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Abstract—In order to optimize the arrangement parameters of gas extraction in the downhole layer, the trans-
port level of gas-containing coal was studied through industrial tests and low-temperature liquid nitrogen
tests, and the heat-fluid-solid coupling model of the coal-rock deformation field, gas seepage and diffusion
field, and temperature field was established, and numerically solved by using COMSOL. The optimal bore-
hole diameter was determined by the single-hole gas extraction capacity, effective radius and extraction
impact radius, based on which the superimposed extraction mechanism of neighboring boreholes and the
change of gas extraction capacity under multi-hole extraction were studied, and the spacing of boreholes was
finally determined. The study shows that: the test coal samples have high adsorption level of gas, the pressure
difference between matrix and fissure under the influence of Klinkenberg effect leads to the decrease of gas
seepage rate and extraction to a fixed value, the decreasing trend of coal body temperature decreases with the
increase of extraction time, the decreasing rate of coal body permeability rises with the increase of attenuation
coefficient, and the decreasing rate of gas extraction is accelerated accordingly. The reasonable drill hole
diameter of 172403 working face in Dashucun Mine is 114mm, and the spacing of the holes is 6m, which has
a good effect of on-site extraction and ensures the safe production of the mine and the sustainable develop-
ment of the resources.
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INTRODUCTION
At present, domestic and foreign coal mines are

gradually entering the deep mining state, and the
increase of mining intensity leads to the decrease of
permeability of coal seams and is accompanied by the
problems of gas protrusion accidents and hydrogeo-
logical disasters [1–3]. The gas extraction is an effec-
tive method to prevent and control the gas herniation
accidents and disasters, through the numerical simu-
lation software to grasp the gas transport law can pro-
vide an optimal solution for on-site extraction, which
is of practical significance to strengthen the gas
extraction and prevention of disasters [4, 5]. In the
extraction process, the f low of gas is affected by the
deformation of coal and rock body, f luid movement,
temperature change and other factors, which is the
performance of the multi-field coupling effect of stress
field, seepage field and temperature field [6].

In order to distinguish the seepage-diffusion rela-
tionship between coal matrix and fissure system, Li [5]
investigated the multi-scale microscopic characteris-
tics of different ranks of coal bodies through HPMI,

SEM, and low-temperature liquid nitrogen tests,
which laid the foundation for the subsequent estab-
lishment of coal seam coupling models. By studying
the mechanism of action between coal and stored
CO2, Liu [6] obtained the main reason for the change
of porosity of coal body, revealed the law of action
between the action force and microstructure of coal
body, and contributed to the study of the equation of
permeability and stress change of coal body. Liao [7]
used liquid carbon dioxide phase change fracturing to
improve the permeability of coal seams, which will
help the study of coal mechanical damage and poros-
ity equations by investigating the changes in the num-
ber of different pore fracture volumes after fracturing.
Cheng [8] used the mathematical model of the work-
ing face gas source outflow law and gas transport to
simulate the gas transport law in the overburden rock
fissure area under the influence of mining, and
designed a high-level directional long drilling technol-
ogy for high-pressure gas extraction in the air-mining
zone. Liu [9] established a coupled f luid-solid model
of stress-damaged seepage based on COMSOL to
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Table 1. Results of industrial analysis of raw coal at Dashu
Village Mine

Coal Sample
Mad
(%)

Aad
(%)

Vdaf 
(%)

Vad
(%)

FCad
(%)

Large Coal 0.91 18.19 6.45 4.28 60.23
study the evolution law of the fissure field (seepage
field) in the process of static blasting, and to solve the
problem of fissure development of static blasting tech-
nology which is mostly calculated using empirical for-
mulas in the coal mine site. Most of the coal mine sites
use empirical formulas to calculate the fissure devel-
opment of static blasting technology. Zhang [10] and
others, in order to improve the gas extraction effi-
ciency of the three soft coal seams, numerically simu-
lated and analysed the mechanism of the hydraulic
flushing f luid to strengthen the pumping by the
method of combining FLAC 3D and COMSOL
multi-physics field, and proposed a new type of dis-
continuous hydraulic f lushing technology for the
drilling holes in the slot. Yue [11] studied the relation-
ship between anisotropy and the structure of the seam
cuttings, and improved the degassing technology of
coal seam slot drilling based on numerical simulation
results and field test results. Wu [12] carried out
numerical simulation of the plastic zone using COM-
SOL software, deduced the theoretical equation of the
radius of the plastic zone, and put forward the anti-
blowout hole equipment and the sealing technology of
“two plugs and one injection”, and used phosphogyp-
sum-based self-propelled hydraulic f lushing technol-
ogy to prevent the blowout hole. It proposed anti-
drilling equipment and “two plugs and one injection”
sealing technology, and used phosphogypsum-based
self-produced gas-expanding paste material to seal the
borehole, which improved the quality of sealing.

In the above studies, the techniques applied by the
researchers in the field were derived based on the solu-
tion results of numerical simulation, but most of the
studies regarded the coal seam as an isothermal system
and did not establish a link between the matrix fracture
pressure difference under the influence of the
Klinkenberg effect and the amount of gas extraction.
Therefore, the innovation of this paper is to introduce
the dynamic diffusion coefficient, to study the mech-
anism of the matrix pore and fissure pressure differ-
ence under the influence of the Klinkenberg effect on
the gas seepage rate and extraction, to explore the spa-
tial and temporal patterns of permeability evolution
under the attenuation of the dynamic diffusion coeffi-
cient, to improve the defects of the conventional study
that treats the diffusion coefficient as a constant, and
to establish a linkage between the effective stress and
the adsorption and expansion stress at the same time,
The coupled model of strain field, seepage field and
temperature field of gas is established by considering
effective stress, adsorption and expansion stress, and
Klinkenberg effect at the same time. Based on this
model, the parameters of gas pre-pumping in the
172403 working face are optimised, and suitable hole
diameters and spacing of holes are obtained, which
provide a theoretical basis and guidance for the design
of on-site pumping.

TEST ANALYSIS
Industrial Analysis of Coal Samples

All components of coal have an influence on gas
adsorption capacity, with the greater the moisture
content of the coal the lower the adsorption capacity.
The ash content of the coal not only directly affects the
storage content and reservoir properties, but also
restricts the development of pores and fractures in the
coal, which severely hinders gas transport. The lower
the ash content in coal, the higher the degree of coal
metamorphism and the stronger the gas adsorption
capacity. As can be seen from Table 1, the coal samples
from the Dashu Village Mine are anthracite, with a
high degree of coalification and a high level of gas
adsorption.

Isothermal Adsorption Curve Analysis
Figure 1 shows the isothermal adsorption curves of

the coal samples from the Dashu Village Mine. The
maximum sorption of the four groups of coal samples
is 13.1245, 13.2679, 12.7842 and 12.6088 cm3 respec-
tively, which indicates that the average maximum
sorption of the Dashucun mine coal samples is
12.9435 cm3. According to the IUPAC classification,
the sorption isotherms of the four groups of coal sam-
ples are biased towards Class IV, but are not identical.
There is no overlap between the adsorption and
desorption curves and they do not close at low relative
pressures, indicating that the microporosity of the
Dashucun mine coal samples is more developed and
dominated by a sharp angle with one end closed, the
pores of the coal samples are less connected. From
Fig. 1 as a whole, the adsorption curve is always above
the desorption curve, indicating that no new pore fis-
sures were generated in the coal samples during the
experiment. In the relative pressure range of 0 to 1.0,
the coal adsorbed and desorbed nitrogen content
increased and decreased rapidly, respectively, with the
two curves being approximately steeply vertical,
respectively. In the low pressure stage (relative pres-
sure <0.45), nitrogen molecules begin to adsorb in a
single molecular layer on the micro-pore pore walls as
the relative pressure increases. At the medium to high
pressure stage (0.45 to 0.9) there is a clear inflection
point in the desorption curve, producing a hysteresis
curve, which is also called hysteresis loop. At relative
pressures >0.9, the adsorption curve rises steeply and
the amount of adsorption increases abruptly, indicat-
ing that capillary coalescence is occurring in the pores
at the same time as multi-molecular layer adsorption.
SOLID FUEL CHEMISTRY  Vol. 57  No. 6  2023
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Fig. 1. Coal sample adsorption isotherms.
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In this paper, the most common B.B. Hodot deci-
mal division method was used to classify the coal pore
type system, and the BJH theoretical model was used
to calculate the model. Figure 2 shows the pore size
distribution characteristics of the four groups of coal
samples obtained from the experiment.

The pore size distribution data measured using the
BJH method is generally chosen to be plotted using
dV/dD, with the pore size distribution most concen-
trated at the peak of the curve in the graph. In general,
pores below 100 nm in diameter, especially micropo-
res, determine gas adsorption, storage and transport.
The pore size distribution of all four groups of coal
samples showed a single peak distribution, with the
pore sizes concentrated in the 2–20 nm region, indi-
cating that the gas adsorption capacity of the coal sam-
ples from the Dashucun Mine is mainly determined by
the 2–20 nm micro-pores, which play a dominant role
in the storage and transport of gas in the coal seam.
The pore size distribution was most concentrated in
the 3–5 nm interval, and the micro-pores in this inter-
val contributed most to the surface area and pore vol-
ume.
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COAL SEAM GAS HEAT-FLOW-SOLID 
COUPLING MODEL

The transport of gas in the coal seam is affected by
many factors, and the following assumptions are made
first: (1) he coal body endowed with gas is an ideal gas,
and the adsorbed gas satisfies Langmuir theory. (2) oal
body skeleton is linear elastic body, following the
assumption of small deformation. (3) he coal contains
only single-component gases. (4) he f low of gas
through the cracks of the coal seam is in accordance
with Darcy’s law.

Modelling of Coal Porosity and Permeability Evolution

Considering the effect of effective stress and
adsorbed expansion stress on the coal body skeleton
[13], the porosity of the coal body with dual pore
structure can be expressed by the following equation:

(1)

Where ϕ and ϕ0 are porosity and initial porosity, %;
βf and βm are effective stress coefficients of fissure and

( )

( )

β
ϕ = ϕ + −

β ρ ++ − +
+

0 f fo

s 0
0

m

1ln .
1

f

m
m m

p p
M

a RT bpp p
M MV bp



440 ZHANG et al.

Fig. 2. Pore size distribution characteristics of coal sam-
ples.
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matrix; pf is fissure gas pressure, Mpa; pm is matrix gas
pressure, Mpa; and a is ultimate adsorption capacity,
cm3/g; ρs is the true density of the coal body, kg/m3; T
is the temperature of the coal seam, K; b is the adsorp-
tion equilibrium constant, Mpa–1; p is the coal seam
gas pressure, Mpa; M is the coal axial confinement
modulus, Mpa; K is the coal bulk modulus, MPa.

There is a cubic relationship between coal permea-
bility and porosity [14, 15], i.e., the coal permeability
can be expressed as:

(2)

Where k, k0 denote the permeability and initial per-
meability, mD, respectively.

The Klinkenberg effect exists in the f low of gases
through porous media, and the following relationship
exists between the effective permeability and absolute
permeability of gas [16–19]:

(3)

Where ke is the effective permeability of gas trans-
port, mD; c is the Klinkenberg coefficient, generally
taken as 0.251; pf is the fissure gas pressure, Mpa.

Bringing (3) into (2) equation, the evolution for-
mula of effective permeability of coal seam under the
influence of Klinkenberg effect can be obtained:

(4)
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Where pf0 indicates the initial fracture pressure,
Mpa; pm0 is the initial substrate pressure, Mpa.

Substrate Gas Transport Equation

The amount of gas per unit volume of coal matrix
is given by the following equation [20]:

(5)

Where mm denotes the gas content in the coal
matrix, kg/m3; ρc is the pseudo-density of the coal
body, kg/m3; Mc is the molar mass of methane,
kg/mol; and VM is the molar volume of the gas at stan-
dard conditions, L/mol. ϕm is the initial porosity.

Most of the studies treated the diffusion coefficient
as a constant, but the diffusion coefficient showed an
attenuation with time, so the attenuation coefficient
was introduced to calculate the diffusion coefficient
[21–23]:

(6)

Where Dt is the dynamic diffusion coefficien, m2/s;
D0 is the coal seam gas diffusion coefficient, m2/s; λ is
the attenuation coefficient, s–1; t is the extraction
time, d.

The coal seam matrix system and fissure system
exchange mass under pressure difference [22], and the
equation of change of gas pressure in the matrix pores
is:

(7)

Where L is the spacing of the coal body fissures, m.

Fissure Gas Seepage Equation

Gas flow in a fracture system follows Darcy’s law
[17]:

(8)

Where vf is the seepage velocity, m/s; μ denotes the
kinetic viscosity coefficient of the gas, which is gener-
ally taken as 1.0810–5 Pa ⋅ s. pf indicates the fracture
pressure gradient, kPa/m.

From the law of conservation of mass, the change
in the amount of gas gas in the fissure is the value of
matrix diffusion minus the inflow of free gas from the
fissure into the borehole [24]:

(9)
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Where QM is the mass exchange law per unit vol-
ume of coal matrix with the fracture system, kg/(m3 ⋅
s).

Associating equations (8), (9), an expression for
the variation of gas pressure with time in the fissure
can be obtained:

(10)

Deformation Control Equation of Coal Rock Body
Considering the effect of adsorbed expansion stress

on the coal skeleton [16], the Biot coefficient is quoted
into the effective stress equation:

(11)
Where σij is the effective stress on the coal body,

Mpa; σa is the adsorbed expansion stress, Mpa; δij is
the Kronecker delta sign.

(12)

(13)

Where Km is the coal matrix modulus, MPa; Ks is
the coal skeleton modulus, MPa.

The joint equation (10), (11), (12), can be obtained
Navier form of the coal body deformation equation:

(14)

Where P,i Ti represent the coupled terms of gas
seepage and temperature field variations,respectively;
(ϕP),i is the gas adsorption-desorption term.

Equation of Control for Coal Seam Temperature Field
The coal seam gas transport process is non-isother-

mal, i.e., there is heat exchange during gas desorption,
desorption, and seepage [25–27]. Therefore, coal
body temperature coupling needs to consider the
effects of stress field and seepage field comprehen-
sively:
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Where C
v
 is the constant volume specific heat

capacity; η is the thermal conductivity of the coal
body. Q is the gas content of the coal seam, kg/m3. T0
is the initial temperature of the coal seam, K. εV is the
volumetric strain of the coal body.

In summary, the coupling equation (7), (10), (14),
(15) constitutes the heat-fluid-solid coupling equation
of coal and gas, which reveals the change process
between the internal microscopic transport process of
the coal body and the change of permeability and
porosity, the deformation of the coal body, as well as
the temperature of the coal seam, and its multi-field
physical coupling relationship is shown in Fig. 3.

NUMERICAL SIMULATION SOLUTION
Numerical Modelling and Parameters

In this paper, numerical simulation is carried out
with Dashucun coal mine as an engineering example,
the gas content is 10.2~12.4 m3/t, and the coal seam
has the risk of protrusion, which needs to optimise the
existing extraction technology. As shown in Fig. 4, the
model size is 50 × 40 × 4 m, and the drill hole is
located in the middle of the coal seam with a length of
50 m. The upper part of the model is a stress boundary,
the lower part is a fixed boundary; the left, right and
back sides are rolling boundaries, and the absolute
pressure of the roadway in the coal seam is 0.1 Mpa.

In order to better study the change of the gas trans-
port law of the borehole, a reference surface is inter-
cepted on the cross-section YZ with X as the coordi-
nate of 30 m. The reference surface is located in the
middle of the two-dimensional cross-section, as
shown in Fig. 5. As shown in Fig. 5, the gas extraction
borehole is located in the middle of the two-dimen-
sional cross-section, the borehole diameter is 75 mm,
and four observation points are set every 0.5 m on the
right side of the borehole. The top of the coal seam is
subjected to a loading pressure of 10 MPa, the bottom
is a fixed constraint, and the left and right ends are
rolling boundaries. The pressure boundary is around
the borehole, and the rest of the boundaries are set as
zero-flow boundaries. The parameters used in the
simulation are derived from the field engineering mea-
surements and partly referred to authoritative related
research papers [28–30], and the specific parameters
are shown in Table 2.

Research on the Law
of Gas Extraction and Transport

From the study [16], it is clear that the permeability
of the coal body is controlled by the dual mechanism
of effective stress and matrix adsorption, showing reg-
ular dynamic changes with the time of extraction.
As gas extraction proceeds, matrix adsorbed gas is
continuously desorbed, and a small amount of free gas
within the matrix moves into the fissure, and is subse-
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Fig. 3. Heat-fluid-solid coupling physical relationship diagram.
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quently continuously discharged from the coal seam.
In this process, the increase in effective stress leads to
a decrease in the permeability of the coal body, and
matrix contraction leads to an increase in the amount
of matrix gas diffusion, resulting in an increase in the
permeability of the coal body, and the change in the
permeability of the coal body is a result of the compe-
tition between the adsorption expansion and deforma-
tion of the coal matrix and the effective stress. As can
be seen from Fig. 6, the reasons for this phenomenon
are: with the gas extraction, the pressure around the
borehole is decreasing, even if the effective stress of
the coal seam increases, but the matrix contraction
effect around the borehole dominates; the larger the
diffusion attenuation coefficient is, the greater the
matrix gas diffusion resistance is at a distance from the
borehole, and the matrix contraction effect decreases,
and the permeability decreases at a faster rate, which
results in the slowing down of gas seepage and the
decrease of the amount of gas extracted. This phe-
nomenon reflects the fact that considering the
Fig. 4. Geometric model of gas extraction.

x
z

y

dynamic diffusion coefficient. This phenomenon
reflects the necessity of considering the dynamic dif-
fusion coefficient, and provides a theoretical basis for
the optimisation of extraction parameters.

Figure 7 shows the curves of gas seepage velocity of
the fissure and gas extraction volume with time at
observation points A1, A2, A3 and A4. The pressure
difference between the fissure and matrix is the largest
at the early stage of extraction, corresponding to the
largest amount of diffused gas in the matrix. There-
fore, the pressure difference between the fissure and
the outside of the borehole increases, and the gas is
continuously discharged from the fissure to the out-
side of the borehole, and the seepage velocity rises
sharply to the peak value. As the extraction time
increases, the Klinkenberg effect leads to an increase
in the molecular thickness of the fissure surface, the
mass source of the coal matrix diffused into the fissure
decreases, and the pressure difference gradually
decreases and is fixed to a stable value. At this time,
the mass source provided by the matrix is not enough
to supplement the gas f lowing out of the fissure,
resulting in a decrease in the pressure difference
SOLID FUEL CHEMISTRY  Vol. 57  No. 6  2023

Fig. 5. Location of monitoring points in YZ section.
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Table 2. Simulation parameters

Parameter Value

Initial porosity ϕ0 0.05
Initial permeability k0/mD 0.2
borehole size d0/m 0.75
Langmuir pressure PL/MPa 1.2
Initial coal seam temperature T0/K 295

Langmuir volume VL/m3 ⋅ kg–1 0.02

Apparent density of coal ρs/kg ⋅ m3–1 1250

Klinkenberg factor c/MPa 0.76
Negative extraction pressure pb/kPa 25
Limit adsorption deformation 0.006

Initial gas diffusion coefficient D0/m ⋅ s–1 3.5 × 10–12

Modulus of elasticity of coal Km/MPa 2700
Poisson’s ratio of coal ν 0.339

Fissure compression coefficient β0/MPa–1 0.02

Initial gas pressure of coal seam p0/MPa 2
between the fissure and the outside of the borehole,
and the seepage rate continues to slow down to a fixed
value. From the change curve of gas extraction quan-
tity, it can be obtained that: at the beginning of
extraction, the gas extraction rate decreased rapidly
from 41.8 to 5.02 m3/d, and then began to decrease
steadily until it stabilised at 1.90 m3/d.

Coal Seam Temperature Change Law

From the study [23], it is clear that the coal seam
temperature decreases continuously with the time of
extraction. Figure 8 shows the isotherm map of coal
seam temperature change under different extraction
time, and it can be seen from the change of the map
that the coal seam temperature isotherm is constantly
spreading from the borehole to the distant part of the
coal seam with the increase of time. When the
extraction time is the same, the temperature of the
coal seam shows an increasing trend from the centre of
the borehole to the outside, and the temperature
increases with the increase of the distance from the
borehole, and the temperature of the coal seam farther
away from the extraction borehole is close to the initial
temperature value. When t = 30 d, the temperature at
5m from the centre of the drill hole is 276.15 K; when
t = 60 d, the temperature of the coal seam at this point
is 274.95 K, and the temperature of the coal body
decreases by 1.2 K; when t = 90 d, the temperature of
the coal body is 274.25 K, and the temperature
decreases by 0.7 K; and when t = 120 d, the corre-
sponding temperature of the coal body is 273.75 K,
and the temperature decreases by 0.5 K. It can be seen
that the temperature of the coal body increases with
the extraction time. Coal body temperature decreases
SOLID FUEL CHEMISTRY  Vol. 57  No. 6  2023

Fig. 6. Variation curve of coal seam permeability with dif-
fusion coefficient.
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continuously with the increase of extraction time, and
the decrease rate shows a slowing down trend.

Figure 9 shows the variation of the coal body tem-
perature along the distance of the coal seam strike.
It can be seen that with the increase of the distance
from the centre of the borehole, the temperature of the
coal seam increases continuously and remains con-
stant after increasing to a certain value. When the tem-
perature of the coal seam reaches the 295.15 K iso-
therm, the different pumping times corresponding to
the distance from the centre of the borehole are shown
Fig. 7. Variation curves of seepage rate and gas extraction
at observation point.
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Fig. 8. Temperature contour plot around drill hole.
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as follows: when pumping for 30d, the distance is.
It can be seen that the temperature of the coal body is
lower with the increase of this extraction time. This is
because the adsorption and desorption of matrix gas
need to consume a certain amount of heat, and the
movement of fissure gas seepage has a certain thermal
effect, at this time, the coal seam is a non-isothermal
system, and the transport of gas continuously converts
thermal energy into kinetic energy. At the same time,
the external force acting on the coal rock layer also
produces thermal effect. As the gas extraction process
proceeds, the gas content of the coal seam decreases,
and the reduction of gas pressure accompanied by the
heat conduction of the coal body also leads to a
decrease in the temperature of the coal seam. At the
late stage of extraction, the gas pressure and content
drop to a stable value, and the resistance of gas trans-
port between matrix and fissure system increases, at
this time, the thermal effect of the coal body is less,
and the temperature of the coal seam reaches a stable
value.

Figure 10 shows the influence curve of different
initial temperatures on the effective extraction area,
and it can be seen that the area of effective extraction
area decreases with the increase of the initial tempera-
ture of the coal seam. In the initial period of 0–60 d,
the area of effective extraction area increases gently.
After 60 d of mining, the effective extraction area
increases rapidly to a stable value. After 120 d of
extraction, the effective extraction area at T0 = 302 K,
291 K and 280 K is 2.62, 4.15 and 9.11 m2 respectively,
and the initial temperature of the coal seam at 291 K
has decreased by 54.5% compared with that at 280 K,
and the extraction compliance area at 302 K has
decreased by 36.9 and 71.2% compared with that at
291 and 280 K respectively, and the reduction rate
decreases with the initial temperature of the coal seam
at 291 K. The decrease increases with the increase of
the initial temperature of the coal seam. It can be seen
that the high temperature coal seam is not favorable
for gas extraction, and effective technical measures
should be taken to reduce the temperature of coal
seam before pre-extraction of coal seam, such as the
use of wet drilling, water injection into the coal seam
and other methods.

OPTIMISATION OF GAS 
EXTRACTION PARAMETERS

Rational Extraction Borehole Size Study

From the study [31], it can be obtained that the gas
pressure around the borehole reaches 50% of the ini-
SOLID FUEL CHEMISTRY  Vol. 57  No. 6  2023
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Fig. 9. Coal seam temperature variation curve.
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tial gas content after a certain pre-extraction time is
considered to be the compliance area. The study [19]
takes into account the dynamic complexity of the site,
and the area below 75% of the initial level is considered
as the zone of influence of extraction.

Figure 10 shows the effective extraction radius and
effective influence radius of the four hole diameters at
120 d. The effective extraction radius and effective
influence radius of the drill holes increase with the
increase of hole diameters. Among them, the growth
rate of 114 mm borehole diameter is 25%, the fastest
growth rate. Figure 11 shows the variation curves of gas
extraction with hole diameter at different extraction
times. During 0–50 d of extraction, the gas extraction
decreased rapidly, and the decrease of gas extraction
gradually decreased and stabilised at the late stage of
extraction. The decrease rate of gas extraction
increases with the increase of borehole diameter, and
the decrease rates of gas extraction for 75, 94, 114, and
137 mm boreholes are 46.7, 47.8, 52.6, and 52.8%,
respectively. The extraction effect of 75 mm and
94 mm boreholes is obviously inferior to the latter two
types of boreholes, but the difference between the
decrease rates of gas extraction in the 114 and 137 mm
holes is relatively small. However, the difference in the
decrease rate of gas extraction between 114 and
137 mm boreholes is relatively small, and the
extraction effect is similar. When extracting gas from
the working face, the use of larger boreholes will easily
increase the difficulty of construction, and may result
in collapsing holes, plugging holes, jamming and
other phenomena. This not only causes waste of
resources, but also increases the risk of gas protrusion.
Therefore, considering the economic and safety fac-
tors and the extraction effect, it is more reasonable to
choose the hole diameter of 114 mm, and the effective
SOLID FUEL CHEMISTRY  Vol. 57  No. 6  2023
extraction radius and the effective influence radius for
120 d of extraction are 2.16 and 7.8 m, respectively.

Study of Reasonable Hole Spacing
From the study [10–13], it can be seen that the

working face is generally arranged with multiple drill
holes for gas extraction, and there is a superposition
effect between neighboring drill holes. The determina-
tion of the time distance of multi-drilling is mainly
based on the gas extraction radius as a reference, the
study [17] through field testing and verification, con-
cluded that the effective extraction radius r area is the
main area of gas pressure reduction in coal mines, and
the effective influence radius R is the secondary area
of gas pressure reduction in coal seams, and the rea-
sonable spacing of drilling holes is in the range of (2r,
R + r). The superposition effect of gas extraction will
cause the gas pressure at a point far away from the drill
holes to be much larger than that between the drill
holes, so that the extraction effect will be much larger
than that under single-hole extraction. Therefore,
based on the results of the previous study on the bore-
hole diameters, drill holes #1, #2, and #3 were
arranged to study the variation of gas pressure and gas
extraction at intervals of 4 m, 6 m, and 8 m, respec-
tively, as shown in Fig. 13, and the basic simulation
parameters are the same as those in the previous study.

Figure 14 shows the cloud diagram of gas pressure
variation at 120 d of gas extraction from different
spaced boreholes. When the extraction time is the
same, the pressure difference between the coal seam
pressure and the negative pressure of the borehole
extraction leads to the accumulation of gas gas farther
away from the borehole. As a result, the gas pressure
increases the further away from the borehole centre,
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Fig. 11. Effective radius of gas extraction and effective
radius of influence under different borehole diameters.
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and approaches the initial coal seam pressure at the
farther borehole wall. With increasing extraction time,
the gas pressure decreases. In the late stage of
extraction, the resistance to gas diffusion increases,
leading to a decrease in the amount of gas f lowing into
the fissure system, and the rate of gas decline gradually
decreases, and the effect of gas extraction tends to sta-
bilise. As can be seen from Fig. 14a, when the spacing
is 4 m, a continuous low-pressure area is formed
between the three boreholes, and at this time, the
pressure values near the three boreholes are signifi-
cantly smaller than those outside, which is because the
distance between the boreholes is relatively close, and
under the effect of the negative pressure of the bore-
holes and the pressure difference of the coal seam gas
pressure, the gas in the low-pressure area has the fast-
est transport speed, and thus the pressure drop is the
most significant. Figures 14b and 14c correspond to
the spacing of 6m and 8 m, the spatial distribution of
gas pressure is basically similar to Fig. 14a. When the
spacing is 6m, the superposition effect between neigh-
bouring boreholes is obvious, and the pressure drop
area between the three boreholes is within the speci-
fied pressure range; when the spacing is 8m, the
degree of inward depression between neighbouring
boreholes is larger, and the pressure drop area formed
by the three boreholes appears to have an area that has
not been reduced to less than 0.74 MPa, which indi-
cates that the superposition effect generated by the
arrangement of boreholes at the distance of 8 m is
weaker, resulting in a situation where the extraction
efficiency between neighbouring boreholes does not
reach the level of 0.74 MPa. The pumping efficiency
between the neighbouring drill holes is not up to the
standard.

Figure 15 shows the relationship between the gas
pressure at the centre position between adjacent drill
holes and the gas extraction amount with the change
of extraction time, when the extraction time is 120 d,
the pressure at the centre position of the two drill holes
of 4, 6 and 8 m decreases to 0.5, 0.6 and 0.8 Mpa,
respectively. when the extraction time is the same, the
adjacent drill holes are subjected to the effect of the
superposition effect between the drill holes, the
smaller the drill holes spacing is, the smaller the gas
pressure between the drill holes, and the smaller the
value of the residual gas in the seam. The smaller the
value of residual gas in the coal seam. The decrease
rate of gas extraction slows down with the increase of
hole spacing, and after 120 d of extraction, the gas
extraction at 4, 6 and 8 m spacing is stable at 0.89, 1.21
and 1.39 m3/d, respectively. When the spacing of the
drill holes is too small, the overlapping area of
extraction and the construction volume of the holes
increase, which raises the cost of the gas extraction.
Considering the change of gas pressure and extraction
volume, 4 m spacing will cause excess extraction over-
lapping zone and fast decay of gas extraction volume,
8 m spacing will make extraction appear “blank zone”,
SOLID FUEL CHEMISTRY  Vol. 57  No. 6  2023
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Fig. 14. Cloud map of gas pressure distribution under different drill hole spacing.
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and the risk of coal seam protrusion is higher, so we
choose to arrange the drilling holes with 6 m spacing.

Practical Verification of Coalbed Methane Mining
The parameters of regional gas extraction volume,

pure extraction volume and extraction concentration
of test 172403 working face (OPQRS) were statistically
calculated, and the total extraction volume was
727814.5 m3 measured online and 719379.2 m3 mea-
sured manually from March 18, 2022 to September 13,
2022, and the automatic measurement and manual
measurement data were compared. The error is less
than 5% as stipulated in the Measures for Comprehen-
sive Management of Coal Mine Gas in Hebei Prov-
ince. The total extraction volume is based on the
online measurement.

Based on the online metering data and the gas pre-
pumping data of the test area and the adjacent area,
the pure volume and concentration of gas extraction
are plotted as shown in Figs. 16 and 17. From Fig. 16,
it can be seen that the pure volume of gas extraction
fluctuates upward with time, then stabilizes, and
finally f luctuates downward. After the peak, the pure
volume of extraction was decreasing until the final vol-
ume was 1.02 m3/min, and the average pure volume of
extraction was 2.67 m3/min. In the early stage of
extraction, the pure amount of gas in the adjacent area
is the same as that in the (OPQRS) area, but as time
passes, the pure amount of gas extraction in the
SOLID FUEL CHEMISTRY  Vol. 57  No. 6  2023
(OPQRS) area is obviously higher than that in the
adjacent area, the peak pure amount of extraction in
the adjacent area is only 3.40 m3/min, and the average
pure amount of extraction is 1.39 m3/min, which is
much smaller than that in the (OPQRS) area.

As can be seen from Fig. 17: with the increase of
extraction time, the gas extraction concentration in
the (OPQRS) area rises continuously first, reaching a
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Fig. 16. Variation curve of pure volume of gas extraction.
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peak of 53.5% after 72 days of extraction, and then
declines continuously until the extraction concentra-
tion stabilizes at about 28% after 120 days, with an
average extraction concentration of 36.1%, which is a
good effect of gas extraction. The gas extraction con-
centration in the adjacent working face cascade bore-
hole in the (OPQRS) area first rose continuously,
reaching a peak of 35% on day 84, and then declined
to 10–20% within a short time, with an average
extraction concentration of 16.6% and a poor gas
extraction effect. From the curves of pure gas
extraction and extraction concentration, it can be seen
that the gas extraction effect in the area after opti-
mized extraction spacing (OPQRS) is significantly
higher than that in the adjacent area.

DISCUSSION
The heat-fluid-solid coupling model of coal rock

deformation field, gas seepage diffusion field and tem-
perature field established in this paper is determined
on the basis of mastering the characteristics of coal
microscopic distribution, which is more in line with
the characteristics of the coal seam. The model can
verify the relationship between the working face gas
extraction and seepage velocity, permeability change,
and coal seam temperature, which not only helps to
accurately grasp the coal seam gas transport law, but
also simulates the work to optimize the extraction
parameters such as borehole extraction hole diameter,
spacing and row spacing. Coal mining enterprises can
select a specific working face, substituting the field
parameters for the debugging of the model, to ensure
safe production while promoting the sustainable
development of energy, which in turn guides the coal
mining enterprises to carry out targeted on-site con-
struction work.

From the related research, it is known that at the
early stage of diffusion, the gas is rapidly discharged
from the large pores with larger diffusion coefficient,
and at the later stage, it overflows from the small pores
with smaller diffusion coefficient until it reaches the
inside of the micropore, so the dynamic diffusion
coefficient should be introduced in the numerical
simulation depending on the attenuation change of gas
diffusion [16]. The attenuation coefficient actually
reflects the transfer process from the outer pores to the
inner fissures of the coal, and the larger the value
reflects the more difficult the transition between the
pores-fissures. The movement of gas molecules
between pore-fissure of coal body is related to the
change of coal body permeability, and the spatial and
temporal characteristics of coal body permeability
evolution can be seen from Fig. 18: at the early stage of
extraction, the influence of attenuation coefficient on
coal body permeability is small, and the difference
gradually starts to appear after 60d of extraction, and
the difference of coal body permeability change
becomes more and more obvious with the increase of
extraction time, and the decrease of permeability
decreases with the increase of attenuation coefficient. 

As the change of permeability in the extraction
process is determined by porosity and coal strain: with
the progress of gas extraction, the gas pressure in the
coal seam decreases, the effective stress in the coal
seam increases, and the coal skeleton compresses
while the coal matrix shrinks, resulting in correspond-
ing changes in matrix porosity and fracture permeabil-
ity. On the one hand, coal skeleton compression will
lead to a decrease in coal porosity, which in turn
causes a decrease in permeability; on the other hand,
coal matrix contraction will cause the adsorbed gas to
start desorption and produce matrix contraction
effect, which makes the matrix porosity and permea-
bility of coal gradually increase. The increase of atten-
uation coefficient indicates that the diffusion resis-
tance of coal pore system increases, which makes the
amount of gas f lowing into the fissure decrease, and
the coal matrix shrinkage effect keeps increasing and
SOLID FUEL CHEMISTRY  Vol. 57  No. 6  2023
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Fig. 18. Dynamics of coal permeability decay at different extraction times.
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gradually dominates, so the permeability keeps
increasing with the increase of time.

Before pre-pumping, the gas content of (OPQRS)
area was between 5.23~7.52 m3/t, the maximum gas
content was 7.52 m3/t, and the average gas content was
6.74 m3/t. After pre-pumping by drilling, the gas con-
tent of (OPQRS) area was between 2.3~3.76 m3/t, the
maximum gas content was 3.76 m3/t, and the average
gas content was 2.97 m3/t. After verification, the gas
content of each borehole has dropped significantly,
basically to less than 50% of the gas content before
pre-pumping, meeting the pre-pumping requirements
of OPQRS area at 172403 working face of Dashucun
Mine.

According to the statistics, the spacing of drilling
holes for gas extraction in the adjacent area of 172403
test working face (OPQRS) is 5 m, and the number of
pre-sumping holes is 78. After optimization, the drill-
ing spacing of the test working face is 6m, and the
number of drilling works is 70, the number of drilling
after optimization is reduced by 10%, and the formula
for calculating the residual gas content of coal seam
after pre-sumping is shown as follows:

(16)−= 0 .CY
W G QW

G
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Where WCY is the residual gas content, m3/t; W0 is
the original gas content of the coal seam before pre-
sumping, m3/t; G is the coal reserves of the evaluation
unit, t; Q is the total extracted gas content, m3.
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The maximum residual gas content in the area after
gas extraction (OPQRS) is 3.66 m3/t according to the
mine production plan with a daily production of about
2000 t. The maximum residual gas content measured
in the field after extraction is 3.76 m3/t, which is basi-
cally the same as the theoretical calculation and the
field measurement results, with an error of only 2.7%,
which is less than 5%.

The amount of gas that can be desorbed is calcu-
lated by the following equation:

(17)

Where WCC is the residual gas content at standard
condition, m3/t; a,b is the adsorption constant; Ad is
the ash content of the coal seam, %; Mad is the mois-
ture content of the coal seam, %; γ is the capacity of
the coal, t/m3.

From the mine production plan, the daily output of
working face is about 2000 t, (OPQRS) area WCY is
3.66 m3/t, the maximum residual gas content is
3.76 m3/t, the maximum desorbable gas quantity of
coal is calculated as Wj = 1.86 m3/t. This result is in
line with the condition of daily output of coal mining
working face as stipulated in the Provisional Regula-
tions on Coal Mine Gas Extraction to Meet the Stan-
dard, the desorbable gas quantity before re-mining is
less than or equal to 7 m3/t.

CONCLUSION

(1) The coal samples of Dashucun mine belong to
anthracite coal with high coalization degree and high
adsorption level to gas. The isothermal adsorption
curves of the four groups of coal samples are all type IV
curves, and the “hysteresis loop” is obvious. The
microscopic pore size characteristics of the coal body
were investigated through basic experiments, and the
coupled heat-fluid-solid model of the coal seam was
established, finally solved using COMSOL Multiph-
ysics numerical simulation software.

(2) The temperature of the coal body is subject to
gas desorption and heat dissipation and heat conduc-
tion, and shows a decreasing trend with the time of
extraction, and the higher the temperature, the smaller
the area of effective extraction area. The pressure dif-
ference between matrix and fissure makes the change
of seepage rate and gas extraction divided into rapid
rise, slow decline and stable stage. The larger the dif-
fusion attenuation coefficient is, the weaker the matrix
contraction effect is, resulting in a faster rate of decline
in the permeability of the coal seam, a slower rate of
gas seepage and a decrease in the amount of
extraction.

=
+

φ− −× × +
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(3) By analyzing the gas extraction volume and
effective extraction radius of different hole diameters,
it is determined that the hole diameter of 172403
working face is 114 mm. Combined with the residual
pressure value of the superimposed effect of neighbor-
ing holes, the reasonable spacing of holes was deter-
mined to be 6 m. The optimized hole spacing was ver-
ified in the field. After field engineering verification,
the optimized gas extraction efficiency is obviously
improved, and the results of the study can promote the
safe production of coal mines and the sustainable
development of energy.
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