effective for DLT
bituminous coal. This conclusion suggests that the degree of
coalification should be an important consideration when
deciding whether to use steam heat injection technology.

In Figure 4a, fractures of varying lengths can be observed on
six faces of the DLT raw coal. Fractures on F1—F4 are mainly
distributed horizontally, while the fractures distribution on FS
and F6 have no obvious pattern. Such a distribution is more
obvious after thermal shock, and a large number of new fractures
are generated, as shown in Figure 4b. Some of the new fractures
expand along the original fractures, and the opening of the
original fractures increases, which is more obvious on the main
fractures. On F1 to F4, the main fractures are connected end to
end, form a fracture surface. The main fractures zigzag indicates
that the fracture surface is not flat, while the coal sample is not
completely disconnected, which illustrates that the fracture
extension is from the surface of the coal sample to the interior.
This is because the sudden change of temperature during the
thermal shock starts from the surface of the coal sample and
conducts to the interior.

As indicated in Figure 4c, DX raw coal surface fractures are
less and not fully developed. To be specific, there is no fracture
on F3 and only one fracture on F2 and FS. After high-
temperature shock, the fractures increase. As shown in Figure
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Figure 4. Comparison of surface fractures on coal samples before and after thermal shock. (a) DLT raw coal (DLT RC); (b) DLT high-temperature
thermal shock coal (DLT HC); (c) DX raw coal (DX RC); (d) DX high-temperature thermal shock (DX HC).

4d, a fracture on F2 is connected with the fracture on F3,
forming an almost straight line. Overall, the DX coal sample
experiences a slighter fracture increase than the DLT coal
sample, and surface fractures are distributed more unevenly for
both DX raw coal and DX thermally shocked coal.

In order to further prove that thermal shock is more effective
on DLT coal samples than DX coal samples, quantitative
statistics are performed in six dimensions of fractures, that is,
number, max width, max length, total length, area and surface
porosity, as shown in Figure 5.

3.1.1. Fracture Area and Surface Porosity. The results of
Figure Sa shows that the surface fracture area (unit: mm?
converted by pixels) of coal samples increased significantly after
thermal shock. The fracture area shares the same trend as the
surface porosity, as shown in Figure Sa,c. Surface porosity, which
is the ratio of fracture area to surface area of the coal sample, can
characterize the permeability of the surface from a macroscopic
perspective. As shown in Figure Sb, the surface porosities of DX
and DLT coal samples have increased significantly after thermal
shock, but the increases of different surfaces are quite different.
The surface porosity of the whole coal sample is obtained by
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dividing the sum of fracture areas of the six faces of a coal sample
by the sum of the total area of the six faces (Figure Sc). As
indicated in Figure Sc, the surface porosities of DX RC and DX
HC are 0.08 and 0.27%, respectively, an increase of 2.3 times,
and those of DLT RC and DLT HC are 0.17 and 1.52%,
respectively, an increase of 7.8 times.

3.1.2. Max Equivalent Fracture Width and Max Fracture
Width. 1t can be seen from Figure Sd,e that the max equivalent
fracture widths and the max fracture widths of both coal samples
increase after thermal shock, DLT increasing more obviously.
The equivalent fracture width, which equals the ratio of the area
of a fracture to its length, can characterize changes of the surface
fracture opening of coal samples. The max width in Figure Se
refers to the widest fracture on a certain face. The height of the
histogram is the average value of six faces of the coal sample.

3.1.3. Probability Entropy (E). Figure Sf shows that the
probability entropies of DLT and DX coal samples both increase
after thermal shock, indicating a more chaotic direction of
fracture expansion. Eq 1 is the mathematical expression of the
probability entropy, which characterizes the direction of the
fracture distribution:*”
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P, is the ratio of pores and fractures to total pores and fractures in
the ith direction interval.” The included angle between the
straight line in a plane and the horizontal line of the plane ranges
from 0° to 180°, and 180° is divided equally into 18 parts, where
i =1 indicates 0—10°, i = 2 indicates 10—20°, ..., i = 18 indicates
170—180°. The value of probability entropy lies in the range of
0—1. When E = 1, the fractures extension lines are in all
directions, and when E = 0, all the fractures are in the same
direction.

3.1.4. Total Fracture Lengths. Figure Sg shows changes of
the total fracture lengths. The total fracture lengths of each face
of DLT and DX coal samples increase by an average of 502.8 and
195.5 mm, respectively, after thermal shock.

3.1.5. Total Fracture Number. Figure Sh shows that the
numbers of fractures in both coal samples increase. Specifically,
the average number of fractures in one face of the DX coal
sample increases from 2 to 5.67 by 183%, and that in one face of
the DLT coal sample increases from 11.8 to 46.5 by 293%.

Figure 6 shows a partial enlarged view of the coal sample
surface. A comparison between Figure 6a,b reveals that after

Figure 6. Comparison of partial fracture expansion (a) DLT RC; (b)
DLT HC.

thermal shock, origin macroscopic fractures of the coal deepen
and widen, and new fractures tend to expand along the direction
of the original ones. Coal particles are shed from the surface of
the coal sample, resulting in pits. The coal on both sides of the
fracture experiences relative displacement to varying degrees,
and the resulting gap is not closed after thermal shock. One of
the possible reasons is that the shed coal particles are embedded
in the gap to form a support. Such a self-supporting mode is of
great significance to the formation of gas drainage network
channel.

3.2, SEM Analysis of Coal Micro Pore—Fracture
Structure Changes. SEM helps us directly observe the
morphology of pore fractures from a microscopic perspective
and compare the changes of pores and cracks before and after
thermal shock.

Figure 7 is the SEM images of DLT and DX before and after
thermal shock. The analysis of the four images shows that the
pores of DLT raw coal are richer than those of DX raw coal. After
thermal shock, DLT bituminous coal produces more fractures
than DX anthracite, which is more suitable for high-temperature
steam injection technology. Compared with Figure 7b,d, it can
be found that after thermal shock, DLT develops more pores and
fractures, which increase the specific surface area of coal and are
conducive to gas desorption in coal. Fractures are intercon-

X

Sam

DLTHC =t

Gy 20pm »
SACHC g

Figure 7. SEM images before and after thermal shock. (a) DLT RC; (b)
DLT HC; (c) DX RC; (d) DX HC.

nected, providing a channel for gas migration. The direct cause
of fractures propagation is that the thermal stress produced
during thermal shock exceeds the tensile strength of coal. After
thermal shock under the same conditions, DLT HC developed
crisscross fractures (Figure 7b), while DX HC had only one
fracture (Figure 7d), mainly because the tensile strength of DX is
greater than that of DLT (which will be further discussed in
Section 3.4). In addition, it is also related to the development
degree of primary pores and fractures (Figure 7a,c) and the
content of four components in the proximate analysis of coal
(Table 1). The higher the moisture and volatile content of coal,
the weaker the intermolecular force of coal, and the easier the
coal body to fractures.>® The moisture and volatile matter in coal
are easy to volatilize under high temperature, which affects the
pore—fracture structure of coal.

It can be concluded from Figure 8 that minerals have a great
influence on the development of pores and fractures in coal

Mineral g

~~_

Fracture
opening g
increase

Figure 8. Changes of pores and fractures around minerals. (a) DLT
RC; (b) DX RC; (c) DLT RC; (d) DLT HC.
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Figure 10. Porosity changes of four DLT bituminous coal samples before and after high-temperature steam shock: (a) DLT-1; (b) DLT-2; (c) DLT-3;

(d) DLT-4.

during thermal shock, and fractures are easier to expand along
the interface of minerals. The type and content of minerals is one
of the key factors affecting the effect of thermal shock. It can be
seen from Figure 8a,b that the minerals are embedded in the
primary pores and fissures of the coal. The interface between the
two is not completely consistent, but there are pores of various
shapes, which become a part of the gas storage space. In Figure
8¢, the minerals are banded in the coal. After thermal shock,
fractures are obviously developed at the interface between
minerals and coal matrix (Figure 8d), while the original fracture
opening is increased. This is mainly because the thermal
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expansion coeflicients of coal matrix and minerals are different.
During the heating process, the expansion and deformation of
coal matrix and minerals are inconsistent, resulting in thermal
stress. In addition, on the interface between coal matrix and
minerals, it is often not as solid as a single material. Therefore,
cracks are easier to develop along the interface. The greater the
difference between the thermal expansion coefficients of coal
and minerals, the easier the cracks appear. These fissures provide
channels for gas migration and enhance the permeability of coal.

3.3. Evolution Law of Micropores of Coal after High-
Temperature Steam. In the T, NMR spectra, it is generally
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Figure 11. Porosity changes of four DX anthracite coal samples before and after high-temperature steam shock: (a) DX-1; (b) DX-2; (c) DX-3; (d)

DX-4.

considered that the section where T, is less than 10 ms belongs
to the micropore section, where T, is 10—100 ms belongs to the
meso-pore section and where T), is greater than 100 ms belongs
to the macro-pore and micro-fracture section.

Figure 9 shows the test results of DLT-1 coal sample before
and after high-temperature steam shock. Comparing and
analyzing the two graphs, it can be concluded that the pores
connectivity in the coal is enhanced after the high-temperature
steam shock, which is beneficial to the desorption and transport
of gas. The saturated pores contain free water and bound water.
Free water, which is stored in interconnected pores in the coal
sample, can be removed through centrifugation or drying. The
interconnected pores provide channels for gas transport. While
bound water, which is generally unmovable water stored in
closed pores or macromolecules, cannot be removed. The closed
pore space cannot constitute a channel for gas transport, which is
different from the view of ZHANG X, who regarded all saturated
water pore spaces as effective pore spaces (connected pore
spaces).”* As indicated in Figure 9a, the pores are mainly
micropores and mesopores, the former accounting for a large
proportion, and neither macropores nor micro-fractures
develop. In Figure 9b, micropores, mesopores and macropores
all develop, and more macropores appear after thermal shock.
Comparing Figures 9a and 7b, the free water area of the
thermally shocked coal is larger than that of the raw coal, and the
unimodal distribution in the T, spectrum of the raw coal changes
into a bimodal distribution after thermal shock.

The abscissa of the intersection point between the extension
line of the horizontal section of the cumulative centrifugal curve
and the cumulative saturated curve represents the cut-off value
of T, whose value can reflect the distribution relationship
between the number of interconnected pores and closed pores in
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the pore structure. The smaller the value, the more the
interconnected pores. By comparing Figures 9a and 7b, it can
be seen that after thermal shock, the T, value moves leftward
on the T, spectrum (from 1 to 0.57 ms on the abscissa),
indicating that the ratio of free water volume to bound water
volume index increases gradually, and the pores connectivity
inside the coal is enhanced.

To facilitate the comparison, the T, spectra of coal samples
before and after thermal shock are drawn on the same figure for
analysis (Figures 10 and 11). In the figure, the area formed by
the saturated RC curve and the saturated HC curve is the newly
increased enlarged-pore porosity. This area is caused by the
increase of the volume of original pores or the generation of new
pores during thermal shock, representing the enlarged pores.
The area formed by the centrifugal RC curve and the centrifugal
HC curve is the penetrated-pore porosity, representing the
newly connected pores. That is, under thermal shock, the closed
pores are opened, and the original bound water is transformed
into free water. Therefore, it is concluded that the effective
porosity after thermal shock is composed of three parts, namely
effective porosity of the raw coal, enlarged-pore porosity and
penetrated-pore porosity.

Through statistical calculation, the variances of the enlarged
pore and penetrated pore of the four DLT coal samples are 8.79
X 107% and 7.08 X 107/, respectively, and the variance of the
enlarged pore and penetrated pore of the four DX coal samples
are 2.09 X 107 and 5.97 X 107". The variance values are very
small, indicating that the experimental results are reliable.

As displayed in Figure 10, after thermal shock, the peak value
of the centrifugal curve is far lower than that of the raw coal,
while the saturated curve is notably higher than that of the raw
coal, especially in the micropore, mesopore and macro-pore
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sections. That is, after thermal shock, the enlarged-pore porosity
and penetrated-pore porosity areas of the DLT coal sample
increase remarkably.

Figure 11 shows the change trends of T, curves of DXRC and
DX HC. The T, curve of saturated RC is mainly distributed in
the micropore section and sparely distributed in the mesopore
section. Only two peaks are present in the whole T, spectrum.
After thermal shock, the area enclosed by T, curves of saturated
RC grows slightly, which is distributed in the micropore,
mesopore and macro-pore sections, and three peaks are present.
The saturated HC curve enlarges compared with the saturated
RC curve; the centrifugal HC curve is lower than the centrifugal
RC curve; and the increase of penetrated-pore area is more
significant.

Enlarged/penetrated refers to the ratio of enlarged-pore
porosity to penetrated-pore porosity. When Enlarged/pene-
trated >1, the increased pores are dominated by enlarged pores;
when Enlarged/penetrated <1, the increased pores are
dominated by penetrated pores.

The effective porosity after thermal shock is illustrated in
Figure 10, which is stacked by RC effective porosity, enlarged-
pore porosity and penetrated-pore porosity. The axis percentage
of the growth ratio in Figure 10 is the growth ratio of HC
porosity to RC porosity, and the growth part is the sum of
enlarged-pore porosity and penetrated-pore porosity. From
Figure 12, the porosity, growth ratio and Enlarged/penetrated of

of the DX coal sample (50.3%). In addition, the average ratios of
enlarged-pore porosity to penetrated-pore porosity for the DLT
and DX coal samples are 2.14 and 0.9, indicating that the
porosity change of DLT bituminous coal is dominated by
enlarged pores after thermal shock, while DX anthracite coal is
dominated by penetrated pores.

Based on the data in Figure 13, the influence of enlarged pores
during thermal shock can be explored. For the DLT bituminous
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Figure 13. Proportions of macropores, mesopores and micropores in
the enlarged pores.
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effective porosity. Enlarged/penetrated: ratio of enlarged-pore porosity
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the DLT coal sample are higher than those of the DX coal
sample, be it RC or HC, which suggests that DLT bituminous
coal is more sensitive to the thermal shock than the DX
anthracite coal.

Average values of pore parameters of DLT and DX coal
samples are given in Table 2.

From the average values of Table 2, it can be concluded that
the effect of high-temperature steam impact on DLT bituminous
coal is better than that of DX anthracite. The average porosity
growth rate of the DLT coal sample (65.9%) is higher than that

coal and the DX anthracite coal, the enlarged pores influence
micropores mostly and macropores least. Specifically, the
average proportions of micropores, mesopores and macropores
in the enlarged pores are 47.1, 30.5, 22.3% for the DLT
bituminous coal and 79.6, 13.5 and 6.9% for the DX anthracite
coal, respectively. A comparison between the average values of
the two kinds of coal discloses that macropores and mesopores
develop better in the DLT bituminous coal than in the DX
anthracite coal.

The amount of penetration refers to the number of free water
pores transformed from bound water pores under thermal
shock, that is, the penetration rate is equal to the proportion of
bound water in the RC minus that in the HC. The conversion
rate is the ratio of the penetration amount of bound water pores
to the total amount of bound water pores of RC. This index can
be used to measure the efficiency of thermal shock to unclog
closed pores. The amounts of penetration and conversion rates
of coal samples are calculated (Figure 14). In terms of the
amount of penetration, the average amounts of penetration of
the DLT and DX coal samples are 1.076 and 0.527%,
respectively, the former being larger than the latter. According
to the area of penetrated pores in Figures 10 and 11, the DLT
RC sample contains more bound water than the DX RC sample.
However, in terms of the conversion rate in Figure 12, the
conversion rate of the DLT coal sample is significantly lower
than that of the DX coal sample. The average conversion rate of
the four DLT coal samples is 41.6%, while that of four DX coal
samples is 63.2%. The above results suggest that although the
DLT coal sample corresponds to the transformation of more

Table 2. Average Values of DLT and DX Pore Parameters

type RC porosity (%) enlarged (%) penetrated
DLT average 5.03 2.228 1.076
DX average 2.03 0.472 0.526

(%)
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effective porosity (%) growth ratio (%) enlarged/penetrated
8.32 65.9 2.14
3.02 50.3 0.90
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Figure 14. Amounts of penetration and conversion rates of penetrated
pores.

bound water pores into free water pores, its conversion rate is
lower than that of the DX coal sample.

Figure 15 shows changes of effective porosities of eight RC
samples and eight HC samples. The analysis results show that,
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Figure 15. Effective porosity distribution.

after high-temperature steam shock, the total volumes of
macropores, mesopores and micropores all increase, the
absolute increment of micropores being the largest and that of
macropores being the smallest. Based on the analysis of Figures
10 and 11, it can be concluded that during thermal shock, some
micropores are transformed into mesopores and some
mesopores are transformed into macropores; in addition,
micropores and mesopores develop further.

3.4. Analysis of the Mechanism of Pore—Fracture
Change under High-Temperature Steam Shock. Coal,
whose compressive strength is weaker than tensile strength, is a
kind of brittle material with original pore—fracture structure.
Under the temperature shock, its original pore—fracture
structure will change. Coal expands with heat and contracts
with cold. In other words, it produces compressive stress when
cooling and tensile stress when heating. Due to the
heterogeneity of coal, different components correspond to
different thermal expansion coefficients and different heat
transfer efficiencies during the cooling and heating process,
which leads to the heterogeneous deformation between
minerals. As the interactions between minerals and between
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Figure 16. Thermal breakdown of coal shocked by high-temperature
steam.

In the light of the thermal stress theory, the breaking of the
coal sample under high-temperature steam shock belongs to the
category of unsteady thermal stress. The thermal stress of the
test coal sample under the temperature shock can be calculated

by eq 2 35,36
aE 2h2 S e8!
T l-p g’ (g’ + b)g ), (g’b)
b
—Jl(gnr) - Jl(g,,b)]
.
aF 2PAT e8!
PTIL Y ; (g’ + b)g ), (g7b)
x e b0e) - Ltar) - Jl(gnb)] o

where o, is the thermal stress of the coal sample in the radial
direction; oy is the thermal stress of the coal sample in the
tangential direction perpendicular to the direction of o,; E is the
modulus of elasticity; k is the thermal conductivity coefficient; b
is the radius of the cylindrical coal sample; u is Poisson’s ratio; o
is the linear expansion coeflicient; h is the heat release
coeflicient; r is the distance from any point in the cross section
of the coal sample to the center of the cross section (0 < r < b);
AT is the temperature difference, that is, temperature gradient;
Jo(g,r) and J;(g,r) are the first zero-order Bessel function and the
first one-order Bessel function, respectively; g, is the positive
root of eq 3:

8i(g,r) — h,(g,b) =0 3)

The solution of internal thermal stress of the coal sample can
be calculated by combining eqs 2 and 3:
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where the negative sign (—) denotes the tensile stress.

According to eq 4, the max thermal stress generated in the coal
sample is 0y, which is consistent with the wide opening of the
initial fracture in the experiment. The max width of the fracture
appears at the edge of the cylindrical coal sample (Figure 16b).
The maximum thermal stress is located on the surface of the coal
sample, and the initial direction of the fracture opening on the
coal sample surface points to the central axis of the coal sample
(Figure 16¢). The a, E and y of the DX anthracite coal and the
DLT bituminous coal are measured by dilatometer and triaxial
compression test (Table 3).

Table 3. Thermodynamic Parameters of Coal Samples

parameter a(°c™) E(GPa) H tensile strength (MPa)
DX 1.5 % 107° 1.90 0.21 0.82
DLT 2.4 % 107° 1.02 0.31 0.46

During heating, the temperature shock on the coal surface
equals the difference between the steam exit temperature and
the room temperature, that is AT = 177 °C. When the autoclave
is depressurized and cools, the internal high pressure is
connected with the external atmospheric pressure, and the
superheated water on the coal surface evaporates rapidly. After
the evaporation, the temperature of the coal is 100 °C, and the
shock temperature AT is 103 °C. Substituting the above
parameters into eq 4, the thermal stresses under different
temperature shocks are obtained. When AT = 177 °C, the
thermal stresses of the DX anthracite coal and the DLT
bituminous coal are 6.91 and6.28 MPa, respectively, being the
largest. When AT = 103 °C, their thermal stresses are 4.02 and
3.65 MPa, respectively. Both are greater than the tensile strength
of the two coal samples, indicating that the coal sample has
formed new fractures and achieved pressure relief.

The differences in the numbers and shapes of fractures the DX
anthracite coal and the DLT bituminous coal are mainly
attributed to the differences in their components, original pore—
fracture structures and physical and mechanical parameters. As
listed in Tables 1 and 3, the elastic modulus and fixed carbon
content of the DX are higher than those of the DLT bituminous
coal, while the volatile matter content of the DX is much lower
than that of the DLT. A higher carbon content of RC is
indicative of a greater elastic modulus, a structure closer to that
of graphite and stronger compressive and tensile strengths,
whereas the volatile matter content is negatively correlated with
the tensile strength.37 Therefore, in general, low-rank coal is
more suitable for high-temperature steam injection technology.

4. CONCLUSIONS

This study investigated the change laws of the pore—fracture
structure of coal under high-temperature steam shock from the
macro and micro perspectives. The principal conclusions are as
follows.

(1) High-temperature steam shock results in the occurrence,
widening, and extension of coal fractures, which can

effectively improve the porosity of coal, and is significantly
better for bituminous coal than anthracite.

(2) The increased pores induced by high-temperature steam
shock are of enlarged and penetrated types. Enlarged
pores increase the volume or number of pores, while
penetrated pores are opened pores that used to be closed
in which pores and fractures become connected.

(3) After high-temperature steam impact on coal, the absolute
numbers of macropores, mesopores, and micropores all
increase. Micropores experience the largest increment
followed by mesopores, and macropores correspond to
the smallest increment.

(4) The thermal stress exceeds the tensile strength of the coal
sample, resulting in the generation and expansion of pores
and fractures. Heterogeneous distribution of mineral
components, different thermal expansion and contraction
coeflicients of the coal, and the temperature gradient
during the process induce heterogeneous and uncoordi-
nated deformation between mineral grains, which stand to
be the fundamental mechanism behind thermal stress-
induced coal breaking.

The research outcome of this study could provide theoretical
support for enhanced gas extraction technology by high-
temperature steam injection into coal seams. Future studies
will be focusing on the study of gas, steam and water transport,
and heat flow solid coupling in the coal after steam injection into
the coal seam.
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