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Abstract. A large amount of gas is emitted during underground mining processes, so mining productivity decreases and
safety risks increase. Efficient methane drainage from the coal seam and surrounding rocks in underground mines not
only improves safety but also leads to higher productivity. Methane drainage must be performed when the ventilation
air cannot dilute the methane emissions in the mine to a level below the allowed limits. The cross-measure borehole
method is one of the methane drainage methods that involves drilling boreholes from the tailgate roadway to an un-
stressed zone in the roof or floor stratum of a mined seam. This is the main method used in Tabas coal mine N 1. One
of the effective parameters in this method is the distance between methane drainage stations, which has a direct effect
on the length of boreholes required for drainage. This study was based on the measurement of ventilation air methane
by methane sensors and anemometers placed at the longwall panel as well as measuring the amount of methane drain-
age. Moreover, in this study, the obtained and analyzed data were used to determine the suitable distance between
methane drainage stations based on the cross-measure borehole method. In a field test, three borehole arrangements
with different station distances in Panel E4 of Tabas coal mine N 1 were investigated. Then, the amounts of gas drained
from these arrangements were compared with each other. The highest methane drainage efficiency was achieved for
distances in the range of 9-12 m between methane drainage stations.

Keywords: Tabas Parvadeh coal mine; longwall mining; methane drainage; ventilation air methane; cross-measure
boreholes
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Introduction. The history of coal mining shows that the methane released from the rock mass
to the longwall area has been responsible for numerous mining disasters (especially the methane
hazards), which can cause very serious accidents as a result of methane and/or coal dust explosions.
One way to control methane in underground coal mines is to drain methane [1-3]. Methane drainage
is used in coal mines to reduce methane emission as well as to keep methane concentration during
mining at a safe level [4, 5].

During underground coal mining, large volumes of gas are released from coal seams and gas-
bearing strata above and below the mined seam [6-8]. Methane drainage must be performed when the
ventilation air cannot dilute the methane emissions in the mine to a level below the allowed limits
[9]. Methane drainage from roof and floor strata is the most effective method of controlling methane
hazards as it ensures the reduction of methane emission into the working areas [10, 11].

The method that has proved to be very efficient is draining methane from rock mass and goaf
area and transporting it to the surface through pipelines, using the suction of drainage station pumps.
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This method can prevent the released gas in the damaged roof and floor strata from emitting into the
longwall mining goaf and working face area [12, 13]. A.A.Campoli et al. adopted this type of cross-
measure borehole to control the longwall goaf gas, in which boreholes with a small diameter are
drilled from the underground inseam roadway into the fractured overburden strata to prevent CHa
from entering the ventilation system of the coal mine [14].

For methane drainage, there are several methods, one of which is used depending on the mine
conditions. One of these methods is the cross-measure borehole method. Several factors in this
method affect the degassing efficiency, including the angle of the boreholes relative to the axis of the
tailgate, the dip of the boreholes [15, 16], the height of the boreholes from the top of the coal seam,
and the distance between methane drainage stations. Proper distance between methane drainage sta-
tions is one of the most important factors in increasing drainage efficiency. N.Szlazak and J.Swolkien
examined the methane drainage efficiency and ventilation air methane (VAM) in Polish coal mines
from 2006 to 2017. According to his findings, the average efficiencies of methane drainage and me-
thane output from ventilation were 32.96 and 67.04 %, respectively. The average efficiencies of me-
thane drainage and VAM in different years are presented in Table 1 [17, 18].

Table 1

Average efficiencies of methane drainage and VAM in different years in Poland coal mines [17, 18]

Year Average

2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | efficiency, %

Efficiency, %

Methane drainage | 33.26 | 30.58 | 31.16 | 30.36 | 30.65 | 30.19 | 32.20 | 32.63 | 36.03 | 36.33 | 36.64 | 35.53 32.96
VAM 66.74 | 69.42 | 68.84 | 69.64 | 69.35 | 69.81 | 67.80 | 67.37 | 63.97 | 63.67 | 63.36 | 64.47 67.04

N.Szlazak et al. examined the relationship between the efficiency of methane drainage and the
type of ventilation in Polish coal mines from 2005 to 2015. Average methane drainage efficiency in
longwall mining ventilation systems [19, 20]: with a U ventilation system 41.2 %; with a Y ventilation
system 48.7 %; with a parallel gate road and u ventilation system 63.9 %. The lowest efficiency is
41 % related to a U ventilation system [19].

In order to understand the law of methane motion in the goaf zone and to provide theoretical da-
ta for methane drainage boreholes, Y.Zhang et al. calculated the height of the goaf and fractured areas
according to experimental relations by field experiment. The results of their observations showed that
with increasing distance from the working face, the concentration of gas in the goaf increases. When
the distance from the working face is less than 150 m, the change in gas concentration will be rela-
tively stable. But if the distance is more than 150 m, the gas concentration increases sharply [7].
J.Qin et al. used computational fluid dynamics (CFD) simulations and found that the boreholes closer
to the tailgate had higher gas emissions [21].

To determine the best position of the end of the gas drainage borehole, T.Li et al. performed
a series of numerical simulations with UDEC software in the goaf area [22]. They controlled the
dynamic change of gas concentration at different borehole heights based on field tests. The results
showed that at different distances, there are four distinct distribution zones in the horizontal direction:
the fracture zone of the main rock layer, the fracture channel production and development zone, the
fracture channel maturity zone, and the fracture channel closure zone. In the vertical direction of the
goaf floor, there are three characteristics of overburden: caving zone, fracture zone, and bending zone.
Based on the field test, it was found that there are four stages of change in gas concentration in
a borehole: the stable stage of gas, the initial change stage of gas, the gas fluctuation stage, and the
restabilization stage of gas. They showed that the efficiency of gas drainage can be improved by
combining the overburden caving laws in the design of gas drainage holes [22].
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Different positions of methane drainage boreholes may produce different drainage results in coal
mines. To investigate this possibility, X.Liu et al. proposed a 3D model, which covers three kinds of
drill holes. The results showed that the drainage pattern with up and down boreholes not only yields
methane with high purity for recycling but also can be used to control the methane concentration in
the upper corner [23]. Many variables affect the goaf gas flow and borehole drainage efficiency, such
as the gas release characteristics of gas sources, the heights of caved and fractured zones of the goaf,
and the location of the drainage boreholes. Z.Qin et al. investigated how these variables influence the
goaf gas flow patterns and borehole performances through CFD simulations. Simulation results
showed that the gas drainage velocities around the perimeter of the panel goaf are higher than in the
central goaf. Moreover, the location of the drainage borehole has a significant influence on the drai-
nage performance. Boreholes located in the lower region of the fractured zone (20 m above the roof)
can draw more methane than those located in the upper region of the fractured zone (70 m above the
roof) and those located in the caved zone (2 m above the roof) [24].

This study aims to improve the gas drainage process, taking into account the distance between
methane drainage stations, and the technical parameters of boreholes in the cross-measure borehole
method.

The cross-measure boreholes drainage method is the most widespread methane drainage method
used in underground coal mines. Cross-measure boreholes generally are drilled through multiple rock
layers to the targeted gas-bearing strata. The boreholes can be drilled from the tailgate roadway in the
roof and floor strata. The placement of drainage boreholes in the longwall is dependent on the applied
system of exploitation and ventilation [25, 26]. Different methods of methane drainage with cross-
measure boreholes in the longwall extraction system according to the ventilation type are as follows.

Cross-measure methane drainage method with U ventilation system. In this system, the air is
supplied from the main gate, and after passing through the face line, it leaves the tailgate. The drai-
nage boreholes in this system are drilled from the tailgate roadway and are eliminated after the ad-
vancement of working face [20]. The decisive factor that determines the level of methane capture and
therefore the efficiency of methane drainage is the large number of boreholes simultaneously con-
nected to the drainage system with negative pressure [25]. The angle of the borehole from the tailgate
roadway generally ranges from 20 to 60°. In addition, the inclination and spacing of boreholes largely
are determined by the gas content in the roof and floor strata as well as other geomechanically pa-
rameters related to the borehole stability [27, 28]. In this method, drainage boreholes are drilled with
a length of 60-80 m, every 20-50 m from the tailgate roadway [29, 30].

Cross-measure methane drainage method with Y ventilation system. In this system, intake air is
delivered into a longwall face through the main gate roadway and tailgate roadway, and return air
flows through the tailgate roadway along the goaf. This system is used for longwalls with a high
predicted level of methane content. Drainage boreholes in this system are drilled from a tailgate road-
way, and they have to take out methane from places of greatest emission. Boreholes located 50-200 m
behind the longwall face work most effectively. In this case, the methane drainage efficiency is usu-
ally greater than that of a U system [31, 32].

Cross-measure methane drainage method with a parallel tailgate roadway. This system, in ad-
dition to the main gate roadway, has two parallel tailgate roadways that are separated from each other
by chain pillars. This system is used in longwalls with a high prediction of methane emission. Intake
air is supplied to the longwall face through two roadways: the main gate roadway and the tailgate
roadway; return air flows through the second tailgate roadway. The drainage boreholes in this system
are drilled from the higher parallel roadway towards the lower one. Boreholes located 50-200 m be-
hind the longwall face are the most effective [20, 31].
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The Parvadeh Coal Mine N 1 is located in Tabas County, South Khorasan province, Iran. Five
main coal seams have been explored (B1, B2, C1, C2, and D) at the coal deposit, and currently C1 is
being worked.

To date, seven panels have been extracted. The working face of this study is Panel E4. Tabas
Coal Mine adopts a “U-type” ventilation system for air supply. Methane drainage started from Panel
E3, and Panel E4 is currently being drained. In this system, air is supplied via the bottom road and
passes through the longwall. Drainage boreholes are drilled from the tailgate roadway and are liqui-
dated as the exploitation front moves on.

Technical data of the drilling rig [34]: maximum drilling depth of a hole 120 m; full section
drilling diameter 59-143 mm; drilling angle 90°... —90°. Technical data of methane drainage bore-
holes in Tabas coal mine [34]: borehole diameter 76 mm; borehole length 26-100 m (average 47);
angle of the borehole from the axis of the tailgate onto the longwall face 18-45 (average 35); inclina-
tion of the borehole 10-38 degree (average 16). Physical and chemical characteristics of the coal in
Tabas coal mine: permeability 1.9-102m?; porosity 1.9-7.8 %; density 1.6 kg/m?; ash 36 %; sulfur
2 %; volatile substances 15 %; moisture 0.9 %.

Methods and materials. In Tabas mechanized coal mine, methane drainage started from Panel
E3. The length of Panel E3 is 1235 m, the average production speed is 3.9 m/d and the average daily
production is 2448 t. The longwall retreat system and U ventilation system are commonly used. The
drainage system in the mine uses cross-measure boreholes. Figure 1 shows the methane drained
in m3/min during 42 weeks in the beginning of Panel E3. These details on Panel E3 were collected
from 12.05.2018 to 01.03.2019. The average methane drainage during this period in Panel E3 was
6.6 m®min per week, and the methane drainage efficiency was low. The total length of methane
drainage boreholes drilled in these 42 weeks in Panel E3 was 11530 m, and the average length of
methane drainage boreholes was 72.7 m. The number of boreholes drilled in Panel E3 was 159, and
the distance between methane drainage stations in Panel E3 varied between 18 and 22 m.

The technical parameters of drainage boreholes are as follows: The average angle of the bore-
holes from the axis of the tailgate roadway was 38 degrees and the average inclination of the borehole
was 16.09°.

The methane drainage efficiency was low in Panel E3, so it was decided to make changes in the
arrangement of the boreholes and the distance between the drainage stations in Panel E4. Accor-
dingly, various arrangements of stations in the mine were implemented. To increase the methane
drainage efficiency, we decided to make changes in the distance between methane drainage stations
and the length of methane drainage boreholes. For this purpose, we performed the following field test
in Panel E4. The average production speed in Panel E4 was 3.4 m/day and the average daily produc-
tion was 2209 t.
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Fig.1. Methane drained in Panel E3
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The analysis was performed to evaluate the change in the amount of methane captured by drai-
nage and the efficiency of this process in relation to the effect of distance between the stations in
Panel E4. We implemented three patterns of drilling with different distances between stations in
Panel E4 to obtain the appropriate distance between methane drainage stations.

This field test was conducted on three groups: groups A, B, and C. Group A consisted of 11
methane drainage stations (1-11), and in each station, four boreholes were drilled. The distance
between the stations was 18 to 22 m. Group B consisted of eight methane drainage stations (12-19),
and in each station, six boreholes were drilled. The distance between the stations in this group was
9to 12 m. Group C consisted of 16 stations (20-35), and in each station, four boreholes were drilled
with a distance in the range of 9 to 12 m. The drilling layout is shown in Fig.2.

The total length of methane drainage boreholes drilled in these 42 weeks in Panel E4 was
5584 m, and the average length of methane drainage boreholes was 36.2 m. The number of boreholes
drilled in Panel E4 was 154. The technical parameters of the drainage boreholes in this panel are as
follows: The average angle of the borehole from the axis of the tailgate roadway was 36° and the
average inclination of the borehole was 17.8°.

a Group 4 (4 boreholes)
18-22m 18-22m 18-22m
Face direCtion s
b
Group B (6 boreholes)
9-12m 9-12m 9-12m 9-12m 9-12m 9-12m
S19 S13] S12]

Face direction

c Group C (4 boreholes)

9-12m 9-12m 9-12m 9-12m . 912m 9-12m
S35 S21} S20]

Face direction -

Group C (4 boreholes)

9-12m 9-12m 9-12m 9-12m [ 9-12m 9-12 m

5351 s21 520}

Face direction s

Fig.2. Distance between methane drainage stations in groups A (), B (b), and C (c)

1054
This is an open access article under the CC BY 4.0 license



DOI: 10.31897/PMI.2022.106 Journal of Mining Institute. 2022. Vol. 258. P. 1050-1060 El
© Ali Hosseini, Mehdi Najafi, Amin Hossein Morshedy, 2022 &

This study was conducted from 07.02.2020 to 20.11.2020 in Panel E4. The length of the studied
panel was 1325 m, and we performed this field test in the first 466 m of the panel. We used methane
sensors and anemometers placed in the air return entry (tailgate) to collect the data from the ventilated
air methane. During this time, the length of the extracted part of the longwall panel reached approxi-
mately 466 m.

The methodology of methane measurements in the methane drainage pipeline network in each
station was as follows:

» The amount of methane mixture is calculated according to the following formula for measuring
the orifice [28]

APP

v —
ST

gas =4
where A — orifice plate factor; AP — pressure difference, mm H2O; P — absolute pressure, mm Hg;
P =B + P1 - P2; B — barometric pressure, mm Hg; P1 — pressure related to depth, mm Hg; P2 — the
size of depression, mm Hg; S — relative gas density; T — gas temperature (primary rock mass or
directly from the installation; T =t + 273 °C.

» The amount of captured methane is calculated by as follows:

Ccn
Vm.drain = Vn 1004 5

Vm.abs = Vm.VAM + Vm.drain 5

where Cch, — methane concentration in the pipeline, %.
The distance between stations and the amount of gas drained from each station are presented
in Table 2.

Table 2
Distance between stations and the amount of gas drained in Panel E4
Number of Station | Number of Boreholes | Distance between stations, m | Gas drained, m® | Group
1 4 20 69832 A
2 4 18 53258 A
3 4 18 68916 A
4 4 20 99568 A
5 4 18 49634 A
6 4 22 100205 A
7 4 18 102327 A
8 4 20 107087 A
9 4 22 94614 A
10 4 18 114190 A
11 4 18 114611 A
12 6 9 142370 B
13 6 10 161363 B
14 6 12 175522 B
15 6 10 118089 B
16 6 9 84471 B
17 6 9 141219 B
18 6 12 186249 B
19 6 9 182988 B
20 4 12 134113 C
21 4 11 118972 C
22 4 9 193711 C
23 4 10 157162 C
24 4 10 149109 C
25 4 9 120309 C
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End of Table 2

Number of Station | Number of Boreholes | Distance between stations, m | Gas drained, m® | Group
26 4 9 246391 C
27 4 11 223871 C
28 4 11 155135 C
29 4 9 253248 C
30 4 10 162392 C
31 4 10 160369 C
32 4 9 142357 C
33 4 9 117161 C
34 4 10 106332 C
35 4 11 193997 C

The calculation of methane efficiencies from drainage and ventilation:

| Vo oo
Methane drainage efficiency = n.drain 1100 = —dmin 100;
Vm.VAM + Vm.drain Vm.abs
Vi Vi
VAM efficiency = VAM 100= —=Y2M 100,
Vm.VAM + Vm.drain Vm.abs

Results and discussion. The results of the statistical analysis are shown in Fig.3, 4. In the be-
ginning phase of panel production (30-239 m into the longwall panel consisting of boreholes of
group A), the amounts of methane captured by drainage in the beginning phase of production were
from 2.8 to 6.5 m3/min with an average of 4.1 m*/min. The values of VAM were in the range of 16.6
to 25.7 m¥min, with an average value of 20.4 m*min, and absolute methane ranged from 19.9 to
29.12 m®/min with an average of 24.4 m*/min.
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Fig.3. Changes in the amount of drained methane, VAM, and absolute methane in each group
1 — ventilation air methane efficiency; 2 — methane drainage efficiency
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Fig.4. Methane concentration in tailgate roadway (return airway, Panel E4)

For 240 to 323 m into the longwall panel consisting of boreholes in group B, the amounts of
methane captured by drainage in this phase of production were from 6.3 to 12 m®min with an average
of 9.5 m3/min. The values of VAM were in the range of 11.1-23.4 m®/min with an average value of
15.7 m/min, and absolute methane ranged from 20.4 to 29.7 m®min with an average of 25.2 m%min.

For 324 to 466 m into the longwall panel consisting of boreholes in group C, the amounts
of methane captured by drainage in this stage were from 7.2 to 16.8 m®min with an average of
12.3 m*/min. The values of VAM were in the range of 8.8-21.9 m®*/min with an average value of
16.6 m®/min, and the absolute methane ranged from 16.7 to 36.2 m®/min with an average
of 29 m3/min.

The efficiencies of methane drainage and VAM are shown in Fig.3. The lowest efficiency
of methane drainage was when the distance between methane drainage stations was in the range of
18-22 m. The highest average methane drainage efficiency, reaching up to 52.7 %, was achieved for
the time interval of group C with the same number of boreholes.

Figure 4 shows the methane concentration at the tailgate roadway in the time intervals of
groups A, B, and C. It is clear that although the methane drainage stations with distances in the range
of 9-12 m keep the methane concentration low in the tailgate roadway, the distances in the range of
18-22 m lead to increasing return methane level. Groups B and C with distances of stations between
9 and 12 m keep the return methane in the tailgate roadway at a lower level than group A with dis-
tances of stations between 18 to 22 m.

Fig.5 compare different parameters of drainage boreholes in Panels E3 and E4, respectively. As
shown in these figure, the number of boreholes drilled during the first 42 weeks in Panel E3 was 159,
while the number of boreholes drilled in Panel E4 was 154. Moreover, the average lengths of bore-
holes drilled in Panels E3 and E4 were 72.70 and 36.20 m, respectively.
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Fig.5. Comparison of methane drained from Panels E3 and E4
1 - Panel E3; 2 — Panel E4
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2 40 amount of methane drained from Panel E3
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Fig.7. Average methane drainage and VAM efficiencies holes durlng this perlod m_PaneIS E3 and E4
1 ventilation air methane efficiency; were 68 and 34 m, respectively. The number
2 —methane drainage efficiency of boreholes drilled during this period in Pan-

els E3 and E4 were 34 and 32, respectively.

Fig.6 and 7 show the field test results. According to these results, when the distances between
methane drainage stations were in the range of 18-22 m (Group A), the methane drainage efficiencies
were between 10 and 25 %. However, when the distance between stations was reduced, the efficiency
reached about 40 % and in some cases about 50 % (Groups B and C).

Conclusion. Effective methane drainage in underground coal mines not only improves safety
but also increases production. This study aimed to improve the gas drainage process, taking into ac-
count the distance between drainage stations in the cross-measure borehole method. The efficiency
of a methane drainage system can be determined through a detailed analysis of methane emissions in
longwall production panels. In this study, the highest efficiency of methane drainage was observed
when the distances between stations were in the range of 9-12 m. The results showed that the effi-
ciency of methane drainage was higher when the distances between stations were in the range of
9-12 m with the arrangement of boreholes 3-1, or 2-2 compared to when the distances between the
stations with 4 boreholes were in the range of 18-22 m.

The authors gratefully acknowledge the engineering team in Parvadeh N 1 Coal Mine (Tabas
Parvadeh Coal Company, Tabas, Iran) for providing access to all required information for this research.
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