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Abstract

The pore structure of coal plays a key role in controlling the storage and migration of CH,/N,. The pore structure of coal is
an important indicator to measure the gas extraction capability and the gas displacement effect of N, injection. The deforma-
tion characteristic of coal during adsorption—desorption of CH,/N, is an important factor affecting CH, pumpability and N,
injectability. The pore structure characteristics of low-permeability coal were obtained by fluid intrusion method and pho-
toelectric radiation technology. The multistage and connectivity of coal pores were analyzed. Subsequently, a simultaneous
test experiment of CH,/N, adsorption—desorption and coal deformation was carried out. The deformation characteristics of
coal were clarified and a coal strain model was constructed. Finally, the applicability of low-permeability coal to N, injec-
tion for CH, displacement technology was investigated. The results show that the micropores and transition pores of coal
samples are relatively developed. The pore morphology of coal is dominated by semi-open pores. The pore structure of coal
is highly complex and heterogeneous. Transition pores, mesopores and macropores of coal have good connectivity, while
micropores have poor connectivity. Under constant triaxial stress, the adsorption capacity of the coal for CH, is greater than
that for N,, and the deformation capacity of the coal for CH, adsorption is greater than that for N, adsorption. The axial strain,
circumferential strain, and volumetric strain during the entire process of CH, and N, adsorption/desorption in the coal can be
divided into three stages. Coal adsorption—desorption deformation has the characteristics of anisotropy and gas-difference.
A strain model for the adsorption—desorption of CH,/N, from coal was established by considering the expansion stress of
adsorbed gas on the coal matrix, the compression stress of free gas on the coal matrix, and the expansion stress of free gas
on micropore fractures. N, has good injectability in low-permeability coal seams and has the dual functions of improving
coal seam permeability and enhancing gas flow, which can significantly improve the effectiveness of low-permeability coal
seam gas control and promote the efficient utilization of gas resources.

Highlights

e The pore structure characteristics of low-permeability
coal were obtained by fluid intrusion method and pho-
toelectric radiation technology. The multistage and con-
nectivity of coal pores were analyzed.
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1 Introduction

Coal is a complex porous medium, and its pore character-
istics have an important impact on gas storage (adsorption)
and migration (desorption—diffusion—seepage) (Zhang et al.
2022a). Coal pores can be divided into adsorption pores
(<100 nm) and seepage pores (> 100 nm). The former is
the main space for gas adsorption, desorption, and diffusion,
and the latter is the main channel for gas seepage (Sang
et al. 2005; Lu 2016). The fine characterization of coal pore
structure is of great significance for the in-depth study of
gas adsorption and desorption characteristics and coal defor-
mation characteristics (Wen et al. 2023; Wang et al. 2022).
Low-temperature gas adsorption, high-pressure mercury
intrusion, and low-field nuclear magnetic resonance (NMR)
are commonly used in the coal industry to determine the
pore structure of coal, resulting in a variety of coal pore
division types (Hu et al. 2023; Cheng and Hu 2023; Hodot
1966). Among them, the HODOT B.B. pore classification
method is widely accepted because it fully considers the
flow characteristics of gases in pore structures of different
sizes: micropores (< 10 nm), transition pores (10-100 nm),
mesopores (100-1000 nm), and macropores (1-100 pm).
Both coal mining and gas extraction involve issues such
as the interaction between coal and gas, and the mechani-
cal behavior of gas adsorption—desorption (Zhu et al. 2018;
Lin et al. 2023a). In-depth research on gas adsorption—des-
orption characteristics and coal deformation characteristics
is of great significance to improve the effectiveness of gas
extraction. In the past, researchers mostly started from the
adsorption expansion and desorption shrinkage deformation
characteristics of coal, and introduced the coal deformation
coefficient to establish models to characterize the relation-
ship between coal adsorption deformation and gas adsorp-
tion amount or desorption deformation and gas desorption
amount (Zhang et al. 2022b, 2021). And the Langmuir-like
equation is often used to describe the coal deformation
characteristics of adsorption expansion/desorption shrink-
age (Lin et al. 2017). Related studies have shown anisotropy
in coal deformation during gas adsorption/desorption. The
mechanical strength of coal also decreases after gas adsorp-
tion, and the elastic modulus will decrease at the macro-
scopic level, which is inconsistent with the assumptions of

Table 1 Basic parameters of the coal samples

conventional models describing coal deformation (He et al.
2018; Ranjith et al. 2010). The applicability and reliability
of the existing coal deformation models need to be further
investigated.

Based on the pore structure parameters of low-perme-
ability coal measured by low-temperature gas adsorption,
high-pressure mercury intrusion, and low-field NMR experi-
ments, the author conducted a detailed characterization of
the coal pore structure and obtained the fractal characteris-
tics and tortuous connectivity of the coal pore structure. The
simultaneous test experiments of CH,/N, adsorption—des-
orption and coal deformation were carried out by using the
flow-solid coupling experimental system for coal seam gas.
The influence law of gas type/gas pressure on coal defor-
mation is quantitatively characterized. A strain model for
coal at each stage of CH,/N, adsorption—desorption was
constructed. The applicability of coal samples to the N,
injection for CH, displacement technology is investigated.
To provide a theoretical basis for high-efficiency extraction
of gas from low-permeability coal seams.

2 Experimental schemes
2.1 Experimental coal samples

2.1.1 Parameters determination and preparation of coal
samples

Coal samples were collected from low-permeability mines in
the Qinshui Basin, China. The basic parameters were deter-
mined after sampling, as shown in Table 1. Coal pore struc-
ture characterization experiments take pulverized coal, gran-
ular coal, and cylindrical standard coal samples as research
objects. The coal samples are taken from large coal blocks
without gangue, and the specific sample specifications are
prepared according to the equipment requirements. The
simultaneous test experiment of CH,/N, adsorption—des-
orption and coal deformation takes the cylindrical standard
coal samples as the research object. Pulverized coal, granu-
lar coal, and @50 mm X 100 mm cylindrical standard coal
samples are shown in Fig. 1a.

Industrial analysis

Ash (%)

Moisture (%) Volatile (%)  Fixed carbon (%)

Compressive strength (MPa)

Elastic modulus (10° MPa) Poisson's ratio

2.08 7.19 30.00 61.50

25.10

3.50 0.31
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Fig. 1 Experimental coal samples

2.1.2 Screening and treatment of coal samples

The screening process of the cylindrical standard coal
samples consists of initial screening and secondary screen-
ing, as illustrated in Fig. 1b. (1) Initial screening: Select
coal samples with neat ends, no impurities, and no cracks.
Subsequently, the non-metallic acoustic detector is used to
detect the internal defects of the coal and screen out the
coal samples with uniform texture. (2) Secondary screening:
The height, diameter, and quality of the coal samples were
measured, and those with excessively different values were
rejected. Subsequently, the screened coal samples are dried
to constant weight by using a vacuum drying oven.

The handling process of cylindrical standard coal samples
includes strain gauge installation and sealing treatment, as
depicted in Fig. 1c. (1) Strain gauge installation: Two strain
gauges are installed on the side surface along the axial/radial
direction of the coal sample to monitor the deformation of
the coal sample in real-time. (2) Sealing treatment: Apply
sealant to the side surface of the coal sample and let it air-
dry. Then, a heat-shrinkable rubber sleeve is applied and
a blower is used to soften and shrink the heat-shrinkable
rubber sleeve. Finally, sealant is applied to the edges of both
ends of the coal sample and let it air-dry to prevent gas from
escaping during the experiment.

2.2 Characterization experiment of coal pore
structure

Coal pore structure characterization experiments include: (1)
Low-pressure CO, adsorption experiment, low-temperature
N, adsorption experiment: Determination of micropore and
transition pore parameters of coal samples, and the sam-
ple specifications are 60-80 mesh coal powder. (2) High-
pressure mercury intrusion experiments: To determine the
mesopore and macropore parameters of coal samples, and
the sample specifications are 3.0-4.0 mm coal particles. (3)
Low-field NMR experiment: To determine the pore param-
eters of cylindrical standard coal samples.

2.3 Experiment on the deformation characteristics
of coal

2.3.1 Experimental system

The simultaneous experiment of CH,/N, adsorption—des-
orption and coal deformation was carried out by the flow-
solid coupling experimental system for coal seam gas of
Xi'an University of Science and Technology. The system
mainly consists of a stress loading system, axial/circumfer-
ential strain measurement and acquisition system, gas data
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Fig.2 Experimental system (Lin et al. 2023b). A-1 Confining pres-
sure loading pump, A-2 Axial pressure loading pump, A-3 Tempera-
ture control system, A-4 Gas buffer tank, A-5 Vacuum buffer tank,
A-6 Precision flowmeter, A-7 Wet flowmeter, A-8 Vacuum pump,
A-9 Mixed pump, A-10 Mixing tank, A-11 High-pressure N, cylin-

measurement and acquisition system (collect gas pressure
data in real-time, and calculate gas adsorption and desorp-
tion volumes under different equilibrium pressures based
on coal sample quality and gas pressure.), temperature con-
trol system, evacuation system, and auxiliary system, as
described in Fig. 2.

2.3.2 Experimental condition and process

In order to investigate the CH,/N, adsorption—desorption law
and the deformation characteristics of coal during the whole
experiment, the experimental conditions were designed by
the controlled variable method. The initial gas adsorption
pressure, the experimental temperature, and the axial pres-
sure/confining pressure loaded on the coal (according to the
buried depth of the coal seam, the bulk density of the overly-
ing strata, and the gas pressure, as well as combined with the
similarity theory to calculate) are set according to the gas
occurrence characteristics of the coal seam at the sampling
location. According to the field measurement and theoreti-
cal calculation, the axial pressure/confining pressure was
set to 2.5/2.0 MPa, the experimental temperature was set to
303 K, and the initial CH,/N, adsorption pressure was set
to five pressure gradients (0.74 MPa, 0.94 MPa, 1.14 MPa,
1.34 MPa, and 1.54 MPa).

Experimental steps: (1) Coal sample installation. Apply
axial pressure/confining pressure to the preset pressure step
by step on the sealed coal sample. (2) Airtightness test. Fill
the reactor with a certain pressure of He and leave it for 6 h.
The air pressure value remains unchanged to prove good
airtightness. (3) Free space volume calibration. Calibrate

@ Springer

der, A-12 High-pressure CH, cylinder, A-S Displacement sensor, A-P
Pressure sensor, A-V1-A-V5 Manual valve, A-D1-A-D6 Electromag-
netic valve, B-13 Axial/Circumferential strain measurement system,
C-14 Gas data measurement system

the total free volume, the free volume at the inlet end, and
the free volume at the exhaust end of the experimental sys-
tem. (4) Vacuum degassing. The coal samples were degassed
under vacuum for 6 h. (5) Gas adsorption equilibrium.
Adsorb gas at a preset gas pressure. The coal strain of the
process is collected, and when the air-pressure value and the
strain curve are stable at the same time, it indicates that the
adsorption has reached equilibrium. (6) Gas desorption equi-
librium. The coal samples with adsorption equilibrium were
desorbed under atmospheric pressure. The coal strain of the
process is collected and when the flow meter indicates 0, it
is determined that the desorption has reached equilibrium.

3 Joint characterization of pore structure
in low-permeability coal

3.1 Multimethod for determination of coal pore
structure

The micropore distribution characteristics of coal samples
were obtained by the low-pressure CO, adsorption experi-
ment, as presented in Fig. 3a. The pore diameter of coal sam-
ples has peaks at 0.35 nm, 0.48 nm, 0.55 nm, and 0.83 nm.
Among them, the half-peak width at 0.35 nm is narrower,
the half-peak width at 0.83 nm is wider, and the pores at
0.48 nm and 0.55 nm have the largest distribution. The
distribution characteristics of transition pores/mesopores
in coal samples were obtained by the low-temperature N,
adsorption experiment, as illustrated in Fig. 3b. The pore-
size distribution of the coal samples was bimodal, with the
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Fig.3 Multimethod for determination of coal pore structure

peak at 50 nm higher than the peak at 5 nm. There is a sig-
nificant adsorption hysteresis phenomenon in the adsorption
curve, which is related to the capillary coalescence phenom-
enon that occurs in the high relative pressure region (Li et al.
2023). According to the IUPAC classification of hysteresis
loop, the coal sample is consistent with the H2 type hyster-
esis loop, indicating that the coal contains a high number
of semi-open pores (wedge type, ink bottle type), which are
conducive to gas adsorption and storage, but not conducive
to gas migration (Gregg and Sing 1982).

The distribution characteristics of mesopores/macropores
of coal samples were obtained by the high-pressure mercury
intrusion experiment, as depicted in Fig. 3c. There is an
obvious mercury intrusion hysteresis loop in the mercury
intrusion curve, indicating that the pores of the coal samples
are mostly semi-closed pores with poor pore connectivity,
which is corroborated by the results of the low-tempera-
ture N, adsorption experiment. The results of the low-field
NMR experiment are shown in Fig. 3d. The T, distribution
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(d) low-field NMR

curve was in the shape of three peaks. The relaxation times
of the wave peaks were distributed at 0.5 ms, 5.0 ms, and
70.0 ms, and mainly concentrated at 0.5 ms, indicating that
the micropores and transition pores of the coal samples were
relatively developed.

3.2 Multimethod for joint characterization of coal
pore structure

Low-pressure CO, adsorption, low-temperature N, adsorp-
tion, and high-pressure mercury intrusion all have their
dominant pore-size segments (pore-size ranges with high
test accuracy). To finely characterize the coal pore structure,
the dominant pore-size segments of each test method were
stitched together. Related studies have shown that low-pres-
sure CO, adsorption is an ideal tool for micropore testing,
which can accurately characterize the micropore distribution
at<2 nm (Liu et al. 2021). Low-temperature N, adsorption
has high testing accuracy for micropores/transition pores
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(2-50 nm) (Lin et al. 2019). High-pressure mercury intru-
sion can be tested for mesopores/macropores. Due to the
compressibility of coal, when the mercury injection pres-
sure is > 10 MPa, the coal matrix is prone to compressive
deformation/destruction, which will affect the accuracy of
the experiment. Therefore, high-pressure mercury intrusion
was chosen to characterize the pore distribution at>50 nm
(Liu et al. 2022).

The joint characterization results of the coal pore-size
(Fig. 4) show that the pore-size distribution of the coal sam-
ples is multi-peaked and dominated by micropores (which
provide a high number of adsorption vacancies for gas
adsorption), with a certain proportion of transition pores
and mesopores, and the smallest proportion of macropores.

Fractal theory is widely used to characterize the com-
plexity of coal pore structure. There are various methods to
calculate the fractal dimension and each has its own char-
acteristics (Jiang et al. 2021). The FHH model is suitable
for characterizing the fractal features of the pore structure
in micropores and transition pores (Jia et al. 2021). The
Menger model is suitable for characterizing the fractal fea-
tures of the pore structure in mesopores/macropores (Chen
et al. 2020). The fractal characteristics of the pore structure
in coal samples are shown in Table 2.

From the low-temperature N, adsorption curve, it can
be known that the gas adsorption mechanism is different
for P/P,>0.5 and P/P,<0.5. For this purpose, the fractal
dimension of both (D,,, D,,) was calculated separately using

the FHH model. The fractal dimension of the pore struc-
ture for pore-size < 100 nm is obtained. It is calculated that
D, =2.85<D,,=2.54, which indicates that the pore struc-
ture of the micropores and transition pores in coal samples
is generally complex, and the pore structure of micropo-
res is more complex. According to the experimental data
of high-pressure mercury intrusion, the Menger model was
used to calculate the fractal dimension of the pore structure
with pore-size > 100 nm. It is calculated that D,=2.61<3,
which indicates that the pore structure of mesopores and
macropores in coal samples is equally complex. Altogether,
the pore structure complexity of micropores in coal samples
was greater than that of mesopores/macropores than that of
transition pores.

3.3 Tortuous connectivity of coal pore structure

Tortuosity (z) is a pore characterization parameter that
quantitatively characterizes the tortuosity of the seepage
channel. Tortuosity is defined as the ratio of the actual
length of the seepage channel to the apparent length
through the seepage medium (Dullien 2012; Attia 2005;
Yu et al. 2003). It is calculated that t=15.81, which indi-
cates that the seepage channel of the coal sample is tor-
tuous and the gas flow is difficult. In low-permeability
coal, the pores are mostly closed-pores, so the degree of
pore connectivity also needs to be considered. The total
porosity, effective porosity, and residual porosity of the
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< 05k
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Fig.4 Fine characterization of coal pore structure
Table 2 Fractal dimension of pore structure based on FHH model/Menger model
Aperture Model Fitting equation Fractal dimension R?
Micropore FHH LnV=1.74—0.15In[In(Py/P)] D, =2.85 0.95
Transition pore FHH LnV=1.55—-0.46In[In(Py/P)] D,,=2.54 0.99
Mesopore/Macropore Menger Ig[dV/dP]=—-2.72—1.391gP D,=2.61 0.97

Note: V is the pore volume corresponding to the relative pressure, cm*/g; P, is the saturated vapor pressure of the adsorbed gas; MPa; P is the

system equilibrium pressure, MPa
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coal samples were calculated based on the T, distribution
curves in the saturation/centrifugation condition, and then
the pore connectivity rate was obtained, as described in
Fig. 5a, b. The effective porosity of the coal sample was
calculated to be 3.04%, and the pore connectivity rate was
40.36%. The pore connectivity rate of pore-size < 10 nm
is relatively low, indicating that the pore connectivity of
transition pores, mesopores and macropores in coal sam-
ples is good, and the pore connectivity of micropores is
poor.

It can be known that the pore connectivity is related to
the pore-size. The relationship between pore connectivity
rate, pore percentage, and pore-size is shown in Fig. 5c.
As the pore-size increases, the proportion of pores in each
pore-size segment decreases, while the pore connectivity
rate shows a gradual trend. The pore connectivity rates
of <10 nm, 10-100 nm, 100-1000 nm, and > 1000 nm
pore-size segments were 10.96%, 91.36%, 96.32%, and
100%, respectively. It is due to the pore-size of micropores
is small, which has a lower probability of forming con-
nected pore groups, resulting in a weak pore connectivity
rate. However, the pore-size of transition pores, mesopores
and macropores is larger, which has a higher probability of
forming connected pore groups, resulting in a higher pore
connectivity rate.

4 Experimental results of coal deformation
characteristics

4.1 Adsorption and desorption characteristics
of CH,/N,

The variation pattern of CH,/N, adsorption amount with
experimental time is shown in Fig. 6. With the prolonga-
tion of the adsorption time, the adsorption amount of CH,/
N, showed a trend of rapid growth—slow growth—flatten-
ing. As the gas pressure increases, the adsorption amount
of CH,/N, gradually increases. When the gas pressure
increased from 0.74 to 1.54 MPa, the adsorption amount of
CH, and N, increased by 111.11% and 76.92%, respectively.
With the prolongation of the desorption time, the adsorp-
tion amount of CH,/N, presents a trend of rapid decrease—
slow decrease—leveling. As the gas pressure increases, the
amount of CH,/N, desorption gradually increases. When
the gas pressure increased from 0.74 to 1.54 MPa, the des-
orption amount of CH, and N, increased by 132.07% and
90.87%, respectively.

Existing studies have shown that the variation law of
CH,/N, adsorption amount with adsorption time and desorp-
tion time conforms to the Langmuir-type equation (Eq. (1))
(Meng et al. 2021). Fitting the experimental data of the
adsorption amount of CH, and N, are found (Table 3): The

value of A, increases with the increase of gas pressure, and
the value of B, shows an overall increasing trend, indicat-
ing that increasing the gas pressure not only increases the
amount of CH,/N, adsorbed by coal, but also effectively
increases the adsorption energy (adsorption interaction
between coal molecules and gas molecules), resulting in
a sharp increase in the adsorption amount curve. The A,
value increases with the increase of gas pressure, and the
overall change of B, value is not significant, indicating that
increasing the gas pressure has the same promoting effect
on enhancing the amount of CH,/N, desorbed from the coal.

{ Qa =AaBata/(1 +Bata) 1
04=C4 _AdBdtd/(l + Byty) M

where, Q, is the gas adsorption amount at the time of #,, mol;
A, is the gas saturation adsorption amount, mol; B, is the
constant related to the adsorption time, s7h t, is the adsorp-
tion time, s; Q, is the gas adsorption amount at the time of
t4, mol; Cy is the gas adsorption amount at the adsorption
equilibrium, mol; A, is the ultimate gas desorption amount,
mol; By is the constant related to the desorption time, sl 1y
is the desorption time, s.

The CH,/N, adsorption amount-desorption amount-resid-
ual adsorption amount after coal adsorption/desorption equi-
librium is shown in Table 4. As the gas pressure increases,
the amount of CH, and N, adsorbed/desorbed by the coal
increases. Under the same gas pressure, the amount of CH,
adsorbed by the coal is greater than that of N,, the amount
of CH, desorbed by the coal is greater than that of N,, and
the amount of residual CH, adsorbed by the coal is greater
than that of N,. Under different gas pressures, the residual
adsorption volumes of CH, and N, were 55.2-79.0 and
13.2-28.2 mL, respectively.

4.2 Deformation characteristics of coal

The variation pattern of the adsorption strain/desorption
strain of coal with experimental time is shown in Fig. 7. In
the adsorption process, the axial strain/volumetric strain
of coal can be divided into three stages: initial compres-
sive strain, adsorption expansion strain, and strain equi-
librium. The circumferential strain is divided into three
stages: initial expansion strain, adsorption expansion
strain, and strain equilibrium (Lin et al. 2023b). For the
desorption process, the axial strain/volumetric strain of
coal is divided into three stages: initial expansion strain,
desorption shrinkage strain, and strain equilibrium. The
circumferential strain is divided into three stages: initial
compression strain, desorption shrinkage strain, and strain
equilibrium.

The main reasons are: (1) Initial expansion/compression
strain stage: After the gas desorption experiment starts,
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Fig.5 Tortuous connectivity of coal pore structure

the gas pressure at the exhaust end is instantly deflated,
the force in the axial direction of coal is reduced, and the
expansion deformation occurs first in the axial direction
and the shrinkage deformation occurs first in the circum-
ferential direction. (2) Desorption shrinkage strain stage:
Coal continuously desorbs gas and its shrinkage deforma-
tion occurs. (3) Strain equilibrium stage: With the exten-
sion of the desorption time, the gas no longer precipitates
out of the coal, and the axial/circumferential strain of the
coal tends to be smooth.

Existing studies show that the variation law of coal
strain with adsorption time/desorption time follows the
Langmuir-type equation (Eq. (2)) (Li et al. 2018). Fitting
the experimental data of coal strain revealed (Table 5):

{

where, ¢, is the strain generated by the adsorbed gas of coal
at the time of ¢, pe; D, is the ultimate expansion strain gen-
erated by the adsorbed gas of coal, pe; E, is the constant
associated with the adsorption time, s7h F, is the initial
compression/expansion strain of coal during the adsorption
process, Je; €4 is the strain generated by the adsorbed gas
of coal at the time of ¢, pe; F, is the equilibrium strain of

e,=DEt,/Q1+E¢t)+F,

€qg=Fy+ Gy — DyEtq/(1 + E4ty) &

@ Springer

the adsorbed coal, pe; G, is the initial compression/expan-

sion strain of the desorbed coal during desorption, pe; Dy

is the ultimate shrinkage strain generated by the desorbed
gas of coal, pe; E; is the constant related to the desorption

time, s,

(1) When coal adsorbs CH,, D, and E, increase with the
increase of gas pressure. When coal adsorbs N,, D,
increases with the increase of gas pressure and E,
shows an overall increasing trend. Under the same
gas pressure, D, for CH, adsorption is greater than D,
for N, adsorption. E, for CH, adsorption is less than
E, for N, adsorption. The above phenomenon shows
that increasing the gas pressure not only improves the
adsorption expansion amount of coal, but also effec-
tively enhances the expansion strain energy (the dif-
ficulty of coal expansion caused by gas adsorption),
resulting in a sharp increase in the strain curve. Under
the same gas pressure, the adsorption expansion ability
of coal when adsorbing CH, is stronger than that of N,,
but the expansion strain energy when adsorbing CH, is
weaker than that of N, (Jin and Huang 2015).

(2) When coal desorbs CH,/N,, D, increases with the
increase of gas pressure and E; shows an overall
increasing trend. At the same gas pressure, D for the
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Gas type  Stage Fitting parameter Gas pressure (MPa) Stage Fitting parameter Gas pressure (MPa)
0.74 094 1.14 134 154 074 094 1.14 134 154
CH, | A(x107) 196 2.68 3.00 3.53 396 II Ag(x107%) 1.57 228 267 325 381
B,(x 107 353 500 591 6.85 11.30 By(x 107 11.00 746 739 772 8.12
R? 099 099 099 0.99 099 R? 098 098 097 098 0.99
N, I A (x107) 140 158 1.84 211 244 11 Ag(x 1072 123 147 170 205 233
B,(x 107 553 500 632 924 9.73 By(x 107 1090 1220 11.60 10.60 11.10
R? 098 098 098 096 098 R? 099 099 099 0.99 098

Note: 1 represents the adsorption process. II represents the desorption process

desorption of CH, from coal is greater than D, for the
desorption of N,. E; for the desorption of CH, from
coal is less than E for the desorption of N,. The above
phenomenon shows that increasing the gas pressure
not only improves the desorption shrinkage amount of
coal but also effectively enhances the shrinkage strain
energy (the difficulty of coal shrinkage deformation
caused by gas desorption), resulting in a sharp decrease
in the strain curve. Under the same gas pressure, the
shrinkage deformation ability of coal when desorbing
CH, is stronger than that of N, but the shrinkage strain
energy when desorbing CH, is weaker than that of N,.

The residual adsorption strain of coal after desorption
of CH,/N, equilibrium at different gas pressures is shown
in Fig. 8. The total residual adsorption strain of coal shows
that the volume residual adsorption strain is greater than
the axial residual adsorption strain than the circumferen-
tial residual adsorption strain. The residual adsorption
strain generated when coal adsorbs CH, is greater than
that generated when coal adsorbs N,. This is because the
residual adsorption amount of CH, in coal is greater than
the residual adsorption amount of N, after the gas desorp-
tion reaches the equilibrium state.

With the increase of CH, pressure, the decreased rate
of residual adsorption strain of coal gradually increases.
While with the increase of N, pressure, the decreased rate
of residual adsorption strain of coal remains unchanged.
The reason is that coal has a very strong adsorption
capacity for CH, (under the same equilibrium pressure
condition, the reduction of surface free energy when
coal adsorbs CH, is greater than that of adsorbing N,).
According to the theory proposed by Bangham that the
amount of solid expansion deformation is proportional
to the amount of surface free energy reduction (Xie and
Huang 1985), it can be known that the more gas adsorbed
by coal, the greater the reduction in surface free energy,
the greater the expansion deformation caused by gas
adsorption, and the more obvious the weakening damage
to the coal. Therefore, the modification effect of adsorbed
CH, on the pore structure of coal is stronger than that
of adsorbed N,. And the higher the pressure of CH,, the
more significant the modification effect on the pore struc-
ture, resulting in an increase in the reduction rate of the
residual adsorption strain in the coal.
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Table 4 Adsorption amount, desorption amount and residual adsorption amount

Gas pressure (MPa)

Gas volume (mol)

Gas type

Gas pressure (MPa)

0.74

Gas volume (mol)

Gas type

0.94 1.14 1.34 1.54

0.74

1.34 1.54

1.14

0.94

2.30
2.24
0.59

2.00
1.92
0.76

1.70
1.59
1.06

1.50
1.38
1.16

1.30
1.17

1.26

Adsorption amount/x 107

N,

3.80
3.55
2.46

3.40
3.06
3.42

2.80
2.54
2.60

2.50
2.15
3.53

1.80
1.53
2.69

Adsorption amount/x 107

CH,

Desorption amount/x 107

Desorption amount/x 107

Residual adsorptionamount/x 107

Residual adsorptionamount/x 107

4.3 Correlation between coal deformation and gas
adsorption amount

The relationship between the adsorption expansion strain
of coal and the equilibrium adsorption amount of CH,/
N, is shown in Figs. 9a, b. The expansion strain of coal
adsorbed CH, is greater than that of adsorbed N, for
the same amount of adsorption. The expansion strain
of the coal increases exponentially as a function of CH,
adsorption. The adsorption expansion strain rate gradu-
ally decreases with the increase of CH, adsorption, and
the axial strain rate changes significantly. The adsorption
expansion strain of coal shows a one-dimensional growth
function with the increase of N, adsorption amount (&,
€,, and &5 are the axial strain, circumferential strain, and
volumetric strain of the coal during the adsorption process,
q, is the CH,/N, adsorption amount, H,. -1, is related
fitting constants).

The main reason is that the bedding of the experimental
coal sample is perpendicular to the axial direction of the
coal. When the coal adsorbs gas, the bedding has strong
adsorption deformation amount, and the coal has stronger
adsorption amount for CH, than for N,. As the amount of
CH, adsorption increases, the adsorption vacancies in the
coal are continuously occupied by CH, molecules, result-
ing in a large expansion strain, and this strain first appears
in the direction vertical to the bedding plane, resulting
in a larger axial strain rate of the coal when the adsorp-
tion amount is small. As the adsorption continues, the
remaining adsorption vacancies in the coal decrease, and
the expansion strain rate caused by adsorption decreases,
which shows that the axial strain rate of the coal decreases
with the increase of the adsorption amount when adsorb-
ing CH,.

The relationship between coal desorption shrinkage
strain and CH,/N, equilibrium desorption amount is shown
in Figs. 9c, d. Under the same amount of desorption, the
shrinkage strain of coal desorbed CH, is greater than that
of desorbed N,. The desorption shrinkage strain of coal
increases exponentially as a function of CH, desorption,
and the desorption shrinkage strain rate decreases gradu-
ally with the increase of N, desorption amount, and the
change of axial strain rate is obvious. The desorption
shrinkage strain of coal increases with the increase of N2
desorption amount as a linear function of one variable (g,
€5, & are the axial strain, circumferential strain, and volu-
metric strain of the coal during the desorption process, g,
is the desorption amount of CH,/N,, H,. -1, are related
fitting constants) (Table 6).
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Fig. 7 Axial strain/circumferential strain/volumetric strain characteristics of coal

5 Discussion

5.1 Gas occurrence pattern and coal deformation
characteristics in complex pore

5.1.1 Gas occurrence pattern

The form of gas occurrence in coal is the basis for the
investigation of its adsorption—desorption—diffusion—seep-
age characteristics. There are differences in the forms of gas
occurrence within pores with different sizes. Among them,
the adsorption force fields of the micropores superimpose
the potential energy, resulting in gas enrichment mainly
in the form of filling. Larger pores are dominated by gas

surface coverage (Cheng and HU B. 2021). Related studies
have shown that the van der Waals force on gas molecules
is significantly enhanced in < 1.5 nm micropores, while the
forces generated between gas molecules and pore-walls in
larger pores have a relatively limited range of influence. This
is because the gas adsorption in the > 1.5 nm pore-size seg-
ment belongs to supercritical adsorption and is dominated by
monomolecular layer adsorption (Ortiz et al. 2016). Based
on the difference of van der Waals forces on gas molecules
in pores with different sizes, < 1.5 nm micropores can be
divided into the strong-adsorption potential region (forced
by the micropore wall) and the weak-adsorption potential
region (force between adjacent gas molecules). Transition
pores, mesopores, and macropores can be divided into

@ Springer
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Fig.9 Correlation between coal deformation and gas adsorption amount

monomolecular layer adsorption region and monomolecular
layer free region (Zhang et al. 2022c).

Coal has a complex network of pores and fractures, and
gas molecules not only have different adsorption forms in
multi-level pores, but also have different migration modes.
The > 1.5 nm pores consist of diffusion pores (1.5-100 nm)

N, desorption amount / x10~mol
(d) Desorption (N»)

and seepage pores (> 100 nm). Among them, the diffusion
modes of gas molecules in the diffusion pores include gas-
phase diffusion, surface diffusion, and crystal diffusion, and
gas-phase diffusion is dominant. The seepage modes of the
gas molecules in the seepage holes include low-velocity
non-Darcy flow, Darcy flow, and high-velocity non-Darcy
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flow, as shown in Fig. 10. In general, most of gas molecules
in coal are mainly attached to the multilevel pores in the
adsorbed state, while a few gas molecules exist in the free
state.

The adsorption of gas by coal belongs to physical adsorp-
tion. The strength of physical adsorption depends on the
interaction between the two, which in turn affects the amount
of gas adsorption. The molecular dynamics diameter, critical
temperature, and diffusion velocity of the gas are important
factors affecting the amount of gas adsorption. Gas with
smaller molecular dynamics diameter, higher critical tem-
perature, and faster diffusion rate is more easily adsorbed.

The basic physical parameters of CH,/N, are shown in
Table 7. The molecular dynamic diameter of CH, is larger
than that of N,, and the critical temperature and dynamic
viscosity coefficient of CH, are smaller than those of N,.
Although N, can enter the coal pores with smaller sizes, the
experimental coal samples have less pore-size distribution
in the range of 0.36-0.38 nm, so the pore-size range acces-
sible by CH,/N, is the same. And the critical temperature
and dynamic viscosity coefficient of N, are greater than that
of CH,, which shows that the adsorption amount of coal for
CH, is greater than that for N,.

5.1.2 Coal deformation characteristics

The deformation of the coal caused by gas migration is due
to the combined action of adsorbed gas and free gas. The
former causes expansion deformation of the coal by reduc-
ing the surface free energy of the coal matrix. The latter
causes compression and deformation of the coal matrix in
the form of pore pressure. Related studies show that the coal
continues to expand and deform when non-adsorptive He is
injected into the coal (Zhang 2015; Durucan et al. 2009).
The root cause is that the gas molecules enter the pores and
fractures with a spatial size greater than or equal to the aver-
age free path of the gas molecules, resulting in an increase in
the volume of the pores and fractures, which is manifested

Table 6 Fitting parameters for the adsorption—desorption strain of coal

as an expansion deformation of the coal at the macroscopic
level.

Thus, the deformation mechanism of coal contains two
main types (Lu et al. 2001): (1) Ontogenetic deformation,
deformation caused by the coal matrix itself (expansion
effect of adsorbed gas on coal and compression effect of
free gas on coal). (2) Structural deformation, deformation
resulting from relative displacement between coal matrix
(expansion effect of free gas on coal). That is, the gas present
in the two states produces three aspects of deformation effect
on the coal, as presented in Fig. 11.

Since the ability of coal to adsorb CH, is greater than the
ability to adsorb N,, the reduction in surface-free energy
on coal when adsorbing CH, is greater than the reduction
in surface-free energy on coal when adsorbing N,. Under
the combined effect of the three stresses (expansion stress
of adsorbed CH, on coal matrix, compressive stress of free
CH, on coal matrix, expansion stress of free CH, on the
micropores and cracks of the coal), the deformation amount
of coal when adsorbing CH, is greater than the deformation
amount of coal when absorbing N,.

In addition, coal is a complex heterogeneous medium.
The material composition, particle size, and cement make
the coal have structural differences. This difference will
affect the gas adsorption—desorption, which will affect the
deformation of the coal itself in all directions. That is, the
adsorption—desorption deformation of coal generally has
anisotropic characteristics.

5.2 Anisotropy and gas-difference characteristics
of coal deformation

To study the anisotropy and gas-difference characteristics of
coal deformation, the anisotropy coefficients (/3 is the ratio
of the axial adsorption strain to the circumferential adsorp-
tion strain. /3, is the ratio of the axial desorption strain to the
circumferential desorption strain. f; is the ratio of the axial
residual adsorption strain to the circumferential residual

Stage Strain Fitting parameters (CH,) Fitting parameters (N,)
Hac I‘dC JHC KﬂC R2 Hﬂl"l Ian R2
I i —6.185E6 4.849E4 —2.573E3 530.626 0.933 1.638E4 2.120 0.992
ii —844.899 186.664 —-0.124 0.077 0.990 1.568E4 1.205 0.972
iii —6.131E9 1.600E9 —1.767E5 1.310E5 0.994 4.774E4 4.529 0.991
Stage Strain Fitting parameters (CH,) Fitting parameters (N,)
Hdc Idc Jdc ch Rz Hdn Idn R2
1I i —1.789E9 2.585E9 4.453E4 1.210ES 0.985 1.603E4 —5.845 0.998
ii —2.203E4 1.068E3 —3.873 1.280 0.933 1.506E4 —2.512 0.983
iii —7.104E9 2.269E8 —4.908E5 1.425E5 0.990 4.614E4 —10.869 0.997
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adsorption strain.) are introduced to analyze the anisotropy
characteristics of coal deformation, and the gas-difference
coefficients (y, is the ratio of the axial/circumferential strain
generated by the adsorption of CH, to the axial/circumferen-
tial strain generated by the adsorption of N,. y, is the ratio of
the axial/circumferential strain generated by the desorption
of CH, to the axial/circumferential strain generated by the
desorption of N,. y; is the ratio of the axial/circumferential
strain produced by the residual CH, to the axial/circumfer-
ential strain produced by the residual N,.) are introduced to
analyze the gas-difference characteristics of coal deforma-
tion. Taking the experimental duration of 1.80x 10* s as the
division basis of the time nodes (T), the adsorption process
was divided into eight-time nodes, and the desorption pro-
cess was divided into five-time nodes.

5.2.1 Time-varying characteristics of coal deformation

The variation pattern of the anisotropy coefficient and gas
discrepancy coefficient of coal deformation with experimen-
tal time is shown in Fig. 12.

Anisotropy coefficient: It can be seen from Figs. 12a, b
that j, is relatively stable during the CH,/N, adsorption pro-
cess. The 3, when coal adsorbs CH, and N, is 0.919-1.172
and 1.005-1.117, respectively. In the initial stage of CH,/
N, desorption, f3, decreases slightly. The reason is that after
CH,/N, adsorption equilibrium, the force in the axial direc-
tion of the coal is superimposed on the gas equilibrium pres-
sure. After the desorption experiment starts, the gas pressure
at the exhaust end is instantly deflated, the axial force is
decreased, and the coal first expands in the axial direction.
The desorption shrinkage in the axial direction is reduced,
resulting in a slight decrease in f,. The 3, tends to increase
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Table 7 Physical parameters of CH,/N,

Critical tem-
perature (°C)

Gas type Molecular
dynamics diam-

Dynamic viscosity
coefficient (107 Pa s)

eter (nm) (25 °C, 0.1013 MPa)
CH, 0.38 -82.6 1.03
N, 0.36 —-147.0 1.69

as the desorption time increases. The , when coal desorbs
CH, and N, is in the range of 0.725-1.016 and 0.882-1.090,
respectively. During the desorption of CH, from coal, f3;
showed an increasing trend, while there was no obvious
change pattern of f; during the desorption of N,.

Gas discrepancy coefficient: It can be seen from Figs. 12c,
d that y, is relatively stable during the CH,/N, adsorption
process. The y, of axial strain and circumferential strain of
coal are 1.621-2.215 and 1.642-1.986, respectively. In the
early stage of CH,/N, desorption, y, decreased slightly. The
reason is that after CH,/N, adsorption equilibrium, the axial
force on the coal superimposes the gas equilibrium pressure,
and the N, equilibrium pressure is greater than the CH, equi-
librium pressure. After the N, desorption experiment started,
the axial force on the coal decreased significantly, the expan-
sion ability in the axial direction was strong, and the des-
orption shrinkage decreased, while the shrinkage ability in
the circumferential direction was strong, and the desorption
shrinkage increased. As the desorption time prolongs, y,

—> Compression deformation
Free gas
—> Expansion deformation
&) Adsorbed gas
— Expansion deformation

C )

®

Primary porous {nedium in coal

tends to increase. The y, of axial strain and circumferential
strain of coal are in the range of 0.738-1.652, 0.791-1.794.
During the desorption of CH,/N, from coal, the y; of axial
strain tends to increase, while y; of circumferential strain has
no obvious change pattern.

5.2.2 Discrete characteristics of coal deformation

From the analysis in Sect. 5.2.1, it can be known that the
adsorption strain/desorption strain of the columnar coal sam-
ple has obvious discrete characteristics. It is necessary to
analyze the degree of dispersion in coal strain at each equi-
librium pressure during CH, and N, adsorption/desorption,
as illustrated in Fig. 13.

It can be seen from Figs. 13a—d that, (1) Adsorption
process: when the CH, pressure is < 1.14 MPa, the axial
adsorption strain is larger than the circumferential adsorp-
tion strain. When the CH, pressure is > 1.34 MPa, the axial
adsorption strain is smaller than the circumferential adsorp-
tion strain. The axial adsorption strain was greater than the
circumferential adsorption strain in the experimental N,
pressure range. It is because the bedding structure of the coal
sample is perpendicular to the axial direction of the coal, and
the adsorption deformation amount in the vertical bedding
direction is stronger, which shows that the axial adsorption
strain is larger than the circumferential adsorption strain
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Fig. 11 Coal deformation characteristics in complex pore
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when the CH,/N, pressure <1.14 MPa. With the increase
of CH, pressure, the amount of gas adsorbed by coal
increases, the reduction of surface-free energy increases,
and the strength decreases significantly. Moreover, a larger
expansion strain is generated in the circumferential direction
where the force is smaller, indicating that the axial adsorp-
tion strain is smaller than the circumferential adsorption
strain when the CH,/N, pressure > 1.34 MPa. (2) Desorp-
tion process: The total axial desorption strain is generally
smaller than the circumferential desorption strain in the CH,
pressure range, and the axial residual strain is larger than
the circumferential residual strain. When the CH, pressure
is<1.14 MPa, the change of j3; is not obvious. When the
CH, pressure > 1.34 MPa, f3; shows a gradually decreasing
trend. The dispersion of 3, and f3; is large during the desorp-
tion of N, from coal.

It can be seen from Figs. 13e-h that vy, > 1 for CH,/N,
adsorption and y, total > 1 and y; > 1 for CH,/N, desorption
by coal. It indicates that the axial strain and circumferential
strain generated by the adsorption/desorption of CH, in coal
are greater than those generated by the adsorption/desorp-
tion of N,. y; for residual CH,/N, in coal > y, for adsorption
of CH,/N, >y, for desorption of CH,/N, at the same time
nodes.

In summary, the dispersion of 5, and y, at each time node
during the CH,/N, adsorption process is large for gas pres-
sures ranging from 0.74 to 1.14 MPa. As the gas pressure
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Fig. 12 Time-varying characteristics of coal deformation

increases, the dispersion of 3, and y, at each time node
decreases. During the CH,/N, desorption process, with
the increase of CH, pressure, the dispersion of y, remains
unchanged while the discreteness of f; decreases. With the
increasing pressure of N,, the dispersion of ; and y5 has no
obvious change rule.

5.3 Strain model of coal adsorption-desorption
CH,/N,

Coal adsorption/desorption deformation involves coal—gas
interaction and the mechanical behavior of gas adsorption/
desorption (Chen et al. 2018; Zhao et al. 2013). From the
analysis in Sect. 5.1.2, it can be known that the stress in
the process of gas adsorption/desorption includes three
types. The adsorption/desorption deformation of coal is
the result of the coupling effect of three kinds of stress (the
gas adsorption deteriorates the mechanical characteristics
of coal, resulting in obvious compression deformation of
coal. The effect of pore pressure changes its own pore and
fracture structure, which in turn affects the amount of gas
adsorption and coal deformation.) (Liu et al. 2018; Sun et al.
2023). Simply analyzing the coal deformation caused by
three types of stresses separately not only ignores the com-
plex coupling relationship among the three, but also leads to
the establishment of a more complicated coal strain model.
Therefore, it can be considered to study the comprehensive
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effects of three stresses on coal deformation from an overall
perspective.

From the analysis in Sects. 4.1 and 4.2, it can be known
that the variation law of CH,/N, adsorption amount with
adsorption time and desorption time, as well as the varia-
tion law of strain generated by CH,/N, adsorption on coal
with adsorption time and desorption time are consistent
with the Langmuir-type equation. To eliminate the effect
of time effect, Eq. 1 is substituted into Eq. 2. Establish the
relationship model between gas adsorption amount and coal
adsorption strain in the whole process of CH,/N, adsorption
experiment, and the relationship model between gas adsorp-
tion amount and coal desorption strain in the whole process
of CH,/N, desorption experiment, as shown in Eq. (3).

{

&y = DaEaQa/(AaBa + EaQa - BaQa) + Fa

Taking the axial/circumferential adsorption strain and
axial/circumferential desorption strain of coal under differ-
ent CH,/N, pressures as examples, the applicability and reli-
ability of the coal strain model (Eq. (3)) were verified. The
fitting results of the coal strain model are shown in Fig. 14.

The proposed model has a large error in fitting coal
adsorption strain data and a small error in fitting coal des-
orption strain data. This is because the columnar raw coal
has a certain spatial scale, and under the same adsorption
time, the deformation degree at each position of the raw coal
is different. Since the sticking position of the strain gauge
is attached to the middle of the coal sample, the adsorption

3
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Fig. 14 Strain model of coal adsorption—desorption CH,/N,

strain lags behind the gas adsorption amount, and the des-
orption strain leads the gas adsorption amount. Generally,
the coal strain model has a high degree of fit, which can
reflect the correlation between gas adsorption amount and
coal strain amount in each stage of CH,/N, adsorption—des-
orption to some extent.

5.4 Applicability of N, injection displacement CH,
technology to low-permeability coal

The applicability of the N, injection for CH, displacement
technology to the gas occurrence characteristics in low-per-
meability coal seams requires comprehensive consideration
of the following three aspects:

Gas adsorption amount / x 10~ mol
(h) Desorption (circumferential, N;)

(1) Displacement effect: Under the same gas pressure, the

@

equilibrium time of coal adsorption/desorption of N,
is shorter than that of adsorption/desorption of CH,
(for example, when the gas pressure is 1.14 MPa, the
time to reach the equilibrium of CH,/N, adsorption by
coal is 2.600x 10* s, 1.558 x 10" 5). And the dynamic
viscosity coefficient of N, is smaller than that of CH,,
which makes N, have a very good carrying effect of
CH,, thus realizing the increase of CH, flow in coal
seam (Yang et al. 2016; Ji et al. 2023).

Economic benefits: As an important component of air,
N, comes from a variety of sources. There are vari-
ous ways to produce N,, the process of N, production
is mature, and the cost of N, production is low. After
N, is mixed into CH,, it is not easy to make it lose its
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combustion and utilization value, which is beneficial
to the utilization of CH, resources (Hao et al. 2016). In
addition, a reasonable and effective field construction
process of N, injection for CH, replacement should
be adopted to increase the CH, volume fraction of the
mixed gas and reduce the separation and purification
costs in the process of the CH, utilization process,
thereby improving the economic efficiency.

(3) Safety issue: Under the same gas pressure, the strain of
coal absorbs/desorbs N, is smaller than that of absorbs/
desorbs CH, (for example: when the gas pressure is
1.14 MPa, the equilibrium strains when coal adsorbs
CH,/N, are 565.95pe and 273.21pe.), which makes
the outburst danger of N, injected into the coal seam
weaker than that of CH,, and the safety risk of N, leak-
age is small (Lin et al. 2023c).

In summary, N, has good injectability in low-permea-
bility coal seams and has the dual function of improving
coal seam permeability and enhancing gas flow. N, injection
for CH, displacement technology can not only improve the
effect of gas management in low-permeability coal seams
but also effectively reduce the cost of gas injection and
increase the profit per ton of coal, thus effectively promot-
ing the efficient utilization of coal seam gas resources.

6 Conclusions

(1) Micropores and transition pores are relatively devel-
oped in coal samples, and the pore morphology is
mainly semi-open pores. The pore structure is highly
complex and heterogeneous. The tortuosity of the coal
sample is 5.81, the effective porosity is 3.04%, and the
pore connectivity is 40.36%. As the pore-size increases,
the proportion of pores in each pore-size segment
decreases, and the pore connectivity ratio increases,
indicating that the connectivity of the seepage pores is
good, and the connectivity of the adsorption pores is
poor.

(2) Under the condition of constant triaxial stress, the abil-
ity of coal to adsorb CH, and its ability to adsorb CH,
deformation is greater than that of N,. The evolution
law of strain (axial strain, circumferential strain, volu-
metric strain) with experimental time for the whole pro-
cess of CH,/N, adsorption—desorption by coal can be
divided into three stages. The variation pattern of coal
strain produced by CH,/N, adsorption—desorption with
the experimental time conforms to the Langmuir-type
equation.

(3) The change law of coal strain produced by CH,/N,
adsorption—desorption with the experimental time cor-
responds to the Langmuir-type equation. The expansion

@ Springer

strain of the coal increases exponentially as a function
of CH, adsorption. The desorption shrinkage strain of
coal increases exponentially as a function of CH, des-
orption.

(4) The deformation caused by the adsorption—desorption
of CH,/N, in coal has anisotropic and gas-difference. A
strain model for the adsorption—desorption of CH,/N,
from coal was established by considering the expansion
stress of adsorbed gas on the coal matrix, the com-
pression stress of free gas on the coal matrix, and the
expansion stress of free gas on micropore fractures,
which effectively reflects the correlation between the
process gas adsorption and coal strain amount at each
stage of CH,/N, adsorption—desorption experiment.

(5) N, has good injectability in low-permeability coal
seams and has the dual functions of improving coal
seam permeability and enhancing gas flow, which not
only effectively improves the effect of gas management
in low-permeability coal seams, but also reduces the
cost of gas injection, increases the profit per ton of coal,
and promotes the efficient utilization of gas resources.
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