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Abstract: Methane present in coal seams is a natural hazard present during the exploitation of
underground mining plants. It is an explosive and flammable gas that is released into mining
excavations, and it is necessary to reduce its concentration. Capturing methane while preparing
extraction is virtually impossible due to the low permeability of coal resulting from its deposition
depth. After the beginning of exploitation and disrupting the seam’s structure, methane is released
into mine air. The most common method of minimizing gas released into ventilation air is draining the
rock mass. This method allows achieving the desired ventilation parameters but requires appropriate
mining techniques in hazardous areas. The article presents the example of methane capture during
the operation in the longwall B-15 with an overlying drainage gallery. The authors have highlighted
an example of the longwall B-15 that when using this particular drainage method, allowed capturing
twice the amount of methane forecasted, thus increasing the efficiency of methane drainage. At the
preliminary stage of longwall development, the amount of methane charged by the drainage system
had relatively low values, reaching 15 m3/min. In the next few months, these parameters increased
and varied between 35 to 55 m3/min. A significant difference in methane capture appeared in the
second stage of exploitation, where the highest value of captured methane reached 82 m?/min. This
particular longwall example shows that it is crucial to properly design the drainage system for seams
with high forecasted methane release. It is worth remembering that using a drainage gallery provides
an increase in the methane capture from the desorption zone areas, thus increasing total methane
capture in comparison to forecasts.

Keywords: methane hazard; the safety of exploration; drainage efficiency; drainage methods

1. Introduction

7

Methane present in coal seams has an adverse effect on underground mining plants
work safety due to its release during mining. It always had a negative influence on the
safety of operation in underground coal mines due to its flammability and the possibility
of explosion. Correct recognition of the methane hazard state and its effective control is
of fundamental importance for mining operators. Early estimation of methane release
to workings allows reducing the risk associated with mining activities [1]. The precise
calculation of the forecasted methane release from the mining seam and the surrounding
rock is of great importance for determining the rigors of safe mining works, including
longwall exploitation. There are many methods of predicting methane emissions to work-
ings, including empirical [2,3], simulation [4,5], short-term forecasting models [6-8], and
computer programs supporting methane hazard monitoring (working in real-time and
integrated with coal mine monitoring system) [9,10]. These predictions can cover a future
time span from few days to several weeks. They are referred to the daily output or can take
into account the changing advance rate of extraction. A unique method for calculating the
total and specific gas content in a longwall is based on a geomechanical model elaborated
by Lunarzewski [11,12]. The degree of rock-mass decompression which determines the
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amount of methane released from coalbeds affected by mining is calculated empirically
from a formula whose validity has been confirmed in the conditions of mines in Europe,
Australia, the United States, and Asia [11,12]. Degasification into overlying seams has a
maximum reach of 200 m, while its effect on the underlying strata does not reach further
than 60 m. The degree of rock-mass decompression and the boundaries of the decompres-
sion zone are calculated with a specialized geomechanical program, which produces a
simulation of the rock-mass decompression in the local geological and mining conditions
at a given longwall.

Computational fluid dynamics (CFD) was also employed in simulations of many
ventilation processes and gas release and its movement through the longwall goaf [4,5].
Nevertheless, calculations based on CFD are not sufficient to provide technological solu-
tions enabling the determination of the amount of released methane as they can only aid in
their assessment.

As neural networks developed, they found a range of applications in the mining
industry, e.g., in petrochemistry to predict the strength and deformation parameters of
rock, the sedimentation of sedimentary rocks, and saturation level with oil. At the same
time, neural networks became involved in calculations needed to forecast the parameters
of methane hazard [13-15]. The first attempts consisted of using methane concentration
and coal output values to teach neural networks how to predict methane concentration
in underground excavations [16]. Then, neural networks were employed to calculate the
amount and concentration of methane captured by drainage systems [10]. Later, the issue
of classification was investigated. Then a method of methane drainage was selected (pre-
mining, drainage in the coal seam, and the goaf) depending on eight input parameters [17].

Because the forecasted methane emissions of the longwalls planned for exploitation is
often very high, and the designed ventilation system cannot provide sufficiently low values
of methane concentrations in the mine air, it is necessary to use methane drainage [1,18-35].
In the global mining industry, many methane drainage techniques are used, such as, e.g.,
pre-drainage, used, among other things, in the USA, Australia, and China [11,28,33-36].
In the case of Polish underground mining, methane is most often captured during ex-
ploration [37-41]. Although the methane drainage techniques used differ from country
to country, their principle is to capture methane from the rock mass and isolated goafs
through a system of specially designed boreholes.

The coal mine methane drainage system is a network of conduits composed of
pipelines and drainage boreholes connected to a source that produces negative pressure.
The boreholes must have two essential features, namely they must be tight concerning
mining excavations so that air is not sucked into them (the initial section of the borehole is
cased with a casing pipe and sealed along its entire length); second, the openness of the
boreholes must allow drainage of the incoming methane, but in a way that reduces flow
resistance so that there is a negative pressure in relation to atmospheric pressure along the
entire length of the borehole.

The purpose of the methane drainage pipelines is to discharge the captured methane
and transport it to the surface. The entire network is insulated from mine air. The inflow of
methane from the surrounding rock and coal seams to the drainage boreholes and then to
the methane drainage system is formed by connecting the entire network to the negative
pressure methane drainage station.

The use of an adequate methane capture system in excavations increases safety and
coal output [19,30]. Moreover, effective methane drainage systems enable using methane as
a natural energy source and reduce the natural environment’s negative influence resulting
from methane emissions.

In the coming years, methane hazard will be a severe problem for underground
mining and will undoubtedly increase due to the increasing mining depth. The use of
modern and innovative technologies to combat it will be the only way to ensure safe
working conditions.
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The article aims to present the connections between methane and coal seams and
identify effective and efficient methane drainage conditions. The authors focus on describ-
ing the association of methane to coal and the nature of its desorption, followed by the
discussion of drainage procedures in the context of creating a safer working environment
for the personnel deployed underground. Then, on the example of a particular long-
wall panel, it was explained how the specific drainage system used can increase methane
drainage efficiency.

2. The Origin of Methane in Hard Coal Mines

Hard coal is a sedimentary rock of plant origin, containing 75 to 90 percent car-
bon [42,43]. The coal originated mainly in the Carboniferous era from vegetal fragments,
which became carbonized without oxygen. The process of the transformation of plant
substance into coal was a two-step period [40] consisting of diagenesis, meaning processing
of vegetable substance transformation into peat and then lignite. The next step was their
carbonization and formation of hard coal or anthracite.

2.1. How Methane and Coal Are Connected

Methane emission takes place at each of abovementioned stages, but its mechanisms
are different. The deep placement of the deposits hinders the migration of methane, which
causes its accumulation in the porous structure of coal and in its crevices and cracks. The
release of methane is largely related to the ability of the coalbed to pass gas, while its
concentration is largely influenced by the structure of the rock mass and its composition.

Methane is a thermocatalytic gas that originated through the carbonification of veg-
etable substances [42,43], and it is present mainly in the Rybnik Coal Area. Emission of
methane, carbon dioxide, higher hydrocarbons, and nitrogen or water vapor accompanies
the deposits’ intense exploitation. The released gas consists of 86-99.0 percent of methane.

Hard coal is a porous solid substance. Czapliriski, in his monograph [43], described the
porous structure of hard coal. It consists of pores of varying diameter divided as follows:

e  macropores with a diameter above 50 nm;

e  mesopores with a diameter 2-50 nm;

e  micropores with a diameter below 2 nm;

e submicropores (ultramicropores) with a diameter below 0.8 nm.

Because of the considerable heterogeneity of coal’s internal structure, its pores vary in
shape and size, spanning even several orders of magnitude. The share of transitory pores
in the specific surface of coal is much smaller than that of macropores in the volume and
micropores in the surface [44]. Research into the distribution of pores of varying volume in
coals with different degrees of carbonification has yielded the following findings [43]:

e  porosity is determined primarily by the volume of macropores in coal with carbon (C)
content below 75%;

e  porosity is caused for the most part by the presence of transitory pores and macropores
in coals with carbon (C) content ranging from 75 to 84%;

e  microporosity prevails when the general porosity is limited in coals with carbon (C)
content ranging from 85 to 91%;

e  coals with carbon (C) content above 91% are of high microporosity.

Gases can exist in coal seams in a free or adsorbed state. In their free form, gas fills
fissures and fractures in coal and its macropores. The sorption of gases depends primarily
on the nature of gas and the type of coal. On the other hand, the amount of gas in each state
depends on temperature and pressure [43]. The presence of gases in coals seams—and
methane in particular—presents serious challenges during exploitation. It can pose threats
and consequently lead to explosions and sudden outbursts of rock.

An extended porous structure and the presence of micropores [43] whose size is
similar to that of the adsorbed particles (0.5-0.6 nm) leads to the coal classification as the
so-called ‘molecular sieves’. The reason is that they are highly selective for the adsorbed
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gases [44]. The structure of a molecular sieve results from hollow spaces with a height
of 3.0 nm separated by narrower bits with average sizes of 0.5 and 0.8 nm. In the case of
micropores, the adsorbed substance fills their entire cubature, whereas in more prominent
pores, layers of its settle on their walls. However, a vast majority of the molecules of
adsorbed gases permeate into the smallest pores, i.e., submicropores; this process refers to
as ‘network sorption’ [45].

A very complex porous structure of coals and its resulting sorption capacity, particu-
larly gases, is of immense importance during the extraction and processing of coals [43].
In its natural state, i.e., in a deposit, coal contains large amounts of adsorbed methane,
quickly diffusing during extraction due to the porous structure’s nature. As has already
been mentioned, the process can pose a severe threat, especially during outbursts in which
methane, violently desorbed from coal, functions as a transfer medium.

The sorption and desorption of methane into and from coal are essential factors
contributing to the assessment of methane hazard in hard coal seams. The awareness of
sorption makes it possible to evaluate the gas content present in the deposit and its state.
However, desorption, i.e., the process of reversing the consequences of sorption, allows
us to calculate the amount of gas desorbed from coal over time. This knowledge is vital
from the perspective of mine safety as it enables the identification of spots particularly
vulnerable to methane release and eliminates them through intense ventilation.

One of the first and most commonly used isotherms is the Langmuir isotherm. Its
equation and that of Freundlich isotherm are the most frequently used formulas for ana-
lyzing the sorption of CO;,, CHy, and Ny in hard coal within the temperature range 293
to 313 K [43,46]. As for desorption, it is an aggregated reverse process that consists of
releasing the sorbate from the sorption space.

The sorption of gases is a complex process in which its rate and adsorbed substance
depend on time. Kinetic curves reflect the relationship between the amount of adsorbed
substance and time. The sorption value evolves towards a limit corresponding to an
equilibrium at the given concentration of gas.

Studies conducted in mines involved collecting coal samples for laboratory analy-
sis [47]. They came from various mines and levels of exploitation. The intention while
collecting them was to represent multiple coal characteristics, such as hardness, the share
of volatile parts, or moisture and ash content. The sampling followed procedures elab-
orated for the purpose [47], and the analysis included methane adsorbed in coal and
methane’s desorption from coal using an IGA-001 analyzer. It is a gravimetric device used
to determine the isotherms of sorption and desorption of gases.

Figures 1 and 2 present the obtained isotherms of methane’s sorption into coal;
Figures 3 and 4 isotherms of the desorption of methane from coal.
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Figure 3. Isotherm of desorption (seam 329/1).
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Figure 4. Isotherm of desorption (seam 330/2).
2.2. The Amount of Methane in Polish Hard Coal Deposits

The confirmed methane resources are present in 65 deposits in the Upper Silesian Coal
Basin (Table 1) [48]. The recoverable balance resources amount to 109.548 bcm, including
68.65 bcm in the extracted areas of 30 developed seams. The resources are currently beyond
exploitation, i.e., undeveloped reserve deposits deep-level deposits below 1000 m, amount
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to 21.36 bcm. The industrial resources in coal deposits under development have been
estimated for 33 deposits and amounted to 10.43 bem.

Table 1. State of methane resources in Polish coal beds as of 31 December 2019 (following [48]).

Coal Bed Methane in Millions of Cubic Meters

T Type
e Industrial R
P Balance Off Balance ndustrial Resources
Total number of confirmed deposits: 65 109,548.53 9411.45 10,431.48
in the extracted areas of
developed hard coal deposits: 68,650.93 412.12 10,110.04
&b 30 deposits
g
3 beyond the extracted ;
3 eyon e extracted areas o }
I coal bed deposits: 24 deposits 21,359.77 12422
deposits of methane as the 19,537.83 899933 19722

primary resource: 11 deposits

Methane in Polish deposits occurs in an absorbed form, and its content is strictly
dependent on the structure of the rock mass and coal deposits in a given region. In the
areas of the Upper Silesian Coal Basin, the highest methane content is located at a depth of
—950 to —1050 above sea level.

Methane hazard in hard coal mines determines the rising costs of coal extraction
due to the investments needed to implement preventive measures and mitigate the risk.
Moreover, the cost of methane drainage is mounting. On the other hand, methane captured
by drainage systems can serve as a carrier of energy whose economically sound use can
offset drainage costs or even yield profits. Recently, attempts at capturing methane from
the surface by drilling boreholes and fracturing the deposits becoming popular. Because of
low transmission of coal seams, retrieving methane directly from the underground seams
is tedious and ineffective.

2.3. Methane Desorption Zones during Longwall Mining

The extraction of a seam causes decompression and its fracturing and the overlying
rocks. As a result, permeability increases substantially, and methane can flow with relatively
little obstruction from the decompressed zone into the excavation. The emerging pressure
gradient initiates the gas movement towards the excavation, where the pressure is lower
than the gas pressure in the rock mass. The release of methane is problematic as it depends
on several geological and technical factors [40].

The amount of methane emitted into excavations and into the working in particular,
depends on the following values [40]:

e the amount of methane released from the extracted coal (including also the emissions
from mined coal and during its transport);

e the amount of methane desorbed from the adjacent seams in the roof and the floor,
placed within the zone affected by development.

The adopted roof management method (backfill or caving) and nature or rocks (hard
or ductile) determine the range and the scale of rock decompression.

The gas emission into a longwall excavation begins just after decompression of the
rock mass. It is primarily released from coal seams, and the process continues through
the entire exploitation, which is the leading cause of rock-mass decompression. As the
longwall face advances, provoking the seam to recompress, gas flow from the seam slows
down and stops. The degree of degasification of the rock mass and coal seams caused by
exploitation depends mainly on decompression duration.

Figure 5 shows a longitudinal section of longwall life to illustrate the effect of exploita-
tion on the adjacent layers” degasification [28]. The zones of varying influence exerted by
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exploitation are marked. The figure shows both the area of gas release and the process’s
duration for individual layers depending on the developed seam distance.

e
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Figure 5. The influence of exploitation on the degasification of adjacent layers (adapted from [28]).

Figure 5 identifies three zones. Zone A represents the area virtually unaffected by the
changing stresses in the rock mass. The permeability of coal to gas in this zone is consistent
with the degree of compression correlated with depth. By contrast, Zone B covers an area
of pressures increased due to extraction. The permeability of coal decreases as pressures in
the seams rise to the level of exploitation pressure. Finally, Zone C is the area decompressed
as a result of seam development. The permeability of coal to gas is considerably higher
following decompression. In addition to the lowered resistance of solid coal, the more
effortless flow of mine gas into the excavation, caused by the fissures and fractures that
facilitate gas migration, characterizes Zone C.

Figure 5 highlights the influence of the duration of decompression of particular layers
(coal seams) on their degree of degasification. In a seam permeable to gas, characterized
by varying gas pressure values in the seam, gas flow between two points will continue
until reaching an equilibrium. The degree of degasification will depend on how long the
seam remains decompressed; the amount of gas flowing into the excavation will depend
on flow resistance. The higher pressure caused by exploitation is present in the layers close
to the developed seam and a part of its goafs, prevalent in Zone B. This zone progresses
along with exploitation. As a result, the seams situated further from the developed seam
(e.g., seam 1 as compared with 2) spend less time in Zone C (section I'-1” is shorter than
section 2/-2”). A higher flow resistance, a longer distance of gas flow, and a shorter gas
release period mean that the degree of degasification is minor in layers further from the
developed seam.

During longwall life, a higher level of methane release occurs after the first caving.
The area of methane release grows along with the decompressed zone. In new longwalls,
the initial phase of extraction typically is characterized by lower methane-bearing capacity
and is determined only by methane from the extracted seam. The first caving may cause a
sudden increase in methane emissions and further rise at the initial section of longwall life,
correlated with the growth of the decompressed zone. Later on, methane conditions tend
to stabilize, provided that the structure of coal seams is regular.

The exploited seam accounts for a significant part of released methane, which is
proportional to the coal output. On the other hand, in the overlying and underlaying
seams, the amount of methane is described by an exponential relationship.

The shape of the space, in which the degree of the adjacent layers’ degasification (in a
plane perpendicular to extraction direction) is affected by mining, greatly influences the
amount of release. In the existing forecasting methane release methods, the authors differ
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in their assumptions concerning the shape of the space affected in a plane perpendicular to
the extraction direction. Thus, the beliefs vary in the range and degree of degasification of
the particular layers [9,29,40].

In real conditions, a specific field of gas pressures and gas-bearing capacity character-
ize a deposit. As a result of employing a particular exploitation method, a characteristic
range of rock-mass disruption emerges, with gas-bearing capacity fluctuations.

Extraction of the seam and depressurizing it through exploitation are factors causing
a new pressure field to shape the rock mass. It may affect the degree of degasification
of coal seams extracted during another longwall development. Assuming a steady level
of degasification regarding the overlying and underlying seams is an error that leads to
inaccurate forecasts of methane release into excavations.

3. Desorption of Methane from Hard Coal Seams

The geological conditions determining the presence of methane in coal deposits and
the low permeability of coal seams in Poland mean that methane release other than caused
by a disruption of rock mass through mining activity is minimal. That way, the emission of
methane is closely correlated with the intensity of the mining works performed such as
development and proper coal deposit extraction [29,49].

The mining system most frequently used in Polish mines is a longwall system, which al-
lows obtaining a quite high amount of coal extracted and significant longwall advance [50].
The high methane content in seams is enforced using methane drainage systems during
mining. There is a wide range of factors when selecting a proper methane drainage system,
and Polish hard coal mines have used many of them during longwall mining.

Rock-mass methane drainage is the best way to reduce methane emissions to workings
and prevent coal outbursts. The principle of methane drainage is to capture methane
from the rock mass and isolated goafs through a system of specially designed boreholes
and then transport it to the surface drainage station. This method helps to keep the
required ventilation parameters on the same level. Still, at the same time, it imposes
individual requirements as to the ways longwall panels develop in gassy seams. In Polish
mines, pre-mining drainage is used only rarely due to low coal permeability resulting in
low effectiveness.

In the methane drainage of nearby seams (overlaying and underlying), it is necessary
to determine a desorption zone (gas emission zone) caused by longwall mining [29,30].
The drainage boreholes should be placed in an unstressed zone, but they should not pass
through the area of immediate roof caving. In Polish geological conditions, achieving good
results is possible while determining drainage boreholes’ slope angles following Fliigge
1971 [51] (Figure 6).

Values given in Figure 6 correspond to boreholes drilled parallel to a longwall face [37].
A borehole’s slope angle corresponds approximately to an angle of desorption zone scope
in such a case. Drilling sloping boreholes askew to a longwall face needs to adopt a
particular assumption. Suppose drilling boreholes from a parallel entry. In that case,
angle determination must include a pillar’s width between entries. It is also essential to
remember placing that the longest part of a borehole in an unstressed zone.

The borehole length depends on geological conditions and, above all, on the localiza-
tion of underlying and overlaying seams [37]. All drilled boreholes ought to pass through
all seams in gas emission space. The length of the longwall L is also crucial as the height of
the calculated desorption zone depends on it.

Assuming designations as in Figure 5, calculation for the roof layers can follow the
Formula (1) [37,38]:

s tgB-tge L

$ T MigB+tge Gy .

where:

B and e-are angles of the desorption zone, deg.
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KEY:

/\_/
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L - longwall length, m
« - slope angle of mined seam, deg

g, , 1) - angles of desorption zone scope, deg
h, - desorption zone scope in roof layers, m
h, - desorption zone scope in floor layers, m

Figure 6. Diagram illustrating the designation of the desorption zone for the longwall in operation
(adapted from [51]).

For the perpendicular plane area of degasification, as presented in Figure 6, sloping
angles of a desorption zone to a seam plane will amount to (2) and (3):
for a head entry

p =g —a, deg 2
and for a tail entry

€ =104+, deg 3)
where:
a-slope angle of a mined seam, deg.

Supposing that the mined seam’s slope angle does not exceed 50 deg of the value
of the desorption angles, one can assume the value of the desorption angles ¢, and g
(calculated regarding the horizontal plane) according to Table 2.

Table 2. The values of desorption angles.

Angles of Desorption Reach

The Slope Angle of the Seam Roof Layers Floor Layers
Head Entry Tail Entry Head Entry Tail Entry
«, deg ¢, deg 64, deg ¢, deg 64, deg
0 60.0 60.0 60.0 60.0
10 58.1 61.9 61.9 58.1
20 53.1 66.9 66.9 53.1
30 46.9 73.1 73.1 46.9
40 419 78.1 78.1 419

50 40.0 80.0 80.0 40.0
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For floor layers, we assume opposite angles. For the floor layers, half the value
of the desorption angles is assumed due to the lower inflow than established for the
desorption zone:

T= g, deg 4)

€
=5 deg @)

Therefore, for floor layers, calculation of desorption scope can follow the Formula (6) [38,52]:

. tgn-tgt L
L ten+tgT Gy ©)

In the the above equations follow that:

"1

- the seam located in the roof at a distance “a”, m
- or the floor at a distance “b”, m

are affected by the exploitation along the length X depending on the length L of the longwall.
Then, calculation can follow the formula below (7) and (8):

Xg=L—aGg, m @)
Xy =L—bGyg m ®)
here:
where . gp+tge o
§7 tgBtge ’
G :tg17+tgr B (10)
d tgn-tgt ’

The above calculations (7) and (8) assume that distances a and b are perpendicular to
the seam plane. While drilling drainage boreholes to adjacent seams, the boreholes’ slope
angle should remain in the established desorption zone.

While using the methods outlined above, we work on the assumption that coal
seams are the primary source of methane release, although release from barren rocks, e.g.,
sandstone, is also considered.

The assumed space of gas release, situated within a mined longwall, is presented
as a simple geometric form. It is referred to as the ‘desorption zone” and is used as a
reference point to determine the amount of released gas depending on the mined seam’s
distance. Typically, the released amount depends on the amount initially present in the
seam (methane content). The release rate from specific coal seams and the amount of gas
flowing into excavations depend on the amount of methane in the seam and the coal output
at a given longwall.

The amount of gas released from the overlying and underlying seams is determined
using an empirical equation. The practical limits for calculations were 165 m for the roof
and 59 m for the floor. Table 3 presents the relationships making it possible to identify the
degree of seam degasification affected by mining, according to Noack (1998) and Koztowski
(1982). Figure 7, on the other hand, shows the degasification curves. Considering the
thickness of 1.0 m for the mined layer, the authors mentioned above could determine the
degree of methane drainage from seams. In Figure 6, we see differences in the degree to
which the seams were degasified, resulting from the input data accepted by the authors
mentioned above.

Table 3. The degree of methane drainage of seams disrupted by exploitation.

According to

Degasification of Overlying Seams, % Degasification of Underlying Seams, %

Noack K. [1]
Kozlowskiego B. [52]

ip = 100¢~0-016(L—20) Hin = 142 4+ 4L +0.0271.2
Nip = 67.71e~ 004 Nin = 54.13¢~0-057Lu
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L, m
300 1 - Degree of degassing of overlying seams from Kozlowski
275 ~——2 - Degree of degassing of overlying seams from Noack
g~ Degree of degassing of underlying seams from Kozlowski
250 A ———4. - Degree of degassing of underlying seams from Noack
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Figure 7. Degasification curve for seams affected by mining: 1,2—curves of release from coal seams
in the roof; 3,4—curves of release from coal seams in the floor; 1,3—acc. to B. Koztowski, (1982);
2 and 4 acc. to K. Noack (1998) (adapted from [1,52]).

The mining and geology conditions found in a given coal basin influence the degree
of methane drainage of seams disrupted by exploitation.
l

L, = , 11
u mgam (11)

where:

|—actual distance, m

me—thickness of the mined seam, m

a—coefficient related to the management of waste areas, which is:
for caving a = 1

for dry backfilling & = 0.3-0.5

for hydraulic filling with barren rock a = 0.2-0.4

for hydraulic filling with sand « = 0.05-0.15.

L,—an actual distance of a given seam from the mined seam, m

In the Formula (11), L assumes positive values of overlying seams and negative values
of underlying seams.

Under the Polish mining industry conditions, to increase the methane capture at
the operational stage, different methane drainage systems are used depending on the
forecast of total methane emissions and the ventilation system. Figure 8 shows the methane
drainage systems commonly used in the Polish mining industry. Their exact description
can be found in the literature [37-41].

Table 4 shows the average efficiency of methane drainage in Polish coal mines de-
pending on total methane emissions at the longwall panel. The data show that the lowest
value of methane drainage efficiency was obtained for the “U” ventilation system (41.2%),
and the highest with the use of systems with parallel tailgates and an overlaying drainage
gallery were 63.9% and 63.4%, respectively. The average methane drainage efficiency over
ten years was 54%.



Energies 2021, 14, 3542

12 of 19

Tail Gate

%

N\ Main Gate

Incline

GOAF

T

N P

Longwall with Y ventilation system

upper-side wall boreholes
-length: 30-40 m
- deviation: 30-45°

Incline

- slope: 20-30° > 50 m 41 Tail Gate
a4 ad
¢ ’ Overlying drainage gallery
: =2 >
7% F>58
BN
Main Gate
< \

lower-side wall boreholes
- length: 40-60m

- deviation: 20-45*

- slope: 30-60°

KEY:

Layout of methane drainage system with a drainage gallery

Parallel Tail Gate

Main Gate

=l

GOAF

I NSNSV NNV SV NN

Ventilation system with parallel tail gates

AA

Overlying drainage gallery

desorption zone for floor layers

Location of overlying drainage gallery

Figure 8. Schemas of methane drainage systems used in the Polish mining industry (adapted from [37-41]).

Table 4. The average efficiency of methane drainage of longwalls for used ventilation and methane drainage systems in the

last years (following [40,41]).

Total Absolute Methane- Bearing Capacity around Longwall Mining Panel, m®> CH4/min Ave.rage
Breakdown D.re‘nnageo
<10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 >80 Efficiency, %
Longwall panels with “U” ¢ 5 39.0 40.6 38,3 48.8 64.0 - - - 412
ventilation system

Longwall panels with the = 5 ¢ 437 524 56.1 499 46.2 57.9 - . 48.7

Y” ventilation system

Longwall panels with - - 58.0 60.1 62.2 64.2 64.5 68.3 715 63.9

parallel tailgates

Longwall panels with the =, 58.6 60.2 62.6 68.4 64.7 68.6 68.8 76.0 63.4

overlying drainage gallery

4. An Example of Methane Capture during Operation with the Overlying

Drainage Gallery

To present the influence of methane drainage system selection on the efficiency of
methane capture, the example of the longwall B-15 in seam 348 is presented. The coal
mine under discussion is placed in the southwestern part of Upper Silesia Coal Basin
and belongs to the biggest coal producer in Poland—]JSW Group. The coal mine is also

considered to be one of the most gas-prone coal mines in Poland.

4.1. Research Objectives

The results obtained during the exploitation of the B-15 longwall illustrate the methane
capture during operation. The considered B-15 longwall was operated inseam 348 with
the field collapse system. Figure 9 shows a fragment of the seam 348 with the B-15
longwall marked, and Figure 10 a scheme of the excavations in the longwall area. Technical
parameters of the B-15 longwall and existing natural hazards are presented in Table 5.
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— — ——

/] nemare

Figure 10. Scheme of the excavation in the B-15 longwall area with the drainage gallery.

Table 5. Technical parameters and natural hazards present in the longwall panel B-15 seam 348.

Parameter Unit Value Natural Hazards
Height of the longwall m 1.80 + 3.80

idth of the 1 1 239 + 247
Width of the longwa m 39 m e IV category of methane hazard
Length of the longwall m 1060 e  Risk of methane and rock outbursts
Inclination lengthwise deg up to 20 *  Class B of coal dust explosion

e  Risk of harmful dusts

Inclination crosswise, min.-max. deg 0-+10 e st degree of water hazard
Depth of the seam m 930 + 1050
Prognosed daily output Mg/d 1800 =+ 2800
Virgine rock temperature °C 40

Expected geological disturbances as a fault with discharges m 0328
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4.2. Description of Mining and Geological Conditions in Area of the B-15 Longwall in Seam 348

The area of the B-15 longwall in seam 348 was identified by the B-15 heading, the B-15
ventilation heading, and from the surface. Data obtained from geological boreholes drilled
from the surface and mining excavations were used to identify the roof and floor layers.
The thickness of the coal seam identified within the boundaries of the planned pilot of the
B-15 longwall and the clay overgrowths ranged from 1.80 to 3.80 m.

In the top layers of the coal seam in the area of the B-15 longwall, there are layers of
loam and sandy loam. The bottom layers are the clay, sandy, and sandy loam. Exploration
was carried out from 930 to 1050 m. The seam slope measured in the longwall headings is
from 13 to 20 deg.

While preparing the longwall workings for the designed B-15 longwall, geological
disturbances in the form of faults with the discharge amplitude ranging from 0.3 to 2.8 m
were found. The projected course of fault planes is presented in Figure 8.

Above the planned longwall panel, inseam 348, the operation was carried out in:

seam 326/1 distant by about 610 m;
seam 327/3 distant by 580 m;

seam 328/1 distant by 545 m;

seam 329/2 distant by 510 m;

seam 330/1 at a distance of 480 m;
seam 333/1 at a distance of 410 m.

There was no exploitation in the lower decks.

4.3. System of Ventilation for the B-15 Longwall Inseam 348

The longwall B-15 in seam 348 was ventilated with the “U” ventilation system. Intake
air was brought via shaft I and II and then delivered to the longwall in three ways:

1.  The intake airflow through the haulage drift to the shaft I located at a depth of about
830 m and then through a glade to the haulage drift to shaft I, down to the inclined
drift B-1, through the B-1 inclined drift, transport glade B-15, and the B-15 holding
heading. Then, through the B-15 heading in seam 348, the air was directed to the
longwall B-15 in seam 348.

2. From level 820, air flew along the heading to the shaft I, along the main heading in
seam 340, and then along the haulage slope to the haulage drift N. Next, along the
B-11 heading, the B-15 transport heading, and the B-15 heading was directed to the
B-15 longwall in the seam 348;

3.  From level 620, air flew:

- from the shaft I through the skip circuit of empty wagons, through the belt
collecting drift to the haulage drift N,

- from the shaft I with the cage circulation of empty trucks, with the technological
drift inseam 620 from where it flew:

e through the skip circuit of empty wagons and collective belt drift to the N
haulage drift,

e  through the skip circuit of empty carts, with a glade to the haulage drift N
and along it, and further along heading B-11, transport heading B-15, and
then heading B-15 to longwall B-15 inseam 348.

The return air from the B-15 longwall was discharged through the B-15 ventilation
heading in seam 348, the B-15 drainage gallery in seam 347/1, the B-13 heading, the B-5
and B-13 ramp, and then transport haulage B-13, and research heading B-9 in seam 348.
Then, it was directed to the drift B at level 620, through the eastern section drift on level
620 to the shaft III.

5. Results and Discussion

The methane content of seam 348 decreases from east to west—that is, from the point
where the longwall excavation begins towards the point where it ends. The distribution of
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methane content showed that its value varied from 9.743 to 7.060 m3/Mgdaf

methane desorption for the B-15 longwall was determined as:

. The range of

e to the roof layers—155 m;
e to the floor layers—58 m.

In the profile of methane content layers in the degasification zone, there were 17 seams
and carbon layers in the roof and nine seams and carbon layers in the floor. The methane
content was determined only inseam 348 on the B-15 longwall contour and partially in
1983-1988 inseam 340 lying about 180 m above and below. No methane content determina-
tions were carried out in the remaining seams above and below. Table 6 presents the fore-
casted methane release for the 100 m long section of the longwall B-15. It ranged between
59 m3/min for the 2.5 m/d face advance to over 61 m®/min for 3.8 m/d face advance.

Table 6. Forecasted methane release for the section of longwall B-15 inseam 348.

Seam Forecasted Ngethane Release, Output Face Advance

m°/min Mg/d m/d

S-1 (do 100 m) 60.22 2200 3.1
S-2 (100-200 m) 59.38 1800 25
S-3 (200-300 m) 59.38 1800 2.5
S-4 (300-400 m) 59.38 1800 2.5
S-5 (400-500 m) 61.22 2200 3.1
S-6 (500-600 m) 60.22 2200 3.1
S-7 (600-700 m) 60.02 2500 3.5
S-8 (700-800 m) 60.98 2800 3.9
S-9 (800900 m) 60.16 2700 3.8
5-10 (900-1000 m) 60.94 2700 3.8
S-11 (1000-1050 m) 61.16 2700 3.8

Due to forecasted methane release, it was decided that for the planned extraction and
face advance:

e 1400 m®/min of fresh air should be supplied to the B-15 longwall;
e  an additional 350 m®/min should be supplied to the longwall outlet.

The forecasted methane release indicated that to ensure safe operation of the B-15
longwall, with the assumed production of 1800 to 2800 Mg/d and given the conditions pre-
vailing in the longwall, it was not possible to carry out mining operations without methane
drainage. Based on the forecasts, it was assumed that the methane drainage efficiency
should be 70%. Considering the data on the effectiveness of the methane drainage pre-
sented in Table 4, the best results are achieved using methane drainage with an overlaying
gallery. Such a system was also used to carry out the safe operation in the B-15 longwall
despite its associated huge financial outlays.

The methane drainage of the B-15 longwall was carried out based on the “Technical
design of the B-15 longwall drainage inseam 348”. The methane drainage of the longwall
was carried out with the use of the B-15 drainage gallery in seam 347/1, made over the
longwall exploitation field, and through methane boreholes drilled from this gallery (see
Figure 10). Insulating damp was made in the B-15 drainage heading. The access to the cork
in the B-15 drainage heading was ventilated using a pneumatic duct fan.

Methane captured from the B-15 longwall was discharged through two 400 mm
methane pipelines built in the B-15 drainage heading in seam 347/1 and further on the
levels 620 and 820 m and then to the shaft III.
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The methane pipelines were connected by a pipeline section with the diameter of
300 mm with an installed valve with the diameter of 300 mm in the B-15 drainage floor in
seam 347 /1, which enabled the regulation of the flow of the captured gas mixture.

Figure 11 shows the changes of captured methane during the exploitation of the B-15
longwall. In the first month of exploitation, methane capture was about 15 m®/min. Its
value increased to 55 m?/min in the next five months, which was expected while looking
at the forecasted methane release (Table 6). In July and August, methane release dropped
slightly to the above 40 m3/min. What is most striking is that from September, methane
capture increased drastically above forecasted values. The highest value was recorded in
October and reached 82 m3/min.

I 1] \Y \" Vi Vil Vil IX X Xl Xl

Figure 11. Methane capture in the longwall B-15 seam 348.

The designed ventilation system for the discussed longwall with methane drainage
provided for the capture of 70% of the forecasted methane release, i.e., about 40 m®/min.
The applied methane drainage system allowed capturing almost twice as much methane.

This particular example of the longwall shows that it is crucial to properly design the
drainage system for seams with high forecasted methane release. Using a system with an
overlying drainage gallery allows capturing methane with higher efficiency. It is worth
remembering that the use of this particular system provides an increase in the methane
capture from the desorption zone areas. If a different system was used, the methane
emissions would not be so high.

6. Conclusions

It is crucially important to choose an adequate drainage system and the parameters of
drainage boreholes to the shape of the decompressed zone, evolving with the advancing
longwall. It will allow achieving high efficiency of methane capturing from coal seams.
The shape of the space, in which the degree of the adjacent layers” degasification (in a plane
perpendicular to extraction direction) is affected by mining, dramatically influences the
release amount. In natural conditions, a specific field of gas pressures and gas content
characterize the deposit. As a result of employing a particular exploitation method, a
characteristic range of rock-mass disruption emerges, with gas emission fluctuations.

The authors have highlighted, in the example of the longwall B-15, that using the
drainage gallery allowed to capture twice the amount of methane forecasted, thus increas-
ing the efficiency of methane drainage. At the preliminary stage of longwall development,
the amount of methane charged by the drainage system had relatively low values reaching
15 m®/min. In the next few months, these parameters increased and varied between 35 to
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55 m3/min. A significant difference in methane capture appeared in the second stage of
exploitation, where the highest value of captured methane reached 82 m?3/min.

The adequately designed methane drainage system for the B-15 longwall in seam 348
allowed capturing 70% of the forecasted methane, i.e., about 40 m®/min. The example
under discussion showed that while planning the exploitation of a particular seam or a
longwall panel, the height of the desorption zone caused by mining should be defined.
Then, it is possible to drain methane from adjacent seams. The usage of a system with an
overlying drainage gallery allowed capturing methane with higher efficiency. It is worth
remembering that this particular system provides an increase in methane capture from the
desorption zone areas. If a different approach were used, the methane emissions would
not be so high.
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