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Abstract The viscosity and density of different
gases (CO, and N,) vary with the gas species, com-
position and temperature, which may raise variant
results of gas injection enhanced coalbed methane
(ECBM) extraction. The fluid—structure interac-
tion within the coal seam was established to study
the evolution of coal strain in the process of ECBM
extraction by injecting CO, or N,. After verifying the
equations governing the interaction via experimen-
tal tests, the ECBM extraction by injecting differ-
ent gases was simulated. The characteristics of coal
strain induced by gas sorption was comprehensively
analyzed. Results show that N, has strong fluidity
in coal fractures, leading to wider influencing range
of injected N, than that of injected CO,. Due to the
greater affinity of CO, to coal, the effect of gas dis-
placement and competitive sorption is more obvi-
ous, manifesting in more likely to migrate towards
the coal matrix. Compared with regular extrac-
tion, the CH, content at 180d in CO,-ECBM and
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N,-ECBM extraction has decreased by 24.3% and
13.8%, respectively. The effect of gas extraction is
CO,-ECBM > N,-ECBM >regular extraction. The
coal strain induced by gas sorption mainly depends
on the proportion of adsorbed gas in the coal matrix.
The permeability evolution is opposite to the coal
strain induced by gas sorption. For CO,-ECBM, the
proportion of CH, decreases gradually caused by
the competitive sorption with CO, in matrix, and the
coal strain increases. The influencing factors on the
coal strain are injection pressure, initial permeabil-
ity, water saturation and extraction pressure in order.
While for N,-ECBM, the influencing factors on the
coal strain are initial permeability, injection pressure,
water saturation and extraction pressure in order.

Article Highlights

e We have established the fluid-structure interaction
within the coal seam system to study the evolution
of coal strain in the process of enhanced CBM
extraction (ECBM) by injecting different gases of
CO, and N,.

e After verifying the equations governing the inter-
action via experimental tests, we simulated the
enhanced CBM extraction with different injected
gas species, and comprehensively analyzed the
characteristics of coal strain induced by gas sorp-
tion.
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e The coal strain induced by gas sorption mainly
depends on the proportion of adsorbed gas in
the coal matrix. For CO,-ECBM, the proportion
of CH, decreases gradually caused by the com-
petitive sorption with CO, in matrix, and the coal
strain increases. For N,-ECBM, the proportion of
CH, in the coal matrix is high, and the coal strain
decreases with the time.

e For CO,-ECBM, the influencing factors on the
coal strain are injection pressure, initial perme-
ability, water saturation and extraction pressure in
order. For N,-ECBM, the influencing factors on
the coal strain are initial permeability, injection
pressure, water saturation and extraction pressure
in order.

Keywords Coalbed methane - Gas injection - Coal
strain - Gas sorption - Fluid—structure interaction -
Numerical simulation

1 Introduction

With the increase of coal mining depth, the perme-
ability of coal seam decreases gradually. Improving
coalbed methane (CBM) extraction efficiency is sig-
nificantly important for the safe and efficient produc-
tion of coal mines (Lu et al. 2021). Gas injection in
coal seam can effectively improve the efficiency of
CBM extraction by flooding free gas and replacing
adsorbed gas (Liang et al. 2021). At the same time,
the injection of CO, or flue gas into coal seams can
increase the sequestration of CO, and slow down the
greenhouse effect (Wang et al. 2022). In the process
of gas injection enhanced coalbed methane (ECBM)
extraction, the permeability determines the speed of
gas seepage in coal seam, and is an important parame-
ter affecting the efficiency of gas injection and extrac-
tion (Bai et al. 2022). Generally, the coal deforms
after adsorbing gases (CH,, CO,, N,), which will
directly affect the permeability (Long et al. 2021).
Therefore, it is great significance to carry out research
on the coal strain characteristics after exposed to dif-
ferent injected gas species, as well as its influence on
permeability.

Coal is a typical complex natural porous medium
containing fractures and coal matrix (Huang et al.
2020; Wang et al. 2019a; Xu et al. 2020). Many
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scholars have researched the law of gas migration
within coal seam. Fick’s law is generally used to
describe the gas migration in the coal matrix includ-
ing the processes of gas adsorption and desorption
(Huang et al. 2021), while Darcy’s law is applied
to express gas migration in fractures (Wang et al.
2019b, 2020). Therefore, the fluid—structure interac-
tions becomes the focus to reveal the process of gas
extraction from coal seam. Injection of external gas
(CO,, N,, flue gas) (Wu et al. 2019; Merey and Sin-
ayuc 2016) can be used to enhance gas extraction
efficiency. According to the pioneering experiments
on gas displacement, when there are different gases
in the adsorption system of coal seam, the adsorp-
tion amount of each component will change with the
adsorption capacity and properties (Yu et al. 2019;
Fan et al. 2019a; Yi et al. 2013). Multiple groups
of mixed gases exist at the same time that they will
compete with each other in the coal. In recent dec-
ades, scholars have conducted adsorption experi-
ments on coals with different gases under different
temperatures, pressures, coal metamorphism and
gas types, and found that the adsorption capacity of
CO, is significantly stronger than that of CH, and N,
(Clarkson and Bustin 2000; Silva and Ranjith 2014;
Zhang et al. 2016). Injecting CO, or N, will reduce
the partial pressure of free CH,, and change the pres-
sure gradient in coal fractures to displace CH, (Lin
et al. 2018). More than N,, the stronger adsorption
capacity of CO, will replace CH, on the adsorption
site by competitive sorption (Zhou et al. 2021; Fang
et al. 2019). The gas sorption on coal matrix will pro-
duce coal strain, which causes swelling or shrinkage
of coal matrix, thus alter the fracture porosity and
coal permeability. During gas extraction, the sorption
induced strain under different injected gases in coal
matrix varies. For the original CH,-saturated coal
seam, the coal matrix will expand after CO, injection,
but will shrink after N, injection (Wei et al. 2019a;
Fang 2009). Hence, the effects of CO,-ECBM and
N,-ECBM extraction are quite different. The injection
pressure, water saturation and initial permeability
in coal seam are the main factors (Wei et al. 2019b;
Shiqi et al. 2019). These research have promoted the
theoretical research and technical application of gas
injection enhanced CBM extraction. However, the
systematic and detailed study on the sorption induced
coal strain after injection of different gases has not
been carried out.
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In this paper, the equations of fluid—structure inter-
action of gas injection enhanced CBM extraction are
proposed, and are verified by conducting N, seepage
experiments in laboratory. Taking Zhangcun Coal
Mine as the research background, a series of numeri-
cal simulations on CO,-ECBM, N,-ECBM and reg-
ular extraction are comparatively carried out. The
sorption induced strain of coal seam in these three
extraction methods was detailed discussed, as well
as the influencing factors—injection pressure, water
saturation, extraction pressure and initial permeabil-
ity, on enhanced CBM extraction. This study provides
a theoretical reference for optimizing the gas injection
enhanced CBM extraction and obtaining an increased
efficiency.

2 Fluid-structure interactions in gas injection
enhanced CBM extraction

2.1 Basic assumptions

To simplify the study, assumptions are made on
the physical properties of coal and gas (Fan et al.
2021; Luo et al. 2022): (1) Coal seam is a poroelas-
tic medium including pores and fractures; (2) Gas
migration in the matrix is driven by concentration
gradients satisfying the Fick’s diffusion law, while
gas migration in fractures is driven by pressure gra-
dient satisfying the Darcy’s law; (3) CH,, N, and
CO, are regarded as ideal gas; (4) Gas gravity is
ignored, and gas slippage effect is considered; (5)
Water in coal seam only exists and migrates in frac-
tures; (6) The adsorption and desorption of CH,, N,
and CO, is in the state of constant temperature.

Coal seam is simplified as a regularly-arranged
cuboid with equal coal matrix intervals, namely
representing element volume (REV). q is the width
of equivalent matrix, and b is the width of equiva-
lent fracture. The values of g, and b, are calculated
from the initial fracture porosity ¢y and the initial
permeability k in the free state:

ay = 3by/ Py
by = 6\/k0/(ﬂf0 M

2.2 Evolution equations of coal seam porosity and
permeability

Coal matrix porosity is mainly controlled by matrix
strain and initial matrix porosity, and its mathemati-
cal model can be expressed as Fan et al. (2016):

_ A+ Sp@no + a,AS
Pm = 1485

@

where ¢, 1s initial matrix porosity; a,, is Biot’s coef-
ficient of matrix pores; AS=S-S§, is variation of
matrix pore strain; S, is initial matrix pore strain; S
is matrix pore strain. «,,, S and S, are calculated as
follows:

a,=1-K/K,

S=¢,+pu/ (K, +e,)

) S0 = €v0 + Pugo/ (K + €49) 3)
K=D/3(1 -2v)

K, =E/3(1-2v)

D =1/[(1/E)+1/(ay - K,)]

L

where K is the bulk modulus, GPa; K is the skeleton
bulk modulus, GPa; ¢, is the volum strain in the coal;
g, s the skeleton adsorption gas strain, GPa; E is the
skeleton elastic modulus, GPa; v is Poisson ratio; D
is the elastic modulus, GPa; K|, is fracture stiffness,
GPa/m; the subscript ‘0’ represents the initial value
of the parameter.

The gas sorption induced coal deformation is
expressed as Fan et al. (2019b):

Z?:] ggibipmgi
ERRES ST @
ij=1 Y mgj
where n is the number of considered gas species; ¢,
is the Langmuir volume constant of gas component i;
b; is the absorption equilibrium constant of gas com-
ponent i, MPa™!; P,,; is pressure of gas component
in the matrix, Pa; i is gas component, i=1 represents
CH,; i=2 represents CO, or N,.
The fracture porosity is affected by the stress field
and the seepage field, and its mathematical model can
be expressed as:

350

@po + 3K, /K o= )=

(pf = (pfO - (Ev - Ev())] (5)
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where ¢y is the initial fracture porosity; K;=b K, is
the equivalent fracture stiffness, GPa; b is the initial
fracture width, m.

According to the cubic law, the relationship
between porosity and permeability is:

3

()

== (6)

ko Pro

where k, is the initial permeability of coal seam, m?.
Substituting Eq. (5) into Eq. (6) can obtain the

dynamic evolution equation of permeability:

3
k= kO{ 1 - m{[(ﬂz - gaO) - (6\/ - 8\/0)]}
)
Considering the effect of water on gas migration in
fractures, the relative permeability models of gas and
water phases are Xu et al. (2014):

8,8, 2 S, 2
b = b1 = (22 )] |1 - (522 |

s s \*
krw = krwo<?>

Swr

®)

where k,, is the endpoint relative permeability of gas
phase, m? s,, is the water saturation; s,, is the irre-
ducible water saturation; Sor is the residual gas satura-
tion fraction; &, is the endpoint relative permeabil-
ity of water phase, m>.

2.3 Governing equations of fluid transport field

According to the ideal gas state equation, the den-
sity of each component gas under standard condi-
tions is:

— Mgi 9
Pgi = ﬁpa ©
where M,; is the molar mass of gas component
i, g/mol; p, is standard atmospheric pressure,
101.325 kPa; R is gas molar constant, 8.3143 J/
(mol K); T is the temperature in coal seam, K.

Generalized Langmuir equation for binary gas
adsorption is:

aibipmgi

Coi = PoPoj—————
pi cFgi
1 + 2?:1 bipmgi

(10)
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where ¢, is the content of gas component i in coal,
kg/m3; p. 1is the density of coal seam, kg/m3; Prmgi is
the pressure of gas component i in coal matrix, MPa;
Pgi 18 the density of gas component i under standard
conditions, kg/m?; g is the limit adsorption capacity
of gas component i, m/kg.

The gas content in coal matrix per unit volume
equals the sum of the free and adsorbed gas content,
which is obtained from the generalized Langmuir
equation and the ideal gas state equation:

mmgi = qompgi + cpi (11)

Under the action of gas injection and extrac-
tion, the original equilibrium state of gas adsorp-
tion—desorption in coal seam is broken. Forced
by the concentration gradient, the gas in the coal
matrix migrates into the fractures by diffusion.
According to Fick’s law, the conservation of gas
mass in the matrix can be derived as Ren et al.
(2017a):

ammgi Mgl-
o = 7rr Pme Vi) (12)

where py,; is the pressure of gas component i in the
fracture, MPa; 7; is the desorption time of gas com-
ponent i, d.

Combining Egs. (9)-(12), the gas transport equa-
tion in the matrix can be obtained as:

2((0 Iﬁp +p Iﬁp aibipmgi >
ot\ ""RT™ TRT“1+ 3 by a3
Mg,-
= —W(ngi _pfgi)

Considering the gas slippage effect and the gen-
eralized Darcy law of gas—water two-phase flow, the
transport flows of gas and water are gained respec-
tively (Fan et al. 2019c¢):

(14)

where b is the Klinkenberg factor, Pa; pu,; is the
dynamic viscosity of gas component i, Pa-s; p,, is the
dynamic viscosity of water, Pa-s.
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The change of free gas in the fracture is equal to
the sum of the gas seeping out (into) the fracture and
the gas diffusing into (out) the fracture. The CH, first
desorbs from the matrix pore surface into the pore
space, then diffuses from the pore space to the frac-
ture space, and finally seeps from the fracture space
to the drainage borehole. While, the injected CO, or
N, transports in the reverse direction of CH,. Accord-
ing to the mass conservation law, the governing equa-
tion of gas transport in the fracture is:

9 s % J-v. Aﬁ—kkrg(pfgi-i_b)v ,
ot < Pr RTpfgl RT Hei Prei

M,
= (1= &) 7 (Pugi = Ppui)
| (1)
where s, is the gas saturation in fracture, s,+s,=1.
The governing equation for water transport is:

a(sw(pfpw) _Vv. <pwkkrw

Vps, | =0 16
o " wa> (16)

where p,, is the density of water, kg/m®,

2.4 Governing equations of coal structure
deformation field

The total strain of the coal mass is the sum of the strain
caused by the stress, the fluid pressure in the matrix
and the fractures on the coal mass, and the gas adsorp-
tion or desorption. According to the Navier equation—
stress—strain relationship, the governing equation for the
coal structure deformation field in CO, or N,-ECBM is
obtained as (Li et al. 2016):

Gu, .. + Lu

W 1_2me%%mmﬁﬂw%J—K%J+ﬂ=o

a7

where G is the shear modulus of coal, GPa; e, are in
tensor form (e can be displacement u, pressure p, or
strain €). The first subscript represents the i-direction
component of variable e. The second subscript rep-
resents the partial derivative of e; in the i-direction.
The third subscript represents the partial derivative of
e;; in the j direction. a, is the Biot coefficient; F; is
the volume force, GPa; p,, is pressure of gases in the
matrix, Pa; Pr is pressure of gases in the fracture, Pa.

The calculation formulas are:

G =D/2(1 +v)
a=1-K/(a,"K,)
Pm = Z?:] pmgi (18)

Py = 8w Ppw F 5S¢ " Prg

3 Model validation
3.1 Geometric model and parameter setting

In this paper, the evolution of coal permeability
with N, injection under stress loading and unload-
ing were tested experimentally to verify the equa-
tions of fluid—structure interactions. In CO, or
N,-ECBM extraction, we simulated the gas interac-
tions in the coal by setting the relevant parameters
required by the gas in the equation. The coal sam-
ples were taken from the 3# coal seam of Zhang-
cun Coal Mine in Shanxi Province, China, and were
processed to be standard cylindrical specimens
with diameter of 50 mm and height of 100 mm.
The triaxial stress coal and rock seepage experi-
mental device in Liaoning Technical University
was adopted. The device is composed of five parts:
the hydraulic servo loading system, the clamping
system, the constant temperature system, the gas
pressure control system, and the data acquisition
& analysis system. The schematic diagram of the
adopted device is shown in Fig. 1.

The coal sample with natural moisture content pre-
served in a seal is placed in the holder. The axial pres-
sure of 5 MPa was first applied, and then the confin-
ing pressure of 4 MPa was applied, followed that N,
with constant pressure of 2 MPa was injected into the
coal core from the air inlet. The gas pressure at the air
outlet kept at the atmospheric pressure. After that, the
axial pressure and confining pressure were increased
at the rates of 2.5 MPa/step in axial and 2 MPa/
step in confining. The increasing operation was sus-
pend when the axial pressure and confining pressure
reached 20 MPa and 16 MPa respectively. The axial
pressure kept unchanged until the end of the test. The
confining pressure was unloaded at a rate of 0.5 MPa/
step. The gas flow was monitored to calculate the
change of coal permeability in the whole process.

The equations of fluid—structure interaction in
above was embedded in COMSOL Mutiphysics soft-
ware for simulation of CO,- or N,-ECBM extraction.

@ Springer
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Fig. 1 Principle of triaxial stress coal-rock seepage experimental device
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Fig. 2 Coal sample for N, flooding test
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The geometric model is shown in Fig. 2. The top
surface was loaded with vertical stress, and the sur-
rounding surface was loaded with confining stress,
and the bottom surface was set as a fixed boundary.
Gas was injected from the top surface, and the sur-
rounding surface was set as impermeable boundary.
The mathematical equations were verified by compar-
ing the results of gas flow in experiments and numeri-
cal simulations. Basic parameters used in this section
are shown in Table 1.

3.2 Results of verification

The comparison of N, flow rate at outlet between the
results of experimental tests and numerical simula-
tions is made, as shown in Fig. 3. The change of N,
rate at outlet in the simulation is similar to that of the
N, rate measured in the laboratory, despite a slight
deviation is observed. The simulated results are gen-
erally higher than those measured in the laboratory.
The error at the beginning of gas injection is 19%,
which is higher than that of other stages, remaining
~10%. The mathematic equation only considers the
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Table 1 Key parameters used in model validation

Parameter Value Remarks Parameter Value Remarks

Porosity of matrix (¢,,) 0.055 Field data Langmuir volume constant of 0.0297 Experiments
N, (a3, m’/kg)

Porosity of fracture (¢, 0.001 Field data Langmuir pressure constant  0.21 Experiments

of N, (b;, MPa™!)
Dynamic viscosity of N, (u,, 1.70x 107> Engineering Toolbox (2001) Langmuir-type strain coef- 0.0058 Zhou et al. (2013)

Pas) ficient of N, (egz)
Dynamic viscosity of water ~ 1.01x 10~ Engineering Toolbox (2001) Irreducible water saturation ~ 0.42  Estimation
(u,, Pas) (8,r)
Initial water saturation (s,,;) 0.6 Field data
elastic deformation of coal sample, rather ignores the changing trend is basically similar. Therefore, the
plastic deformation. The simulated result of N, rate proposed equations can be adopted to simulate gas
at outlet is higher than that of tested result, but the injection enhanced CBM extraction, as well as the
Fig. 3 Comparison of 1000
N, rate at outlet between —=— Experimental test 700 Experimental test
simulated and tested results 800 } —— Numerical simulation 600 - —e— Numerical simulation
under stress loading— e
. E = L
unloading = o0} E 500
2 ;E; 400 |
£ 400f ]
2 z 300
P =]
Z =
200 F Z 200
100 f
ol . N . . . . . . N N N . .
(5.4) (7.5.6) (10,8)(12.5,10)15,12Y17.5,14)20,16) 2 4 6 8§ 10 12 14 16
Axial stress, confining stress (MPa) Confining stress (MPa)
(a) Stress loading process (b) Stress unloading process
Fig. 4 Geometric model 14.85M Pa
of gas extraction numerical ! 1 1 1 1 1 7 T 1 1
simulation T
9pg /0y =0 95,/0y =0 .g
E F
% Extraction Injection Extraction > %
A borehole borehole C borehole D B .
L NI =
g
$ Ipg/0y =0 95,/3y =0 %
A A A A A A
I 1

12m
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Table 2 Key parameters used in model
Parameter Value Remarks Parameter Value Remarks
Elastic modulus of coal (£, 3500  Fan et al. (2021) Initial temperature of coal  298.15 Field data
MPa) seam (7, K)
Elastic modulus of coal 8469  Fanetal. (2021) Initial matrix porosity 0.04  Fanetal. (2021)
skeleton (Eg, MPa) (@m0
Poisson’s ratio of coal (v)  0.30  Experiments Initial porosity of fractures 0.018  Fan et al. (2021)
(40/0)
Langmuir constant for CH, 0.0323 Experiments Initial permeability (k, 0.0256 Field data
(a,, mkg™) mD)
Langmuir constant for CH, 0.48 Experiments Initial gas pressure (p,, 0.80  Field data
(b, MPa™!) MPa)
Langmuir-type strain coef- 0.0128 Zhou et al. (2013) Density of coal (p,, 1380  Field data
ficient of CH, (e,) kg-m™)
Desorption time of CH, 4.34 Ren et al. (2017b) Slip factor (b/MPa) 0.62 Experiments
(T,, d)
Dynamic viscosity of CH, 1.03  Engineering Toolbox Initial water saturation 0.6 Field data
(4g1- 107°pa s) (2001) (5,0
Langmuir constant for CO, 0.0517 Experiments Dynamic viscosity of 1.01 Engineering Toolbox (2001)
(a,, m3~kg_1) water (i,,,, 10_3pa-s)
Langmuir constant for CO, 0.7246 Experiments Saturation of bound water 0.42  Estimation
(bzv Mpa_]) (swr)
Langmuir-type strain coef- 0.0362 Zhou et al. (2013) Langmuir constant for N,  0.0297 Experiments
ficient of CO, (e,9) (a3, m*kg™h)
Dynamic viscosity of CO, 1.38  Engineering Toolbox Langmuir constant for N,  0.21 Experiments
(1gr» 107 pas) (2001) (by, MPa™!)
Desorption time of CO, 434  Renetal. (2017b) Langmuir-type strain coef- 0.0058 Zhou et al. 2013)
(75, d) ficient of N, (g,3)
Desorption time of N,(z3, 4.34  Renetal. (2017b) Dynamic viscosity of N, 1.70  Engineering Toolbox (2001)

d

(/'tg3’ IO_SPa'S)

evolution of key variables in this process, e.g. sorp-
tion induced coal deformation, coal permeability and
gas pressure.

4 Simulation of enhanced CBM extraction
with different gases

4.1 Physical model and solution conditions

The feasibility of CBM extraction enhanced by CO,
or N, injection in Zhangcun Coal Mine was studied.
The buried depth of coal seam is 537 m, the temper-
ature is 298.15 K, the gas content is 8.5-10.0 m3/t,
and the initial gas pressure is 0.8 MPa. As shown in
Fig. 4, coal seam was simplified to be a 2D rectan-
gle geometric model with size of 6 mX 12 m, and 3
boreholes were arranged in the coal seam, with two
for extraction and one for injection. The drilling

@ Springer

spacing was set as 3 m. Line AB and points C, D, E
and F were referred to observe the simulated result.
The upper boundary of the geometry model was sub-
jected to an overburden load of 14.85 MPa, the two
sides were roller supports, the lower boundary was
fixed. The surrounding was impermeable boundary.
The sucking pressure for CBM extraction was set as
20 kPa, while the injection pressure of CO, or N, was
set as 1.0 MPa. The parameters for numerical simula-
tion are listed in Table 2.

4.2 Results of simulation

4.2.1 Variation of gases pressure in fracture

Figure 5 shows the variation of gas pressure in
fracture of regular extraction, CO,-ECBM and

N,-ECBM at 10d, 60d, 120d and 180d, respectively.
From Fig. 5a, CH, pressure in coal seam continues
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Fig. 5 Variation of gas
pressure in fracture for dif-
ferent extraction methods

MPa
0.76
0.72
0.68
D @
0.60
0.56
0.52

0.48

10 days 60 days 0.44
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N
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(a) Regular gas extraction
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0.46
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0.26

120 days 180 days 0.16

(b) CO2 enhanced gas extraction
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0.36
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(c) N2 enhanced gas extraction
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to decrease with the time for regular extraction. The
extraction effect is more obvious as the distance
from the extraction borehole is closer.

In Fig. 5b, the fracture gas pressure of
CO,-ECBM is the sum pressure of CH, and CO,
mixed gases. At the beginning, the gas pressure in
fracture continues to decrease around the extrac-
tion borehole, while continues to increase around
the injection borehole. Due to the CO, injection,
the influence range around the extraction borehole
is larger than that around the injection borehole.
With the increase of time, the gas pressure in frac-
ture shows a downward trend overall. The pres-
sure around the injection borehole also gradually
decreases, but is slower than that near the extraction
borehole. The decreasing rate in the vertical direc-
tion is slower than that in the horizontal direction.
Affected by CO, injection, CH, pressure decreases,
while CO, pressure increases. The CH, pressure in
fracture decreases slowly.

In Fig. 5c, gas pressure in fractures of N,-ECBM
is the sum pressure of CH, and N, mixture. At the
beginning, the rising rate of CH, pressure is faster
than that of CO, pressure. Because of the weaker
competitive adsorption of N, compared to CH,,
the amount of N, retained in fracture is more than
that of CO,. In CO,-ECBM, gas pressure generally
decreases with time, except for it around the injec-
tion borehole. The decrease rate around the extrac-
tion borehole is higher than that around the injec-
tion borehole.

Comparing with the results of regular extrac-
tion, CO,-ECBM and N,-ECBM, the gas pressure
in fracture of enhanced CBM extraction is higher
than that of regular extraction, especially for the
N,-ECBM extraction.

4.2.2 Evolution of CH, content

Figure 6 shows the variation of CH, content in dif-
ferent extraction methods at 10 d, 60 d, 120 d and
180 d, respectively. For regular extraction, the reduc-
tion range of CH, content is mainly dominated by the
extraction. While for enhanced CBM extraction, this
range is dominated by both injection and extraction.
For enhanced extraction (CO,- or N,-ECBM), the
reduction of CH, content is larger than that of regular
extraction. Compared Fig. 6b and c, the gas extraction
effect of CO,-ECBM is better than that of N,-ECBM.
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Under the same gas injection and extraction con-
ditions, the effect difference caused by the change of
gas injection concentration gradient can be ignored.
Due to the greater affinity of CO, to coal, the reduc-
tion range of CH, content is more obvious.

Figure 7 shows the CH, content change curves
of regular extraction, CO,-ECBM and N,-ECBM,
respectively. CH, content decreases rapidly during
10d to 60d, meanwhile the decreasing rate reduces.
At the beginning, CH, content is relative high, and
the pressure gradient around the extraction borehole
is large, leading to fast gas migration in coal seam. As
CH, content decreases, the pressure gradient around
the extraction borehole decreases, resulting in slow
speed of gas migration.

At 180 d, the peak CH, contents for regular extrac-
tion, CO,-ECBM, and N,-ECBM are 5.07 mf,
3.84 m*/t, and 4.37 m*/t, respectively. Compared with
regular extraction, the peak CH, content of CO,- or
N,-ECBM extraction has decreased by 24.3% and
13.8% at 180d, respectively. The effect of gas extrac-
tion is CO,-ECBM > N,-ECBM >regular extraction
in order.

4.2.3 Gas sorption induced coal strain

Figure 8 illustrates the change of the proportion of
CH, in the adsorbed gas at observation points in coal
seam for CO,- and N,-ECBM. Comparing the points
C and E closed to the injection borehole, the adsorbed
CH, ratio of CO,-ECBM decreases faster than that
of N,-ECBM. It indicates that the gas displacement
effect and competitive sorption effect of CO, is more
obvious, CH, is more likely to migrate towards the
matrix in CO,-ECBM. The effect of CO, injection to
displace CH, is better than that of N, injection. For
CO,- and N,-ECBM, the proportion of CH, on point
D at 180d is 73.81% and 76.75%, respectively. At this
time, the adsorbed gas is mainly CH,, which proves
that gas injection has little influence on point D.
Figure 9a shows the variation of sorption induced
coal strain on observation points during regular
extraction. As time prolongs, the sorption strain on all
points in coal seam decreases. The curves of sorption
strain on points C, D and F are coincident, because
the points are equidistant to the extraction borehole.
At the beginning, point E is weakly affected by the
extraction, showing a slow decrease rate of strain. As
time prolongs, the influence of extraction on point E
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Fig. 6 Variation of CH,
content for different extrac-
tion methods
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Fig. 9 Variation of sorption induced coal strain at observation points for different extraction methods

gradually increases. The sorption induced coal strain decreasing rate of the sorption induced strain. As the
on points C, D and F is determined by the amount of location of point E is far from the extraction borehole,
adsorbed CH,. As CH, continues to be desorbed and the amount of adsorbed CH, is higher than that on
extracted out, the CH, pressure around the extrac- points C, D, and F. As a result, the sorption induced

tion borehole gradually decreases, causing a smaller
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Fig. 10 Permeability at observation points with different extraction methods

strain on point E is higher than that on the other
points.

In Fig. 9b the sorption induced strain on points C
and E shows a short-term decrease and then continues
to increase during CO,-ECBM. This may be caused
by the influence of injected CO, gas. At point D, the
sorption induced strain shows a decreasing trend,
which is greatly affected by the extraction effect.
At point F, the sorption induced strain is affected
by both extraction and injection, showing a trend of
first decreasing and then increasing. The decreasing
trend is dominated by the reduction of proportion of
adsorbed CH,, as shown in Fig. 9a. After a period
of time, the injected CO, arrives at point C and the
amount of adsorbed CO, increases. The sorption
induced strain is dominated by the CO, adsorption,
and the sorption induced strain increases gradually. In
the later stage, the CO, adsorption reaches an equilib-
rium state that the variation of the sorption induced
strain on point C also shrinks. The position of point
E determines that the sorption induced strain on this
point is dominated by the injected CO,, showing an
increasing trend. The distance of Point D from the
injection borehole is the farthest among the observa-
tion points, which leads to a continuous decreasing
trend of sorption induced strain. The change of the
sorption induced strain on point F is similar to that
at point D at the initial stage, and then the decreas-
ing rate is reduced compared to that on point D, and
finally the sorption induced strain rebounds at ~90 d.
The sorption induced strain on point F shows a trend
of first decreasing dominated by gas extraction, and
then increasing dominated by the reached CO,.

Figure 9c shows the variation curves of sorption
induced strain on the observation points in coal seam
during N,-ECBM. The sorption induced strain on
point D continues to decrease. From Fig. 9b, the N,
adsorption will rise the coal strain, which neutralizes
parts of the reducing of coal strain induced by CH,
desorption. The pressure gradient between the matrix
and the fracture becomes small. The strain reduction
rate decreases as the CH, desorption rate decreases.
After a while, the decreasing rate of sorption induced
strain tends Affected by earlier arrive of injected N,,
the sorption induced strain on Point F reduces with
a decreasing amplitude. The change of the sorption
induced strain on point C is dominated by both extrac-
tion and injection, manifested by a steady decreasing
trend. At the beginning, the strain on point E does
not change significantly due to the slight influence of
extraction. As time prolongs, the strain on point E is
more and more affected by extraction, as a result, the
strain at point E increases until finally tends to be sta-
ble. The overall change of the sorption induced strain
of N,-ECBM is similar to that of regular extraction,
except for a higher magnitude. This may be resulted
from the increasing adsorption of injected N, and the
decreasing adsorption of CH, on coal matrix.

In the coal matrix, the sorption induced strain
caused by the adsorption of CO, is higher than that
of CH, and N,. The sorption induced strain caused
by the adsorption of CO, and nitrogen in coal is dif-
ferent, resulting in different effects of the two gases
on the sorption induced coal strain. In CO,-and
N,-ECBM, the sorption induced strain of coal matrix
increases with CO, displace CH,, while decreases
with N, displace CH,.
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Table 3, Schemes of Parameter Basic value Variation
influencing factors on
sorption induced coal strain Injection pressure (p,,;, MPa) 1.0 0.6,0.8,1.0,1.2
Initial water saturation (s,,) 0.6 0.5,0.6,0.7,0.8
Extraction pressure (p,,,, kPa) 20 16, 18, 20, 22
Initial permeability (k, 10717 m?) 2.56 0.56, 1.56, 2.56, 3.56

4.2.4 Variation of coal permeability

In Fig. 10, the variation of coal permeability is oppo-
site to that of sorption induced strain, e.g. the sorp-
tion induced strain decreases and coal permeability
increases. The larger the sorption induced strain in
coal seam, the greater swelling of coal matrix, which
will occupy the fracture space, and reduce the fracture
porosity, as a result, the permeability of coal seam is
reduced. For regular extraction and N,-ECBM, the
coal permeability continues to increase. While for
CO,-ECBM, the coal permeability on points C and
E decreases due to the increase in sorption induced
strain, but the coal permeability on points D and F
increases compared to the initial permeability.

5 Influencing factors on sorption induced coal
strain

The single variable controlling method was adopted
to analyze the influence of four factors, i.e. injection
pressure, initial water saturation, extraction pressure,
and initial coal permeability, on the sorption induced
strain of coal seam in N,-ECBM and CO,-ECBM.
The average strain caused by the unit change of the
factor is used as the judgment index of influence
degree. The designed scheme of numerical simula-
tions is shown in Table 3.

Taking point C as a reference, the influence of dif-
ferent factors on the sorption induced strain of coal
seam is analyzed. Figure 1la shows the variation
curves of sorption induced strain of coal seam of
N,-ECBM and CO,-ECBM under different injection
pressures. The sorption induced strain of CO,-ECBM
increases with the injection pressure with a larger
change compared to N,-ECBM. For N,-ECBM, the
higher the injection pressure, the lower the amount
of sorption induced strain decreases. The sorption
induced strain of CO,-ECBM is mainly affected
by the amount of CO, adsorption. Higher injection
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pressure corresponds to more CO, adsorbed on coal,
and larger sorption induced strain. While, N, caused
coal strain is finite that the sorption induced strain is
mainly dominated by the amount of absorbed CH,,
although the increased adsorbed N, will offset part of
the CH, desorption caused decrease in coal strain. As
a result, the sorption induced strain will increase with
the increase of injection pressure during N,-ECBM.

The sorption induced strain of CO,-ECBM
increases with the initial permeability, as shown in
Fig. 11b. The higher the initial permeability, the
shorter the time that the coal strain affected by the
CH, adsorption. For N,-ECBM, higher initial perme-
ability will lead to faster migration of injected gas, as
well as larger decrease in sorption induced strain in
coal seam.

Figure 11c shows the variation of sorption induced
strain under different initial water saturations. For
CO,-ECBM, smaller water saturation will lead to ear-
lier rising and larger value of sorption induced strain
in coal seam. As time prolongs, the disparity of sorp-
tion induced strain under varying water saturation
narrows. For N,-ECBM, the larger the water satu-
ration, the slighter the decrease of sorption induced
strain and the slower gas migration n the fracture will
be. When the water saturation is high, and the sorp-
tion induced strain will be dominated by the CH,
adsorption for a long duration. For N,-ECBM, high
water saturation will result in high gas pressure in the
fractures and the low desorption degree of CH,, as
well as small decrease of sorption induced strain.

Figure 11d shows the variation of sorption induced
strain under different extraction pressures. For both
CO, -ECBM and N, -ECBM, the curves of sorption
induced strain overlap, indicating that the coal strain
is less affected by the extraction pressure.

Table 4 illustrates the average variation of sorption
induced strain of coal seam under different factors of
both CO, and N,-ECBM. The influencing degree of
different factors varies obviously. For CO,-ECBM,
the influencing degree is in the order of injection
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Fig. 11 Influence of dif-
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Table 4 Average variation
of adsorption strain under

Parameter

CO,-ECBM

N,-ECBM

different factors Injection pressure (0.6—1.2 MPa)

Initial water saturation (0.5-0.8)

Extraction pressure (16-22 kPa)

3.574x 1073 /MPa
0.165x1073
0.003 x 10~3/kPa

0.287x 1073/MPa
0.057x1073
0.002x 1073/kPa

Initial permeability (0.56-3.56x 10™!7 m?)

0.395x107%/107"7 m? 0.382x107%/107"7 m?

pressure, initial permeability, water saturation, and
extraction pressure. For N,-ECBM, the order is ini-
tial permeability, injection pressure, water saturation,
extraction pressure.

6 Conclusions

(1) Based on the dual porosity (fracture-pore) struc-
ture of coal seam, the mathematical equations of
fluid—structure interactions involving gas (CH,,
CO, or N,) migration, coal deformation, and two-
phase flow are derived for gas injection enhanced
CBM extraction. The rationality of the governing
equations is verified by the experimental tests.

(2) The CH, content gradually decreases with time,
especially fastest at the initial stage. Compared
with regular extraction, the CH, content at 180d
of CO,-ECBM and N,-ECBM has decreased
by 24.3% and 13.8%, respectively. The extrac-
tion effect is CO,-ECBM > N,-ECBM > regular
extraction in order.

(3) The evolution of coal strain mainly depends on
the integrated result of gas de/adsorption caused
shrinkage and swelling with different injected
gases. The adsorption affinity of N, on coal is
lower than that of CH,, leading to a decreasing
of the sorption induced strain in N,-ECBM. The
adsorption affinity of CH, is lower than that of
CO,, as a result the sorption induced strain con-
tinues to increase in CO,-ECBM. The change
of coal permeability is opposite to the sorption
induced strain.

(4) For CO,-ECBM, the influencing factors on the
coal strain are injection pressure, initial perme-
ability, water saturation and extraction pressure in
order. While for N,-ECBM, the factors are initial
permeability, injection pressure, water saturation
and extraction pressure in order.
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