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Abstract: This paper is devoted to solving the problem of how to comprehensively control coal seam
gas and hydrogen sulfide in the mining face, distributed from the coal seam in abandoned oil wells in
coal mining resource areas. The abandoned oil wells of Ma tan 30 and Ma tan 31 in the No. 10104;05
working face of the Shuang Ma Coal Mine were taken as examples. Through parameter testing, gas
composition analysis, field investigation at the source distribution, and the influence range of gas
and hydrogen sulfide in coal seam in the affected range of the abandoned oil wells were studied. The
results show that the coal-bearing strata in Shuang Ma coal field belong to the coal-oil coexistence
strata, and the emission of H,S gas in the local area of the working face is mainly affected by closed
and abandoned oil wells. Within the influence range of the abandoned oil wells, along the direction
of the working face, the concentration of CH4 and HjS gas in the borehole increases as you move
closer to the coal center, and the two sides of the oil well show a decreasing trend. In the affected
area of the abandoned oil well, the distribution of the desorption gas content in coal seam along the
center distance of the oil well presents a decreasing trend in power function, particularly the closer
the working face is to the center of the oil well. The higher the concentration of CHy and HjS, the
lower the concentration when the working face moves further away from the oil well. The influence
radius of CH, and H,S gas on the coal seam in the affected area of Ma tan 31 abandoned oil well
is over 300 m. The results provide a theoretical basis for further understanding the law of gas and
hydrogen sulfide enrichment in the mining face and the design of treatment measures within the
influence range of abandoned oil wells.

Keywords: abandoned oil well; gas treatment; hydrogen sulfide; coal-bearing strata; coexistence
of kerosene

1. Introduction

As more and more producing oilfields in the world enter the mature stage, abandoned
oil wells have become a problem that the world needs to deal with urgently. Oil drilling
activities that have lasted for more than a century have left great hidden dangers. Millions
of abandoned oil and gas wells scattered in many countries have become the most serious
environmental challenge in the world [1]. Taking the United States, Canada, and China as
examples, the United States does not have specific statistics on abandoned oil and gas wells,
but, according to the EPA (Environmental Protection Agency, Washington, DC, USA), there
are about 3 million in California, Arizona, New Mexico, and Texas alone. Abandoned oil
and gas wells pose a serious threat to local water sources, soil, and wildlife. An unknown
number of aging, unplugged, and abandoned oil and gas wells are rampantly releasing
methane and other greenhouse gases across the continental United States, bringing toxins
to the surface, polluting groundwater and the surrounding ecosystem. Furthermore, these
oil and gas wells are spread all over North America [2]. EPA estimates that the annual
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emissions of methane leaking from abandoned oil wells in the United States are about
263,000 tons, equivalent to the carbon emissions of more than five coal-fired power plants.
According to Columbia University in the United States, methane emissions from abandoned
oil and gas wells in the United States are as high as 280,000 tons per year, equivalent to
the carbon dioxide emissions of 2.1 million cars. More than half of Canada’s oil and gas
wells have been out of service for more than a decade, Canada’s energy regulator said,
with a more than 50 per cent increase in idle wells in the province between 2015 and 2021,
with 6014 more expected to be idled in 2022. The surrounding environment of abandoned
oil wells is full of hidden dangers, which increases the difficulty and cost of treatment of
abandoned oil wells in various countries [3].

China’s abandoned oil wells are increasing year by year. According to incomplete
statistics, the number of abandoned oil wells increased by 25,119 from 2005 to 2010, with
an annual growth rate of 19.7%; by 2021, the total number of abandoned oil wells will
reach 150,000. In northwest China, there are numerous mining areas with superimposed
resources and a large amount of coal, oil, natural gas and other resources existing in the
area [4].

Fossil fuel companies around the world emit a large amount of toxic and harmful gases
into the atmosphere every year, destroying the natural and ecological climate environment
on which human beings depend [5]. The production of sulfur dioxide, carbon monoxide,
soot, radioactive dust, nitrogen oxides, carbon dioxide and other substances during the
combustion of fossils will directly harm human health, cause human cancer and cause
radiation damage to organisms. Fossil fuels contain sulfur, which will produce toxic sulfur
dioxide when burned, causing acid rain and damaging the ecological balance. Burning
fossil fuels also produces carbon particles, which pollute the air and cause respiratory
diseases. Burning fossil fuels also releases carbon dioxide, which eventually creates a
greenhouse gas effect that causes sea level rise and threatens human habitation. Global
warming will induce certain diseases, threatening the safety of people, especially the elderly.
Frequent extreme climates, such as droughts, floods, storms and heat waves, threaten the
living environment of animals and plants, increase the mortality rate, disability rate and
infectious disease rate, and lead to climate change in some areas, thereby affecting the
production and living environment of people in the area. At the same time, it also increases
social psychological pressure [6].

Due to the early development of oil, natural gas and other resources, there are many
abandoned oil wells in coal mining areas, and there is a large amount of water, gas, oil,
etc. in the oil wells, which brings major safety hazards to the mining of mines. Among
them, gas and hydrogen sulfide are the main toxic and harmful gases in the process of oil
and gas well field exploitation, especially hydrogen sulfide, which, as a highly toxic gas,
is seriously harmful [7]. The Shen fu coalfield in the Ordos basin is the largest coalfield
proven in China and the largest integrated gas field proven on land. The mining area is
rich in coal, oil, natural gas, and rock salt resources [8]. The coexistence of coal resources
and oil exists in the Ma jia tan mining area in the western margin of the Ordos Basin [9].
There are also symbiosis phenomena of coal resources and oil in coal mining areas such as
Huangling in Shanxi and Yao jie in Gansu [10]. Due to the early development of oil and
natural gas resources, there are many abandoned oil and gas wells in overlapping resource
areas. These abandoned oil and gas wells have brought great difficulties to the mining
design of coal mines. It not only causes a waste of resources but also has significant safety
hazards for the mining of coal seams adjacent to oil and gas wells [11].

Once the excavation roadway exposes the oil and gas wells, there will be significant
safety hazards such as water, gas, and oil pouring into the working face, which seriously
restricts coal mines’ safe and efficient production [12]. The Shuangma Wellfield overlaps
with the “Hu jianshan oil and gas exploration in Shaanxi, Ningxia, and Mongolia Ordos
Basins” block of Petro-China. Shuangma coal mine is located in the overlapping area of
coal and oil exploitation. There are 170 abandoned oil wells in the minefield [13].
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In the past ten years, ten abandoned oil wells have affected the mining face. Many
harmful gases such as gas and hydrogen sulfide have gradually escaped into the coal
seams in the oil wells [14,15]. The concentration of gas and hydrogen sulfide in the affected
area of abandoned oil wells suddenly increases, bringing great hidden dangers to the
safe mining of the mining face of the mine [16,17]. The sudden emission of hydrogen
sulfide in the affected area of abandoned oil wells causes not only personal injury but also
has explosive and corrosive coal mine equipment and monitoring and testing facilities,
and other hazards [18]. Hydrogen sulfide is a standard toxic and harmful gas in coal
mines [19,20]. In response to the severe harm of hydrogen sulfide in coal mines, domestic
and foreign research on prevention and control technologies for coal mine hydrogen sulfide
ventilation and dilution, coal extraction, spraying of alkaline solution, and coal pre-injection
of alkaline absorption liquid have been carried out [21,22]. At the same time, excellent
results have been achieved. However, only a few studies on the law of hydrogen sulfide
enrichment in coal mines, especially the occurrence of toxic and harmful gases such as
gas and hydrogen sulfide within the influence range of abandoned oil wells, have been
carried out. Only some scholars have carried out preliminary research on oil well plugging
and coal seam hydrogen sulfide treatment [23-25]. In this regard, the author researches
the source and distribution of gas and hydrogen sulfide under the influence of oil wells in
Shuangma coal mine and the scope of power to provide a theoretical basis for the design
of gas and hydrogen sulfide treatment measures within the influence scope of abandoned
oil wells. Moreover, the research theory of this paper provides technical support for the
coordinated exploitation of coal and oil, reduces the potential safety hazards in the process
of coal mining near oil and gas wells, and ensures the safe, environmentally friendly and
efficient development and production of coal, oil, natural gas and other mineral resources.

2. Analysis of Gas Sources
2.1. Gas Source Statistics during Face Excavation

According to on-site statistics, since the Shuangma coal mine was produced, there have
been no abandoned oil wells in or near the 10104;02 working face and 10104;03 working
face that have been stopped. There has never been H,S in the working face during the
tunneling and mining period. The first occurrence of H,S in the mining face is the return
air lane of the 10104;04 working face, the return air lane of the 10104, 05 working face, the
transportation lane 1010405 working face, and the return air lane of the 10104;06 working
face. According to the mining layout of the mine, this area is mainly the abandoned oil well
of Ma tan 31, with a strike distance of 460 m. The relationship between the driving face and
the H,S gushing position is shown in Figure 1.
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Figure 1. Emission position of H,S on driving face.

According to the H,S gushing position relationship shown in Figure 1, the H,S gush-
ing situation during the excavation of the working face is counted, as shown in Table 1.
According to the statistical results shown in Table 1, HpS will gush out only when the areas
near the abandoned oil wells of Ma tan 30 and Ma tan 31 are operated, and the closer the
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distance to the abandoned oil well, the greater the concentration of H,S gushing from the
tunneling face [26].

Table 1. Statistics of H,S emission at different positions of the tunneling face.

Gushing Gas Volume

Location and Location Fraction/10-6 Actual Site Situation
10104, 04 return air tunnel excavation, 404-508 m away from 3 Local roof fissure oil seepage
no. 5 connecting lane, 212 m away from ma tan 30 oil well pag
10104104 return air tunnel excayatlon, 158 m away from ma 35-15.0 The smell of rotten eggs in the lane
tan 30 oil well
10104405 return air tunnel excavation, 331 m away from no.
5 connecting lane, 251 m away from ma tan 30 oil well 1.5~50.0 Smell of rotten eggs
101041 0? transport lane excavation, 627 m away from no. 2 The volume fraction of H,S gushing out
ventilation measures lane, 150,435 m away from ma tan 30 60~80 . %6
. at445mis 45 x 10
and 31 oil wells
10104, 06 excavation of return air lane, 296 and 313 m away 60~80 H,S gushes out during tunneling

from ma tan 30 and ma tan 31 oil wells

2.2. Analysis of Gas Composition in Detection Boreholes

Taking the abandoned oil well of Ma tan 31 as an example, the center of the oil well is
80 m (vertical distance) from the return airway of the 10104;05 working face, 203 m (vertical
distance) from the transportation lane, and the distance to the open-cut is 376 m, passing
through 4-1 coal seam, 4-2 coal seam and 4-3 coal seam from top to bottom. When section
II of the return air lane of the 10104, 05 working face was excavated to a position of 1050 m
away from the No.5 connecting lane, two detection boreholes were constructed on the
working face (the K; borehole and K; borehole were, respectively, 85 and 60 m away from
the center of the abandoned oil well of Ma tan 31), The drilling layout is shown in Figure 2.
Gas samples were then collected in the holes for gas detection and analysis. At the same
time, a detection borehole was constructed in the return airway of the 10104;05 working
face (the borehole is 41 m south of the abandoned oil well in Ma tan 31), and gas samples
were collected in the borehole for detection and analysis to obtain the gas component. The
measurement results are shown in Table 2.

=
10104,05 Transport roadway
3t
=) S
< o
o =
Q i)
Ma tan 31 . § ﬂ
A "
KN <
=
E —
2| K =
| Kt 10104,05 Retum air lane
| ¢ -

Figure 2. Schematic diagram of detection drilling layout.
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Table 2. Detecting results of borehole gas detection in return airway of 10104;05 working face.

Kj drilling
K, drilling

The borehole is located 41 m south of the

abandoned oil well of ma tan 31

Detection Location Inclination/(°) Length/m Aperture/mm u (H,S)/10-6
7 40 94 38,033.52
6 35 94 25,599.14
- - - 10,200.00

According to the gas composition analysis results in Table 2, the volume fraction of
H,S in borehole K is 38,033.52 x 10, and the volume fraction of H,S in borehole K5 is
25,599.14 x 1076

As shown in Table 3, according to the gas analysis results of the borehole 41 m to the
south from the abandoned oil well of Ma tan 31, the main harmful gas components in the
borehole are CHy, H;S, CO, and C; alkanes (the H,S gas component has a volume fraction
of 10,200 x 10’6), which is roughly the same as the main gas components (CHy, H,S, CO,
CyHg et al.) commonly found in oil wells.

Table 3. Analysis results of borehole gas 41 m to the south from the abandoned oil well of ma tan 31.

Serial Number

Analysis Project  Analysis Result/% Serial Number Analysis Project  Analysis Result/%

QN Ul b W N

H, <0.01 7 CcOs <0.005
CO, 0.90 8 CH,4 75.51
O, 1.98 9 C, alkanes 0.46
N, 21.13 10 C, alkanes 0.01
CcO <0.01 11 C; olefin <0.01
H,S 1.02 12 C,4 alkanes <0.01

Based on further analysis of the literature [27,28], it is concluded that the leading
harmful gases in the mining activities affected by abandoned oil wells in the Shuangma
coal mine are H,S and CHy, which further shows that H,S at the working face mainly
comes from abandoned oil wells and is enriched in a specific range of the affected area of
abandoned oil wells.

3. Analysis of the Positional Relationship between Oil Wells and Coal Seams
3.1. Wellbore Structure of Well Field Oil Well

According to relevant research data, the oil wells in the Shuangma mining area include
exploration wells and production wells, all of which are vertical wells. The depth of oil wells
(oil-bearing layers) is generally 700~900 m [29], and the depth of some oil wells is more than
2000 m, and the casing pressure is about 24~27 MPa. Most oil wells were constructed in the
1970s and 1980s, or even the 1950s and 1960s [30,31]. Most of the surveyed oil boreholes
only have coordinate positions and cannot describe the sealing, casing setting, and borehole
depth [32]. Figure 3 shows the actual situation of the abandoned Ma tan 31 oil well. It can
be determined that the depth of the oil well is relatively small. Abandoned oil wells in the
Shuangma coal mine field generally have only one layer of production casing (the depth
of the oil well is small), and the surface of the wellhead is covered with surface sealing
cement. There is the cement for fixing the casing between the bottom of the case and the
cracks in the rock, and there may or may not be plugging cement inside the container. In
addition, some of the abandoned oil wells are directly drilled bare, and the construction
depth is different.

Due to the old age of the abandoned oil wells, most of the casings in the abandoned
oil wells have been damaged [33,34]. After the open hole and casing are damaged, many
harmful gases such as hydrogen sulfide and methane that may be stored in the oil well
gradually invade the coal seam. Migration channels can be divided into three types, as
shown in Figure 4.
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Figure 3. Records of underground exposure of Ma tan 31 oil well.
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Figure 4. Cont.
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Figure 4. Schematic diagram of the wellbore structure of an abandoned oil well. (a) No casing (open
hole); (b) Broken casing; (c) Reinforced wells are not toghtly sealed by ceme.

It can be seen from Figure 4 that after the oil well is abandoned, the well may be
filled with harmful gases under pressure. In no casing, harmful gases directly contact the
coal-measure formation and gradually penetrate the coal seam, forming an escape ring. In
the case of the casing, if the casing is damaged, harmful gas will penetrate the coal seam
through the damaged point. If the casing is intact, the harmful gas in the abandoned oil
well will not contact the coal seam. If the gap between the casing and the wall of the oil
well is not tightly sealed, the oil and gas in the oil-bearing layer will gradually migrate to
the coal-measure formation through the pores.

In addition, if the oil well has a shallow depth and is abandoned before being con-
structed to the oil-bearing layer, oil and gas in the oil-bearing layer will not enter the coal
seam. Therefore, whether the mining face in the area adjacent to the abandoned oil well
is affected by harmful gases such as hydrogen sulfide in the abandoned oil well must be
determined according to the completion status, damage type, and layer relationship of the
abandoned oil well.

3.2. Position Relationship between Oil Wells and Coal-Measure Strata

According to the relevant geological data of Ma tan 30 and Ma tan 31 abandoned oil
wells, the crossing conditions and thickness of the abandoned oil wells of Ma tan 30 and
Ma tan 31 are shown in Table 4. The coal-bearing strata in the Shuangma minefield are the
Middle Jurassic Yan a Formation, with nearly 30 coal-bearing layers.

Table 4. Abandoned oil wells pass through the formation and statistics of thickness.

. Layer Thickness/m
Layer Thickness/m
Jurassic Triassic Cumulative

Oil Well 1 .

Fourth Paleogene Stability Zhiluo Yan’an Yan’an Depth/m

Series 8 Group Formation Formation Formation
Ma tan 30 10 81.8 - 134.7 344.7 666 1237.2
Ma tan 30 15 64.0 63.1 67.9 290.0 666 1166.0

According to geological survey data, the buried depth of coal seams in all areas near the
Ma tan 30 and Ma tan 31 oil wells within the 1010405 working face is 185.71-513.66 m [35].
Among them, the average thickness of the 4-1 coal seam mined at the 10104;05 working
face is 3.8 m, the buried depth is 226.86 m, and the distance between the underlying 4-2
and 4-3 coal seams is 10 and 35 m, respectively. The average inclination angle of the coal
seam is 7°, and the lithology of the roof and floor of the coal seam is mainly siltstone and



Energies 2022, 15, 3373

8of 19

sandy mudstone [36]. Figure 5 shows the positional relationship between the Ma tan 31 oil
well and the coal-measure strata.

Figure 5. The positional relationship between the Ma tan 31 oil well and the coal-measure strata.

Therefore, based on the analysis of the relationship between oil wells and coal seams
and field demonstrations, there are oil-bearing layers in some areas of the coal-bearing
strata, but they have little impact on mining. The oil layer of the Shuangma well field is
a Triassic stratum, which is located below the bottom layer of the mine (18-2 coal seam,
buried depth of about 520 m). Its impact on the coal seam in the abandoned oil well area
mainly depends on the oil well’s form of destruction [37].

3.3. Oil Well Damage Form and Impact

Abandoned oil wells are mainly production wells, water injection wells, and other oil
and gas wells [38]. Some oil wells are open hole wells, and other oil wells have casings.
Due to the long period of completion of wells, most of the casings in the abandoned oil
wells are damaged due to rust, corrosion, etc. A significant amount of H,S, methane, and
other gases in the petroleum reservoir gradually escape into the coal seam. According to
the classification of oil well risk levels, the main factors that affect the H;S, methane, and
other gas enrichment in coal seams near abandoned oil wells are the distance between the
oil-bearing stratum and the coal-bearing stratum, the presence or absence of casing, the
damage of casing, and the location of the breaking point [39,40]. Generally speaking, when
the oil well casing is undamaged, or the damage point is below 100 m in the coal-bearing
strata, H,S, methane, and other gases in the abandoned oil well will not easily escape into
the coal seam.

When the casing is damaged and is within 100 m below the coal-bearing strata, and
when the casing is damaged and located in the coal-bearing strata, it will have varying
degrees of influence on the mining of the working face. According to the conditions of the
exposed oil wells and gas analysis results and the analysis of the sealing conditions of the
Ma tan 30 and Ma tan 31 oil well, the casing of the Ma tan 30 oil well is intact. The Ma tan
31 Oil well were wholly damaged by corrosion in the coal-measure formation, so the Ma
tan 31 oil wells have a more significant impact on the H,S and methane enrichment of the
coal seams.
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Based on the above analysis, it can be seen that because the oil-bearing strata and
coal-bearing strata in the Shuangma coal mine are the same set of strata, the coal seam roof
contains a certain amount of petroleum. In terms of content, the roof may contain oil-poor
layers, but it has little impact on the mining face. H,S gushing in local areas of the mining
face is mainly affected by poor sealing, damaged casing and within 100 m of coal-bearing
strata, and abandoned oil wells with broken casing and located in the coal-bearing strata.

4. Distribution Laws Regarding Gases
4.1. The Distribution Law of Gas and Hydrogen Sulfide Gas Concentration in Boreholes

In view of the current technology and equipment limitations of coal seam hydrogen
sulfide content testing [41,42]. To obtain the distribution law of coal seam gas and hydrogen
sulfide in the area affected by abandoned oil wells, by measuring the gas and hydrogen
sulfide gas concentration in coal seam boreholes in the area affected by abandoned oil wells,
the distribution law of gas and hydrogen sulfide can be indirectly reflected. With the Ma
tan 31 abandoned oil and the center, 26 boreholes were constructed within 100~150 m of
the 1010405 return airway along the strike. Twenty-one drilling holes were constructed
within 100 m before and after the 10104,05 transportation lane along the strike. After the
drilling was completed, the holes were immediately plugged, and after the gas escaped
and balanced in the holes, on-site sampling tests and ground gas sample analysis were
carried out.

The layout diagram of the gas concentration test borehole is shown in Figure 6.

}e—100m | 100m | 10104,05 transport roadway
S

M

(]
3
'0_{
' J1~J21 ‘g
| F1~F26 | 5 ﬂ
I 1 zZ
10m a tay S
<
=
=
AN
T N | — ()(J
f 100m I 150m | 10104,05 return air [ane

Figure 6. H,S concentration test drilling layout of Ma tan 31 oil well.

The oil-bearing strata and coal-bearing strata in the Shuangma coal minefield are the
same set of strata. The roof of the coal seam contains a certain amount of oil. The top
may include oil-poor strata in terms of content, but it has little impact on the mining face.
H,S gushing in local areas of the mining face is mainly affected by poor sealing, damaged
casing and within 100 m of coal-bearing strata, and abandoned oil wells with broken casing
located in coal-bearing strata. According to the test and analysis results, taking the center of
the Ma tan 31 oil wells as the benchmark, the gas concentration distribution law of HS and
gas in each borehole of the return airway and transportation lane of the 10104;05 working
face is shown in Figures 7 and 8.
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Figure 7. Distribution law of gas concentration in each borehole at the side of the transportation road

in 10104, 05 working face.
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Figure 8. Gas concentration distribution law in each borehole on the side of return airway in 10104, 05
working face.

According to the analysis results of the borehole gas composition measured in area
100-150 m before and after the strike of the abandoned oil well of Ma tan 31, it can be
concluded that the 10104, 05 working face transportation lane side, along the working face,
the closer to the center of the oil well, the higher the hydrogen sulfide gas concentration,
but the hydrogen sulfide concentration distribution in the range of —80~80 m shows a
gradually increasing trend. On the side of 10104;05 transportation lane and return air lane,
along the strike direction, within the range of 100~150 m, the area with high hydrogen
sulfide concentration is located within 80 m of the cut hole from the center of the oil well to
the working face.

Since the coal seam contains gas, the distribution of gas concentration in the borehole
on the side of the transportation lane relatively far away from the oil well is relatively stable
with little change. The distribution on the side of the return airway where the oil well is
relatively close in the horizontal distance shows fluctuations. Still, near the center of the oil
well, the gas concentration is relatively high.
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Analysis of the Source of Hydrogen Sulfide Gushing

According to the data analysis measured before and after the absorbent injection
and ten days later, it was concluded that the hydrogen sulfide absorption effect after the
absorbent injection is almost 100%. When the injection of absorbent into the borehole
was stopped, it was found that there were signs of rapid rebound of hydrogen sulfide in
boreholes F6, F12, F14, and F18, which fully proved that the source of hydrogen sulfide had
a supply channel, as shown in Figure 9.

—— Before injecting absorbent
—@— After injecting absorbent
—4A— 10d after injecting absorbent

1 1
-100-90-80-70-60-50-40-30-20-10 0

1 1 1 1 1 1 1 1 1 1
10 20 30 40 50 60 70 80 90 10011012013014015
Distance from the center of the oil well along the strike of the working face/m

Figure 9. The trend diagram of hydrogen sulfide concentration before and after the absorbent
injection in the abandoned oil well of Ma tan 31.

4.2. Determination and Distribution Law of Coal Seam Gas Content

Coal is a porous dual-medium with a lot of pores and cracks [43]. Due to coal pores
and crevices, gas generally occurs in coal in two forms, including free and adsorbed states,
and is in a state of dynamic equilibrium and constant exchange [44,45].

Under the action of gas pressure, gas, hydrogen sulfide, and other gases existing in
abandoned oil wells flow through reverse seepage for an extended period and enter the
coal seam from the oil well. Therefore, the gas content of the coal seam in the affected area
of the abandoned oil well is generally more significant than that outside the affected area.

Measurement Results of Coal Seam Gas Content

To grasp the distribution law of gas content in the affected area of abandoned oil wells,
by drilling test boreholes in the affected area of abandoned oil wells and outside the affected
area of abandoned oil wells, the original gas content determination and distribution law of
the coal seams in the affected area were analyzed.

Due to the small gas content of the coal seam itself, to avoid the difference in the
distribution of coal seam gas content in different mining areas of the working face and
the influence of measurement errors, when sampling on-site, it is important to avoid the
geological structure area and adopt the method of direct and rapid gas content test as
far as possible to make the measurement data accurate and reliable. Five boreholes were
constructed in the return airway of the 10104;05 working face, and the original gas content
of the coal seam in the 120 m area of the abandoned oil well was measured. Each borehole
had a depth of 60 m, and coal samples were taken at 20 m, 40 m, and 60 m for testing.

As shown in Figure 10, according to the measurement results, the maximum desorb
gas content of coal seam 4-1 in the affected area of the abandoned oil well is 1.28 m3 /1.
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Figure 10. Variation law of gas content near Ma tan 31 abandoned oil well.

Taking the Ma tan 31 abandoned oil well as the research object, the influence of the
abandoned oil well on the distribution of coal seam gas content is studied. By sampling the
gas concentration test borehole shown in Figure 6 in the affected area of the abandoned
oil well (within the radius of 160 m), the desorb gas content of the coal seam was tested,
and the distribution of desorbing gas within the influence range of the abandoned oil well
was obtained.

As shown in Figure 11, the closer to the abandoned oil well of Ma tan 31, the higher
the desorb gas content of the coal seam. The distribution of coal seam gas content in the
affected area of abandoned oil wells along the distance from the center of the oil well shows
a decreasing power function trend. Through data fitting, the distribution model of coal
seam desorb gas content can be obtained, as shown by Equation (1) [46]:

y = —17.439x%91% 1 19,4076, R* = 0.7999 1)

where y is the desorb gas content of the 4-1 coal seam, m3/t, x is the radial distance from
the center of the abandoned oil well, m.

To verify the influence of abandoned oil wells on coal seam gas content distribution,
three boreholes at 100, 150, and 200 m south of the 05B4 drilling field in the return airway
of the 1010406 working face (the distance between the borehole and the abandoned oil
well is more than 300 m) were constructed with a drilling depth of 80 m, and coal is used at
a depth of 40, 60, and 80 m, respectively. Direct testing of the coal seam gas content of the
sample shows that the maximum desorb gas content of coal seam 4-1 outside the affected
area of abandoned oil wells is 0.72 m3/t (average value 0.64 m3/ t).

Therefore, the desorb gas content of the coal seam in the affected area of the abandoned
oil well is generally more significant than the desorb gas content of the coal seam outside
the affected area of the abandoned oil well. However, due to the relatively small gas content
of coal seam 4-1 in Shuangma coal mine, after fully considering the differences in coal
seam gas content distribution in different mining areas and reducing errors, abandoned
oil wells have a particular impact on coal seam gas content, but the degree of effects is
relatively small.
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Figure 11. The distribution law of coal seam desorb gas content along the radial direction.

5. The Law of Harmful Gas Gushing
5.1. Investigation on Distribution Law of Gas and Hydrogen Sulfide

The coal body is a porous dual-medium that is rich in pores and cracks. Therefore,
the gas occurs in the coal body in two forms: free and adsorbed [47,48]. They are mainly
adsorbed and in a dynamic equilibrium state. Regarding the occurrence of hydrogen sulfide
in coal seams, relevant scholars have carried out coal adsorption experiments on CO,, CHy,
and Ny [49,50]. The results show that the adsorption capacity of adsorbed substances
increases with the increase in gas boiling point. Since the lowest boiling point of H,S gas is
—60.33 °C, which is higher than CO,, CHy, Ny, and other gases, coal has a more substantial
adsorption capacity for H,S than the above gas [51].

At the same time, because the polarization rate of hydrogen sulfide 3.64 x 1073 m
is greater than that of methane gas 2.60 x 103" m3, the adsorption capacity of hydrogen
sulfide gas is more vital than that of methane gas coal [52]. According to the actual
measurement results of the attenuation law of hydrogen sulfide emission in the area
affected by abandoned oil wells during the tunneling and mining of the 10104;05 working
face of Shuang Ma coal mine, it is concluded that after the coal seam is mined, the escape of
hydrogen sulfide will be accelerated. Still, it will be emitted when coal cutting is stopped.
The hydrogen sulfide decreases rapidly and quickly decays until no hydrogen sulfide
is detected.

Therefore, it is further proved that the hydrogen sulfide in the coal body mainly
exists in an adsorbed state [53,54]. It is not easy to release the hydrogen sulfide in the
adsorbed state in the coal body without the effect of considerable energy. In addition,
studies have shown that some hydrogen sulfide gas exists in a free state in the coal body.
Because hydrogen sulfide gas is easily soluble in water, hydrogen sulfide also occurs in a
water-soluble state to form sulfuric acid or sulfurous acid. The attenuation law of hydrogen
sulfide gushing after mining is shown in Figure 12.

3
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Figure 12. The attenuation law of hydrogen sulfide gushing during the mining process of the
working face.

5.2. Investigation on the Influence Scope of Gas and H2S Mining and Gushing

Taking the abandoned oil well Ma tan 31 as the research object, the gas, and hydrogen
sulfide emission distribution law during the mining of the working face through the area
affected by the abandoned oil well was studied. The abandoned oil well is 375 m away
from the 10104, 05 working face. The maximum hydrogen sulfide concentration measured
by boreholes in the affected area of the abandoned oil well reaches 0.012, and the maximum
desorb gas content is 1.28 m?/t. At the initial mining stage, the air distribution volume is
about 1260 m3/min, and after the return air gas concentration increases, the air distribution
volume is adjusted to 1800-2300 m3/min.

As shown in Figure 13, according to the collected field data, before the working face
is advanced to the abandoned oil well, the gas concentration rises. As the working face
advances away from the abandoned oil well, the gas concentration decreases. Affected by
abandoned oil wells, there is abnormal gas emission in the upper corners of the working
surface. It reaches the maximum value before approaching the center of the oil well.

1.2
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o WIZ)[;king face ggas m —[Oil well plugging completed]
1.0 ~& Return air flow gas i —Rafely expose oil wellg
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Distance to abandoned oil well/m

Figure 13. Gas concentration change curve during the period of the impact of the 10104, 05 working
face passing through the Ma tan 31 abandoned oil well.



Energies 2022, 15, 3373

15 0f 19

In the areas before and after passing through the center of the oil well, the gas concen-
tration in the working face and the return airway has an increasing trend. The abandoned
oil well of Ma tan 31 is an open hole with no casing, and ground plugging has not been
carried out in advance. The gas in the oil and gas formation penetrates the coal-measure for-
mation through the cracks and is adsorbed in the coal-rock layer. The gas in the coal-rock
layer is affected by mining, with a large amount of escaping ito the mining space.

As shown in Figure 14, from the beginning of recovery to the 150 m of the oil well,
the working face tends to have a relatively large hydrogen sulfide gushing concentration.
The average gushing concentration is between 40 x 10~¢ and 350 x 10~ ppm. When the
working face starts to be mined, the coal seam is affected by mining, and a large amount of
hydrogen sulfide gushes out. After that, the concentration of hydrogen sulfide gushes out
to maintain a high concentration value and fluctuates. After the oil well is blocked until the
working face is far away from the oil well, the sulfide concentration of hydrogen gushing
gradually decreases.

350 @ —m— Average concentration of hydrogen sulfide emission from working face
| —e— Maximum concentration of hydrogen sulfide emission from working face]
—[Oil well plugging completed|
—ISafely expose oil wellg

— — o
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Figure 14. The concentration change curve of hydrogen sulfide emission during the 10104, 05 working
face passing through the Ma tan 31 abandoned oil well.

As shown in Figure 15, the gas and H,S gushing trend of the 10104;05 working face
when passing through the Ma tan 31 abandoned oil well can be obtained. Combining
the location of H,S during the excavation and the distribution of gas and H;S within the
affected area of abandoned oil wells, it can be concluded that:
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Figure 15. The trend diagram of absolute gas and hydrogen sulfide emission changes in the 10104;05
working face passing through the Ma tan 31 abandoned oil well.
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(1) Before the working face passes the abandoned oil well, the concentration of gas and
H,S rises. As the working face is far away from the abandoned oil well, the concentration
of gas and H;S shows a downward trend.

Since the abandoned oil well of Ma tan 31 is an open hole without casing, and the
ground has not been plugged in advance, the gas and H,S of the oil and gas formation
invade into the coal-measure formation through the fissures and are adsorbed in the coal
seam. When the coal seam is gradually moving forward, a large amount of toxic and
harmful gas slowly escapes to the mining space.

(2) When the abandoned oil well of Ma tan 31 is about 376 m away from the 10104;05
working face, according to the changing trend of H,S concentration, H,S appeared when
the 10104,05 working face started to advance, which is completely consistent with the
gas source statistics during the tunneling of the aforementioned working face. When the
10104, 05 working face passes through the Ma tan 31 abandoned well, the impact range of
the Ma tan 31 abandoned oil well on strike is more than 600 m.

(3) In the 10104405 working face, the gas and H,S concentration exceeded the limit in
varying degrees during tunneling and coal mining. At the same time, gas was exceeded
in the upper corner after advancing 80 m on the working face, and the highest volume
fraction reached 1.13%. Based on the changes in the location and concentration of gas and
hydrogen sulfide during excavation and coal mining, as well as long-term tracking and
determination of gas and hydrogen sulfide, it is proposed that the affected area of the Ma
tan 31 abandoned oil well has a “300 m radius of escape circle”, that is the abandoned oil
well. As the center of the circle, the diffusion radius of H,S and other harmful gases in the
oil well is above 300 m.

6. Conclusions

(1) According to the structure of the oil well and the positional relationship with the
coal seam, the source of hydrogen sulfide in the affected area of the abandoned oil well
in the coal mining face of Shuangma Coal Mine is mainly affected by the abandoned oil
well, and the casing of the oil well is damaged and within 100 m below the coal-bearing
formation, and when the casing is damaged and located in the coal-bearing formation, it
will have a greater impact on the working face.

(2) The hydrogen sulfide in the coal in the affected area of the abandoned oil well
mainly exists in the adsorbed state. The petroleum reservoir contains H,S, CHy and other
gases with a certain pressure (concentration), which gradually escape to the coal-measure
strata after a long period of time and are adsorbed in the coal-measure formation. In the
coal seam, a large amount of desorption is released under the influence of mining. The
distribution of coal seam desorbs gas content along the distance from the center of the oil
well, showing a decreasing trend in the power function.

(3) The study shows that the gas and Hj;S in the affected area of the Ma tan 31
abandoned oil well in Shuangma coal mine have an impact radius of at least 300 m
on the 10104,05 working face. The hypothesis of gas “escape circle” distribution in the
affected area of abandoned oil wells are proposed. However, due to the influence of coal
physical properties, hydrogen sulfide adsorption characteristics, geological structure, and
other factors, the distribution of gas and H;S in the affected area of abandoned oil wells
and the scope of influence may be different in the next step. The above factors will be
comprehensively considered in further in-depth research.

(4) The concentration distribution and variation trend of coal seam gas and hydrogen
sulfide gushing in the area affected by abandoned oil wells are generally consistent with
the distribution and changing trend of coal seam gas content distribution. The hydrogen
sulfide gushing has a greater impact on the working face. Due to the particularity of the
occurrence of hydrogen sulfide in the coal seam, the problem of gushing control cannot
be solved only by ventilation and dilution. Active and passive control methods such as
injection of absorbing liquid into the coal seam before mining and spray absorption during
mining can be adopted.
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