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Abstract: It is of great significance to obtain the source of mixed gas emission from the working face
and the law of gas emission from each coal seam for the targeted implementation of gas control
measures. Based on the principle that the hydrocarbon isotope values of gas in different coal seams
have significant variability, a hydrocarbon isotope method for identifying the source of gas emission
is proposed. Taking Pingmei No. 6 Coal Mine as the study area, the distribution characteristics of
each value were obtained by testing the values of carbon and hydrogen isotopes in the gas of mined
coal seams and adjacent coal seams; by testing the hydrocarbon isotope value of CHy in the mixed
gas of coal seam, the proportion of gas emission in each coal seam is determined and the law of gas
emission in each coal seam is studied. The results show that the variation law of the proportion of
gas emission in each coal seam can be divided into three stages: the dominant stage of gas emission
in the mining layer (stage I), the stage of gas emission in the long-distance adjacent coal seam (stage
II), and the dynamic equilibrium stage of gas emission in each coal seam (stage III). In the process of
working face mining, the amount of gas emission in the mining layer remains in a small fluctuation
state, and the proportion of gas emission decreases rapidly in stage I and stage II, and remains stable
in stage III; the amount of gas emission and the proportion of gas emission in adjacent coal seams
increase rapidly in stage I and stage II, and remain stable in stage III; the mixed gas emission of the
working face increases rapidly in stage I and stage II, and remains stable in stage III. The calculation
formula of the gas emission rate of the adjacent coal seam is established; during the development
of the height of the mining fractured zone, the gas emission rate of the adjacent coal seam increases
exponentially, and the gas emission ratio and gas emission amount of the adjacent coal seam increase;
after the height of mining fracture zone tends to be stable, the gas emission rate, the proportion of gas
emission, and the amount of gas emission remain of adjacent coal seams remain in a small fluctuation

state.

Keywords: multi-seam mining; gas emission of working face; hydrocarbon isotope; gas emission
rate of adjacent coal seam; mining fracture zone height

1. Introduction

Gas emission in the working face has the characteristics of high prediction difficulty,
large damage range, and serious consequences, so it has always been the focus of mine
disaster prevention and control. In particular, under the condition of multi-coal seam
mining, when the layer spacing of each coal seam is small, the gas of the adjacent coal
seam will pour into the mining coal seam, resulting in a relatively high gas emission
of the mining coal seam, which increases the risk of the working face and the difficulty
of gas control [1,2]. Gas extraction is the fundamental measure of gas control in order
to reasonably and efficiently formulate the gas extraction measures of the working face,
identify the source of gas emission from the working face, and analyze the law of gas
emission from the working face [3,4].

The traditional prediction methods of gas emission mainly include the source predic-
tion method [5] and the statistical analysis method [6]. The gas geology research group
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of Jiaozuo Mining Institute uses the statistical analysis method to analyze the geological
factors affecting gas emission and predict the amount of gas emission, the influence of
geological factors on gas emission is deeply studied from qualitative analysis to quanti-
tative research [7]. However, the mathematical model established by this method fails to
consider the influence of mine pressure and adjacent coal seam on gas emission during
mining. Lunarzewski [8] used the geomechanics of “Floor gas” and “Roof gas” and the
gas emission model to calculate the contribution ratio of different gas sources to the total
gas content, but this method cannot realize the dynamic prediction of gas emission in the
working face. Zhang et al. [9] used statistical analysis and source prediction methods to
predict the gas emission of mining faces and analyzed the influencing factors and sources
of gas emission in mining faces; however, this study failed to obtain the dynamic change
characteristics of gas emission during mining. Whittles et al. [10] studied the influence of
geological factors on the gas flow in the goaf of the longwall coal mining face in the United
Kingdom by numerical simulation; however, this method failed to obtain the influence of
working face mining on gas emission and the source of gas emission in the working face.

With the development of artificial intelligence technology, some mathematical models
and methods have also been introduced into the prediction of gas emission. Gu and
Zhang et al. [11,12] established a new prediction model of gas emission by combining gray
theory and a wavelet neural network. According to the measured data of gas emission and
related geological factors in the mining area of the mine, Zhang et al. [13] established a multi-
factor mathematical geological model for predicting gas emission by using quantitative
theory [14], considering various influencing factors including mining depth. Xiao and
Zhu et al. [15,16] established a BP neural network source prediction model by combining
the source prediction method with the neural network prediction technology. The above
gas emission prediction method can obtain higher accuracy for short-term prediction in the
case of existing gas emission data, but there is a large error for long-term prediction, and it
is also difficult to obtain the source of gas emission in the working face.

The research on the law of gas emission in the process of working face mining has
also achieved more results. Xu and Li et al. [17,18] studied the gas emission characteristics
and gas distribution law of fully mechanized mining face through theoretical analysis and
field measurement. Gao et al. [19] believed that when the mine pressure appeared, the
absolute gas emission of the working face increased obviously, and the mining intensity was
consistent with the change trend of gas concentration in the upper corner of the working
face. Zhang et al. [20] believed that in the early stage of mining, the absolute amount of
gas emission increased continuously, reached the peak when the initial pressure came, and
then showed a wave-like downward trend. Cui et al. [21] considered that the absolute gas
emission of the working face was positively correlated with daily output, and the relative
gas emission was negatively correlated with output. Yuan and Dai et al. [22,23] mainly
used the source prediction method to study the gas emission law of the protective layer
working face and then took the corresponding gas control measures.

From the above, researchers have carried out a lot of research on gas emission predic-
tion methods and emission laws, but mainly based on the constructed model to predict gas
emission. The disadvantage of this method is that the applicability of the model is poor,
and it is difficult to reflect the change in geological conditions over time. In addition, the
research on the law of gas emission under the condition of multi-coal seam mining mainly
adopts the source prediction method, which cannot realize the dynamic prediction of the
proportion of gas emission and the amount of gas emission in each coal seam at the initial
stage of mining. In view of the above problems, the hydrocarbon isotope method is used to
dynamically predict the mixed gas in the working face, and the proportion of gas emission
in each coal seam is quantitatively obtained. Then, the gas emission rate of adjacent coal
seams and the variation law of gas emission in each coal seam during the mining process of
the working face are studied, and the calculation formula of gas emission rate in adjacent
layers is proposed, which provides a theoretical basis for formulating gas control measures
in the working face under multi-coal seam mining conditions.
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2. Materials and Methods
2.1. Determination Method of Mixed Gas Emission Source in the Working Face
2.1.1. Theoretical Foundation

Coal seam gas is generated with the formation of coal, the main gas component of
coal seam gas is CHy. During the peatification phase, i.e., the biochemical gas generation
period, anaerobic microorganisms decompose organic matter to produce a large amount of
CHy; in the period of coalification metamorphism, under the action of high temperature
and pressure, the volatile of organic matter decreases and the fixed carbon increases, and a
large amount of CHy will be generated. Due to the different strengths of biodegradation or
pyrolysis during the generation of CHy, the effect of isotope fractionation is also different,
resulting in obvious differences in the carbon and hydrogen isotope values of CHy in each
coal seam gas, the difference in carbon and hydrogen isotope values is the theoretical basis
for studying the source of mixed gas emission in the working face [24,25].

2.1.2. Calculation Model of Mixed Gas Emission Source in the Working Face

The mixed gas emission from the working face during multi-coal seam mining comes
from different coal seams. The gas is only a simple physical mixture, and its chemical
properties have not changed, but the carbon and hydrogen isotopes of the gas from different
coal seams in the mixed gas are different, which provides the possibility for calculating the
composition of gas emission from the working face. Based on this, the calculation formula
of hydrocarbon isotope value in the mixed gas is derived according to the principle of mass

conservation [26,27]:
Vada + Vpép

J — __b"b 1

Among them, é,,;, is the measured value of CH4 hydrocarbon isotope in mixed gas,
%o; 0 4 is the hydrocarbon isotope value of CHy in the first coal seam, %o; V 4 is the volume
of CHy in the first coal seam, m?; 55 is the hydrocarbon isotope value of CHy in the second
coal seam, %o; V3 is the volume of CHy in the second coal seam, m?; 6,,;,, 64, and 65 can be
directly measured by an isotope mass spectrometer.

For the unit volume of mixed gas, V4 = aZ,4, Vp = bZp, where a is the gas emission
proportion of the first coal seam in the mixed gas, %; b is the gas emission proportion of the
second coal seam in the mixed gas, %, a + b = 1; Z4 is the gas component of CHy in the first
coal seam, %; Zp is the gas component of CH, in the second coal seam, %; Z4 and Zg can
be tested by a gas chromatograph for the gas composition of each coal seam.

Similarly, when the composition source of mixed gas has n endmembers, the calcula-
tion formula of hydrocarbon isotope value in mixed gas can be expressed as:

{ 5mix =aZ b4+ bZB(SB + -+ nZynoy

a+b+-+n=1 @

The gas emission ratioa and b - - - n of each coal seam in Equation (2) can be solved by
the software MATLAB.

2.2. Test Method for Hydrocarbon Isotope Value
2.2.1. Field Test Background and Conditions

Pingdingshan Tian’an Coal Co., Ltd.’s sixth mine is affiliated with China Pingdingshan
Shenma Group, the administrative division is under the jurisdiction of Pingdingshan City
and Baofeng County, Henan Province. The approved production capacity of the mine is
3.2 million t/a, the mine adopts the multi-level development mode of vertical shaft and
inclined shaft, adopts the long wall retreating mining technology, and manages the roof by
all caving methods. It is a coal and gas outburst mine [28].

The main mining method of the Ding5—6 coal seam, the Wu8 coal seam, and the
Wu9—-10 coal seam in the minefield is multi-coal seam mining. The Ding5—6 coal seam
belongs to the most unstable minable coal seam, the Ding5—6 coal seam is divided into
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two layers: Ding5 and Ding6, the direct roof of the coal seam is sandstone and sandy
mudstone, the main roof is sandy mudstone, and the floor is sandy mudstone or mudstone.
The coefficient of variation of coal thickness of the Wu8 coal seam is 39.88%, the mining
index is 0.91, the elevation of the coal seam is 60 to —1000 m, the burial depth is 150 to
1100 m, and the coal-bearing area is 36.3 km?. In terms of the characteristics of the roof and
floor, the direct roof is sandy mudstone and mudstone, and the main roof is fine-grained
sandstone; the floor is dark gray mudstone and sandy mudstone, and the old bottom is
medium-grained sandstone, which belongs to the more stable roof and floor. The coefficient
of variation of coal thickness of the Wu9—10 coal seam is 38.37%, the recoverability index
is 0.95, the elevation of the coal seam is 60 to —1000 m, the burial depth is 150 to 1100 m,
and the coal-bearing area is 31.3 km?. It is a more stable area-wide recoverable coal seam,
the characteristics of the top and bottom plate are: the direct top plate is mainly medium-
grained sandstone or sandy mudstone, the old top is sandy mudstone, and the sandy
mudstone pseudo-top can be seen locally. The direct bottom plate is mudstone, and the
old bottom is sandy mudstone, which is a more stable top and bottom plate. The Wu8
—32010 working face is located in the third-level second mining area, and the working
face elevation is —570 to —660 m. The strike length of the working face is 2300 m, the dip
length is 220 m, and the mining height of the working face is 3.7 m. The long wall retreating
mining technology is adopted, and the roof is managed by all caving methods, the working
face strike section is shown in Figure 1. In order to reduce the impact of the risk of coal and
gas outbursts, they first mine the Wu8 coal seam as a protective layer and then mine the
Ding5—6 coal seam and the Wu9—10 coal seam. However, the average distance between
the Wu8 coal seam and the upper Ding5—6 coal seam is 71 m, and the average distance
between the Wu8 coal seam and the lower Wu9—10 coal seam is 13 m. During the mining
process of the Wu8 coal seam, a large amount of gas from adjacent coal seams will enter the
working face, which will bring potential safety hazards to the mining of the Wu8 coal seam.
Therefore, it is of great practical significance to obtain the proportion of gas emission and
the law of gas emission in each coal seam during the mining process of the Wu8 coal seam
to ensure the safe and efficient mining of the working face.

Ding5-6 coal seam | I
Z
E o
. ™ . g
Wind Lane Wu8-32010 working face Machine Lane e

Wu8 coal seam [] [ 1

H

Wu9-10 coal seam [ I

g

Figure 1. Wu8 —32010 working face strike section.

2.2.2. Testing of Hydrocarbon Isotope Value of Gas in Each Coal Seam

According to the standard AQ1018—2006 “mine gas emission prediction method”
middle spacing and adjacent coal seam emission rate relationship curve [29], the Ding5—6
coal seam and Wu9—10 coal seam gas will pour into the Wu8 coal seam, other coal seam gas
will not pour into the Wu8 coal seam. Therefore, desorption gas is collected in the Ding5—6
coal seam, the Wu8 coal seam, and the Wu9—10 coal seam, respectively, to determine the
gas composition and hydrocarbon isotope values, including >C (CHy), 13C (CO,), 13C
(C2Hg), and *H (CHy). Four samples are collected from each coal seam, and a total of
twelve samples are collected.

The specific test method is as follows: first, six sealed tanks with a capacity of 1 L
should be prepared, the sealed tank should be washed and dried before use, and the air
tightness of the sealed tank should be ensured to be intact, so there is no air leakage at 300 to
400 kPa; then the coal sample containing gas is drilled by the special drilling rig for coal core
in the selected place of the coal mine, and the coal sample is put into the prepared sealed
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tank; after leaving the well, the sealed tank is connected with the experimental equipment
for gas component test and hydrocarbon isotope value test. The instrument used for the
gas component test is the GC—2000 TCD gas chromatograph, and the instrument used for
the hydrocarbon isotope value test is the Delta V stable isotope mass spectrometer. The
experimental instruments are shown in Figure 2.

(a) (b)

Figure 2. Experimental instrument diagram. (a) GC—2000TCD gas chromatograph. (b) Delta V stable
isotope mass spectrometer.

2.2.3. Testing of CH4 Hydrocarbon Isotope Value of Mixed Gas in the Working Face
(1) Working face mixed gas CHy hydrocarbon isotope value determination scheme

The two areas of the upper corner and goaf of the Wu8—-32010 working face are
selected as the sampling sites of mixed gas samples, in which the sampling point of the
goaf is 20 m deep into the goaf. The specific sampling site is shown in Figure 3. The
sampling time is calculated from the beginning of the working face, and the sampling time
is one month, that is, from 7 June 2018 to 6 July 2018. The samples are collected once a
day after the samples are collected, and the samples are sent to the laboratory for mixed
gas component test and CHy hydrocarbon isotope value test. During this period, a total of
30 groups of mixed gas samples are collected.

Upper corner

Collection point Gas collection tube om sampling point
Air-v& [ [ J o
| 200m 20m ]
Goaf sampling
point
Wug8-32010 £
Working face Goa
— Air

Figure 3. Mixed gas sample collection location diagram.

(2) Sample collection method of mixed gas

The collection method of mixed gas samples in the upper corner of the working face is
as follows: the sampling personnel stands on the footplate of the end support of the return
air side and extends the expansion rod to a distance of 1.5 to 2 m from the support and
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a distance of 300 mm from the top side; the other end of the telescopic rod is connected
with a high negative pressure suction tube, the gas in the sampling tube and the airbag is
discharged, and the sampling bag is connected to start sampling. It is strictly prohibited to
extend the head into the windshield during sampling.

The collection method of mixed gas samples in goaf is as follows: the sampling tube
with a diameter of 20 mm is arranged in the return airway; one end of the sampling tube
is 20 m deep into the goaf and a sampling device is arranged; the other end is connected
to the extraction system in the return air trough, and the valve is set when connected to
facilitate sampling.

3. Results
3.1. Test Results of Hydrocarbon Isotope Value of Gas in Each Coal Seam

The test results of gas composition and hydrocarbon isotope value of each coal seam
are shown in Table 1. From Table 1, it can be seen that CHjy is the main gas component
of each coal seam, among which the average proportion of CHs gas component in the
Ding5—6 coal seam is 71.563%, the average proportion of CH4 gas component in Wu8 coal
seam is 87.340%, and the average proportion of CH4 gas component in the Wu9—10 coal
seam is 88.642%, which indicates that there are some differences in CH4 gas components in
each coal seam. In addition to CHy, the gas composition of each coal seam also includes
Nz, CO2, and C2H6.

Table 1. Test results of gas components and hydrocarbon isotope values of each coal seam.

Hydrogen
Gas Component/% Carbon Isotope Values/%o Isotope
Coal Sample Values/%o

Seam Number BC
CH,4 C,Hq N, CcO, BC(CHy) 1BC(COy) 2H (CHy)

(C2Hg)

1 73.269 0.015 17.26 9.456 —32.335 —13.210 —8.152 —164.257
D56 2 70.456 0.01 20.493 9.041 —32.864 —~10.548 —12.754  —165.952
“}g - 3 74.387 0.014 18.031 7.568 —29.543 —9.526 —~11.853  —172.346
coal seam 4 68.14 0.009 21.752 10.099 —30.790 —13.284 —8.265 —170.765
A“]’;lrsge 71.563 0.012 19.384 9.041 31383  —11.642  —10256  —168.33
1 85.562 0.021 12.06 2.357 —28.250 —9518 —8.265 —158.359
Wes coal 2 89.843 0.024 8.541 1.592 —28.652 —~10.475 —8.351 —155.458
us coa 3 89.425 0.016 8.695 1.864 —28.225 —8.865 —9.026 —155.269
seam 4 8453 0.011 13.444 2.015 —28.613 —9.642 —8.938 —156.314
A::fjege 87.340 0.018. 10.685 1.957 ~28.435 ~9.625 —8.645 ~156.35
1 90.365 0.02 8.268 1.347 —26.158 —7.854 —6.892 —155.128
Wa9-10 2 86.525 0.024 8.469 4982 —28.045 —8.526 —7.264 ~153.284
“1 B 3 88.942 0.028 9.251 1.779 —27.816 —~10.365 —9.350 —153.649
coal seam 4 88.736 0.02 9.296 1.948 —26.629 —10.263 —9.742 —155.059
A“]’gsege 88.642 0.023 8.821 2,514 ~27.162 9252 ~8312 —154.28

In order to more intuitively show the distribution characteristics of hydrocarbon
isotope values of gas in each coal seam, the tested hydrocarbon isotope values are presented
in a box diagram (Figure 4), the upper and lower bounds of the box represent 75% and
25% quantiles of the data, respectively, and the hollow point in the middle of the box
represents the average value of the data, while the upper and lower bounds of the vertical
lines represent the maximum and minimum values of the data, respectively.
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Figure 4. Box diagram of hydrocarbon isotope value distribution of gas in each coal seam.

It can be seen from Figure 4a that the distribution range (25% to 75%) of the carbon
isotope values of CHy gas in each coal seam does not overlap, so the carbon isotope value
of CHy gas has the condition to identify the source of mixed gas emission. It can be seen
from Figure 4b that the distribution range (25% to 75%) of the carbon isotope values of CO,
gas in the Wu8 coal seam and the Wu9—10 coal seam overlaps, so the carbon isotope value
of CO;, gas does not have the condition to identify the source of mixed gas emission. It can
be seen from Figure 4c that the distribution range (25% to 75%) of carbon isotope values
of C,Hg gas in the Ding5—6 coal seam, the Wu8 coal seam, and the Wu9—10 coal seam
overlaps, so the carbon isotope values of CoHg gas does not have the condition to identify
the source of mixed gas emission. It can be seen from Figure 4d that the distribution range
(25% to 75%) of hydrogen isotope values of CHy gas in each coal seam does not overlap, so
the hydrogen isotope value of CHy gas has the condition to identify the source of mixed
gas emission. Based on the above analysis, the hydrocarbon isotope value of CH4 gas can
be selected to identify the source of mixed gas emission.

3.2. Test Results of Mixed Gas Emission Source in the Working Face

The working face mixed gas CHy hydrocarbon isotope value test results are shown in
Table 2.
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Table 2. Test results of CH, hydrocarbon isotope value in the mixed gas of the working face.

Miiscgziegznt CI:?etggfy 7 June 8 June 9 June 10 June 11 June 12 June 13 June 14 June 15 June 16 June
Upbper corner 13 C(CHy)/ %o —24.778 —24.756 —24.742 —24.676 —24.610 —24.579 —24.557 —24.502 —24.482 —24.425
PP 2H(CHy)/ %o —136.302 —136.315 —136.326 —136.162 —136.019 —136.031 —136.041 —135.872 —135.896 —135.407
Goaf 13C (CHy)/ %o —24.769 —24.753 —24.733 —24.705 —24.659 —24.620 —24.570 —24.529 —24.509 —24.449
oa ZH(CH4)/ %o —136.263  —136.253  —136.282  —136.306  —136.321  —136.328 —136.152  —136.021 —135.996  —135.537
Melzgz;xtri%r;'t:nt clstoetggrir 17 June 18 June 19 June 20 June 21 June 22 June 23 June 24 June 25 June 26 June
Upper corner 13C (CH4)/ %o —24.430 —24.366 —24.343 —24.270 —24.227 —24.161 —24.200 —24.243 —24.273 —24.245
PP ZH(CH4)/ %o —135.405 —134906 —134908 —134.257 —133.958 —133.460 —133.773 —134.121 —134.276 —134.087
Goaf 13C (CHy)/ %o —24.405 —24.339 —24.318 —24.278 —24.253 —24.243 —24.179 —24.235 —24.197 —24.202
© 2H(CHy)/ %o —135.187  —134.688 —134543 —134.219 —134.057 —134.042 —133557 —133.989 —133.718 —133.706
M?gig{forr’l‘se“t Cljfeté’gr‘; 27 June 28 June 29 June 30 June 1 July 2 July 3 July 4 July 5 July 6 July
Upper corner 13C (CHy)/ %o —24.209 —24.187 —24.202 —24.282 —24.178 —24.251 —24.273 —24.203 —24.161 —24.199
PP 2H(CH4)/ %o —133.788  —133.631 —133.793  —134.281 —133.631 —134.077 —134.266 —133.800 —133.466  —133.777
Goaf 13C (CHy)/ %o —24.213 —24.171 —24.196 —24.205 —24.237 —24.217 —24.200 —24.156 —24.168 —24.173
o2 ZH(CH4)/ %o —133.881 —133.548 —133.718 —133.728 —134.042 —133.867 —133.744 —133.394 —133.575 —133.557

We substitute the test results of CHy hydrocarbon isotope values in Tables 1 and 2 into
Equation (2), and use MATLAB software to obtain the proportion of gas emission from
each coal seam in the upper corner and goaf during the mining process of the working
face (Figures 5 and 6). From Figures 5 and 6, it can be seen that the change trend of gas
emission proportion of each coal seam in the upper corner and goaf during the mining
process of the working face is basically the same. The gas emission proportion of the Wu8
coal seam shows a change rule of decreasing first and then stabilizing, and the gas emission
proportion of the Wu9—10 coal seam and the Ding5—6 coal seam shows a change rule of
increasing first and then stabilizing.

100

80

60

40

Proportion of gas emission in each coal seam /%

Figure 5.
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—&— Wu9-10 coal seam
—4— Ding5—6 coal seam
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Gas emission proportion of each coal seam in the upper corner.

Further analysis of Figures 5 and 6 shows that the change law of the proportion of
gas emission in each coal seam can be divided into three stages: the dominant stage of gas
emission in the mining layer (stage I), the stage of gas emission in long-distance adjacent
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coal seams (stage II), and the dynamic equilibrium stage of gas emission in each coal seam
(stage III).

100 —&— WuS8 coal seam
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— .
g I —&— Ding5—6 coal seam
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Figure 6. Gas emission proportion of each coal seam in goaf.

The mining time of the stage I working face is from 7 June to 15 June, and the advancing
distance of the working face is 54 m. The proportion of gas emission in the Wu8 coal seam
shows a trend of rapid decline, and the proportion of gas emission decreases from 95% at
the beginning of mining to 60%; the proportion of gas emission in the Wu9—10 coal seam
shows a trend of rapid increase, and the proportion of gas emission increases from 3% at
the beginning of mining to 30%; the proportion of gas emission in the Ding5—6 coal seam
shows a trend of slow increase, and the proportion of gas emission increases from 1% at
the beginning of mining to 5%.

The mining time of the stage II working face is from 16 June to 22 June, and the
advancing distance of the working face is 42 m. The proportion of gas emission in the Wu8
coal seam shows a trend of slow decline, and the proportion of gas emission decreases
from 60% to 53%; the proportion of gas emission in the Wu9—10 coal seam shows a slow
downward trend, and the proportion of gas emission decreases from 30% to 27%; the
proportion of gas emission in the Ding5—6 coal seam increases rapidly from 5% to 18%.

The mining time of the stage III working face is from 23 June to 6 July, and the advance
distance of the working face is 84 m. The proportion of gas emission in each coal seam
enters the dynamic equilibrium stage. The proportion of gas emission in the Wu8 coal seam
is stable at about 54%, the proportion of gas emission in the Wu9—10 coal seam is stable
at about 28%, and the proportion of gas emission in the Ding5—6 coal seam is stable at
about 18%.

4. Discussion
4.1. Gas Emission Law of the Working Face and Each Coal Seam

While testing the CH, hydrocarbon isotope value of the working face, the gas concen-
tration value in the return airflow of the working face is recorded. Combining this with the
test results of the air volume of the working face and the gas emission ratio of each coal
seam in the upper corner, the gas emission of each coal seam can be obtained (Table 3).
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Table 3. Gas emission test results of each coal seam.
Category Date 7June 8June 9June 10June 11June 12June 13June 14]June 15]June 16 June
. Oncen?rziion o 0.41 0.43 0.46 0.51 0.56 0.62 0.66 0.69 0.72 0.74
Vilfiscgzlns/e;’;‘tigf‘s 472 479 5.02 518 5.24 5.49 5.61 5.46 545 551
gvvasug;ilsosiz(;f/l;i":f‘l 012 029 0.42 0.78 1.24 1.68 2.03 2.44 2.80 271
;isnfi;sgig‘r’f/l;%?ﬂ 008 008 0.08 0.16 0.24 0.26 0.28 0.38 0.39 0.67
Z\giﬂfn 551:163 EP 42 516 552 6.12 6.72 7.4 7.92 8.28 8.64 8.88
Category Date 17 June 18June 19 June 20June 21 June 22June 23 ]June 24 ]June 25June 26 June
Concenia;ion % 0.75 0.77 0.78 0.79 0.81 0.82 0.81 0.82 0.83 0.81
Vilrfiscsf’izlns/e;’?tigf‘s 564 561 541 5.38 5.34 521 5.24 541 5.66 541
gwasuzr;ilsosi‘;f/l;%a:f‘l 268 265 2.95 271 2.77 2.71 2.77 2.91 2.85 2.78
;isnegrii_sgigiz"/l;%iﬂ 068 098  1.00 1.39 1.60 1.93 172 153 145 153
‘Qgiﬂi f/a;l% B 900 924 936 9.48 9.72 9.84 9.72 9.84 9.96 9.72
Cotegory e es. B S0June 1wl 2July  SJuy  4Juy  Shiy  6luly
Concenizsﬁon o, 082 081 0.81 0.82 0.83 0.81 0.81 0.83 0.82 0.81
V\éfiscsf’izf/e;ri?i’s 540 525 5.24 5.71 5.27 5.50 5.54 5.38 5.19 503
gwasuzr;igfo‘f};%a:f‘l 271 267 2.77 271 2.84 2.69 2.77 2.84 2.72 2.78
gz isnfii_sgigi;"/l;‘é,iﬂ 1.73 1.80 1.70 143 1.85 1.53 142 1.74 1.92 1.71
‘gﬁtslign f/a;l% iy 9.84 9.72 9.72 9.84 9.96 9.72 9.72 9.96 9.84 9.72

Based on the basic parameters of the working face, the “mine gas emission prediction
method” (AQ1018—2006) is used to calculate the gas emission of the working face. Combin-
ing this with the gas emission test results of each coal seam in Table 3, the change trend of
the measured value and the calculated value of the gas emission can be obtained (Figure 7).

The measured value in Figure 7 is the test result using the method in this paper, and the
calculated value is the calculated result using the “mine gas emission prediction method”
(AQ1018—2006). It can be seen from Figure 7 that the gas emission of each coal seam
and working face has different variation rules. During the mining process of the working
face, the gas emission of the Wu8 coal seam is maintained in a small fluctuation state, and
the difference between the measured value and the calculated value is small. From the
beginning of mining to 15 June, the gas emission of the Wu9-10 coal seam increases rapidly,
after 15 June, the gas emission of the Wu9-10 coal seam remains in a small fluctuation
state when it reaches the calculated value. From the beginning of mining to 15 June, the
gas emission of the Ding5-6 coal seam increases slowly, from 15 June to 22 June, the gas
emission of the Ding5-6 coal seam increases rapidly, and remains in a slight fluctuation
state after reaching the calculated value. The mixed gas emission of the working face
increases rapidly before 22 June and remains in a small fluctuation state after reaching the
calculated value.
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Figure 7. Variation trend of measured and calculated values of gas emission.

In summary, it can be seen that the gas emission amount of the working face and the
measured value of the gas emission amount of each coal seam show an increasing trend in
the early stage of the working face mining. The change range and change time of the gas
emission amount are related to the geological conditions of the working face mining. The
existing gas emission prediction method [30,31] makes it difficult to dynamically display
and describe this change law; when the working face advances for a certain distance, the
measured values of the gas emission amount of the working face and the gas emission
amount of each coal seam will remain in a small fluctuation state. This small fluctuation
state actually reflects the dynamic changes in coal seam mining conditions and geological
conditions. The existing gas emission prediction method [32,33] usually cannot show this
small fluctuation state. From the test results, it can be seen that the measured gas emission
in this paper shows a small fluctuation state, which indicates that the mining conditions
and geological conditions of the working face in this paper change little; however, in some
cases, the changes of coal seam mining conditions and geological conditions are more
intense, at this time, the gas emission will also fluctuate greatly, which will bring serious
hidden dangers to the safe production of coal mines. Through the test method in this
paper, the dynamic change law of gas emission in each coal seam can be obtained, so as
to formulate and implement gas control measures in a targeted manner and avoid the
occurrence of coal mine safety production accidents.

4.2. Analysis of Influencing Factors of Gas Emission
4.2.1. Analysis of Influencing Factors of Gas Emission in the Mining Layer

According to the standard “mine gas emission prediction method” (AQ1018 —2006),
the calculation method of the mining layer gas emission is as follows:

Qi =K1Ky K- 17+ (Wo — W) ®)
where Q) is the relative gas emission of the mining coal seam (including surrounding rock),
m3/t; K is the gas emission coefficient of the surrounding rock, and the value range is
1.1 to 1.3. When the roof is managed by all caving methods, 1.3 is taken; Kj is the coal loss
coefficient of the working face, which is the reciprocal of the recovery rate of the working
face; K3 is the influence coefficient of roadway pre-drainage gas on gas emission in mining
layer; m is the thickness of mining layer, m; M is the mining height of the working face,
m; W is the original gas content of coal seam, m3/t; W, is the residual gas content of coal
seam, m?/t.
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The calculation method of Kj is as follows:

L-2h

K
3 L

4)

where L is the length of the mining face, m; h is the width of the coal seam gas emission
zone in the roadway, m, which is considered according to the average exposure time of 200
days in the roadway.

It can be seen from Equation (3) that the gas emission of the mining layer is related to
the gas emission coefficient of the surrounding rock, the coal loss coefficient of the working
face, the influence coefficient of the pre —drainage gas of the preparation roadway, and the
original gas content of the coal seam. In the test of this paper, the basic parameters such as
the gas emission coefficient of surrounding rock, the coal loss coefficient of the working
face, the influence coefficient of pre-discharge gas in preparation roadway, and the original
gas content of coal seam do not change, so the gas emission of mining layer remains in a
small fluctuation state and the difference between the measured value and the calculated
value is small (Figure 7).

4.2.2. Analysis of Influencing Factors of Gas Emission in Adjacent Coal Seam

The standard “mine gas emission prediction method” (AQ1018 —2006) also gives the
adjacent coal seam gas emission calculation method as follows:

m;

Q2 =), (Woi = Wei) - = - 7i ®)
- Eo -

where Q, is the relative gas emission of the adjacent coal seam, m3/t; m; is the thickness
of the ith adjacent coal seam, m; M is the mining thickness of the mining layer, m; Wy, is
the original gas content of the ith adjacent coal seam, m3/t; W,; is the residual gas content
of the ith adjacent coal seam, m3/t; ; is the ith adjacent coal seam gas emission rate, %,
which can be seen in Figure 8.
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Figure 8. Relationship curve between gas emission rate of adjacent coal seam and layer spacing.

Equation (5) is a common method for calculating the gas emission of adjacent coal
seams [34]. According to Equation (5), the gas emission of adjacent coal seams is positively
correlated with the original gas content of adjacent coal seams, the thickness of adjacent
coal seams, and the gas emission rate of adjacent coal seams. In the process of working face
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mining, the original gas content of the adjacent coal seam, the thickness of the adjacent coal
seam, and other parameters remain unchanged, they have no effect on the change of gas
emission of the adjacent coal seam, so the gas emission rate of the adjacent coal seam is the
main parameter affecting the change of gas emission of the adjacent coal seam. When using
Equation (5) to calculate the gas emission of adjacent coal seams, the gas emission rate of
adjacent coal seams is usually selected from Figure 8; however, the gas emission rate of
adjacent coal seams in Figure 8 is the gas emission rate when the dynamic equilibrium stage
is reached after the full mining of the working face. Before the dynamic equilibrium stage
is reached, the calculation of the gas emission rate of adjacent coal seams in Figure 8 will
inevitably produce large errors, which is the problem with using Equation (5) to calculate
the gas emission of adjacent coal seams.

The gas emission rate of adjacent coal seams is related to the gas flow characteristics
of adjacent coal seams. The principle of adjacent coal seam gas flowing to the working face
is (Figure 9): after the mining of the mining layer, a certain mining space will be formed,
the coal rock layer around the coal seam will move to the mining space, and the original
equilibrium relationship of the coal rock mass will be disturbed and destroyed, so that
the original stress—strain state of the coal rock mass will change. The results of the change
will lead to the release of pressure and elastic potential energy in the coal rock around the
coal seam, thus forming mining fractures in the coal rock around the coal seam. As an
associated gas of the coal seam, the gas itself has fluidity, and the generation of mining
cracks will provide a channel for the seepage movement of gas in the coal seam. During the
mining process of the mining layer, the pressure-relief gas of the adjacent coal seam flows
into the mining face through the mining-induced cracks, which increases the gas emission
of the mining face [35].

Ding5-6 coal seam Ding5-6 coal seam

Mining fissure

_Mining fissure

) Working surface Wus coal kau}g surfac

Wu8 coal seam seam

-
Working face
advancing directior

—_
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Wu9-10 coal seam seam

Gas l](l\{:ixng Gas ﬂo\\:‘m{z

(a)

(b) | (©)

Figure 9. Gas flow characteristics of adjacent coal seams during advancing of the working face.
(a) Unmined coal seams. (b) Stage I. (c) Stage II.

In order to further analyze the influence of the gas emission rate of the adjacent coal
seam on the gas emission of the adjacent coal seam, based on the geological conditions of
this paper, FLAC3D software is used to simulate the development characteristics of the
fracture zone in the process of the working face advancing. According to the numerical
simulation results, the change trend of the development height of the mining fracture zone
with the advancing distance of the working face can be obtained. Then the adjacent coal
seam gas emission rate is calculated according to Equation (5) by using the measured data
of the adjacent coal seam gas emission (Figure 10).
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Figure 10. Variation of mining fracture zone height and gas emission rate of adjacent coal seams with
the advancing distance of the working face.

It can be seen from Figure 10 that the height of the mining fracture zone increases with
the advance of the working face. The height of the fracture zone increases rapidly in the
early stage of mining, and the growth rate slows down after full mining; when the working
face advances to a certain distance, the height of fracture zone does not increase anymore.
It can also be seen in Figure 10 that the adjacent coal seam gas emission rate is a dynamic
change parameter in the working face mining process.

Based on the test results of this paper, combined with Figures 9 and 10, the influence
of the gas emission rate of adjacent coal seams on gas emission of adjacent coal seams can
be analyzed as follows:

(1) In the process of advancing the working face, the height of the mining-induced
fracture zone of the coal seam roof and the coal seam floor in stage I shows an
increasing trend. Due to the small interlayer spacing between the Wu8 coal seam and
the Wu9—10 coal seam, the Wu9—10 coal seam quickly enters the mining-induced
fracture zone of the coal seam floor, so that a large amount of gas in the Wu9—10
coal seam enters the working face through the mining-induced fracture zone of the
coal seam floor, resulting in a rapid increase in the gas emission rate of the Wu9—10
coal seam. Although the height of the mining fracture zone of the coal seam roof
increases rapidly, due to the large interlayer spacing between the Wu8 coal seam
and the Ding5—6 coal seam, the Ding5—6 coal seam has not yet entered the mining
fracture zone of the coal seam roof, so that only a small amount of the Ding5—6 coal
seam gas enters the working face, so the gas emission rate of the Ding5—6 coal seam
increases slowly.

(2) In the process of advancing the working face, the height of the mining-induced
fracture zone of the coal seam floor in stage II tends to be stable. Because the coal
seam of Wu9—10 has entered the mining-induced fracture zone of the coal seam floor
in stage I, the gas of the Wu9—10 coal seam entering the working face in stage II will
remain in a small fluctuation state, resulting in the gas emission rate of the Wu9—10
coal seam also remaining in a small fluctuation state. In stage II, the height of the
mining fracture zone of the coal seam roof is still increasing. With the increase of the
height of the mining fracture zone of the coal seam roof, the Ding5—6 coal seam will
enter the mining fracture zone of the coal seam roof, so that the gas of the Ding5—6
coal seam enters the working face through the mining fracture zone of the coal seam
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roof, resulting in the rapid increase of the gas emission rate of the Ding5—6 coal seam
in stage IL

(3) With the advance of the working face, in stage III, the mining-induced fracture zone
height of the coal seam roof and floor tends to be stable. The Ding5—6 coal seam and
the Wu9—10 coal seam also enter into the mining-induced fracture zone of the coal
seam roof and floor, respectively, the gas emission rate of adjacent coal seams and the
gas emission of adjacent coal seams will remain in a small fluctuation state until the
end of working face mining.

According to the above analysis, the gas emission rate of adjacent coal seams in the
process of the working face shows a phased change characteristic, which is the result of the
combined effect of the working face mining method and geological conditions. Therefore,
the gas emission of adjacent coal seams is the result of a combination of multiple factors,
it is difficult to predict the gas emission of adjacent coal seams only by establishing a
mathematical model or calculation formula [36-38], and there will be obvious defects in
accuracy and timeliness.

4.3. Gas Emission Rate of Adjacent Coal Seams

In Section 4.2., the influencing factors and changing trends of the gas emission rate
of adjacent coal seams have been analyzed. Because the gas emission rate of adjacent
coal seams shows a phased change during the mining process of the working face, the
calculation formula for the gas emission rate of adjacent coal seams will also be established
in stages.

Firstly, according to Figure 11, the calculation formula of the height of the fracture
zone of the coal seam roof with the advancing distance of the working face is obtained
by fitting:

hy = —0.0041> + 1.337] —5.884 (R>=10.994) 1< (6)
where [ is the advancing distance of the working face, m; h; is the height of the coal seam

roof fracture zone, m; I; is the advancing distance of the working face when the height of
the fracture zone of the coal seam roof reaches the upper adjacent coal seam, m.

—8&— H=40m —®— H=60m
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Roof coal seam gas emission rate /%

0 1 I I I 1 I I I 1 I
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Figure 11. Variation of the gas emission rate of lower adjacent coal seams with the advancing distance
of the working face.

Similarly, according to Figure 11, the calculation formula of the height of the fracture
zone in the coal seam floor with the advancing distance of the working face is obtained
by fitting:

hy = —0.0021% + 0.572] —1.055 (R?>=0.994) <1, 7)
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where [ is the advancing distance of the working face, m; h; is the height of the coal seam
floor fracture zone, m; I is the advancing distance of the working face when the height of
the fracture zone of the coal seam floor reaches the lower adjacent coal seam, m.

Then, according to Figure 11, the calculation formula of the gas emission rate of the
upper adjacent coal seam with the height of the coal seam roof fracture zone is obtained
by fitting:

Py =1.236e"%2Mm  (R2=098) 1< (8)

where P; is the upper adjacent coal seam gas emission rate, %.

Similarly, according to Figure 11, the calculation formula of the gas emission rate of
the lower adjacent coal seam with the height of the fracture zone of the coal seam floor is
obtained by fitting:

P, = 2.609¢%168"2  (R2 = 0.976) <1, ©)

where P; is the gas emission rate of the lower adjacent coal seam, %.

According to the gas flow characteristics of the adjacent coal seam during the advanc-
ing process of the working face, the higher the height of the mining fracture zone, the
higher the gas emission rate of the adjacent coal seam, and the gas emission rate of the
adjacent coal seam and the height of the mining fracture zone are exponentially related.
From the layer spacing of adjacent coal seams, the smaller the layer spacing of adjacent
coal seams, the higher the gas emission rate of adjacent coal seams, and the layer spacing of
adjacent coal seams is inversely proportional to the gas emission rate of adjacent coal seams.
In addition, it can be seen from Equations (8) and (9) that the gas emission rates of upper
adjacent coal seams and lower adjacent coal seams have similar variation trends with the
height of the fracture zone, and the gas emission rates of upper adjacent coal seams and
lower adjacent coal seams can be combined for study.

Based on the above analysis, combined with Equation (6)-(9) and Figure 8, the calcula-
tion formula of the gas emission rate of the upper adjacent coal seam with the advancing
distance of the working face can be obtained by introducing the interlayer spacing H of
the upper adjacent coal seam and the interlayer spacing H; of the lower adjacent coal seam:

hy = —0.0041> +1.337] - 5.884 (R?>=10.994) <]
Pp = (—0.024)Hy — 16(42.609)e(~0-00218(H,~16)+0168)1 | < [, (10)
P = (1157H1)/115 I>1h

where H; is the distance between the upper adjacent coal seam and the mining layer, m.
Similarly, the calculation formula of the gas emission rate of the lower adjacent coal
seam with the advancing distance of the working face can be obtained:

hy = —0.00212 + 0.572] — 1.055 (R?2=0.994) 1<
Py = (—0.024) Hy — 16(42.609)e(~0-00218(H2—16)+0.168)r | < [, (11)
P, = (50—H,)/50 [>1,

where Hj is the distance between the lower adjacent coal seam and the mining layer, m.
According to Equations (10) and (11), the variation trend of the gas emission rate of
adjacent coal seams with the advancing distance of the working face can be drawn under
different interlayer spacings (Figures 11 and 12). From Figures 11 and 12 it can be seen
that as the working face advances, the gas emission rate of the upper adjacent coal seam
and the lower adjacent coal seam has the same change trend. In the early stage of working
face mining, the gas emission rate of adjacent coal seams increases exponentially with
the advancing distance of the working face. After the working face is fully mined, the
gas emission rate of adjacent coal seams remains stable; the larger the layer spacing with
the mining coal seam is, the smaller the gas emission rate of the adjacent coal seam is
and the longer the distance for the working face to reach the dynamic equilibrium state.
In Figures 11 and 12, the curve of seam gas emission rate of adjacent coal seam with an
interlayer spacing of 74 m and the curve of seam gas emission rate of adjacent coal seam
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of the Ding5 —6 coal seam basically coincide, and the curve of seam gas emission rate of
adjacent coal seam with an interlayer spacing of 16 m and the curve of seam gas emission
rate of adjacent coal seam of Wu9-10 coal seam basically coincide. This shows that the
error between the calculated value and the test result is small, and the accuracy of the gas
emission rate of adjacent coal seam calculated by Equations (10) and (11) is high, which can
meet the needs of gas emission prediction of the adjacent coal seam in production practice.

—&— H,=10m —%— H,=16m
—A— H,=20m

90

Wu9-10 coal seam gas emission rate

Floor coal seam gas emission rate / %

0 1 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200

Working face advancing distance /m

Figure 12. Variation of the gas emission rate of upper adjacent coal seams with the advancing distance
of the working face.

The test method of gas emission in adjacent coal seams and the calculation formula
of the gas emission rate in adjacent coal seams proposed in this paper can make up for
the shortcomings of the existing methods, and have good applicability under complex
geological conditions. Its popularization and application under the complex geological
conditions of multiple coal seams can obtain considerable safety and economic benefits.

5. Conclusions

1. The CH4 hydrocarbon isotope values in the gas of the Wu8 coal seam, the Wu9—10 coal
seam, and the Ding5—6 coal seam are obviously different, which has the conditions
to identify the source of gas emission in the working face by using the hydrocarbon
isotope method.

2. The variation law of the proportion of gas emission in each coal seam during the
mining process of the working face can be divided into the dominant stage of gas
emission in the mining layer (stage I), the stage of gas emission in the long-distance
adjacent coal seam (stage II), and the dynamic equilibrium stage of gas emission
in each coal seam (stage III). The proportion of gas emission in the Wu8 coal seam
decreases from 95% to 60% in stage I, from 60% to 53% in stage II, and stabilizes
at about 54% in stage III. The proportion of gas emission in the Wu9—10 coal seam
increases from 3% to 30% in stage I, decreases from 30% to 27% in stage II, and
stabilizes at about 28% in stage III. The proportion of gas emission in the Ding5-6 coal
seam increases from 1% to 5% in stage I, from 5% to 18% in stage I, and stabilizes at
about 18% in stage III.

3. During the mining process of the working face, the gas emission amount of the Wu8

coal seam remains in a stable state. The gas emission amount of the Wu9—10 coal
seam increases rapidly in stage I and remains stable in stage II and stage III. The
gas emission amount of the Ding5—6 coal seam increases slowly in stage I, increases
rapidly in stage II, and remains stable in stage III. The mixed gas emission of the
working face increases rapidly in stage I and stage I and remains stable in stage III.
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4. The adjacent coal seam gas emission rate is the main influencing factor of the adjacent
coal seam gas emission, and the adjacent coal seam gas emission rate is related to
the development process of the mining fracture zone. When the height of the mining
fracture zone increases, the gas emission rate of the adjacent coal seam increases
exponentially, and the gas emission of the working face increases. After the height of
the mining fracture zone tends to be stable, the gas emission rate of adjacent coal seams
and the gas emission amount of each coal seam remain in a small fluctuation state.

5. The calculation formula of the gas emission rate of the adjacent coal seam is estab-
lished. Compared with the test results, the error of the calculated value is small,
which can meet the needs of gas emission prediction of adjacent coal seams in produc-
tion practice.
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