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China boasts abundant coalbed methane (CBM) resources whose output is significantly influenced by the
permeability of coal reservoirs. However, the permeability of coal reservoirs in China is generally low, which
seriously restricts the efficient exploitation of CBM. To solve this problem, enhanced coalbed methane
(ECBM) recovery by N, injection has been widely adopted in recent years. However, there exists little
research conducted on coal permeability behavior during the displacement process. In this work, a series
of physical simulation experiments were conducted on CH,4 displacement by N, injection to investigate
the dynamic evolution of coal permeability. Based on the dual-porosity medium property of coal,
a dynamic evolution model of coal permeability considering the combined effects of matrix shrinkage/
swelling and effective stress was proposed to reflect the ECBM recovery process. The accuracy of this
theoretical model was verified by matching the numerical simulation results with the experimental data.
The findings show that coal permeability increases at a gradually decelerating rate with the passage of
displacement time, and finally tends to be stable. In addition, raising N, injection pressure can
dramatically enhance CH4 recovery and shorten the displacement time, which indicates that ECBM
recovery by N, injection is a feasible technical method for low-permeability coal reservoirs. Meanwhile,

Received 2nd April 2021
Accepted 4th May 2021

DOI: 10.1035/d1ra02605d the model proposed in this study can be applied to the prediction of CBM production, and is of guiding

rsc.li/rsc-advances significance for engineering applications.

production in coal mines. Meanwhile, CBM discharged into the
atmosphere may produce a serious greenhouse effect which is 21

1 Introduction

(cc)

Coalbed methane (CBM) is an unconventional gas sharing
a symbiotic relationship with coal. China boasts an abundant
CBM reserve whose development and usage are meaningful.
According to statistics, over 35 trillion m® of CBM are reserved in
coal seams less than 2000 m in depth, featuring enormous
development potential.** Since methane (CH,) is the main
component of CBM, the calorific value of 1 m® of CBM is up to
about 35.9 M] which is equivalent to that of natural gas. Moreover,
CBM is an efficient and clean energy, which does not produce any
waste gas after combustion.* On the contrary, CBM is also
a considerable hazard in underground mining. It may induce gas
outbursts and gas explosions that seriously threaten safe

“Collaborative Innovation Center of Coal Work Safety and Clean High Efficiency
Utilization, Henan Polytechnic University, Jiaozuo, Henan 454003, China. E-mail:
Zjx@zut.edu.cn; anquanlibo@163.com

*School of Energy & Environment Engineering, Zhongyuan University of Technology,
Zhengzhou, Henan 451191, China

“State Key Laboratory Cultivation Base for Gas Geology and Gas Control, Henan
Polytechnic University, Jiaozuo, Henan 454003, China

“State and Local Joint Engineering Laboratory for Gas Drainage & Ground Control of
Deep Mines, Henan Polytechnic University, Jiaozuo, Henan 454003, China

© 2021 The Author(s). Published by the Royal Society of Chemistry

times greater than that of CO,. Such a greenhouse effect is
extremely destructive to global ecological environment.® Therefore,
the exploitation and utilization of the CBM resource is of great
significance to both safe mining and environmental protection.
However, the permeability of coal reservoirs in China is
generally low, being only 0.01-5 mD, which brings great chal-
lenges to underground CBM development.®” Thus, enhancing
the permeability of coal reservoirs is the key to improving the
efficiency of CBM extraction. Numerous researches have been
carried out to investigate the permeability enhancement
mechanisms and technologies of coal reservoirs, and measures
such as hydraulic flushing, hydraulic fracturing, blasting loos-
ening and advanced borehole have been taken.*** Although
these measures achieved a certain effect, but they require a large
engineering quantity and can hardly be applied in several
mining areas. To resolve this problem, enhanced coalbed
methane (ECBM) recovery by gas injection (that is, injecting
some gases, such as N, or CO,, into coal seams to displace CBM
and promote CBM recovery) has been widely adopted and
become a research hotspot worldwide."** So far, the displace-
ment method has been applied successfully in multiple
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countries including American, Australia, India, etc., and ach-
ieved fruitful application effects.**® Recently, many scholars
have made much research on the displacement mechanism of
binary gas flowing in porous media. Based on the molecular
motion theory, Hu et al."” analyzed the self-diffusion and inter-
diffusion of CO,-CH, multi component gas systems in coal.
Connell et al.*® carried out a series of enhanced drainage core
floods to develop a triple porosity model, which realistically
described the observed gas migration during the displacement
process. Liu et al' conducted CO,-ECBM experiments on
cuboid coal samples to monitor the variation on pore pressure,
gas flow rate and outlet concentration by increasing injection
pressure, also established an effective economic cost model for
guiding engineering designs. Kolak and Burruss® evaluated the
potential of mobilizing non-methane hydrocarbons during CO,
storage in different rank coal samples, and acquired mobilized
amount of polycyclic aromatic hydrocarbons (PAHs) with
increasing of coal rank. Ranathunga et al.** investigated low rank
coal samples to analyze the potential for CO,-ECBM. Result indi-
cated that super-critical CO, on CH, recovery was independent of
coal rank or maturity, whereas high CO, pressure may lead to
a negative effect on CH, production. Zeng et al.** proposed an
internally-consistent  adsorption-strain-permeability = model,
including gas adsorption/desorption, coal deformation, and
permeability evolution, and described the ECBM process of CH,
displacement by CO,. Moreover, Yang et al.** conducted molecular
simulation to reveal the competitive adsorption mechanism of
CH,, CO,, and N, in coal. Bing et al.** investigated influences of
volumes, frequencies and modes of CO, injection on methane
production and recovery by numerical simulation.

Previous researches indicate that ECBM recovery by CO,
injection works as a result of the competitive adsorption
between CO, and CH,. Therefore, the adsorption capacity of the
coal matrix increases and the coal permeability corresponding
decreases, which can not achieve a ideal displacement effect.>>?¢
In contrast, ECBM recovery by N, injection is more advanta-
geous in low-permeability coal reservoirs. That is due to the
adsorption capacity of the coal matrix on N, is weaker than that
on CHy, thereby CH, cannot be displaced through competitive
adsorption.”” Instead, CH, desorption is promoted through
reducing the CH, partial pressure. Previous studies were mainly
focused on the effect of CH, displacement, and there is a lack of
investigation on the dynamic evolution of coal permeability
during CH, displacement by N, injection.”® however, lacking
related researches on N,-ECBM to date, the essential mecha-
nism of ECBM recovery by N, injection has not been revealed,
failing to effectively guide engineering application.

In this study, a series of physical simulation experiments of CH,
displacement by N, injection were performed on the basis of actual
coal seam parameters. The combined effects of matrix swelling/
shrinkage and effective stress on the dynamic evolution of coal
permeability during N,-ECBM displacement process were analyzed
to propose a dynamic evolution model of coal permeability. And
the accuracy of the model was verified by matching the numerical
simulation results with the experimental data. The findings can
serve as a reference for the design, parameter optimization, and
theoretical research of gas displacement engineering.
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2 Experimental methodology

In the hope of more really reflecting the engineering background,
the simulation experiments of CH, displacement by N, was carried
out using large-sized (¢ 100 mm x 300 mm) samples based on the
actual coal seam occurrence parameters. And the coal permeability
change was detected under different experimental conditions. The
coal samples used in the experiments were anthracite collected in
Jiulishan Coal Mine, Henan Province, China. Based on BET (low
temperature nitrogen adsorption) and industrial analysis
methods,” the related basic parameters of coal sample are deter-
mined. As seen in Table 1, experimental coal samples are rich in
pore and fracture structures, which conduces to truly simulating
the process of permeation and displacement in original physical
state of coal. Therefore, it has a definite guiding significance and
reference value for ECBM engineering.

2.1 Experimental system

The experiments of CH, displacement by N, injection were per-
formed in this work were performed with the self-built displacement
system which was mainly composed of a servo loading, gas injection,
vacuum extraction, flow measurement, gas sample acquisition, and
gas component analysis units. The axial loading on the coal sample
was provided by the oil cylinder and stabilized by the accumulator.
And the displacement pressure was exerted by the gas cylinder, and
the components and concentrations of acquired gas samples during
the displacement process were analyzed by the GC-4000A gas chro-
matograph. The experimental device is illustrated in Fig. 1.

2.2 Preparation of coal samples

Experimental coal samples were anthracite whose initial CBM pres-
sure was 0.5 MPa. First, the raw coal collected from the field was
crushed and screened into pulverized coal with the particle size of
below 0.25 mm. Then, the screened pulverized coal was evenly added
into the displacement chamber and tamped in layers. Finally, the
displacement cavity was placed on the experimental platform of the
servo machine, and a load of 105 kN was applied on the coal sample
at a rate of 100 N s~ ', which is equivalent to 13.6 MPa of ground
stress, for 24 h to simulate actual occurrence state of coal seam.

2.3 Experimental scheme

2.3.1 Coal permeability tests under different gas source
conditions. Firstly, the vacuum unit of the experimental system

Table 1 Related basic parameters of coal sample

Parameter Value
Total surface area (m” g ) 52.8621
Median pore diameter (nm) 8.13
Porosity 0.08
Apparent density (g cm ™) 1.49
Water content (%) 4.12
Ash content (%) 9.72
Volatile content (%) 11.18
Fixed carbon 74.98

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Diagram of the experimental device.

was turned on to vacuumize the coal samples for more than
12 h, and the pressure in the cavity was less than 100 Pa. Then
the coal permeability changes were test by N, and CHy,,
respectively, under different gas injection pressure. Coal
permeability test is carried out by the steady-state method
according to Darcy's law, and the permeability calculation
formula is expressed as:

20poLu

(p1* —p*)A
where k is coal permeability, m?; Q is gas flow rate per unit time,
m? s7%; p, is the standard atmospheric pressure, 1.01 x 105 Pa;
L is effective seepage length of coal samples, m; u is dynamic
viscosity of the gas, Pa s; p; is inlet gas pressure, MPa; p, is
outlet gas pressure; and A is effective seepage cross-sectional
area of coal sample, m”.

2.3.2 Coal permeability changes during N,-ECBM process.
After the vacuum treatment of the coal samples, the high-purity
(99.99%) CH, was injected into the cavity until the adsorption
pressure of coal samples reached the actual coal seam pressure
0.5 MPa, and the equilibrium time was maintained for more than
24 h. Next, high-purity (99.99%) N, was used for simulating ECBM
process. Three groups tests were designed in the displacement
experiment, with the injection pressure of N, was 0.3, 0.5, and
0.7 MPa, respectively. During the process of CH, displacement by
N,, the changes of gas flow rates at the inlet and outlet were
recorded, and the gases at the outlet were collected regularly.

k= &Y

3 Results and discussion
3.1 Permeability tests of coal to CH, and N,

Permeability test of coal to CH, and N, has two purposes. One is
for analyzing the coal permeability changes under different gas
injection pressures, the other is to compare the coal perme-
ability differences between CH, and N, injection conditions.
As can be seen from the Table 2, under the same gas source
condition, coal permeabilities decreases continuously with the

© 2021 The Author(s). Published by the Royal Society of Chemistry

rise of gas injection pressure, and the decline rate gradually
decelerates. Changing trends of coal permeabilities are dis-
played in Fig. 2. The fitting results of experimental data indicate
that the coal permeabilities shares a negative exponential rela-
tionship with the gas injection pressure under different gas
injection conditions of CH, and N,, with the squared correlation
coefficients R* being 0.9312 and 0.9466, respectively. The results
are consistent with the permeability test results of Zhao et al. on
the large size anthracite samples from Qinshui 3# coal seam.* It is
worth noting that the permeabilities of coal to N, is generally
higher than that of CH, under the same injection pressure. As gas
injection pressure is 0.54 MPa, the permeability of coal to N, rea-
ches 1.47 times that of CH,. While the gas injection pressure
exceeds a certain threshold, for example, CH, pressure is greater
than 0.65 MPa, the coal permeability shows a sign of recovery trend
with an asymmetric “U” pattern variation.

Due to the dual-porosity medium characteristic of coal, the
pore matrix is bound to expand with gas adsorbed in coal.
Considering that the surrounding and base of the experimental
cavity are rigid, the adsorption swelling of the coal matrix leads

Table 2 Results of coal permeability test

Gas source Injection pressure (MPa) Coal permeability (mD)

N, 0.24 0.78
0.35 0.62
0.44 0.44
0.54 0.37
0.65 0.30
0.74 0.27
0.84 0.26

CH, 0.25 0.51
0.35 0.40
0.48 0.31
0.54 0.25
0.64 0.22
0.76 0.20
0.8 0.21
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Fig. 2 Coal permeability variation under different gas source and
injection pressure conditions.

to shrinkage of the internal seepage channels when a constant
stress is applied to the top of the coal sample, which results in
a continuous decrease in coal permeability. According to the
Langmuir isothermal adsorption curves of coal, the coal
adsorption capacity for gas increases with the rise of gas
injection pressure, and the adsorption rate gradually decreases
and stabilizes until the limit adsorption capacity no longer
varies. However, as the pore pressure of coal goes up continu-
ously, the effective stress on the coal sample is reduced.
Resultantly, the initially compressed skeleton of the coal matrix
expands, which causes the recovery of coal permeability. This
phenomenon is also the main reason for the asymmetric U-
shaped permeability curve in above-mentioned results. The
finding shows that coal permeability change is mainly affected
by the adsorption effect of the coal matrix under a low pore
pressure. In contrast, the effective stress is dominant at a high
pore pressure.

3.2 Coal permeability change during CH, displacement by
N, injection

Above experimental results indicated that coal permeability
variations under different gas injection conditions differ to
some extent. Therefore, coal permeability is also in a changes
dynamically during CH, displacement by N, injection. In this
section, the change of coal permeability during displacement
process was analyzed under different injection pressures. The
initial gas pressure of the coal sample is 0.5 MPa, and the
results are presented in Fig. 3.

As displayed in figure, the variation curves of coal perme-
ability during CH, displacement by N, injection both present an
increasing trend with injection pressure, but the increase rate
slows down gradually. Take 0.5 MPa of N, gas injection pressure
as an example, coal permeability surges rapidly in the initial
displacement stage (10-70 min) from the initial 2.67 mD to 3.46
mD by the rate of 0.013 mD min . In the middle displacement
stage (70-150 min), coal permeability grows slowly from 3.46
mD to 3.66 mD by a reduced rate of 0.003 mD min ™. In the later
displacement stage (after 150 min), coal permeability gradually
stabilizes at 3.68 mD. The variation curves of coal permeability
with different N, injection pressures reveal that a high gas
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Fig. 3 Coal permeability variation with different N, injection

pressures.

injection pressure corresponds to a great increase in coal
permeability. Based on the experimental data, as the N, injec-
tion pressures are 0.3, 0.5, and 0.7 MPa, the coal permeability
increases from 2.58, 2.67, and 2.71 mD to 3.15, 3.68, and 4.16
mD, which enhanced by 22.09%, 38.01%, and 53.51%, respec-
tively over the same time span.

The above results indicate that CH, displacement by N,
injection can increase the coal permeability. The reason is due
to the coal adsorption capacity of N, is weaker than that of CH,,
thereby CH, cannot be replaced through competitive adsorp-
tion. As a result, CH, displacement by N, injection causes
enhances coal permeability by causing matrix shrinkage.
However, the gas adsorption of coal belongs to physical
adsorption which is reversible, that is, CH, adsorption and
desorption can reach to an equilibrium state. Once the CH,
pressure decreased, the original equilibrium will be broken,
then the CH, adsorbed on the surface of coal matrix micropores
desorb as free gas to reach a new equilibrium, and coal
permeability will be changed and finally tended to be stable.
Therefore, N, injection can achieve the replacement and
displacement effect by reducing the effective partial pressure of
CH, and promotes its desorption.

3.3 Experimental results of CH, displacement by N,
injection

The change curves of N, injection, N, discharge, and CH,
discharge volume during CH, displacement by N, injection are
displayed in Fig. 4, which show that CH, discharge volume
changes in a trend of convex functional form, gradually tran-
sitioning from the rapid increase in the initial stage to stable at
the late. However, N, injection and discharge volume show
opposite change trends, which both increase slowly in the
initial stage and changed to a linear growth trend later.
Comparing with the variation of three curves, we can find that
a higher N, injection pressure leads to a greater difference
between N, injection and discharge volume, that is, more
residual amount of N, is retained in the coal sample. Due to the
limited gas adsorption capacity of the coal matrix, the increase
in N, residual amount results in the decrease of CH, partial
pressure. Depending on the Langmuir adsorption equation, the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 CH,4 displacement by N, injection under different injection pressures.

gas adsorption amount is positively correlated with gas pres-
sure. Therefore, large amounts of adsorbed CH, in coal will be
desorbed to counter the reduction in CH, partial pressure, thus
promoting the displacement and production of CH,. According
to the experimental results, the CH, adsorption amount of coal
sample reaches 36.57 L before N, injection. While CH,
discharge volume corresponding to N, injection pressure 0.3,
0.5, and 0.7 MPa at 120 min are 25.04, 29.38, and 29.50 L, with
the CH, output rate of 68.47%, 80.34% and 80.67%, respec-
tively. Therefore, CH, production also increases with N, injec-
tion pressure at the same displacement time.

Combing with the results of coal permeability change during
CH, displacement by N, injection, it can be found that with N,
injected into coal, a large amount of N, molecules will be
absorbed on the surface of the coal matrix. As a result, CH,
partial pressure falls and coal permeability soars sharply, which
leads to CH, molecules constantly desorbed from coal matrix
and rapidly discharged after N, replacement. During this
process, the adsorption of N, in coal becomes saturated, and
coal permeability gradually stabilizes. In this case, the N,
injection, N, discharge, and CH, output varies linearly. The
experimental results indicate that the coal permeability is
a major factor affecting the CH, displacement effect. Therefore,
the dynamic evolution of coal permeability during displace-
ment should be explored for CBM extraction and production.

4 Dynamic evolution mechanism of
coal permeability during CH,4
displacement by N, injection

4.1 Dynamic evolution mechanism of coal permeability

The above-mentioned experimental results show that coal
permeability changes dynamically during CH, displacement by
N, injection and that the change of coal permeability directly
affects the effect of CH, discharge and production. As shown in
Fig. 5, as a dual-porosity medium, coal comprises micropore-
containing matrix and fracture systems. Injection of a certain
pressure of N, into coal decreases the CH, partial pressure and
increases the N, partial pressure. For this reason, CH, mole-
cules desorb constantly from the adsorption state into the free
state and spread to the fracture systems, while N, molecules
shift from the free state into the adsorption state and enter into
the pores of the coal matrix. At the macro level, N, displaces

© 2021 The Author(s). Published by the Royal Society of Chemistry

CH,4 on the pore surface, and then matrix swelling/shrinkage is
caused by N, adsorption and CH, desorption (Fig. 5a and b),
thereby affecting the pore volume change of the coal matrix. On
the other hand, the injection of N, raises the pressure of CH,
and N, gas mixture in the fracture system. According to Terza-
ghi's effective stress principle, the effective stress of coal will
also changed. Relevant researches have disclosed that the coal
skeleton deformation induced by the change in effective stress
corresponds to the change in the volume of the fracture system,
i.e., the deformation of the coal skeleton volume.*'***> Therefore,
the coal permeability during displacement is mainly affected by
both matrix swelling/shrinkage and effective stress.

4.2 Effect of matrix swelling/shrinkage and effective stress
on coal permeability

4.2.1 Effect of matrix swelling/shrinkage on coal perme-
ability. Previous studies indicated that gas adsorption or
desorption occurs in the coal matrix as a result of the change in
chemical energy on the pore surface. Once gas adsorption, the
free tension of the pore surface will be decreased, thus leading
to the decline in the attraction between coal molecules.
Thereby, the intermolecular distance enlarged. Macroscopi-
cally, this phenomenon is reflected by matrix swelling. In

[ Matrix shrinkage / swelling ¢, ] [ Effective stress change Ao’ ]
= >

l Dynamic evolution of coal permeability &

(c) CBM extraction

Fig. 5 Evolution mechanism of coal permeability during CHg4
displacement by N, injection.
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contrast, during gas desorption, the surface chemical energy
enhances matrix shrinkage.

Based on the surface chemistry theory,* the change in free
energy caused by gas adsorption and desorption on the coal
surface can be expressed by Gibbs equation:

_ RuTQd(In p)

d(Am) VS

2)
where d(Aw) is the change in free energy; R, is Prussian gas
constant, 8.31/(mol K); T is the temperature, K; Q is adsorption
amount of gas; S is specific pore surface area; and V,, is mole
volume of gas, 22.4 mol L™,

Since N, partial pressure rises from 0 to p, and CH, partial
pressure drops from p;, to pi, the integral of eqn (2) can be

obtained as follows:
RmT [Pl(i QI Jﬂz Q2

AT = =dp—-| =dp 3

SVm <.p1 p o P ()

The adsorption capacity of binary gas in coal conforms to the
Langmuir adsorption equilibrium equation:

arbiep arbycps
O = T+bp’ 0, = T+ bups (4)
where ay, by, a, and b, are the Langmuir adsorption constants of
CH, and N,, respectively, m* t** and Pa™"; ¢ is combustibles
mass per unit volume of coal, t m~>; Q, and Q, are adsorption
amount of CH, and N,, respectively.
The variation in free energy on coal surface caused by gas
adsorption and desorption can be obtained by simultaneously
calculating eqn (2)—(4):

. RmTC 1 +b1p10
AT = TI/m |:al In (Tblljl) —day h’l(l + bzpz) (5)

Assuming that coal is under completely ideal constraints, the
matrix swelling/shrinkage model of gas adsorption/desorption
can be obtained by the principle of elasticity mechanics and
energy conservation:*

_ 2AmSp,

ép

where K is bulk modulus, Pa; and ¢, is volumetric strain of the
coal matrix.

By substituting eqn (5) into eqn (6), the following functional
relationship between the volumetric strain of the coal matrix
and the thermodynamic parameters can be yielded:

2¢p Ry T 1+b
_“Cpy {al ln( + Dipio

©= 3y K Tblpl) —ayIn(l+byp)|  (7)

Relevant theoretical and experiments verification reveals
that over two-thirds of total adsorption swelling strain is the
internal swelling strain variable that changes the fracture
volume.** Assuming that matrix swelling/shrinkage deforma-
tion caused during gas adsorption/desorption is reversible.
Therefore, during the displacement process, the CH, partial
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pressure falls from p,, to p;, while the N, partial pressure rises
from 0 to p,. Then, the volumetric strain of the coal matrix can
be expressed as:

e = ge _ 4ep R T a In 14+ bipio
P3P 9y k |\ + b

) w1+ bpy)| (®)

4.2.2 Effect of effective stress on coal permeability.
According to Terzaghi's principle, the difference between the
overlying strata stress acting on the coal reservoir and the fluid
pressure in pores and fractures is the effective stress, which can
be given as:**

d =09— ap 9)

where ¢’ is the effective stress of the coal seam, MPa; g, is the
overlying strata pressure, MPa; « is Boit's coefficient; and p is
the fluid pressure in pores and fractures, MPa.

During the process of CH, displacement by N, injection,
when the CH, partial pressure decreases from p,, to p;, the
effective stress increases by Ac’;. Similarly, when N, partial
pressure increases from 0 to p,, the effective stress decreases by
Ad',. Therefore, the A¢’ variation can be obtained as follows:

Ad’ = alpro — p1 + p2) (10)

Given that the change in effective stress caused by the
change in N, and CH, gas mixture pressure only induces the
volumetric strain of coal skeleton, without altering the swelling/
shrinkage amount of coal matrix, thus the coal strain caused by
the effective stress variation can be expressed as:*

_ A_U/: a(pio — p1 +p2) (11)

K K

&y

where ¢, is volumetric strain of the coal.

4.2.3 Dynamic evolution model of coal permeability. Based
on the above analysis, the variation in effective stress only
changes the volumetric strain of coal skeleton, whereas the
matrix swelling/shrinkage alters the volumetric strain of coal
matrix. According to the porosity definition,*® coal porosity
equation considering the integrated control of matrix swelling/
shrinkage and effective stress can be expressed as follows:

_ Vw—AV,— AV, (Vo= AV, —AV) [V

Vt() - AV/ (Vz() - AV!)/VIOt
_ Pt €p— & (12)
1—e,

Substituting eqn (7) and (10) into (12), we can obtain the
porosity evolution model during CH, displacement by N,
injection.

_ Koy —alpo—p1+p2)
K —a(pio—p1+p2)

L+ bipio
4ep Ry T |ay In| ———— ) — a, In(1
cpy {fll n(1+b1p1 ay In(1 + byp)

IWVnlK — a(pio — p1 + p2)]

J’_

(13)
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According to the fracture plate model, the model of coal
permeability under the combined effects of effective stress and
adsorption swelling effect can be expressed by Kozeny-Carman
equation.’”

3
af)
Po

_ 1. d Koo —alpio—pi+p)
— R0

4ep R T {al In (
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demonstrates that coal permeability at the initial time (¢ =
0 min) is equivalent to that of the original state of coal seam
unaffected by mining disturbance, with coal permeability is
only 2.55 mD.

3

L+ bipio

_ (14)
1 T b1p1 ) ay 111(1 + bzpz)

@K — a(pio — p1 + p2)]

5 Model validation and discussion
5.1 Establishment of numerical simulation

To verify the correctness of the dynamic evolution model of coal
permeability, the numerical simulation by COMSOL Multi-
physics software was used to match the results between the
simulation outcome and experimental data. For the numerical
simulation, the theoretical model was embedded in the PDEs
module in the form of partial differential to realize secondary
development of the software. And then the physical geometric
model of the coal sample with the size of 100 mm x 300 mm
was built on the base of actual experimental conditions, as
shown in Fig. 6.

The top of the physical model was subjected to uniformly
distributed load, the bottom and surrounding boundaries were
constrained by vertical or horizontal forces. In the initial state, the
adsorption equilibrium pressure of CH, gas in the coal sample was
0.5 MPa. The injected N, flows through the model from top to
bottom, and the displaced CH, was discharged from the bottom. The
transient solution method was adopted in the numerical calculation.

The main parameters for model calculation are listed in
Table 3.

5.2 Analysis of numerical simulation results

Fig. 7 displays the cloud image change of coal permeability
during CH, displacement by N, injection. The graph

o=13.6 MPa
Gas intake
P10 =0.5 MPa
SR w
o =4
ecoe =
~N W W =1
S =
555
)
Gas outlet

| 100 mm |

Fig. 6 Physical geometric model.

© 2021 The Author(s). Published by the Royal Society of Chemistry

©0IVm[K — a(pio — p1 + p2)]

While with the passage of displacement time, the coal
permeability increases continuously, but the increased extent
gradually reduces. Since coal adsorption capacity of N, is
weaker than that of CH,, the coal matrix shrinks and the
permeability increases after N, replaces CH,. However, as N,
injection proceeds, the adsorption capacity of the coal matrix
becomes saturated. As a result, the strain variation of the coal
matrix continuous lowered, thereby coal permeability stabilizes.

Comparison of the simulation results under different N,
injection pressures can be found that the higher the N, injec-
tion pressure is, the shorter the time is required for coal
permeability to reach the equilibrium state, and the greater
increase of permeability is correspondingly. Such a phenom-
enon demonstrates that raising N, injection pressure can
significantly enhance the binary gas convection velocity and
form a high gas concentration gradient, thus reducing the
displacement time. Eqn (10) indicates that a higher N, injection
pressure corresponds to a smaller effective stress and a larger
coal strain, thus leading to a continuously expanding seepage
space within coal. Therefore, coal permeability is directly
proportional to the gas injection pressure, that is, it increases
with the rise of gas injection pressure.

To verify the accuracy of the theoretical model, Fig. 8 pres-
ents the matching results between simulation outcome and
experimental data of coal permeability during CH, displace-
ment by N, injection. As can be observed in figure, the both

Table 3 Main parameters for numerical simulation

Parameter Value

Initial porosity ¢, 0.08

Initial permeability &, 2.55 mD

CH, dynamic viscosity coefficient u, 1.03 x 10 ° Pas
CH, Langmuir constant a, 29.41 kg m™
CH, Langmuir constant b, 2.25 MPa !
Coal apparent density p, 1.49 x 103 gm™*®
Biot « 0.85

N, dynamic viscosity coefficient u, 1.69 x 10 ° Pa's
N, Langmuir constant a, 23.15 kg m™

N, Langmuir constant b, 1.37 MPa !

RSC Adv, 2021, 11, 17249-17258 | 17255
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Fig. 8 Matching results between simulation outcome and experimental data.

results share the same change regularity. Coal permeability
increases by a gradually decelerating rate with the passage of
displacement time and finally stabilizes. The numerical simu-
lation outcome is consistent with the experimental data, thus
indicating that the theoretical model can reflect the dynamic
evolution of coal permeability during N,-ECBM process with
highly applicable levels.

5.3 Discussion

Experimental results of coal permeability change during
displacement process show that N, injection can enhance coal
permeability and promote CH, production and displacement in
coal with a positive effect. Therefore, the dynamic evolution
model of coal permeability proposed in this work, which
comprehensively considers the combined effects of matrix
swelling/shrinkage and effective stress, expounds the basic
physical process of binary gas relative flow in the process of CH,
displacement by N, injection. Eqn (14) indicates that with the
continuous injection of high-pressure N, leads to the decrease
in CH, concentration and the increase in N, concentration in
fracture space, thereby promoting the rapid diffusion of free
CH, in the pores and the desorption of adsorbed CH, molecule.
Compared with the current engineering methods, such as
hydraulic fracturing, hydraulic slotting and hydraulic flushing,
can significantly improve coal permeability, but the resultant
“water-lock” effect may slow down CH, diffusion and desorp-
tion. In contrast, the method of CH, displacement by N,
injection can avoid the above-mentioned engineering problems
and boasts the advantage for enhancing CBM recovery. Based
on the theoretical model and COMSOL numerical simulation
method proposed in this work, the ECBM effect of N, injection

17256 | RSC Adv, 2021, 11, 177249-17258

and CH, discharge volume can be predicted. Therefore, the
findings provide an important basis for the design and opti-
mization of displacement engineering and thus serves as
a feasible method for ECBM engineering application.

Be noted that, considering the actual influence of geological
tectonics and mining activities on coal seam, the large-size raw
coal is difficult to collect from the on-site and process into
experimental samples as conditions limited. Due to the little
discreteness and high repeatability of pulverized coal samples
for investigating, this sample is instead of raw coal in this work.
Furthermore, related studies also indicate that the permeability
response characteristics of both coal samples are basically
similar, with little differences in details.*®*° Besides that, the
experimental data of coal permeabilities to CH, and N, in this
work are consistent with researches of Zhao et al.,** indicating
that the pulverized coal samples can be used to investigate the
mechanism of N,-ECBM recovery for providing some guiding
significance in engineering application. Therefore, the dynamic
evolution model of coal permeability proposed in this work can
reflect generally change of coal permeability during CH,
displacement by N, injection. On the basis of the this study, we
will conduct relevant field tests in future work to properly
modify the theoretical model of eqn (14) for improving the
accuracy and applicability to guide actual project.

6 Conclusions

This study carried out a series of physical simulation experi-
ments of CH, displacement by N, injection under different
injection pressure conditions. And a dynamic evolution model
of coal permeability considering the combined effects of matrix
shrinkage/swelling and effective stress was proposed to reflect

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the ECBM recovery process. The main conclusions are obtained
as following:

(1) The results of coal permeability tests under different gas
source conditions show that coal permeability to N, is generally
higher than that of CH,, and the coal permeability changes in
an asymmetric “U” pattern trend with the rise of N, injection
pressure. During CH, displacement by N, injection, coal
permeability continues to increase at a decelerating rate with
the passage of displacement time, and finally becomes stable.
Increasing N, injection pressure is conducive to improving coal
permeability and thereby promoting CH, production.

(2) Given that coal is a dual-porosity medium, the change in
effective stress only changes the volumetric strain of coal skel-
eton, whereas the coal matrix swelling/shrinkage only alters the
volumetric strain of the coal matrix. Based on the porosity
equation, a dynamic evolution model of coal permeability
considering the combined effects of matrix swelling/shrinkage
and effective stress during N,-ECBM displacement process is
established.

(3) The dynamic evolution model of coal permeability was
embedded in the PDEs module of COMSOL Multiphysics soft-
ware in the form of partial differential. Then, theoretical model
was calculated by finite element solver to simulation N,-ECBM
effect. And the simulation outcome is consistent with the
experimental data, suggesting that the theoretical model can
reflect the dynamic evolution of coal permeability during CH,
displacement by N, injection. The findings of this work can
provide an important guiding significance for the design and
optimization of N,-ECBM displacement engineering.
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