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Abstract

In view of the problem that it is difficult to measure the gas extraction of each coal seam alone by traditional device in the
process of coal seam group gas combined extraction (CSGGCE), the calculation model of the mixing gas ratio is established
and solved by using mathematical method, based on the definition of isotope value in gas isotope geochemistry and the ideal
gas state equation. At the same time, the field test is selected in the Fengchun Coal Mine in Songzao Mining Area of China.
The spatial distribution characteristics and differences of coal seam group are obtained, and the law of the CSGGCE mix-
ing ratio is revealed with the variation of the extraction time, according to the discrete data of the separate and combined
extraction gas components and isotope values. The results show that the coal seam gas has a thermal origin and a significant
mantle-derived contribution. Compared with the traditional method, the CSGGCE mixing ratio obtained based on the isotope
principle is dynamic. The mixing ratio is mainly controlled by the geochemical characteristics of the gas isotope in the initial
stage of extraction and affected by gas deposit difference and physical space limitation as the extraction time increases, which
is more in line with the actual situation of the CSGGCE in coal mines.
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Nomenclature Subscripts

K Relative abundance ratio, % sta  Standard sample

X Relative abundance (mole fractions) tot  Total substances

n Amount of substance, mol mix m-Group mixed gas

)4 Pressure, Pa i i-Group gas

\% Volume, m>

T Thermodynamic temperature, K

R Ideal gas constant Introduction

w Component content, %

a Proportion, As the intensity and depth of coal mining in China increase,

reports of casualties from coal mine gas accidents continue
to increase as well (Jiang et al. 2010; Yuan et al. 2015). In
the decade from 2007 to 2017, gas accidents accounted for
64.4% of all major accidents in coal mines, and gas accident
deaths accounted for 69.7% of all major accidental deaths
(Cheng et al. 2018a, b; Wang et al. 2014). Therefore, the pre-
Responsible Editor: Domenico M. Doronzo vention and control of gas disasters is especially important
to China’s coal industry.

As the most used technical measures for gas disaster
prevention in coal mines, gas extraction has been widely
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P4 Jiaokun Wu
cqcctegdh@gmail.com

L' Xi’an University of Science and Technology, Xi’an 710054, used in most coal mines in China (Zhou et al. 2016). Gas
China extraction should be the standard of sampling evaluation
2 China Coal Technology and Engineering Group, Chongging because it would be difficult for the coal mine person-
Research Institute Co, Ltd, Chongging 400037, China nel to bury the safety hazards in follow-up mining opera-
3 Chongging University, Chongging 400044, China tions when the extraction effect does not meet the standard
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(Cheng et al. 2018a, b). At present, most of China’s coal
mines fall into the category of coal seam group mining.
Most mines layout the layer drilling combined extraction
of multiple coal seam gas in the bottom plate rock lane
before they conduct rock cross-cut coal uncovering or
coal lane excavation to improve the utilization rate of the
extraction drilling and reduce the cost of gas treatment
(Jiang et al. 2018). However, due to the differences in the
characteristics of different coal seam gas deposits, coal
seam group gas combined extraction (CSGGCE) is a three-
dimensional spatial evolution process, so it is not possible
to measure the actual gas drainage volume of each coal
seam alone for a mixed coal seam gas using the existing
single coal seam gas extraction measurement methods. It is
also difficult to determine whether the gas extraction effect
of each coal seam is up to the standard by calculating the
residual gas content, the desorbed gas content, and the
gas extraction rate of each coal seam. Thus, finding a way
to quantify the CSGGCE is a key scientific problem that
scholars all over the world are eager to solve.

The geochemical characteristics of stable carbon isotopes
are commonly used to identify different sources of oil and gas,
study the formation environment of oil and gas (Ju et al. 2014;
Dai et al. 2009), and compare the deposit characteristics of
coal seams and coal seam gas (Srivastava and Agnihotri 2013).
One study found that the carbon isotopes of coal seam gas in
German coal mines are proto zone (Teichmuller 1971). The
range of carbon isotopes in different coal seams in the Huainan
coalfields varies from 47! coal seam syllables to 1172 coal
seam syllables (Sun et al. 2013). The characteristics of the coal
seam methane carbon isotopes in the Huaibei coalfields are
typical of secondary biological cause gas, and the character-
istics of the carbon dioxide carbon isotopes are typical of coal
heat solution (Xu et al. 2017). The carbon isotope values of the
coal seam gas in the Qin Shui Basin increase with increasing
burial depth (Li et al. 2014a, b). There are also differences in
the methane hydrogen isotopes, which are related to the posi-
tive correlation between the methane’s isotopes and the burial
depth of the 3# coal seam. Moreover, the gas content and
methane concentration of the Shanxi coal seam are generally
higher than that of the Taiyuan coal seam (Meng et al. 2014,
2015). The methane carbon isotopes on the eastern edge of the
Ordos Basin increase with increasing burial depth, forming a
downward band of isotope fractionation (Li et al. 2014a, b).
The methane carbon isotopes of the deep residual gas in the
Jincheng region are heavy, while the methane carbon isotopes
of the shallow coal seam gas are lighter (Duan et al. 2007).
There is a primary band-transition zone between the methane
carbon isotopes and the burial depth of the different coal seam
gases (Duan et al. 2014; Qin et al. 2000). The above study
found that there was a “vertical zone” between the coal seam
methane carbon isotope and the burial depth, and there were
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significant differences in the methane carbon isotope values of
the single and mixed gas in different coal seams.

The Qin Shui Basin mining area realized the quantita-
tive analysis of the sources of coal seam gas in the mining
area and carried out engineering applications (Zhou et al.
2018). The Huainan mining area tested the value of a single
and multiple coal seam mixed gas carbon isotopes and used
mathematical methods to determine the source of gas on
the mine’s recovery work surface (Gao et al. 2018). The
above study discussed the geological indication significance
of the gas origin type and carbon isotope in coal mine and
the sources of coal seam gas in the coal mine recovery work
surface mining area, which provided an important theoreti-
cal basis for the analysis of coal seam gas source and made
great contribution to further perfecting the prediction theory
of coal seam gas inflow.

The above research provided a new research idea for the
stratification of the CSGGCE using the isotopic geochemi-
cal features of the gas. In this study, the coal seam group
composed of the M6-3, M7-2, M8, and M11 coal seams in
the Fengchun coal mine was studied. The spatial distribu-
tion was obtained by testing and analyzing the gas compo-
nent contents and isotopic compositions of individual and
combined extractions. A layered quantitative model for the
CSGGCE was established using the mathematical calcula-
tion method, based on the isotopic geochemical character-
istics. The proportion of each coal seam’s gas sources in
the combined extraction mixing gas was determined, and
a theoretical basis was provided for the evaluation of the
standard of the CSGGCE effect in coal mines.

Model development and methods
Isotope value definition

Gas isotope geochemistry is mainly used to study the abun-
dance of and variation in stable isotopes in gas (Tao 2015).
Gas is defined as a mixture of hydrocarbons (CH,), non-
hydrocarbons (CO,), and measuring gases (He). The gas is
mainly included stable isotopes of carbon (CH, and CO,)
and rare gas isotopes of helium (He).

Carbon has two stable isotopes, 12C and '3C. Carbon iso-
tope values are defined by Egs. (1), (2), (3), (4). The stand-
ard sample is used PDB (Pee Dee Belemnite, a fossil of
Cretaceous marine life in South Carolina, USA) (Zhang and
Tao 2000).
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The ideal gas state equation that describes the macro physi-
cal behavior of the ideal gas is defined by Eq. (5) (Gao 1997).
Under the same pressure and temperature conditions, the vol-
ume of the gas and the amount of substance are related by

Egs. (6), (7), (3).
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Model construction

Gas is regarded as an ideal gas at room temperature and normal
pressure, and it is considered that there is no chemical reaction
between the gas components after gas mixing. The relative
abundance ratio and carbon isotope value of the mixed gas
813C,;, can be expressed by Egs. (9), (10), (11), (12). The per-
centage of gas for each group, in mixed gas, can be expressed
by Egs. (13), (14). Since the change of '’C relative abundance
18 x5 = 0.98853 ~ 0.99037 ~ 1(Zhang and Tao 2000), the
Eq. (15) can be obtained from the Eqgs. (12), (13), (14).

Similarly, helium has two stable isotopes, 3He and “He, and
helium isotope values are defined by a ratio of *He* He. The
change of “He relative abundance is xy, =0.999959 ~ 1 ~ 1
(Zhang and Tao 2000). The Eq. (15) is derived from the defini-
tion of the carbon isotope value, so it is also possible to model
the calculation of the mixing gas ratio according to the defini-
tion of the helium isotope value.
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Test instruments and standards

The test instruments for component content and isotope val-
ues are shown in Fig. 1.

Noblesse

The CH, and CO, component contents were tested
in accordance with National Standard of the Peo-
ple’s Republic of China. An Agilent 6890 N gas
chromatograph was used with an SGE-60 column
(50 mm x 0.25 mm X 0.25 mm). Each sample was
tested 3 times and the average was taken as the con-
tent of each gas component. The CH, and CO, stable
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Fig. 1 The test instruments for component content and isotope values. a Agilent 6890 N. b Delta Plus XP. ¢ Noblesse

carbon isotope values were tested in accordance
with Oil and Gas Industry Standard of the People’s
Republic of China. A Delta Plus XP isotope-propor-
tional mass spectrometer was used in conjunction
with a GC-PAL liquid autosampler. The accuracy
of the various sample analyses was assessed using
laboratory working standards. The standard sample
repeated analysis error was 0.2%0 (PDB). Each sam-
ple was tested 3 times, and the average was taken
as the carbon isotope value of each gas component.

The instrument used to analyze the He component con-
tent and the rare gas isotope value was a Noblesse rare gas
isotope mass spectrometer produced by NU Instruments in
the UK (Wang et al. 2013). Based on the air standard of
Lanzhou, Gansu Province, He was divided by low tempera-
ture pump, activated carbon furnace and liquid nitrogen, and
then sent to a rare gas isotope mass spectrometer, measured
the experimental value of *He/*He isotopes in air samples.
And compared with the internationally recognized values of
SHe/*He isotopes in the air, the relative deviation and cor-
rection coefficients were obtained. Using the same analysis
method and process as the air sample, the *He/*He isotope
experimental value of the gas sample was obtained, the
experimental value is corrected by correction coefficient,

Table 1 Basic parameters of the coal seams

Coal seam Thickness Layer separation Original  Bulk density
(m) (m) gascon-  (t/m3)
tent
(m3/1)
M6-3 0.00-1.25 From the top 14.25 1.55
0.84 boundary
23.66-32.51
29.75
M7-2 0.07-1.66 -81-10.49 17.33 1.55
077 6.06
M8 228407 93-14.37 21.91 150
3.07 9.48
Mi1 0.41-0.81 14.95-24.35 15.35 1.65
0.60 21.01
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and the actual value of *He/*He isotope of the gas sample
was obtained.

Methods for model parameters

For m-group gas, each group gas may obtain several
discrete data on component content and isotope values
in the test area, which are processed using interpola-
tion and mean methods respectively to obtain calcu-
lated values that meet the needs of the mixing gas ratio
calculation model.

The interpolation method is based on the relative
coordinate origin O (0,0) and the relative coordinate
(x, y) assumed in the test area, using the Kriging
interpolation method, based on the theory of region-
alized variables, with the variation function as the
main tool, in ensuring that the estimate meets the non-
biased and minimum variance conditions. Under the
premise of using the gas component ratio and isotope
value of several known points to obtain an estimate,
the corresponding gas component content and isotope
contour graph are plotted, and then according to the
relative coordinates of the points sought in the test
area, the gas component content and isotope approxi-
mation value of the desired point are obtained on the
contour graph.

The mean method is based on several discrete data of
the known gas component content and isotope value in the
test area, the average of all discrete data is averaged, and
the average value obtained in the test area is used as an
approximation.

The solution method of the model

Based on the calculated values, the model created by
Eq. (16) can be converted into a non-homogenous linear
equation, with the construction coefficients 4, x, and b
making Ax = b, build a broad matrix A= (A|b) based on
Egs. (17), (18).
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The broad matrix A is solved by using the Gaussian
method commonly used in linear algebra, the primary
transformation of the line is transformed into a step-
by-line, the equation system is solved with the original
equation, and the proportion of gas in each group in the
mixed gas is solved. For Ax = b matrix operations, the
construction matrix 4 and b can also be obtained by
editing code from the MATLAB software, and the coef-
ficient matrix x is obtained by dividing x = A\b, which
in turn obtains the proportion of the gas in each group
of mixed gas. Since a non-homogenous linear equation
can solve up to four unknowns, the model created by the
Eq. (16) is suitable for the mixing gas ratio calculation
of m < 4 group.
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J
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Field experimentation
Coal mine geology and conditions

The Fengchun coal mine is in the Songzao mining area
in southwestern China. The average inclination of the
M6-3, M7-2, M8, and M11 coal seams in the mine is
48°, and the original gas content is much larger than 8
m?>/t. The basic parameters of the coal seams are shown
in Table 1.

To prevent gas disaster accidents, it is necessary to imple-
ment technical measures of protective layer mining and gas
extraction (Cheng et al. 2018a, b). To enter the M6-3 coal
seam, the M11, M8, M7-2, and M6-3 coal seams must be
removed one by one using rock cross-cut coal formation

/
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Fig.2 Sampling points of the gas samples in the testing area
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—=a Drilling position
through M8 coal mine
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Table 2 Sampling parameters of the gas samples for single coal seam

Coal seam Sampling location Sampling no Amount

Mé6-3 Upper crossheading 6-1, 6-6, 6-7, 6-8, 7
N2612 6-9
Cross roadway 300N1  6-2 1
Cross roadway 300N2  6-3 1
Upper crossheading 6-5 3
N2622
M7-2 Cross roadway 300N1  7-2 2
Cross roadway 300N2  7-3 2
Cut eye N2731 7-1,74 4
M8 Cross roadway 300N1  8-2 2
Cross roadway 300N2  8-3 2
Lower crossheading 84 3
N2821
Cross roadway 380N2  8-5 3
Ml11 Cross roadway 300N1  11-2 2
Cross roadway 300N2  11-3 2
Cross roadway 380N1  11-1 3
Cross roadway 380N2  11-5 3

measures. It is necessary to drill through the construction
layer before the 7-m drop distance from the M11 coal seam
and conduct coal seam gas combined extraction of all the
coal seams.

Scheme design

The test area was selected the northern 2 mining area
in the Fengchun coal mine. For a coordinate origin
O (0,0), the horizontal coordinate x represents the
horizontal direction (control range of 0 to 1400 m),
and the vertical coordinate y represents the vertical
direction (control range of 0 to 200 m). The sampling
points of the gas samples in the testing area are shown
in Fig. 2.

The gas samples of test group from the M6-3,
M7-2, M8, and M11 coal seams were collected using
sub-layer drilling (®42 mm and ®94 mm), of which
32 samples were collected to test the conventional
component content and carbon isotope values, and 8
samples were collected to test the rare gas components
and isotope values. The CSGGCE samples of test
group were collected using perforated drilling (®75

mm), of which 8 samples were collected to test the
conventional component content and carbon isotope
values, and 8 samples we collected to test the rare gas
components and isotope values.

The test site of comparison group was selected at
the cross roadway 300N2, using 16 (4 x 4) perforated
drilling (®75 mm) combined extraction of gas, and all
parameters measured negative pressure, velocity pres-
sure, concentration, and so on each time every 10 days,
thus calculating the extraction purity of all drilling.
The sampling parameters are shown in Table 2 and
Table 3.

Results and discussion

Law of the component contents and isotope
distributions

By counting a total of 40 sets of discrete gas com-
ponents and isotope values for a single coal seam
in the Fengchun coal mine, a box diagram is drawn
as shown in Fig. 3 and Fig. 4. On these plots, the
upper and lower bounds of the box represent 75%
and 25% of the data, respectively; the centerline of
the box represents the average value of the data; the
upper and lower vertical line boundaries of the box
represent the maximum and minimum values of the
data, respectively; and the scattered points outside
the vertical line boundaries of the box represent the
discrete values.

As can be seen from Fig. 3, the gas component con-
tents of the different coal seams have significantly dif-
ferent characteristics. The CH, component is the main
component of the gas, with contents of 50% to 100%.
From the M6-3 coal seam to the M11 coal seam, the
CH, content gradually decreased. The CO, component
is the secondary component of the gas, with contents
of 0.4% to 4%. Although the average CO, content of
each coal seam is not high, it gradually decreases from
the M7-2 coal seam to the M11 coal seam, and the CO,
content of the M6-3 coal seam is smaller than those of
the other coal seams. The He component is the trace
component of the gas, with contents of 2 to 4 ppm, and
the He content of M7-2 coal seam is smaller than those
of the other coal seams.

Table 3 Sampling parameters
of the gas samples for combined
extraction

Sampling location No Relative coordinate Azimuth Inclination Amount
(x.y) ® ®
+300 m North main roadway m7 (778.71, 116.89) 290 1.7 8
mll (714.47, 117.39) 290 1.7 8
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Fig. 3 Distribution of the gas component contents

As can be seen from the Fig. 4, the CH, carbon iso-
topes of the gas range from — 43 to -24%o, and the CO,
carbon isotopes of the gas range from — 20 to — 10%o.
The gas has a thermal origin when the CO, carbon iso-
topes are in the range of — 26 to — 5%o and the CH, car-
bon isotopes are greater than — 55%o (Xu et al. 2017).
Thus, the gas in the Fengchun coal mine has a thermal
origin. Moreover, the *He/*He ratio of the gas ranges
from 1.5%x 107° to 2.5 x 107°, which is standardized
using the ratio of the atmosphere (Ra = 1.4 x 107°). The
R/Ra ratio of the gas ranges from 1.1 to 1.8 (R/Ra> 1),
so the gas in the Fengchun coal mine has a significant
source contribution.

Change law of the CSGGCE mixing ratio

A total of 16 group component content and isotope values
of the CSGGCE are shown in Table 4.

CO, Components

6 . L6
5 L5
S
S 41 L4
i *
g 37 T -3
=
S
2 ° -2
14 . ‘ -1
%&—J s
x
0 T T T T 0
M6-3 M7-2 M8 Mil

According to the total of 40 sets of discrete data of
gas component content and isotope values of a single
coal seam in Fengchun Coal Mine, the data gridding
using the Kriging interpolation method in Surfer 8.0 is
obtained to obtain the regular mesh file, and then the
contour chart is drawn separately, horizontal x intercept
range is 650 to 950 m and vertically y intercept range
is 0 to 200 m.

The contour charts based on relative coordinates are
shown in Fig. 5, Fig. 6, and Fig. 7.

The gas component content and isotope values cal-
culated by interpolation and mean method are shown in
Table 5.

The component content and isotope values of the
CSGGCE and each coal seam gas were replaced into the
calculation model and solved, and the change law of the
CSGGCE mixing ratio with the extraction time was shown
in Fig. 8.

@ Springer



2718 Page8of 15

Arab J Geosci (2021) 14: 2718

CH
20 -20

230 4 T - -30

-40 x

Carbon isotope value(%o)

jo%
W
1

H
T
jo%)
W

-45 L -45
T T T T
M6-3 M7-2 M8 Mi11
R/R,
2.0 2.0
1.8 1 1.8
Q
2 1.6 - 1.6
<
>
Q
o
S
2144 rl.4
1.2 F1.2
1.0 . . . . 1.0
M6-3 M7-2 M8 Ml1

Fig.4 Distribution of the gas carbon isotopes value

Table 4 Component content and isotope values of the CSGGCE

Number Time 13 13 R/R
@ ¢(5%5coZ ((S%Scm /Ra

m7 0 —14.63 —34.51 1.51
10 —14.61 —34.39 1.51
20 —14.65 —34.36 1.51
30 —14.65 —34.21 1.51

mll 0 —14.74 —34.26 1.48
10 —15.02 —34.26 1.46
20 —14.85 -34.11 1.48
30 —15.08 -33.92 1.45

As can be seen from Fig. 8, for extraction times of 0
to 30 days, the CSGGCE of the m7 drilling was mainly
from the M6-3 coal seam (40.16 to 56.79%), followed by
the M7-2 and M8 coal seams (19.2 to 28.04% and 19.68
to 29.55%, respectively), and a small amount came from
the M11 coal seam (2.26 to 4.38%). The mixing ratio of
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the M6-3 coal seam decreased significantly with increas-
ing extraction time, whereas the mixing ratios of the M7-2
and M8 coal seams only increased slightly with increasing
extraction time. Although the increases were basically the
same, the mixing ratio of the M7-2 and M8 coal seams
was less than the mixing ratio of the M6-3 coal seam, and
the mixing ratio of the M11 coal seam remained basically
unchanged.

For extraction times of 0 to 30 days, the CSGGCE
of the m11 drilling was mainly from the M6-3 coal
seam (22.39 to 61.38%), followed by the M7-2 and
M8 coal seams (8.86 to 23.37% and 23.22 to 43.28%,
respectively), and a small amount was from the M11
coal seam (6.54 to 10.95%). The mixing ratio of the
M6-3 coal seam decreased significantly with increas-
ing extraction time, whereas the mixing ratios of
the M7-2 and M8 coal seams increased significantly
with increasing extraction time. When the amount of
increase was different, the mixing ratio of the M8 coal
seam began to dominate. After an extraction time of
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Fig.5 Contour charts of CH4 component contents. a M6-3 Coal seam.

20 days, the mixing ratios of the M7-2 and M8 coal
seams was comparable to that of the M6-3 coal seam,
while the mixing ratio of the M11 coal seam remained
basically unchanged.

Based on change in the mixing ratio of each coal seam in
the m11 drilling, it can be inferred that the mixing ratios of
the M7-2 and M8 coal seam in the m7 drilling, for a certain
time node greater than 30 days, will exceed the mixing ratio
of the M6-3 coal seam and while the mixing ratio of the M8
coal seam will dominate.

During the perforated extraction drilling through the
M11, M8, M7-2, and M6-3 coal seam in the construction
process, under the traction of the negative pressure at
the bottom of the hole, the cylindrical exposure surface
formed by the drilling in each coal seam initiate the gas
absorption-seepage-diffusion process, at which time the
isotopic geochemical characteristics of each coal seam’s
gas determine the gas mixing ratio. As the extraction
time increases, the gradual release of gas leads to the
transfer of the impact range to the depth of the coal
seam, significantly decreasing the coal seam solidifi-
cation degree of the drill hole’s wall. Thus, small coal
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particles leave the coal seam body under the action of
negative pressure traction, transfer from the M6-3 coal
seam to the M11 coal seam and occupy the large drilling
volume space. At this time, each coal seam gas’s isotopic
geochemical characteristics, conservation differences,
and physical space limitations will jointly determine the
gas mix ratio.

Since parameters like the average thickness
(3.07 m) and the original gas content (21.91 m?/t) of
the M8 coal seam are much larger than those of the
other three coal seams, we believe that as the extrac-
tion time increases, the M8 coal seam’s gas will domi-
nate the CSGGCE.

Comparison of the CSGGCE mixing ratio

The process of calculating the CSGGCE ratio using the tra-
ditional methods is shown in Fig. 9.

For the comparison group of cross roadways 300N2,
the seam length, original gas content, and bulk density
of each coal seam were selected according to Table 1,
and the total coal seam group (including surrounding

@ Springer
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Fig. 6 Contour charts of CO2 component contents. a M6-3 Coal seam. b M7-2 coal seam. ¢ M8 coal seam. d M11 coal seam

rock) gas in the range of extraction was calculated; the
CSGGCE rate in different extraction time was shown
in Table 6.

As can be seen from the Table 6, within the scope
of the extraction impact of the total reserves of the
coal seam group’s (including the surrounding rock)
gas, the CSGGCE rate and the total amount of the
CSGGCE exhibit the same substantial increase. By
assuming that the CSGGCE rate is equal to the coal
seam gas extraction rate, the amount of gas extrac-
tion and the CSGGCE mixing ratio were obtained from
each coal seam.

The contrast of gas mixing ratio between the conventional
and isotope methods is shown in Fig. 10.

As can be seen from Fig. 10, the CSGGCE mixing ratio
obtained by the traditional method was fixed, while the
CSGGCE mixing ratio obtained by the isotope method was
dynamically changing.

The M6-3 coal seam’s mixing ratio (22.39 to 61.38%)
decreased with increasing extraction time and gradually
decreased to the traditional calculation value (11.94%). The
M?7-2 coal seam’s average mixing ratio (19.44%) is 31.48%
higher than the traditional calculation value (13.32%). The

@ Springer

M8 coal seam’s mixing ratio (19.68 to 43.28%) increased
with increasing extraction time, and it gradually increased
until it was closer to the traditional calculation value
(64.96%). And the M11 coal seam’s average mixing ratio
(6.03%) is 38.34% lower than the traditional calculation
value (9.78%).

At present, the traditional method is mainly based
on the assumption that the CSGGCE rate is equal to
the gas extraction rate of each coal seam. Coal seams
deposited in different geological ages are regarded
as having a similar nature within the combination.
However, when coal seam and gas parameters such
as the seam length, extraction radius, original gas
content, and unit weight are considered, the different
depositional conditions of each coal bed will cause the
structure and permeability of the coal body’s pores to
differ, and the mixing ratio calculated using the theo-
retical hypothesis will not correspond to the actual
situation of the CSGGCE.

The isotopic method was used to obtain the spa-
tial distribution characteristics of the coal seam group
through testing and analysis of the component contents
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Fig. 7 Contour charts of CH4 carbon isotope values. a M6-3 Coal seam. b M7-2 coal seam. ¢ M8 coal seam. d M11 coal seam
Table 5 The gas component Coal 13 13 R/R
content and isotope values oaiseam  Wem, vco, 8" Cen, 8 "Ceo, WHe !
) . (%) (%) (%0) (%o) (ppm)
calculated by interpolation and
mean method m7 mll m7 mll m7 mll
M6-3 823  85.1 0.450  0.457 —34.63 —34.49 —13.6 3.45 1.53
M7-2 674 694 281 2.54 —34.41 —33.83 —14.4 25 1.745
M8 69.8 684 097 0.67 —32.88 -32.10 —15.65 3.6 1.345
Ml11 71.1 72.5 098 0.89 —40.30 -39.52 —19.1 3.25 1.25

and isotope values of individual coal seam extractions
and the CSGGCE, which can achieve accurate dynamic
analysis of the coal seam mixing ratio. Compared to
those of the traditional method, the results of the iso-
tope method are more in line with the actual situation
of the CSGGCE in the coal mine. Therefore, deter-
mining a way to verify the conclusion of the isotope
method and to effectively guide the coal seam gas
extraction standard evaluation is a subject that requires
further study.

Application of the method in other engineering
projects

Based on the research results of the Fengchun Coal
Mine in Songzao Mining Area, this method had been
applied to the Xiaotun coal mine in Guizhou Province,
China.

The rock roadway was arranged in the coal seam floor,
and the perforated drilling of the rock roadway was con-
structed to jointly extract 6,, 6 ,,, and 6, coal seam gas in

@ Springer
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Table 6 CSGGCE rate in

c N - Time Negative Rapid pressure Content ratio Extraction V. A C
different extraction time pressure (Pa) (%) amount (m3) (m3) (%)
(kPa) (m3/min)
2019.5.7 18.6 11.76 60 1.27 1829 273,379 0.67
2019.5.16 189 13.72 54 1.40 21,989 8.04
2019.5.26  18.7 13.72 45 1.37 41,717 15.26
2019.6.6 18.3 15.68 39 0.90 54,677 20.00
Fig. 10 Contrast of gas mixing 80 — 80
ratio between the conventional traditional (25%~75%)
and isotope methods isotopic (25%~75%)
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Table 7 Basic parameters of the coal seams in Xiaotun coal mine

Coal seam Thickness Layer separation  Original Original
(m) (m) gascon-  gas pres-
tent sure
(m*/t) (MPa)
6. 0.82 From the top 10.55 0.92
boundary
20.58 m
6m 232 2.60 13.44 0.96
61 0.99 4.43 11.35 1.14

Xiaotun coal mine. The basic parameters of the coal seams
were showed in Table 7.

The experimental scheme designed two groups
of layered measurement and isotope, of which four
groups of drilling were arranged in the layered
measurement group, and the gas flow was deter-
mined separately by each group of drilling. The

carbon isotope group selected representative drill-
ing to collect 6 |, 6 ,, 6, coal seams and combined
gas extraction samples. Drilling parameters were
shown in Table 8.

Through sampling test, it was found that the carbon iso-
tope values of 6 upper, 6 middle, and 6 lower coal seam
gas also differ significantly in Xiaotun coal mine. The dis-
tribution of methane carbon isotope values was showed in
Fig. 11.

The mean results of coal seam gas isotopes were
replaced with the calculation model, the gas mixing ratio
was calculated, and then the calculation results of the
isotope method were compared with that of the layered
measurement method in Xiaotun coal mine, as showed
in Fig. 12.

As can be seen from Fig. 12, the results of these
two methods are basically the same, and it also shows
that the universality of isotope method can be proved
wholly.
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Table 8 Drilling parameters of

Test site Group number  Azimuth  Drilling number Coal seams extracted
the coal seams ©)

13* Bottom plate laneway ~ 1(A) 301 1-1,1-2,1-3,1-4,1-5 6,+6,+6,
1(B) 121 1-6, 1-7, 1-8, 1-9, 1-10
2(A) 301 2-1,2-2,2-3,2-4,2-5 6,+6,
2(B) 121 2-6,2-17,2-8,2-9,2-10
3(A) 301 3-1,3-2,3-3,34,3-5 6,
3(B) 121 3-6, 3-7, 3-8, 3-9, 3-10
4(A) 301 4-1,4-2,4-3,44,4-5 6,
4(B) 121 4-6,4-17,4-8,4-9,4-10

-32 -32

C (CH,) (%0)

35t . l J 135

-36 - —1-36

6u 6m 61

Coal seam

Fig. 11 Distribution of methane carbon isotope values in Xiaotun
coal mine

100 100
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Fig. 12 Contrast of gas mixing ratio between the layered measure-
ment and isotope methods

Conclusions

Based on the definition of carbon isotope, combined with
the calculation model of CSGGCE mixing ratio, the coal

@ Springer

seam gas mixing ratio of M6-3, M7-2, M8, and M11 coal
seams in Fengchun coal mine was obtained and compared
with the traditional calculation results, the conclusions are
drawn as follows:

1)The calculation model of the mixing gas ratio is
established and solved by using mathematical calcula-
tion method, based on the definition of isotope value in
gas isotope geochemistry and the ideal gas state equa-
tion.

2)The spatial distribution characteristics and differ-
ences of coal seam group were obtained, according to
the discrete data of the separate and combined extrac-
tion gas components and isotope values, it shows that
the coal seam gas in the Fengchun coal mine has a
thermal origin and a significant mantle-derived con-
tribution.

3)Compared to the traditional method, the mix-
ing ratio, obtained using the isotope method, was
dynamic, it was mainly controlled by the gas iso-
topic geochemical characteristics at the beginning
of the extraction, as the extraction time increased, it
was also affected by the combined effects of the gas
deposit differences and the physical space limita-
tions. The calculation results of the isotope method
are more in line with the actual situation of the
CSGGCE in coal mine.
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