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Abstract: Various types of natural hazards are inextricably linked to the process of underground
hard coal mining. Ventilation hazards—methane and spontaneous combustion of coal—are the most
dangerous; they pose a major threat to the safety of the workers and decrease the effectiveness of
the whole coal production process. One of the methods designed to limit the consequences of such
hazards is based on the selection of a ventilation system that will be suitable for the given mining area.
The article presents a case study of an active longwall area, where—due to increasing ventilation
hazard (methane and spontaneous combusting of coal)—the whole system was rebuilt. The U-type
ventilation system was used in the initial stage of the extraction process, however, it often generated
methane in amounts that exceeded the allowable values. Consequently, such conditions forced the
change of the ventilation system from a U-type to Y-type system. The new system was installed
during the ongoing mining process, unlike the usual practice. The article presents the results of tests
on mine gas concentrations and descriptive statistics for both types of ventilation system. The results
clearly demonstrate that the U-type longwall ventilation system, in the case of high methane release
hazard, prevents safe and effective operation. At the same time, the use of this system limits the
carbon oxidation reactions in the goaf, leading to spontaneous heating and combustion, which is
confirmed by the low concentrations of gases—by-products of these reactions. In turn, the use
of the Y-type longwall ventilation system ensures safe and effective operation in areas with high
methane release hazard, but at the same time deteriorates the safety associated with the spontaneous
combusting of coal. The presented case—both from a scientific and practical perspective—is quite
interesting and greatly broadens the knowledge in the scope of an efficient ventilation system for
underground workings.

Keywords: underground mining; ventilation systems; methane release hazard; spontaneous
combustion hazard; safety
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1. Introduction

1.1. Preliminaries, Objectives and Outline of the Study

Despite ongoing changes in the global economy, hard coal is still one of the basic energy raw
materials in the world. In many countries, it is a strategic raw material for energy independence and
security [1,2]. Therefore, any work which results in an improvement in the safety and efficiency of
exploitation of this raw material plays an enormous economic and social role. The environmental
element is also important here. Improving the safety of mining operations reduces emissions of
methane (a greenhouse gas) and other by-products of spontaneous combustion of coal. All these
aspects shape the image of the energy industry and show that it is based on conventional energy
sources and cares about the environment and occupational safety.

The underground exploitation of hard coal—as one of the basic stages of the mining process—is
linked to the occurrence of several types of hazards, including ventilation hazards, making the whole
process dangerous [3-9]. The natural hazards (methane, dust, rock burst, spontaneous combustion of
coal and water) are particularly dangerous as they put the workers and the continuity of the underground
exploitation process at risk. As indicated by the authors of the works [10-16], these hazards lead
to mining accidents and disasters. The occurrence of such natural hazards strongly impacts on the
efficiency of the whole process. When the permissible concentrations of gases defined in Polish
regulations emitted in the process of coal exploitation are exceeded, they prevent the safe conduct of
mining exploitation [17]. The electrical power supply must be cut off (voltage must be switched off)
for all electrical equipment installed in the longwall (shearer, conveyor, etc.) and the main gate if the
concentration of methane in the air flowing out of the longwall exceeds 2% or 1% in the air flowing
into the longwall area (according Polish regulations). This results in a sudden stoppage of the entire
exploitation process, disturbing its continuity and effectiveness.

The methane and spontaneous combustion of coal are both natural ventilation hazards [18-26].
When activated—either by the release and ignition of methane or the spontaneous combustion of
coal—they lead to serious injuries to the workers, halts in the mining process, the need to isolate
the exploitation areas, or many other disturbances; these all have a negative impact on the coal
extraction process. For this reason, the paper focuses on the analysis of both hazards as they often
occur simultaneously. In such cases, they are referred to as concurrent hazards [27-29]. A significant
rise in the level of ventilation hazards has been observed in hard coal mines in recent years. It is caused
by an increase in the amount of methane released from the rock mass and from the side of the cave-in
and the spontaneous combustion of coal-mainly in the goafs.

The goafs act as activators of these hazards to a very large extent. The reasons for this include
poor insulation of the goaf from the mining zone, coal that had not been extracted (e.g., some amount
of coal left in the seam or the presence of an anticipated sub-economic coal seam), and the mining
process conducted in the vicinity of old goafs. These factors increase the threat to the mining process.
This applies both to the methane release hazard as well as to the spontaneous combustion of coal [30-35].

In the case of the extraction of coal beds that are rich in methane and, at the same time, in the
areas impacted by the goafs, the methane release hazard caused by the flow of the gas increases.
The probability of spontaneous combustion of coal is also higher when the extraction of deposits is
extensive. Both are tightly linked to the ventilation of the longwall, including the flow of air (filtration)
through the goafs. The above-mentioned facts support the conclusion that the goafs have a significant
impact on the formation of methane release hazards and spontaneous combustion of coal in the area of
active exploitation. Therefore, they must be treated as an integral part of the mining process.

In the case of the mining process conducted in areas rich in methane, the methane that is
accumulated in the goafs and flows to the active workings can increase the probability of the ignition
and combustion of methane. In turn, the air flows from the longwall to the goaf create conditions for
spontaneous combustion of the coal left in these goafs. The air flowing through pores and crevices in
the goafs can thermally activate the coal. This process may result in the emission of carbon combustion
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products into the atmosphere in the form of poisonous gases (CO) and smoke [36]. In addition,
the spontaneous combustion of coal can be a factor that leads to the ignition of methane. Therefore,
in order to ensure the safety of the workers and the continuity of the production process, various
actions are designed to identify the processes related to the flow of gases through mining excavations
and goafs that affect the formation of ventilation hazards in the whole area. One such process that has
an impact on the shaping of the ventilation hazards—methane release and spontaneous combustion of
coal—in the active mining area is the routine ventilation of longwalls.

The global mining industry uses several systems of routine ventilation of active longwalls.
The most common and, at the same time, a popular system is the U-type ventilation system. In Poland,
as much as 70% of active longwalls are based on this type of ventilation (Figure 1a). The second—applied
relatively often—is the Y-type ventilation system (Figure 1b) [37].

Both systems are used in the areas where methane release and spontaneous combustion hazards
occur simultaneously. However, they have a different impact on the formation of these threats in the
area of exploitation.
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Figure 1. Diagram of the U-type ventilation system (a) and the Y-type system with routine ventilation
of tailgate (b).

A common feature of both systems is the manner in which the air is supplied to the longwall
through the tailgate; the difference is in the discharge of the used air. The U-type ventilation system
discharges the air through the tailgate that runs along the body of coal; the Y-type ventilation system
uses the tailgate that runs along the goafs. Additionally, the Y-type ventilation system involves the
process of routine ventilation of the area of the longwall outlet (the intersection of the longwall and the
tailgate). This involves a stream of fresh air fed through the tailgate located along the body of coal
(Figure 1b) [38—40].

The manner of air distribution for both systems in the area of active mining works impacts on the
development of the ventilation hazard related to the ongoing extraction process. This impact, however,
is completely different.

The U-type ventilation system limits the probability of spontaneous combustion of coal that was
left in the goafs. This is caused by the fact that this hazard is impacted by the flow of air rich in oxygen
through the goafs—the air flows from the longwall. The air is a component required for the oxidation of
coal that leads to spontaneous heating followed by spontaneous combustion of coal. The intensity of
such a flow of air in the case of the U-type ventilation system is substantially smaller when compared to
the flow in the Y-type ventilation system. In the case of the former, the air flows to the goafs only from
the side of the tailgate and along the longwall. When using the Y-type system, the air flows also in the
area where the longwall intersects with the tailgate. If there is a methane release hazard, especially in the
area where the longwall intersects with the tailgate, its intensity will be greater for the U-type ventilation
system than the Y-type. This intensity significantly depends on the physical parameters of the goafs,
including the strength parameters of roof rocks (compressive and tensile strength), the porosity of the
rocks the goafs, the total moisture content of rocks, the depth at which the exploitation is carried out
and the thickness of the seam [37,41,42]. All these factors have a significant impact on porosity and,
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as a result, on the permeability of the goafs. The presence of hollow spaces in the goafs affects their
permeability, which is the basic property characterising the porous medium and is fundamental for the
process of airflow through these goafs and the emission of gases into the workings.

The highest amount of methane getting to the longwall working flows from the goafs. The highest
methane accumulation when using the U-type ventilation system occurs in the area of the intersection
of the longwall and the tailgate, whereas in the case of using the Y-type system, methane concentration
is substantially smaller, as an additional air stream is supplied to this area [40,43].

Therefore, it can be concluded that the routine ventilation system activates, to a large extent,
both hazards. The selection of the routine ventilation system—along with the physical parameters of
the air supplied—should be preceded by a detailed analysis of the area where mining activities will
be conducted.

Usually, the selection of an adequate longwall routine ventilation system in the case of concurrent
hazards—related to methane and spontaneous combustion of coal—in the exploited deposit, impacts
on the tendency of coal to spontaneously combust. The depth of exploitation in Polish coal mines
constantly rises, which results in an increase in the initial temperature of the deposits, which in turn
shortens the incubation time of spontaneous heating of coal [44]. This also increases the initial stress
of the rock mass—Ilater leading to the formation of bigger areas of cracks around the excavations.
Such areas form porous centres that are permeable and can impact on the ventilation process [45].

If there is a high methane release hazard, the preventive measures used to reduce this hazard
also have an adverse effect on the risk of coal spontaneous combustion, mainly due to the increased
intensity of ventilation of the longwall and, consequently, increased airflow through the goafs.

The most preferable solution in this case is usually the system that is capable of limiting, as much
as possible, the flow of the air through the goafs [37,40,46]. This reduces the possibility of spontaneous
combustion of coal in the goafs. Hence, the most popular system in such cases is the U-type ventilation
system. It, however, when applied in the areas with deposits rich in methane, prevents effective
measures to minimize the methane release hazard. If methane release hazard prevents the effective
conduct of the mining process, additional steps are necessary to limit the hazard. If they also fail,
the type of the ventilation system must be changed from the U-type to the Y-type system. In practice,
such change is not easy, but there have been cases when the system was changed successfully. The paper
presents and discusses the case of such a change.

The issues that must be dealt with when changing the ventilation system have not been presented
in any of the available papers to date. The area of the impact analysis of the ventilation system type on
the concurrent hazards—methane and the spontaneous combustion of coal—have not been discussed
sufficiently to date. In terms of safety of operation as well as its efficiency and efficacy, this research
area plays a key role. Therefore, the authors hope that the case presented in the paper will fill the
research and information gap and will point to a new approach to solving the ventilation problems.
This proves that the solution presented in the paper is new and has not been applied to date.

The results of the analysis that are presented in the paper show that, in some cases, there is a need
to undertake urgent and decisive measures in order to maintain the mining process. The objective of
this paper is to present practical experience related to the change in the longwall ventilation system
during ongoing mining and with concurrent hazards. This analysis also made it possible to determine
the influence of the ventilation system on the formation of methane release hazard and the spontaneous
combustion of coal (in Poland, it is referred to as endogenous fire) in the area of exploitation. As already
mentioned, the analysis was conducted for the actual longwall. In terms of the formation of methane
release hazard and spontaneous combustion of coal, the results of gas concentrations characterising
this hazard were presented for two stages of longwall ventilation: for the initial stage of the U-type
longwall ventilation system and for the Y-type ventilation system.

Undoubtedly, the method of solving the problem of exploitation in conditions of coexistence
of ventilation hazards for the tested longwall is original and rarely used in practice. This is one
of the reasons it deserves to be presented more extensively, all the more so because it enabled the
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safe operation of the longwall without additional obstacles. The results obtained clearly indicate
a significant influence of the ventilation system on the formation of ventilation hazards for the two
different ventilation systems tested.

Some of the features of the paper prove that it is original and innovative. First, to our knowledge,
there are no studies in the scientific literature on the development of the hazard of methane release into
the air of the longwalls with the Y-type ventilation system. Therefore, this study is an original scientific
contribution devoted to the problem of the occurrence of methane release hazard for longwalls with
this specific type of the ventilated system. This is especially important, since the Y-type ventilation
system is often used in actual mines. However, the issue of the methane release hazard has, to date,
mainly concerned only longwalls with the U-type system. Secondly, the testing ground is the actual
longwall that, when active, had two types of ventilation system—the U-type and the Y-system. To date,
to the authors” knowledge, there are no papers that present the results of research concerning the
formation of the methane release hazard or spontaneous combustion of coal related to such a case.
Thirdly, the authors used the measurements of the concentrations of gases emitted into the air of the
excavations to demonstrate the impact of the applied longwall ventilation system on the formation of
methane release hazard and the potential for the spontaneous combustion of coal, characterised by
the concentrations of gases. Finally, there are no available publications that present and discuss the
methane release hazard together with the spontaneous combustion of coal. Research activity within
this area has been focused either on an analysis of the hazard of coal spontaneous combustion or
methane release, whereas practice has shown that both hazards occur simultaneously.

All these factors prove that the research presented is original and, at the same time, show its broad
range of application. The results extend the knowledge of the mining process.

1.2. Brief Literature Review of Ventilation of Longwalls and Methane and Coal Spontaneous
Combustion Hazards

The issues concerning the occurrence of ventilation hazards in underground mine workings have
been presented numerous times in the literature. Several researchers are engaged in intensive research
on the recognition of processes related to the release of methane into the mine’s air, e.g., [47-52] and
the process of coal spontaneous combustion, e.g., [53-61].

The work on the release of methane from coal seams allowed, inter alia, for the construction of
a simplified mathematical model of methane release from coal seams to mine workings [47] or the
development of a mathematical model of methane release in coal seams [48], and provided a great extent
of valuable knowledge related to the sorption capacity of coal and surrounding rocks, which affects the
release of methane into mine workings [49-52]. In turn, the works [53—61] present several interesting
results indicating that a side effect of the process of spontaneous combustion of coal is the release of gases
such as carbon monoxide, ethylene, propylene, acetylene, and hydrogen into the air. The presence of these
gases as indicator gases in mines’ air has been used for many years to assess the process of spontaneous
combustion of coal. The results are used for tests related to the ventilation of underground workings.

The subject of the selection of the longwall ventilation system and its influence on the co-occurrence
of methane release hazard and spontaneous combustion of coal during mining is discussed in the world
literature to a relatively limited extent. Most of the works focus on matters related to the issue of the
independent occurrence of these hazards and the process of ventilating the workings in general [40,62-69].

One of the works devoted to the issue of ventilating the longwall is [62] and concerns the
problem of designing a system for ventilating excavations at large depths. The authors of the work
focused mainly on planning the ventilation parameters that are required during operation. The work
represents a very general approach to this process. Gillies and Wu in their work [63] carried out tests of
longwall ventilation systems in Australian mines. The authors presented the practices used to ventilate
excavations during coal mining and drew attention to the basic problems of selecting a ventilation
system for mining excavations. Mayes and Gillies [64] carried out an analysis of longwall ventilation
methods in Australian mines and discussed popular solutions. The analysis covered sixteen large
mining parcels, which allowed the authors of the paper to present the main problems occurring during
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the ventilation of excavations, as well as the best engineering practices to solve them. This work
contains interesting practical tips for the underground ventilation process.

The paper [65] presents a critical analysis of the longwall ventilation systems in the context
of methane release hazard. There, attention was drawn to the problem of a pressure drop (lasting
at least one day) and its impact on the increase in methane release hazard. In turn, the work by
Wang et al. [66] presents numerical research on the characteristics of ventilation airflow through the
U-type longwall ventilation system. The results obtained confirm the general views on the use of this
system, which were also confirmed in this work. The paper [67] presents the effect of ventilation on
the spontaneous heating of coal.

Diamond and Garcia, in their work [68], evaluated the impact of mining practices on methane
emissions and methane release hazard control systems. This work is a part of the presentation of
practical experience in the field of longwall excavation ventilation. Wang et al., in their work [69],
carried out research aimed at determining the characteristics of airflow through the longwall for
different stages of the operation. This is another example of searching for methods to optimise the
ventilation process. The paper [40] describes the characteristics of the most frequently used longwall
ventilation systems in Polish hard coal mines. The material provided is valuable due to its practical
approach to the problem of choosing the ventilation system.

The longwall ventilation systems are inextricably linked to the methane release hazard,
which results in slightly less work being devoted to the fire hazard. There are also some valuable studies
on this subject. The largest number of works in the area of the risk of coal spontaneous combustion
concern goafs [70-73]. Furthermore, a large number of papers related to the methane release hazard
are also devoted to goafs. This is due to the fact, as has already been mentioned before, that the goafs
are of key importance for the formation of ventilation hazards in the area of mining operations.

In this respect, Karacan, in his work [70], pointed out that methane emissions from the longwall
ventilation system are an important indicator of how much methane a mine produces and how much air
needs to be provided to keep methane levels below the regulatory limits, including goafs. Zhang, in his
paper [71], presented the results of the study on the distribution of air and gases in the sheared goafs
of a longwall with the U-type ventilation system. Tutak and Brodny, in their work [72], studied the
effect of the auxiliary devices used for the U-type ventilation system on the methane concentration in
the upper corner of the longwall. They also presented the results of a study on the influence of the
longwall ventilation system on the risk of spontaneous combustion of coal in the goafs [73]. In both
cases, it was especially important to treat the goaf as a porous and permeable medium.

The problem of spontaneous combustion of coal left in the goafs and its influence on the ventilation
process has also been discussed thoroughly in the works [74-77].

Lu and Qin, in their work [74], used numerical simulation to determine the distribution of gas
concentration in the goaf, which resulted in the determination of a potential zone in which coal
may spontaneously ignite. In turn, [75] presented the results of the analysis of coal spontaneous
combustion in goafs using numerical modeling. The results obtained allowed to conclude that the risk
associated with spontaneous combustion of coal is influenced by the concentration of oxygen in the
goaf, the longwall ventilation system and the inclination of the seam. The paper [76] also presents the
results of research on the prevention of spontaneous combustion of coal left in the goafs of one of the
longwalls in the Haizi coal mine. Pan et al., in [77], used the measurement data on the concentration of
carbon monoxide and oxygen in goafs and carried out numerical tests to determine three zones in
goafs of one of the longwalls associated with the spontaneous combustion of coal.

Moreover, the authors of the works [78,79] have designated such zones in the goafs of the
cave-in longwalls.

Taraba et al. [80,81] carried out numerical research in which they simulated the process of
self-heating of coal in goafs. Yuan and Smith [82] used numerical research to predict the process of the
heating and spontaneous combustion of coal in the goaf. The paper [83] also presents the results of
similar studies.
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In turn, the paper [84] presents the cutting roof and release pressure technique to determine the
area of occurrence of three zones related to the process of spontaneous ignition of coal in the goaf.

Since spontaneous combustion of coal can lead to the ignition of methane, this subject has also
been presented in several interesting and valuable works [85-87].

Brune and Saki, in their work [86], on the basis of research carried out with the use of Computational
Fluid Dynamics (CFD), determined the places in goafs where methane occurs in explosive concentrations
and presented a method of feeding nitrogen to goafs, which neutralizes the methane release hazard
and, at the same time, spontaneous combustion of coal. The research referred to the longwall with
the U-type ventilation system. Li et al., in turn, presented the results of the research consisting of
determining the effect of spontaneous combustion of coal in goafs on methane decomposition [87].
The tests were also carried out for the U-type ventilation system. Zhang et al. presented the results of
the numerical analysis of methane emission from goafs into the tailgate with the U-type ventilation
system [88].

Zmarzty and Trzaskalik, in their work [89], presented the results of measurements of methane
concentration in the area of the crossing of a longwall with a ventilation gallery for the U-type system.

The works presented here are only a part of the contribution to the broadly understood topic of
ensuring ventilation safety in the process of the underground mining operation.

Therefore, the issues covered in this work should be a valuable addition to this material and
indicate the practical possibilities of applying a completely new solution to improve the state of
ventilation in case of combined hazards.

However, none of the works present the results of the influence of the ventilation system on the
simultaneous formation of methane release hazard and spontaneous combustion of coal. Therefore,
the issues covered in this work should be a valuable addition to this material and show a practical and
completely new solution to improve the state of ventilation in case of combined hazards.

From both a scientific and utilitarian perspective, this issue seems to be extremely important
and interesting.

2. Materials and Methods

The analysis of the impact of the longwall ventilation system on the formation of the methane
release hazard and the risk of spontaneous combustion of coal was carried out for one of the longwalls
in the mine in the ROW area (Rybnik Mining District) (Figure 2). The mine is located in the southern
part of Poland. The size of its mining area is 21.76 km? and its operational resources amount to
144,643 thousand tons of coal.

War§aw

N 50.0700576
E 18.5456689

Ka‘tbﬁce
B4

Figure 2. Location of the tested mine (own elaboration based on [90]).
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The longwall was exploited with a longitudinal system with the roof rock cave-in in the direction
from the boundaries of the field of exploitation. It was 240 m long, 870 m of coal was mined, and the
thickness of the coal bed ranged from 1.6 to about 2.0 m.

The physical and chemical parameters of the rocks in the roof of the exploited seam are shown in
Table 1 and the profile of the rocks in the direct roof is shown in Figure 3.

Table 1. Physical and chemical parameters of the rocks in the floor and roof of the exploited seam.

Type of Rock Zone R¢, MPa Soakability Separability Density, g/cm3
sandstone roof 41.6 0.8-1.0 block 2.65
shale roof 26.6 0.6 block 2.50
coal (seam 408/1) seam 17.5 - - 1.28
shale floor 31.7 0.6 block 2.56
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Figure 3. Profile of the seam and the direct roof of the longwall.

The hard coal deposited in the seam 408/1 is lustrous, rarely matte, with a strand-type structure
and with occasional pyrite, and, less often, calcite coatings. The content of individual macerals in the
coal is shown in Table 2.
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Table 2. Petrographic composition of the coal deposited in the seam 408/1.

Petrographic Content, %
Vitrinite 60-90
Exinite 5-20
Inertinite 5-25
Liptinite 5-8
Sulphides 1
Clay materials 1
Mineral matter 2-30

The susceptibility of the rocks in the roof and the floor to spontaneous sparking, which can ignite
methane in the longwall due to the high variability of their quartz content, was determined as high.
The maximum primary temperature of the rocks deposited at a depth of 780 m was 24.9 °C.

Ventilation parameters of the air, also known as the physical and chemical parameters (speed,
pressure, and concentrations of gases in a mine) in the mine are measured by means of automatic
gasometry sensors. These sensors include anemometers, automatic methane meters, oxygen meters,
carbon monoxide, and carbon dioxide sensors, as well as absolute pressure, humidity, and temperature
sensors. These sensors are part of the gasometric system of the mine (SMP system). They identify
the composition and parameters of the underground air of the workings. This information is used to
assess the hazard level in these workings. This can result, for example, in the automatic shutdown of
the power supply to mining machines when the methane concentration exceeds the regulatory limit
values [91]. The SMP system also provides a quasi-continuous communication with underground
devices, such as sensors or voltage shutdown devices.

The applied automatic gasometry system distinguishes between the underground facility and
the control stations located on the surface (Figure 4). The underground facility consists of sensors for
measuring the ventilation parameters of air and underground stations, which perform the function of
data concentrators and actuating systems. Surface stations, on the other hand, include data transmission
systems and power supply systems. At the same time, they are an intermediate element for the
computer part of the control system.

-
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2 I
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Figure 4. Structure of the system for monitoring the parameters of the air in the underground workings
(own elaboration based on [92]).
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Automatic methane meters type MM4 (manufactured by SEVITEL, Poland) with digital data
transmission were used in the mine record methane concentrations with a resolution of 0.1 CHy.
The measurement is performed with a fixed sampling time of the recorded data. The measuring range
ranges from 0 to 100%. These sensors are directly connected to the surface facility.

Anemometers, in turn, record air velocity with a resolution of up to 0.1 m/s, and barometric
pressure gauges up to 1 hPa. An exemplary report of the results obtained from automatic methanometry
is shown in Figure 5.

Sensor measurements #222 (Methane sensor MM-4)

Kopalnia : KWK ROW Ruch ,Chwaiowice”

Data wydruku : 10.05.2018 9:03:45
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Figure 5. Report presenting methane measurement using an automatic methanometric sensor.

In the initial stage of exploitation, the longwall was ventilated with the U-type system. However,
due to the level of methane release hazard and the impossibility of maintaining a permissible
concentration of methane in the air (2%), it was necessary to change the ventilation system to the Y-type
system. The diagrams of the longwall with the directions of airflow and the location of gasometric
protections for the ventilation systems used are shown in Figure 6.
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Figure 6. Cont.
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Figure 6. Diagrams of the tested longwall for the U-type (a) and Y-type (b) ventilation systems.

The measurement points for determining the actual concentration of methane released during
the operation based on the U-type ventilation system were located in the longwall and the tailgate.
Their detailed location is shown in Figure 6a. Sensor no. 1 (with the operating threshold of 1.0% CHy),
was installed under the roof in the longwall in the zone of about 10 m from the crossing with the
tailgate. Sensor no. 2 (with the operating threshold of 2.0% CH,4) was installed under the roof in the
longwall, at a distance of about 1/3 of the length of the longwall—counting from the outlet, in the place
of the highest methane concentrations found. Sensor no. 3 (with the operating threshold of 2.0% CHy)
was installed in the tailgate at a distance of no more than 2 m from the excavation’s liquidation line.
Sensor no. 4 (with the operating threshold of 2.0% CHy), was installed in the tailgate at the top of the
sidewall, at the height of the longwall outlet. Sensor no. 5 (with the operating threshold of 2.0 CHy)
was installed in the tailgate at a distance of no more than 10 m from the outlet of the longwall.

The permissible concentration of methane, and consequently the operating thresholds of individual
sensors, resulting in the exclusion of electricity supply to machines and equipment, depends on the place
of their installation in excavations located in the area of the longwall on the basis of regulations applicable
in Poland [91]. Methane sensors installed in the longwall area recorded methane concentrations with
a resolution of 0.1% CHy. The location of these sensors was consistent with the regulations valid in
Polish hard coal mines (Figure 6a).

When using the U-type ventilation system, a volume flow rate of 1050 m3/min was supplied to
the longwall by means of the main gate. Moreover, an extra airflow of 400 m?/min also supplied to
the longwall.

Starting from the seventh month of its operation, the ventilation system was changed from the
U-type to the Y-type. The method of arrangement of measurement sensors for this system is shown in
Figure 6b.

Sensor no. 1 was installed under the roof of the tailgate at a distance of about 75 m before the
inlet to the longwall. Sensor no. 2 (with the operating threshold of 1.0% CHy), was installed under the
roof in the longwall in the zone of about 10 m from the crossing with the tailgate. Sensor No. 3 (with
the operating threshold of 2.0% CHy), was installed under the roof in the longwall, in the zone from
2 m to the outlet from the longwall. Sensor No. 4 was installed in the tailgate maintained along the
goafs, 10 m behind the longwall outlet (its operating threshold was 2.0% CHy). Sensor No. 5 (with
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the operating threshold of 2.0 CHy), was installed under the roof in the research cross heading 1a,
between 10 and 15 m from the intersection with the tailgate 1a. When using the longwall ventilation
system, volume flow of air of 1200 m3/min (12.5% more than when using the U-system) was supplied
to the longwall through the main gate; 450 m3/min (11.11% more than when using the U-system) was
supplied to the longwall through the tailgate. The need to increase the amount of air supplied to
the longwall resulted from the fact that with less air it was impossible to maintain the permissible
concentrations of methane.

The methane bearing capacity of the tested seam reached 5.3 m3/Mg of pure coal and the gas
desorption intensity index for coal from this seam reached 0.96 kPa. Determination of the seam’s
methane-bearing capacity is the foundation for determining the methane release hazard category
under Polish regulations.

The tested longwall was located in the seam classified as category III methane hazard (as provided
by Polish regulations). This means that the methane content of the accessible seam or its part is greater
than 4.5 m3/Mg but not greater than 8 m3/Mg in terms of clean coal. The categories of methane release
hazard in Poland are presented in Table 3.

Table 3. Category of methane release hazard in Poland (own elaboration based on [91]).

Category of Methane

Release Hazard Description

Category I methane release hazard includes the developed seam or its part if
the quantity of methane of natural origin contained in a unit of weight in the
depth of the body of coal, referred to as “methane carrying capacity”,

is between 0.1 and 2.5 m3/Mg of dry ash-free coal.

Category II methane release hazard includes the developed seam or its part if
I the methane carrying capacity is greater than 2.5 m?/Mg but not greater than
4.5 m%/Mg of dry ash-free coal.

Category III methane release hazard includes the developed seam or its part if
I the methane carrying capacity is greater than 4.5 m3/Mg but not greater than
8 m3/Mg of dry ash-free coal.

Category IV methane release hazard includes the developed seam or its part if
v the methane carrying capacity is greater than 8 m3/Mg of dry ash-free coal or if
there is a sudden methane release or methane and rock outburst.

Coal from the exploited seam was qualified to the IV group of spontaneous combustibility,
i.e., with high susceptibility to spontaneous combustion. With a spontaneous combustibility index
(Sza) of Sza = 116 °C/min and carbon oxidation activation energy (A) A = 47.9 k]J/mol, the spontaneous
combustion incubation period determined under laboratory conditions was forty-seven days.

Due to the risk of coal spontaneous combustion, the area of the longwall was covered by
an early detection system designed to report spontaneous combustion. Air samples were taken
from chromatographic analysis on a weekly basis, which allowed determining the concentration of
gases (ethane—C,Hg, ethylene—C,Hy, propane—C3Hg, propylene—C3Hg, acetylene—C,Hg, carbon
monoxide—CO, carbon dioxide—CO,, oxygen—O,, and hydrogen—H>). Figure 6a shows the location
of the goaf air sampling when using the U-type ventilation system and Figure 6b when using the
Y-type system.

The exploited seam did not show a tendency to tremble: there were no records of frequent tremors.
This seam and the excavations of the longwall area are classified as class B coal dust explosion hazards.

3. Results

3.1. Analysis of the Methane Release Hazard

It should also be noted that ventilation methane is the volume amount of methane released to the
excavations associated with the longwall area and is expressed in m? per unit of time. On the other
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hand, total methane (absolute) should be understood as the sum of the amount of methane released
into the mine workings (ventilation methane) and methane captured by methane drainage.

Based on the measurements of methane concentration, the courses were determined during
ventilation of the longwall with the U-type system. The measurement points were put in the longwall
and the top gate (Figure 6a). These courses represent weighted average values of methane concentration
on subsequent days of the operation (Figure 7).
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Figure 7. Registered concertation of methane for the U-type ventilation.

The analysis of the obtained values proves that the highest mean daily methane concentration of
1.6% was recorded on the M3 sensor, placed in the tailgate, at a distance of no more than 2 m from the
line of liquidation the gate. A slightly lower value of average methane concentration, reaching 1.4%,
was recorded on the M4 sensor in the tailgate placed on the upper sidewall at the height of the outlet of
the tailgate. Methane concentration values of 1.2% were recorded on the M5 sensor located not more
than 10 m from the outlet of the longwall. A quite high concentration of methane remained also in
the longwall itself, about 160 m from the inlet to the longwall, and reached about 1.0% (M2 sensor).
The lowest average daily methane concentration was found in the longwall that was 10 m long (M1
sensor), counting from the inlet to the longwall, and reached about 0.1% CHy.

The analysis of the median values of average methane concentration on sensors located in the
area of the longwall shows that for about half of the days of operation, on the M1 sensor, this value
was about 0.1%. For the M2 sensor, the median value was 1.0%, whereas M3 and M4 sensors recorded
(for half of the working days) an average value of methane higher than 1.4%. A slightly lower value
occurred on the M5 sensor, of about 1.1%.

Taking into account the value of methane concentration in the case of 10% of measurements,
the highest value of the 90th percentile occurred for the average concentrations recorded on the M3
sensor and was 1.8% and on the M5 sensor 1.6%. The 90th percentile value for the M4 sensor was 1.4%,
and for the M2 sensor 1.3%. The lowest value was recorded on the M1 sensor and was 0.2%. The 10th
percentile (mean concertation of methane in 90% of measurements) registered by the M1 sensor was
0.1%, M2—0.6%, M3—1.2%, M4—1.4%, and M5—0.9%.

Basic descriptive statistics for recorded measurements of methane concentrations at measurement
points are presented in Table 4.
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Table 4. Descriptive statistics of recorded methane concentrations for individual sensors for the U-type
ventilation system.

. . 10th 90th Stand. Variation .
Sensor Mean Median Min Max Percentile Percentile  Deviation Coefficient Skewness  Kurtosis
M1 0.1 0.1 0.1 0.2 0.1 0.2 0.0 324 1.7 0.9
M2 0.9 1.0 0.6 1.6 0.6 13 0.3 29.0 0.3 -1.1
M3 1.6 1.5 1.0 2.3 1.2 1.8 0.3 17.7 0.7 0.0
M4 14 14 1.3 1.6 1.3 14 0.1 43 0.7 0.9
M5 1.2 1.1 0.8 2.2 0.9 1.6 0.3 23.7 1.0 0.3

During the operation of the longwall and the use of the U-ventilation system, already in the first
months of operation, a significant number of exceedances of the permissible methane concentrations
of at least 2% were recorded on sensors M3 and M5. The number of these exceedances may be
treated as an indicator related to the magnitude of methane release hazard in the area of conducted
exploitation. Exceeding the permitted concentration of methane in the excavation causes a risk of
ignition of methane.

When the U-type ventilation system was used, the methane exceedances that occurred, therefore,
posed a serious risk of methane ignition and simultaneously prevented operation. The sensors
located in the area of operation (in the longwall and on the main gates) recorded a total of 1295 cases
when the permissible methane concentrations were exceeded. The highest number was recorded
by the M4 sensor and was 776. A significant number of exceedances of the methane concentration
limit—423 cases—were also recorded on the M3 sensor (Table 5). On the remaining sensors (M2 and
MS5), a total of 96 exceedances of methane concentration limits were recorded. The total time for
exceeding methane concentrations was about 25,900 min, giving almost 18 days.

Table 5. Summary of the number of exceedances of methane concentrations during longwall ventilation
with the U-type ventilation system.

Sensor No. of Exceedances, U-Type
M1 0
M2 40
M3 423
M4 776
M5 56

The main reason for exceeding the permissible concentration of methane on the M2 sensor was
coal mining with a coal shearer or sudden gas outflows from relaxed rock mass (body of coal) during
the operation. In turn, exceedances of the acceptable methane concentration recorded by the M4
and M3 sensors, located in the tailgate in the area of the intersection with the longwall, were most
probably caused by methane outflows from the goafs. Taking into account the number of exceedances
and the number of days during which the U-type ventilation system was applied, there were about
7.15 exceedances of the permitted concentration of methane per one day of extraction, which gives
almost 2.5 h in total when the mining operation was halted.

When using the U-type ventilation system, the absolute methane and longwall ventilation values
changed with the progress of the operation. In general, it can be concluded that these methane
substances showed an upward trend (Figure 8).

The lowest mean absolute methane value occurred in the first month of the longwall mining and
amounted to 15.39 m3/min, and the highest in the sixth month and amounted to 44.50 m3/min (when
using the U-type system). In turn, the lowest mean value of the ventilation methane content occurred
in the second month of operation and amounted to 14.11 m3/min, and the highest in the fourth month
and amounted to 17.72 m3/min on average. The increase in absolute methane content was caused by
the increase in the size of the relaxed zone in the rock mass and the gradual increase in extraction.
The mean flow of methane volume captured by the system of methane drainage in the analysed period
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(from March 2018 to the end of August 2018), reached 19.13 m?3/min and increased from 1.18 m3/min in
the first month of exploitation to 28.09 m3/min in the sixth month. It can be seen in Figure 6 that the
changes in the amount of methane captured by methane drainage systems are similar to the changes in
the ventilation methane content during this period.
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@ Methane drainage

50.00 B Absolute methane content
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m3/,min
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Month of exploatation (month of exploatation with U-type ventilation system)

Figure 8. Absolute methane, ventilation and methane drainage rate when using the U-type
ventilation system.

The analysis of the data presented in Figure 8 also shows that around the third month of operation
there is some stabilisation in the range of the size of the methane flow captured by methane drainage
systems and absolute and ventilation methane.

The number of exceedances of the permitted methane concentrations made it necessary to take
measures to reduce the methane concentrations that persist in the air ventilation stream. To achieve
this, it was decided to change the U-type ventilation system used and apply the Y-type system. For this
purpose, it was necessary to carry out additional mining works in the form of excavations, which made
it possible to change this ventilation system. The area of the longwall after the completion of the
necessary mining works to enable the system to be changed is shown in Figure 6. The duration of
mining work to change the ventilation system from the U-type to the Y-type was about one month.

Starting from the seventh month of its operation, the ventilation system has been changed from
the U-type to the Y-type.

The weighted average daily methane concentrations when using the Y-type system are shown in
Figure 9.

The analysis of the obtained average values of methane concentration during the application of
the Y-type ventilation system (Table 6) shows that the highest values of this concentration, amounting
to 1.30%, were recorded by the M3 sensor that was placed under the roof at a distance of about 2 m
from the longwall outlet. Slightly lower values, up to 1.10%, were recorded by the M4 sensor in the
tailgate along the goafs. Significantly lower methane concentrations were also recorded by sensors
2 and 5, which amounted to about 0.80% CHj,. The lowest concentration of methane was recorded
in the air stream in the main gate (about 0.02% on average). The lowest concentrations of methane
were recorded by the M1 sensor, due to the fact that this sensor is located at the inlet to the longwall,
therefore it measures the methane content of the fresh air stream that is being fed to the longwall.
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Figure 9. Concentrations of methane when using the Y-type ventilation system.
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Table 6. Descriptive statistics of recorded methane concentrations for individual sensors for the Y-type
ventilation system.

. . 10th 90th Stand. Coefficient .
Sensor  Mean Median Min Max Percentile Percentile  Deviation of Variation Skewness  Kurtosis
M1 0.20 0.20 0.10 0.30 0.10 0.20 0.04 2227 -1.30 0.83
M2 0.80 0.70 0.60 1.20 0.60 1.00 0.15 18.95 1.12 0.36
M3 1.30 1.30 1.20 1.50 1.30 1.40 0.05 4.09 0.23 -0.73
M4 1.10 1.10 1.00 1.40 1.10 1.20 0.08 7.10 1.36 231
M5 0.80 0.80 0.60 1.40 0.70 1.10 0.19 22.63 0.83 —0.50

The results from Table 5 show that for 50% of the days of the operation, the median value on M1
was 0.20%. For M2, the value was 0.70% and for M3, 1.30%. The median value for the M4 sensor was
1.10% and for the M1 sensor—0.80%.

The sensors distributed in the area of the longwall when using the Y-type ventilation system
(251 days), only 47 exceedances of the allowed methane concentrations were recorded in total,
the highest number of which was recorded by the M4 sensor and was 21. There are 17 exceeded
methane concentrations on M5 and nine exceeded methane concentrations on M3 (Table 7).

Table 7. Summary of the number of exceedances of methane concentrations during longwall ventilation
with the Y-type ventilation system.

Sensor No. of Exceedances, Y-Type
M1 0
M2 0
M3 17
M4 9
M5 21

The total time for exceeding the permitted methane concentrations for this system was 940 min.
Taking into account the number of exceedances and the number of days during which the Y-type
ventilation system was used, there were 0.19 exceedances of the acceptable methane concentration per
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one day of extraction, which gives about 5 min of stoppage per day (for the U-type systems, it was
7.15 exceedances per working day, or about 2.5 h). This clearly means that the methane release hazard
was many times lower when using the Y-type ventilation system than when using the U-type system.
The absolute and ventilation methane content and the amount of the methane drained were
gradually decreasing during subsequent months when using the Y-type system (Figure 10).
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Month of exploatation (month of exploatation with Y-type ventilation system)

Figure 10. Absolute methane, ventilation and methane drainage rate when using the Y-type
ventilation system.

The mean value of absolute methane in the first month when the Y-type system was used reached
4489 m3/min and was 0.39 m3/min higher than in the last month when the ventilation was based
on the U-type system. The highest absolute methane value was reached in the second month of the
Y-type system (and in the eighth month of the mining in general) and was 54.18 m3/min. The lowest
mean daily absolute methane value occurred in the last month of the exploitation and amounted to
15.42 m3/min and was similar to that occurring during the first month of exploitation and at the same
time when the U-type ventilation system was used. The mean absolute methane value when using
the Y-type ventilation system reached 35.46 m3/min and was higher than the mean absolute methane
value when using the U-type system by 1.1 m3/min. For the Y-type ventilation, the methane flow rate
recorded in the system for the methane drainage was 22.31 m3/min on average and was higher than the
flow rate recorded when using the U-type system by 3.18 m3/min. Ventilation methane for the Y-type
system amounted on average to 13.15 m3/min and was lower than when using the U-type ventilation
system by 2.1 m?/min.

The mean values of absolute methane, ventilation and methane drainage rate for both ventilation
systems used are listed in Table 8. The average absolute methane content reached 34.37 m3/min in the
case of the U-type ventilation system and 35.46 m3/min for the Y-type ventilation system. The average
ventilation methane content related to the volume content of methane in the ventilation air for the
U-type system was 15.24 m3/min and 13.15 m3/min for the Y-type system. The methane drainage
system drained 19.13 m3/min of methane for the U-type ventilation system and 22.31 m3/min in the
case of the Y-type ventilation system.
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Table 8. Mean absolute methane, ventilation and methane drainage values for the system on U and Y.

Ventilation System

Variable
U Y
Absolute methane content, m3/min 34.37 35.46
Ventilation methane content, m3/min 15.24 13.15
Methane drainage m3/min 19.13 22.31

Generally, it can be stated that during the application of the Y-type ventilation system, the average
ventilation methane content of the longwall decreased by 13.72%, while the absolute methane content
of the longwall increased by 16.63%, and the methane volume flow captured by methane drainage
systems increased by 3.18%.

During the sixteen months of operation, the total absolute methane content of the longwall
amounted to 807 465.6 m3>—of which 296,913.6 m® was for the U-type ventilation system and
510,552 m? for the Y-type ventilation system. The analysed ventilation methane content was 320,976 m?,
of which 131,659.2 m® of methane was released to the longwall area when using the U-type system,
and 189,316.8 m3 for the Y-type system. The methane drainage system captured 486,489.6 m® of methane.

However, it should be noted that period when the ventilation was based on the Y-type system
was ten months, and the U-type system was used only for six months. The last four months of the
operation when the Y-type system was applied were characterized by low absolute methane content
(below 30 m®/min). When using the U-type ventilation system, this phenomenon only occurred for
two months.

During the application of both ventilation systems, the average daily output of the longwalls
remained at a similar level—about 2300 tonnes per day. In the last month of the operation, the longwall
was prepared for decommissioning, which results in a significant reduction in extraction. During this
period, the reduction in absolute and ventilation methane and the value of the methane captured by
drainage systems are visible.

A gradual decrease in absolute methane content for the Y-type ventilation system during the
subsequent months of the exploitation was caused by the gradual decrease in the methane content of the
deposit. Generally, two phases can be distinguished that are related to the formation of methane—the
growth phase and the decline phase (Figure 11). There is no stabilisation phase.
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Figure 11. Phases related to the formation of absolute methane, ventilation and methane drainage.
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The results show a strong positive correlation between absolute and ventilation methane,
and absolute methane and methane drainage during the operation based either on the U-type or the
Y-type ventilation system. The smallest positive correlation, although still significant, was between
ventilation methane and methane drainage (Table 9).

Table 9. Correlations between absolute methane and methane drainage during the entire lifespan of

the longwall.
Variable Absolute Methane Content Ventilation Methane Content Methane Drainage
Absolute methane content 1.00 0.85 0.97
Ventilation methane content 0.85 1.00 0.69
Methane drainage 0.97 0.69 1.00

The analysis of the correlations between absolute methane, ventilation and methane drainage rate
when using both ventilation systems prove that a stronger correlation between the variables occurred
when using the Y-type system (Table 10).

Table 10. Correlations between absolute methane, ventilation and methane drainage for both longwall
ventilation systems.

U-Type Ventilation System Y-Type Ventilation System
Variable Absolute Ventilation Absolute Ventilation
Methane Methane ]1;[1' eatiiznz Methane Methane glr Zti}:;nz
Content Content 8 Content Content &
Absolute
methane 1.00 0.62 0.99 1.00 0.96 0.99
content
Ventilation
methane 0.62 1.00 0.52 0.96 1.00 0.91
content
Methane 0.99 0.52 1.00 0.9 0.91 1.00
drainage

3.2. Analysis of the Coal Spontaneous Combustion Hazard

The Figures 12-20 show the changes in gas concentration in the air samples taken from the goafs
for both ventilation systems.

Average value
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Figure 12. Changes in concentrations of oxygen in the goaf air—the U-type (a) and the Y-type ventilation
system (b).
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Figure 13. Changes in concentrations of carbon monoxide in the goaf air—the U-type (a) and the Y-type
ventilation system (b).
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Figure 14. Changes in concentrations of carbon dioxide in the goaf air—the U-type (a) and the Y-type
ventilation system (b).
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Figure 15. Changes in concentrations of hydrogen in the goaf air—the U-type (a) and the Y-type
ventilation system (b).
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Figure 16. Changes in concentrations of ethylene and propylene in the goaf air—the U-type (a) and the

Y-type ventilation system (b).
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Figure 17. Changes in concentrations of acetylene in the goaf air—the U-type (a) and the Y-type
ventilation system (b).
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Figure 19. Changes in concentrations of propane in the goaf air—the U-type (a) and the Y-type
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Figure 20. Changes in concentrations of nitrogen in the goaf air—the U-type (a) and the Y-type

ventilation system (b).

The analysis of the concentrations of gas changes in the air samples shows that the values depend
on the type of ventilation and that the concentrations of oxygen (Figure 12) for the Y-type system were
slightly lower than for the U-type system. This proves that the oxidation reactions of the coal in the
goafs occurred. During such a reaction, the concentration of oxygen in the atmosphere in the goaf is
reduced and the proportion of gases resulting from chemical reactions associated with the process
of oxidation, spontaneous heating and spontaneous combustion is increased, which is confirmed
by the concentrations of carbon monoxide, carbon dioxide, hydrogen and acetylene, and ethylene
and propylene.

In hard coal mining, carbon monoxide is the basic indicator gas for the oxidation and spontaneous
heating reactions that lead to spontaneous combustion of coal. The increase in its content (Figure 13)
in the air for the Y-ventilation system in relation to the U-type system indicates the processes of the
low-temperature oxidation of coal or spontaneous combustion of coal. This gas is present in the air
only after these two processes occurred.

The characteristics of carbon dioxide concentrations (Figure 14) also indicate that for the Y-type
system, the reactions of spontaneous combustion of coal occurred more intensively than for the U-type
ventilation system. The process of spontaneous combustion increases the concentrations of carbon
dioxide in the air (Figure 14) and the concentration of oxygen decreases (Figure 13). The dynamics of
these changes are more or less the same. At the same time, it should be noted that in an underground
hard coal mine, the presence of carbon dioxide is also connected with its secretion from the rock mass,
so it should always be analysed, along with changes in concentrations of oxygen.
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Analysis of changes in concentrations of hydrogen (Figure 15) ethylene and propylene (Figure 16),
acetylene (Figure 17), propane (Figure 18) and ethane (Figure 20), were for the Y-type ventilation
system compared to the U-type system. These gases are emitted as the temperature of coal increases,
which means that the coal spontaneous heating when using the Y-type ventilation system is more intense.

Changes in nitrogen concentration for both the U-type and Y-type ventilation system (Figure 20),
also indicate an increased risk of coal spontaneous heating for the Y-type system. During this process,
the tendencies of changes in nitrogen content (Figure 20) and oxygen content (Figure 12) are divergent,
because the nitrogen content in the air increases and the oxygen content decreases.

Table 11 presents basic descriptive statistics for the test gas concentrations for both ventilation
systems. The results clearly show that for both systems, the level of probability of coal spontaneous
combustion increases. This is evidenced by an increase in the concentrations of gases produced during
chemical reactions associated with low-temperature oxidation, leading to coal spontaneous combustion
with a simultaneous reduction in oxygen concentration.
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Table 11. Basic descriptive statistics for tested gas concentrations in air samples taken from goafs when using the U and Y venting system.

Mean Median Min Max 90th Percentile Stand. Deviation Coefficient of Variation
Tested Gas Ventilation System
U Y U Y U Y U Y U Y U Y U Y

Ethane 0.30 0.86 0.20 0.70 0.00 0.10 2.40 3.60 0.70 1.90 0.34 0.70 112.30 80.61
Ethylene 0.04 0.08 0.04 0.08 0.01 0.01 0.12 0.26 0.06 0.15 0.02 0.05 45.98 57.04
Propane 0.10 0.13 0.07 0.09 0.02 0.02 1.05 1.36 0.20 0.27 0.13 0.18 123.32 135.04
Propylene 0.03 0.06 0.03 0.05 0.01 0.01 0.08 0.20 0.06 0.10 0.02 0.04 57.12 66.46
Acetylene 0.002 0.003 0.002 0.002 0.001 0.001 0.01 0.013 0.01 0.01 0.34 0.36 120.35 66.49
Carbon monoxide 19.18 59.65 16.00 47.00 2.00 5.00 57.00 235.00 38.00 121.00 13.18 47.64 68.74 79.86

Oxygen 19.81 19.00 1992 1921 17.09 14.81 20.78 20.77 20.62 20.60 0.70 1.34 3.56 7.06

Nitrogen 79.57 80.27 7953 80.01 7828 7895 80.83 84.29 80.06 81.72 0.41 1.09 0.52 1.36
Carbon dioxide 0.61 0.68 0.51 0.49 0.12 0.09 2.45 3.33 1.29 1.43 0.47 0.56 76.67 82.38

Hydrogen 1.57 2.02 1.30 1.70 0.50 0.50 4.60 9.90 290 3.40 0.94 1.31 59.83 64.78
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4. General Discussion

The process of underground mining is continuously associated with the occurrence of natural
hazards. Currently, the most burdensome and dangerous are ventilation hazards. The case study
presented in the paper shows that different types of hazards occur simultaneously. This co-occurrence
often significantly limits the methods designed to limit their impact. Measures to reduce one type of
hazard can simultaneously activate another.

Such a case is presented in this article. Two hazards—methane and coal spontaneous
combustion—accumulated in tested longwall. Both are extremely dangerous and can cause serious
disturbances in the production process and pose a great danger to the workers.

One method to limit the consequences of these hazards is to choose a proper ventilation system.
However, a system that has the capacity to reduce the methane release hazard simultaneously increases
the coal spontaneous combustion hazard. Nevertheless, it is clear that a proper ventilation system
selected as early as at the stage of designing the operation is one of the key factors that will ensure
safe and effective underground operation. The longwall ventilation system must have the capacity to
reduce the hazardous concentrations of methane and gaseous products of the processes associated
with the spontaneous combustion of coal and to provide conditions that will allow for continuous
mining. Unfortunately, it is extremely difficult to find a system that will meet both conditions.

The mining process of the case presented in the paper was initially based on the U-type ventilation
system, which later proved to be very ineffective in reducing the methane release hazard. This system
made it practically impossible to continue the mining process. Very frequent exceedances of the
methane concentration limits caused interruptions, which, in turn, completely disrupted the entire
production cycle. This resulted in the need to change the ventilation system to a more favourable
and efficient one in terms of methane. The Y-type ventilation system managed to significantly reduce
the concentrations of methane, but it led to an increase in the coal spontaneous combustion tendency.
The Y-type system caused most of the air to enter the goaf, which can activate the combustion.

The results presented in Section 3 clearly indicate that the U-type longwall ventilation system,
in the case of high methane release hazard, characterized by exceeding the permissible concentrations of
methane in the air, prevents safe and effective operation. At the same time, the use of this system limits
the carbon oxidation reactions in the goaf leading to coal spontaneous heating and combustion, which
is confirmed by the low concentrations of gases that are the products of these reactions. In turn, the
Y-type ventilation system enables safe and effective operation in conditions where there is a methane
release hazard but deteriorates the safety conditions related to spontaneous combustion of coal.

It is evident that the presented case is remarkably interesting from a scientific and practical
perspective. It clearly demonstrates the advantages and disadvantages of both ventilation systems
used in the same longwall. Moreover, such a case when two different ventilation methods are used is
extremely rare.

The authors believe that when methane concentration stays above 1.5% (median) for half of
the working day, with simultaneous application of all possible preventive measures, in a longwall
maintained in the mine air in the area of the intersection of a longwall with a tailgate, after the
full launch of the longwall and the nominal mining capacity, the initial ventilation system must
be changed—for instance, to the Y-type system. This involves specific financial outlays, but if the
longwall is economically balanced, such a solution can help to successfully complete the exploitation
of the longwall.

5. Conclusions

The paper presents the results of the analysis of the impact that the longwall ventilation system
has on the formation of two basic ventilation hazards during mining: the methane release hazard and
spontaneous combustion of coal.

The following statements and conclusions are based on the measurements, calculations,
and analyses carried out:
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- The average absolute methane content reached 34.37 m3/min in the case of the U-type ventilation
system, and 35.46 m®/min for the Y-type ventilation system. The average ventilation methane
content related to the volume content of methane in the ventilation air for the U-type system was
15.24 m3/min, and 13.15 m>/min for the Y-type system. The methane drainage system drained
19.13 m®/min of methane for the U-type ventilation system, and 22.31 m®/min in the case of the
Y-type ventilation system;

- The ventilation methane content of the longwall when using the U-type system was almost
14% higher compared to the Y-type system. At the same time, the absolute methane content
of the longwall when using the U-type ventilation system was lower than in the case of the
Y-type system;

- The efficiency of the methane drainage system increased in the case of the Y-type ventilation
system—on average, 14% more methane was drained compared to the U-type system;

- The number of times the permitted methane concentrations were exceeded when using the U-type
system was 1295, and as “only” ventilation 47 for the U-type system. The highest number of
exceedances of the permissible methane concentrations when using the U-type ventilation system
was recorded by the M4 sensor (776 cases), and when using the Y-type ventilation system by
the M5 sensor (21 cases). There is a clear reduction in the number of exceedances, which is very
important for the continuity and efficiency of the mining process;

- The maximum average methane content in the ventilation air for the U-type ventilation system
within the intersection of the longwall and the tailgate was 2.3%, and 1.5% for the Y-type
ventilation system;

- The average concentration of gases (ethane, ethylene, propane, propylene, acetylene, carbon
monoxide, carbon dioxide, hydrogen) produced during the process of oxidation and spontaneous
heating of coal left in the goaf leading to its spontaneous combustion were higher for the Y-type
ventilation system compared to the U-type ventilation system. At the same time, the average
values of oxygen concentration in the goaf for the Y-type system were lower than for the U-type
ventilation system, which indicated an intensified process of coal oxidation. The average content
of carbon monoxide in the air samples taken from the goaf when using the Y-type longwall
ventilation system was almost three times higher than when using the U-type system. The
average content of propylene and ethylene was twice as high when using the Y-type longwall
ventilation system, compared to when using the U-type system. The average oxygen content
when using the Y-type ventilation system was lower than when using the U-type system; this
indicates an intensified process of coal oxidation, leading to its coal spontaneous heating;

- Inorder to reliably assess the impact of the longwall ventilation system on the level of endogenous
fire hazard in the goafs, it is necessary to conduct a full analysis of the change in the concentration
of fire gases as a function of time treated as fire indicators. These gases include oxygen, nitrogen,
carbon monoxide, and carbon dioxide, hydrogen, and unsaturated hydrocarbons. An analysis of
the concentrations of individual gases does not provide a complete picture of the endogenous fire
hazard and can lead to incorrect findings.

Following the tests carried out and the results obtained, it can be concluded that the methane
release hazard is higher when using the U-type longwall ventilation system than when using the Y-type
ventilation system. At the same time, the hazard of coal spontaneous combustion is lower when using
the U-type system compared to the Y-type system. Such data are therefore very important, since it is
necessary to ensure the safety of the coal extraction process.

The case presented by the authors is probably the first research of this kindconducted and
presented. The authors hope that it will contribute to the discussion on the optimal selection and,
if necessary, change of the ventilation system for active longwalls.
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