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Through piecewise linearization, the control equation of gas migration in coal is
simplified to a parabolic differential equation with time-dependent source
terms, and under the corresponding initial conditions, boundary and
additional conditions are used to obtain a definite solution to the unknown
source function identification of the parabolic differential equation. A triaxial gas
migration experimental device to measure the axial gas pressure of a specimen
is independently developed, and a gas migration test of coal samples is
performed. With the use of the fundamental equation solution, by
substituting the definite solution conditions obtained in the experiment, the
above equation is discretized into a system of linear equations, the Tikhonov
regularization method and generalized cross-validation (GCV) method are
employed to solve the obtained ill-conditioned linear system of equations,
and the diffusion source functions in the seepage equation are identified. The
results suggest that the unknown function identification method for the
differential equation, which avoids measurement and analysis of the pore
and fissure structures of coal samples, accurately and directly obtains the
change trend of desorption—diffusion sources in the process of gas
seepage and provides a new idea for the study of the coal seam gas
migration process.

KEYWORDS

diffusion, seepage, function identification, fundamental solution, regularization
method

1 Introduction

Gas, as a concomitant component in the process of coal carbon generation, is a major
factor threatening the safe operation of coal mines and constitutes an efficient and clean
energy source (Qian, 2010; Daggupati et al., 2011). The study of the occurrence state and
migration mechanism of gas in coal seams is of great significance for the safe production
and rational utilization of resources and environmental protection in coal mines
(Administration, N. E, 2016).

Coal is a complex porous medium comprising a coal matrix interwoven with a
large network of pores and fissures (Zhou and Lin, 1999). The structure of pores and
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fissures in coal affects gas occurrence and migration and
determines the mechanical properties of the coal matrix
itself, which represents one of the important bases for
studying the gas emission pattern and determining whether
there exists a risk of coal and gas outbursts in the coal mining
process (Li et al., 2013). In recent years, scholars worldwide
have conducted much research on the scale and distribution
pattern of coal pores and fissures via techniques such as
Mercury porosimetry, scanning electron microscopy and
(CD),
recognition and three-dimensional image reconstruction
(Wang et al., 2008; He and Kusiak, 2018; Li H et al., 2021;
Li H. J et al,, 2021; Li et al., 2022), to obtain pore and fissure
structures that are closer to the real structures in coal and to

computed tomography combined with image

lay the foundation to examine the micro-mechanism
and migration processes of coal seam gas migration (Wang,
2014; Cheng et al,, 2018). However, these existing methods
the
calculation of pore and fissure structures, among the fluid

inevitably produce errors in measurement and

immersion methods such as Mercury intrusion, low-

temperature nitrogen adsorption, and carbon dioxide
the
process is
the
experimental equipment are very high. Additionally, due to
the of the

simulation model often reflects the structure of a real coal

adsorption, damage to coal samples during the

the
and

measurement often irreversible, and

requirements  for experimental conditions

heterogeneity coal, obtained numerical

simulation
high

sample after homogenization, and

accuracy improvement is accompanied by a
computational cost.

Although various studies have been conducted, the criteria
for the classification of pore-scale structures are not completely
unified (Fu et al, 2005; Dong, 2018), although there exists a
basic consensus that gas occurs in different forms, and the
migration methods also differ between pores and fractures of
different scales (Liang et al., 1996; Li et al., 2007). In the process
of coal mining, with stress release in a given mining seam, free-
state gas in fissures flows into the mining well (borehole) driven
by the gas pressure, and this process is accompanied by a
decrease in gas pressure in the fissures. The change in
pressure leads to desorption of adsorbed gas and its entry
into fissures (seams) driven by the concentration gradient,
which becomes the source of free-state gas seepage (Cui
et al., 2021). The adsorbed gas contained in the coal seam,
through desorption, diffusion, seepage and finally discharge
from the mining well (hole), undergoes gas adsorption,
desorption, diffusion and seepage processes and various
occurrence states and migration mechanisms, which entails
complex physical and chemical processes (Cheng et al., 2017;
Zhou et al.,, 2021). To describe this complex migration process,
scholars worldwide have performed much research based on
the assumption of a continuous medium, from an initial single-
hole model gradually transitioning to a double-hole model
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FIGURE 1
Schematic diagram of a dual-porosity medium

(Barenblatt et al., 1960) to the development of a multi-pore
model, based on which a variety of mathematical and physical
models have been established (Wu and Guo, 1999; Peng et al,,
2014; Lin et al, 2018; Liu et al, 2018; Liu, 2021). With
increasing accuracy of model simulations, in addition to an
increase in the computational cost, the problem of accurate
acquisition of numerous physical parameters must be

considered.
The dual-medium model can well describe the
porefissure structure of coal seams and the desorption-

diffusion-seepage  process of gas. Therefore, to
mechanistically model the gas flow process in a coal seam,
the dual-porosity medium model remains the most widely
used model. In this paper, based on this assumption, the
effect of diffusion on seepage is reflected by an unknown
source function on the right side of the gas seepage equation
for coal. To obtain the initial and boundary values and
additional conditions required to identify the unknown
source function on the right side of the above equation, we
independently develop a triaxial permeation test device for
axial pore pressure measurement, use the fundamental
the data

under definite solution conditions to identify the unknown

solution  to equation and experimental
diffusion source function on the right side of the equation
with  the Tikhonov  regularization  method
generalized cross-validation (GCV) method (Yan, 2011),

which can identify the unknown diffusion source function

and

on the right side of the equation, realize the study of the
effect of coal seam gas diffusion on seepage without
measuring the pore and fissure structures of coal samples,
and provide a new idea for the establishment of a fluid-solid
coupling model to study the gas migration process in coal

seams.
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2 Mathematical model of coal seam
gas migration

2.1 Pore-fracture dual medium
assumption

A schematic diagram of a dual-porosity medium is shown in
Figure 1, and this study is based on the following assumptions:

(1) Coal is a continuous porous medium consisting of a coal
matrix containing an extensive coal matrix and a complex
fissure network.

(2) Gas occurs in the adsorbed state in the micro-pores of the

coal matrix, and the migration mode is diffusion driven by

the concentration gradient, while gas occurs in the free state
in fissures. Moreover, the migration mode is seepage driven
by the pressure gradient.

(3) Instantaneous desorption of adsorbed gas, under the

influence of the concentration gradient, into fissures via

diffusion functions as a source-sink supplement for gas
seepage into the fissures.

(4) The free-state gas occurring in fissures and macro-pore

seepage is driven by the pressure gradient, with seepage

conforming to Darcy’s law.

(5) The free-state gas is compressible, and the density satisfies
the following:
RTZ
P22 M
p M

2.2 Basic control equation of coal seam
gas migration

Assuming that gas in coal consists of both free and
adsorbed gas, the change in gas mass per unit time in a
control unit body is attributed to a combination of seepage
of free gas and desorption-diffusion of adsorbed gas, as
follows:

2

m=mys+m; =pp+m,

Considering the compressibility of free gas, Eq. 1 can be
rewritten as follows Eq. 3:

M p
My =prP=pr 79 ®)

Assuming that the variation in the concentration of adsorbed
gas in the pore space conforms to the Langmuir equation (Cheng
et al., 2017), the variation can thus be denoted as:

ma =Vippy - p/(p+pr) €Y
Eq. 2 can be rewritten as follows Eq. 5:
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m=;w—T§¢+VLPCPO-p/(p+PL) ®)
where p: gas density under standard conditions, kg/m?;
@: porosity of the pores containing free gas;
my: free gas mass, kg/m’
m,: adsorbed gas mass, kg/m?;
p: gas pressure in the fissure, MPa;
p.: coal density, kg/m’
pr: Langmuir pressure constant;
V1: utmost adsorption capacity of coal, m* and.
Z : gas compressibility factor.
Therefore, the following can be obtained:
M p
(Rgtz ?) + Vchpoa(P/ (gt+ pu)) v(% % . %Vp) =0 (6

Under isothermal conditions, Eq. 6 can be rewritten as
follows Eq. 7:

M (%) M paly) (p/(p+p1))
RT? ot "RTZ o TVHPT o

_Mvgkv
RT\Z u)'?

=0

%

Eq. 7 can be transformed into the following form expressed as
a function of the compression factor (Kong, 1999):

pop po(p) RT o(p/(p+pr) P ke,
izot Tz o FmM T A

_y(P.k

V<Z H>Vp

-0 (8)

where cs: gas compression coefficient (Lv et al., 2018).

2.3 Basic model simplification

Through analysis, the basic control equation of gas migration
in coal is a differential equation Eq. 8:

pop po(e) RT a(p/(p+pr) p ko,
Szt 7 o T M PR AR
_y(P .k

V<Z #)VP

=0

Considering the compressibility of gas and the change in
porosity, even when the permeability remains constant, the
equation is a complex differential equation with many
undetermined parameters of the pore pressure p, which is
difficult to mathematically solve. Studies have indicated that
in general, under the premise of maintaining the applied load
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unchanged, the permeability should also be a function of the pore
pressure p (Lv et al., 2018), resulting in the following equation:

alp) R op/lp+p)) P ko (1 ) )exz,,-mvz »
P

(
ot MLCO ot Z u

) xzp—x30>vp 0

difficulty  of
desorption-diffusion term in the migration process, the

A
7"z
B
z

Considering  the

%,
ot

©)
measuring  the
desorption-diffusion term in the migration process is shifted

to the right side of the equation and expressed as a time-
dependent function Eq. 9 can be rewritten as Eq. 10:

P EM_E.&<1+%>8X2P-xsﬂv2p_v<

c(3k)
142 Jenre )y
I p P

=f(®) (10)

NI

In the migration test, the axial pressure of the specimen
gradually changes, but the change process is slow. Therefore, the
density, porosity, compression coefficient, compression factor
and permeability of gas in the specimen are considered constants
with respect to the average pore pressure within a short period,
and in the case of a very low pressure gradient, the effect of the
squared term of the pressure gradient is neglected, and Eq. 10 can
thus be simplified as:

pop _pk

p=f( (11)

where p denotes the average value of the pore pressure in the
specimen during the considered period, which can be
expressed as:

=a% f(t) =
uecy f pycy

Z_f

Then, the above equation can be re-written as follows Eq. 12:
0 ’p -
LoaPo (12)

The above equation is a parabolic differential equation with a
time-dependent source term, where the source function on the
right side reflects the effect of diffusion on seepage and is an
unknown function. Regarding this equation, under appropriate
initial and boundary conditions and additional conditions, the
following model can be obtained:
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2
% az% = f(®
p(x,0)=po(x) xe€(0,])
1 2(0.6) = go(t) £ € (0,tm)
pULt)=gi(t) te€ (0 tmm)
p(x0,t) = g2 (t) t € (0,tmax)

(13)

To solve the above model, it is necessary to consider the
initial and boundary conditions and additional conditions, for
which helium penetration and gas migration tests of coal were
designed. The specific test design operations and results are
described in Section 4.

3 ldentification of the unknown
original function of the parabolic
differential equation

3.1 Dimensionless model
To identify the unknown source functions of the model via

methods, the
dimensionless, and the process is described below.

numerical established model must be

The reference pressure is denoted as P, the reference length is
denoted as X, and the reference time is denoted as T, which yields
the following:

xf_t
X T

X =

p=

ESAS

The above can be written as:

% 0D, 0) _y0(0) o) P o

ot o(Tt) ~o(Tt) " o(f) o(Tt) T of
op_o(Pp) _,9(p) _,0(p) 0(x) _Pop
xaxx) Lax® Lam a(Xx) X ox
ep_ k) PR o PFp
0x? 0x X 9(%) B(Xx) X2 0x

Substituting Eq. 14 into Model 12, a dimensionless model can
be obtained, as expressed with the following equation:

Pop ,P 3p
Tor “xowJ (T
Combined with the definite solution conditions after

dimensionless loading, a problem with a definite solution is
obtained after dimensionless loading, as expressed in Eq. 15.

frontiersin.org
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Pdp ,P 3p (T where A; denotes the m + n + s pending constants that cannot be

To “Xor f(Te) simultaneously zero.

= _ po(x)

p(x,0) = P xe (0D (3) If Eq. 19 yields a solution to the definite-solution problem

t Eq. 17, the former must also satisfy the correspondin
10020 tc (0t (15) . : iy o poneing
P definite solution conditions. Choosing the corresponding
5 g1 (t) number of matching points in the studied area, the
Py = P £€ (0. fmw) corresponding definite solution conditions are substituted,
t and the equation can be written as:
plxot) = g;f D e 0t !

A= [M(xi - ij) t; — t()])]

(m+n+s)x (m+n+s)

I
H
N

where. a?L = a2, f () = L
X2 f(j P 0(m><(m+n+s))
B= [u(O - ij» ti - toj)]nx(mﬂtﬂz)
[u(O ~ Xoj> fi— toj)]sx(m+n+a)
A= (AbAZ) " ':Am+n+s)T

After dimensionless processing of the model, the unknown ( Po (x:) )
b=

3.2 Determination steps for the model

source functions of the model can be identified. The specific steps g1 (t:) = go (t) (20)

are as follows: g2 (t:) — go (£:)

Then, the followi t f li tions is obtained:
(1) In regard to the non-homogeneous parabolic differential e Hhe foflowinig system of Anedl equations 1s obtaine
equation in Eq. 15 containing time-dependent source (A-BA=bDb (21)

terms, the following can be obtained through variable

substitution: (4) Singular value decomposition of the coefficient matrix of the
t above ill-conditioned linear system of equations Eq. 21 is
r(t) = JO f(nydz performed, and the decomposition is denoted as:
u(x,£) = p(x,1) = r (1) (16) A-B=U) V"

Transforming the above equation into a parabolic differential o1
equation with respect to the new variables and accordingly

o :
converting the fixed solution conditions of Eq. 15, the Zz ’0 0;>0(i=1,2,71)

problem is transformed as follows:

ou Zazu =0 t 0.t
E_QW_ € ( > max) U= (uluz'-'um)
u(x,0) = po(x) (17) V= (vyvyvy,)

u(L,t) —u(0,t) = g, (t) - go (t)

U (0 ) = 1 (0,8) = g5 (£) = go (1) (5) Based on singular value decomposition of the coefficient

matrix, using the Tikhonov regularization method and

introducing the regular filter operator, the standard

(2) The basic solution of the parabolic differential equation Eq. regular solution of Eq. 21 is:

17 is obtained as:
m+n+s 2 T
o> u'b
3 Aa = ! Vi (22)
1 - ~ g2+ 0;
e 4aZ (t-tg) > tO i=1

u(x,t) = 1 2a\n(t —to) (18)

0 t <ty

where constant a is the regularization parameter to be

determined.

A total of m +n+ s source points are selected outside the
boundary of the problem under study, denoted as (xo;,Zo;), and
the solution of Eq. 17 is expressed as a linear combination of the

(6) With the use of the GCV method, the regularization
parameter a is determined according to Eq. 22, and in
turn, a solution to the fixed-solution problem Eq. 17 can
be obtained according to Eq. 20 and Eq. 21.

" (7) According to the solution obtained in Step (6), combined

x,t) = Aiu(x — xg;,t — to; 19
plo0) ]Z; ! ( o o ) (19) with the boundary conditions defined in Eq. 17, we obtain:

fundamental solutions at each source point:
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FIGURE 2
Identification process of the unknown source functions in the mutual model.
m+n+s 1
9(0.8)= Y Nu(0-xqj,t —to;) =p(0,8) =1 (1) T T T T T
j=1 .
(L 1
= go(H) =1 (1) e,
m+n+s 08l ' * 4
r(t go(t Z A u( xO], t()]) ) %* )
, 07T . ;
Therefore: g .
=3
m+n+s @ 06 * % 1
f)y=r'(t) = Z Aja (—xopt—ty;)  (23) *
05 L -
K
Regarding the gas migration definite-solution problem Eq. 13 - '
established in Section 2.2, which reflects the effect of diffusion on )
seepage, this paper uses the method depicted in Figure 2 to solve 03 . : : . : . : : .
this problem and finally identifies the time-dependent unknown 8 &1 62 83 R4 T‘!:' S
me
source functions in the model.
FIGURE 3

3.3 Assessment method for the identified
unknown source functions

Regarding Eq. 13, let its analytical solution be:
pxt) = e (cosx — 1) (24a)

Then, the source function is:

f(t) — e—azt

Frontiers in Earth Science
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Comparison of the theoretical and computed sources. Note:
“*"indicates the source value determined according to the method
in this paper, and "-" indicates the theoretical value of the source.

Substituting the initial conditions, boundary conditions and
additional conditions obtained from Eq. 23 into the method
described in this paper, the calculated source is compared to the
theoretical source, as shown in Figure 3.

As shown in Figure 3, with the basic solution of the
equation, the Tikhonov regularization and GCV methods,
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Low pressure setter

Nitrogen
cylinder

|

FIGURE 4
Transient triaxial experimental device for gas migration.

typically employed to determine regular parameters, can
effectively and accurately solve the unknown sources to be
identified in the model. Moreover, it has been verified that the
method is effective not only for the identification of
continuous unknown sources but is also for the
identification of segmented unknown sources, and ideal
results can be obtained for a certain range of perturbed data.

4 4 Gas migration experiment for
pore pressure at measurable axial
fixed points

To study the desorption-diffusion-seepage migration
process of gas in coal and to provide initial boundary
values and additional conditions to identify the unknown
diffusion source functions in the basic control equation of
gas migration, field samples were collected and processed into
standard coal specimens. We performed triaxial loading in the
laboratory to simulate the relevant stress conditions and
arranged multiple observation points along the axial
direction of the tested specimens to measure the change in
pore pressure at the observed locations over time. Under the
specified stress conditions, 48-h ventilation was performed to
allow the specimens to fully adsorb gas, after which the inlet
end was closed to simulate the diffusion-percolation process
of gas under natural conditions. The gas that desorbed and
diffused into fissures was considered the source in the seepage
process.

Frontiers in Earth Science
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4.1 Experimental device

To identify the unknown time-dependent source terms in the
model, a triaxial gas migration test of coal specimens was
conducted. In the test, the confining pressure of the
specimens was controlled, and the gas pore pressures at the
inlet, outlet, and additional points in the specimens, as well as the
initial gas pore pressure, were measured. According to the need
to characterize the model, an experimental scheme and
experimental process were designed.

The main instruments used in the test included an improved
ZYS-1 true-triaxial permeameter (gripper type with a pressure
tap), manual pressure test pump, digital pressure gauge, six-way
valve, energy accumulator, gas source cylinder, high-pressure
regulating valves, pressure sensor, flow meter, DDS data
acquisition system, computer, and high-pressure pipeline.

As shown in Figure 4, the test system consists of a coal sample
pressure loading chamber, axial and confining pressure loading
system, gas pore pressure loading system, voltage stabilization
system, gas pressure measurement system and gas flow
measurement system. The confining pressure of the coal
sample is supplied by a manual pressure test pump, and the
pressure is maintained constant after pressurization via the
accumulator. The pore pressure is adjusted with high-pressure
nitrogen gas through the gas pressure regulating valve to reach
the required value. The pore pressure, confining pressure and
axial pressure are measured with a high-precision digital pressure
sensor, and the seepage gas flow value is measured with a flow
meter.
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5

2- 22 -3
FIGURE 5

Raw coal test pieces after moulding.

4.2 Experimental scheme

The test uses coal briquette specimens processed from
pulverized coal. Coal is pulverized and subsequently sieved
using a hydraulic press according to the set water-coal ratio,
and the mixture is poured into a mould and pressed
into two groups of ® 50mm x 100 mm standard coal
specimens with different porosities, as shown in Figure 5
The average porosity of the first group of samples is 6.55%,
and the average porosity of the second group of samples
is 6.65%.

10.3389/feart.2022.951763

The gas pore pressure in the coal specimen is used as a
variable to study the source-sink effect of nitrogen in the
adsorbed state in the specimen on seepage flow. By
conducting migration tests of nitrogen in the coal specimens,
the variation in nitrogen pressure over time at different positions
along the axial direction of the specimens is measured, and the
unknown source functions in the basic control equation of
migration are then solved. Figure 6 shows the scene of the
experiment.

(1) The confining pressure of the specimen was maintained
constant at 8 MPa, and the temperature remained
unchanged. The flow rate of nitrogen was measured
under an inlet gas pressure of 3 MPa to calculate the
specimen permeability.

(2) The confining pressure of the test specimen was maintained
constant at 8 MPa, and the temperature remained constant.
The inlet helium gas pressure was maintained at 3 MPa, and
the outlet end was closed, after which gas was continuously
supplied until the gas pressure at each measurement point
within the specimen reached 3 MPa. The outlet valve was
then opened after the inlet was closed, the gas pressure at
each measurement point was measured with the pressure
sensor, and the flow rate of helium gas was determined with
the flow meter at the outlet end.

(3) The confining pressure of the specimen was maintained
constant at 8 MPa, the temperature remained unchanged,
the inlet nitrogen pressure was maintained at 3 MPa, and
after adsorption reached equilibrium, the valve at the inlet

FIGURE 6
Overview of the experimental equipment.
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end was closed, the nitrogen pressure at each pressure
measurement point was measured with the pressure
sensor, and the flow meter at the outlet end determined
the flow of gas.

4.3 Experimental procedure

(1) The device was connected and ventilated, and the
airtightness was evaluated.

(2) The air within the coal sample was evacuated with a vacuum
pump to reduce the internal gas pressure to below 50 Pa.

(3) All valves of the confining pressure loading system were

opened, the confining pressure chamber and the confining

pressure accumulator of the loading-seepage-desorption

chamber were slowly pressurized to 8 MPa, and the valves

of the confining pressure loading system were closed.

(4) The valves of the high-pressure helium tank and the

pressure reducing valve were opened, the outlet was

closed, and the helium flow at the inlet end was

determined with the

pressure was increased to 3 MPa.

flow meter until the helium

(5) The valve of the intake pipe was closed, the valve of the outlet
end was opened, and the pressure measured by the gas
pressure sensor and the flow rate measured by the flow
meter at the inlet and outlet were recorded.

(6) Helium gas in the coal sample was evacuated with a vacuum
pump to reduce the pressure in the sample to below 50 Pa.
(7) The valves of the high-pressure nitrogen tank and the
pressure reducing valve were opened, the nitrogen
pressure was increased to 3 MPa, the outlet was closed,
the gas pressure remained unchanged, and the coal
sample was allowed to fully adsorb nitrogen for 48 h.

(8) The valve of the inlet pipe was closed, the valve of the outlet
end was opened, and the pressure measured by the gas
pressure sensor and the flow rate measured by the flow

meter at the inlet and outlet were recorded.

4.4 Experimental results and analysis

In the test, a pore pressure time series at the four
measurement points (corresponding to pressures 1-4 from
inlet to outlet) and flow time series at the inlet and outlet for
the above two sets of specimens were obtained. Considering that
the pore pressure at the fourth measurement point (outlet)
approached the atmospheric pressure, which greatly differed
from the pressure at the first three measurement points, as
shown in Figure 7, pore pressure curves at the first three
measurement points for the two groups of specimens were
generated. Figure 7A corresponds to the first group of
specimens, and Figure 7B corresponds to the second group of
specimens.
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As shown in Figure 7, under the test conditions, with
increasing time, the pore pressure at each measuring point
exhibited a decreasing trend, but the decreasing trend
gradually stabilized. Moreover, from the inlet end to the outlet
end, the pore pressure at the first three measuring points
sequentially decreased, and the change trends of the two
groups of specimens were basically the same.

As shown in Figure 8, the curve of the cumulative flow rate
with the pore pressure throughout the test (48 h) was smooth,
and within a sufficiently short period, the relationship between
these two variables agreed with a linear change trend.

A total period of 1800 s from 440 to 2,240 s after the start of
the experiment was selected for analysis. The cumulative volume
flow versus the pore pressure is shown in Figure 9 after the
average time of each section was divided into three sections of
600 s.

The linear relationship between these two variables is suitable
in each 600-s interval. In a subsequent study, the basic control
equation of gas transport was linearized in segments, and the
equation was simplified into a parabolic differential equation
with a right-side nonlinear source term in shorter intervals after
linearization. This treatment was reasonable based on the
experimental results.

5 Model determination and analysis
5.1 Model determination

Considering the high change rate at the early stage of the test
and gradual stabilization at the later stage, the first 2,400 s of the
test results was divided into 300-s intervals, the period from
2,401 to 86,100 s was divided into 2700-s intervals, and the total
test period was divided into 39 sections.

f1(t) 0s<t<300s

f2(t) 300s<t<600s

f@)= (24b)

fa0(t) 83400s <t < 86100s

The result of Section four was substituted into the method
the
undetermined right-side source function in Eq. 12 was

of Section three, and a numerical solution to
subsequently obtained, as expressed in Eq. 24b. The
calculation curve of the source function over time
(600-2,400 s) is shown in Figure 10.

The above figure shows that the diffusion source exhibited a
negative exponential variation over time during the study
period. Although the mass of gas diffused per unit time
gradually decreased over time, the decline rate of the gas
mass increased over time and eventually stabilized, as shown
in Figure 11. This trend is closely related to the change in pore
pressure in the specimen. With decreasing pore pressure, the

amount of desorbed gas gradually increased, but as the
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reduction rate of the pore pressure gradually increased and
stabilized, the mass of desorbed gas in the coal specimen
gradually increased over time, and the increase occurred
gradually and finally stabilized.

Furthermore, the obtained source function was integrated
over the entire period, and the cumulative mass of the gas source
generated in the specimen during the test period was calculated
as 3.440 x 107 kg.

The flow difference between the adsorbed nitrogen and non-
adsorbed helium under the same test conditions could be
considered a reference for the amount of gas desorption. By
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calculating the flow difference between nitrogen and helium
under the same test conditions during the corresponding
period, the amount of gas desorption was determined to be
3425 x 10 kg,

The total diffusive mass of gas calculated based on the source
integral obtained via inversion analysis agrees with the mass
values obtained based on the cumulative flow rates of nitrogen
and helium under the same test conditions, indicating that the
diffusive source obtained with the method proposed in this paper
is consistent with the actual situation.

Studies have indicated that under the same conditions, the
seepage flow rate of adsorbed nitrogen gas is lower than that of
helium gas at the stable seepage stage, indicating that adsorption
could reduce the coal porosity, thereby affecting the gas
permeability.

At the steady-state percolation stage, under the influence of
the applied load and pore pressure, the permeation of adsorbed
nitrogen under the same conditions was significantly lower than
that of non-adsorbed helium, indicating that the adsorbed gas
could alter the pore structure of the coal specimen, thus affecting
the coal permeability. In the gas migration test, the flow of
adsorbed nitrogen under the same conditions was higher than
that of non-adsorbed helium, indicating that the migration of
adsorbed gas in coal is the result of the combined effect of seepage
and diffusion.

5.2 Identification of langmuir adsorption
constants based on diffusion sources

When establishing a fluid-solid coupling model to describe
the gas migration process in mining, the permeability function
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affected by the stress and pore pressure reflects the effect of coal
adsorption on the gas permeability in coal, and the identified
diffusion source function reflects the complementary effect of
adsorbed gas on gas seepage in coal after the occurrence of
desorption and diffusion due to the influence of mining.

Considering that the obtained diffusion source function via
inversion analysis with time only represents an average
quantitative description of the source for small specimens
under test conditions, in the process of establishing a
numerical model to simulate the coal seam gas migration
process, a source function reflecting diffusion source variation
with the pressure is needed. According to the variation trend
shown in Figure 11, it was assumed that the diffusion source and
pressure conform to the Langmuir equation, as expressed in
Eq. 4:

Y]
prpL

This equation is a nonlinear function with two unknown
parameters. According to Eq. 24b, the average pore pressure and
corresponding desorption volume during different periods can
be denoted as p;, and Q,
Substituting A into Eq. 4 can yield the theoretical desorption

i=1,2,--,39, respectively.

volume, and a nonlinear least squares model of these unknown
parameters can be constructed based on the theoretical
identified via

desorption amount and diffusion source

inversion analysis.

3/ Vi b 2
minf(PL, VL) = z(ﬂ - Q1>

i=1 I_)i +pL (25)

With the use of a parameter inversion analysis system based on
the GA (genetic algorithm) and Gauss-Newton synthesis
algorithm, these two parameters are finally identified as:

Vi =39.586m’/t, P, =1.012MPa (26)

Based on Eq. 11 and Eq. 26 obtained via inversion analysis, a
coupled model of coal seam gas migration could be established to
study the gas emission process of coal seam gas (Lv et al., 2018).
The above research results provide a theoretical basis and
reference for the establishment of a fluid-solid coupling
numerical model to study the coal seam gas migration process.

5.3 Coupled analysis of coal seam gas
migration

Based on the derived gas migration equation in coal,
combined with the nonlinear seepage trend under stress-gas
seepage coupling described in Section 3, a numerical model
considering gas adsorption-desorption and stress-gas seepage
coupling in coal was established.

(1) Coal deformation equation (Lv, 2021)
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According to the experiment, a physical model with a length

of 300 mm and a width of 50 mm was established, and the
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specific boundary and mesh divisions are shown in Figure 12.
After calculation, the pore pressure at the first three
measurement points could be obtained, and the test-measured
pore pressure is shown in Figure 13.

After further calculation, the porosity and pore pressure at
different times are shown in Figures 14, 15, respectively. These
figures reveal that with increasing time, the porosity and pore
pressure of the specimen gradually decreased, the decreasing
trend was gradual, and the results are consistent with the
The method
proposed in this paper can provide a simple and feasible new

experimental findings. inversion analysis
idea to study the gas migration process in coal seams, which does
not need to strictly distinguish and measure the pore scale and
can truly reflect the migration pattern under the interaction of

desorption-diffusion and seepage processes.

6 Conclusion and prospects

The method of combining theoretical analysis and experimental
design was used to study the effect mechanism of gas diffusion on
seepage. The following conclusions were obtained:

(1) Under the assumptions and experimental conditions in this
paper, the control equation of gas migration in coal was
transformed into a parabolic equation with an unknown
nonlinear term on the right side, which reflects the
source-sink effect of gas diffusion on seepage.

With the use of the basic solution of the parabolic differential
equation combined with the GCV method and Tikhonov
regularization method to select parameters, the unknown

)

right-side nonlinear source-sink term of the equation was
accurately identified.
(3) Based on the source functions identified via inversion analysis,
the unknown constants in the Langmuir equation were inverted
by establishing a nonlinear least squares model, which provides
a basis for the establishment of a coupled model to analyse the

process of coal seam gas inflow.

With the use of the gas migration test for specimens designed
in this chapter, combined with the inversion analysis method for
unknown source identification via a parabolic equation, the
diffusion source function in the gas seepage process could be
obtained, which does not require accurate measurement of the
pore and fracture scales and distributions in specimens, is less
expensive to calculate, and considers the interaction between
desorption-diffusion and seepage in the migration process.

The interaction between gas desorption-diffusion and
seepage in coal directly affects the ease of coal seam gas
drainage and gas emission and further affects the selection of
gas drainage methods. The establishment and determination of
the basic control equation of gas migration considering
desorption-diffusion and seepage interaction provides a new
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idea for the study of the gas migration process in coal seams
and a theoretical basis for the establishment of a mathematical
model to predict gas emissions.
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