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Abstract

Underground mining operations are subject to a number of natural
hazards. Events resulting from these hazards are difficult to predict,
and if they occur, they disrupt the entire mining process and pose a
great danger to the crew. Some of the most dangerous include
ventilation hazards involving methane explosions and fires caused
by the spontaneous combustion of coal. The complex state of the
underground environment means that these hazards oftentimes
occur simultaneously, making mining conditions even worse. The
following paper addresses this issue by developing the methodology
for determining areas endangered by methane explosions and
spontaneous coal combustion in goaves. The reference to goaves
results from the fact that this particular area is most frequently
affected by spontaneous coal combustion and the accumulation of
dangerous amounts of methane. The developed methodology was
based on model tests with the use of the CFD method and data
necessary to develop a numerical model. The research encompassed
a real longwall in one of the hard coal mines, ventilated with the Y
system during its exploitation, which is beneficial in the case of the
methane hazard but worsens the safety in terms of the self-ignition
of coal. As a result of the conducted research, for the exploitation
conditions, dangerous zones were specified due to the potential
possibility of methane explosion and self-heating of coal. The basis
for determining dangerous zones was the criteria of occurrence of
the examined phenomena. In this study, the zones were identified
for each of the investigated hazards separately and for their
simultaneous occurrence. Thus, the aim of the study, which
involved the determination of potentially hazardous zones by
applying modern methods of modelling in the mining area, was
achieved. The results are an immensely important source of
information for activities aimed at improving safety in the studied
area in relation to the studied threats.
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Introduction

The process of underground mining disturbing the balance in the primary rock mass generates many natural
hazards (Agboola et al., 2020; Li et al., 2021, Abramov et al., 2015; Kovani¢ et al., 2013; Urban et al., 2019;
Kovani¢ et al., 2021). These hazards, combined with technical hazards resulting from applied mining
technologies and technical equipment, cause many dangerous events to occur during the process in question
(Kopas, Blatnicky et al., 2017). From the point of view of consequences, events resulting from natural hazards
are particularly dangerous, as they have an immensely negative impact on both the safety and efficiency of the
mining process (An et al., 2021; Brodny and Tutak, 2022; Cheng et al., 2021; Kwilinski and Kuzior, 2020).
Therefore, in underground hard coal mines, as in other mines, preventive measures aimed at limiting the effects
of occurring hazards are of great importance.

In the case of natural hazards, the very dangerous ones are ventilation hazards which include methane,
climatic and fire hazards (Zhang et al., 2021, Cernecky et al., 2015). In this group, methane and the spontaneous
combustion of coal, which oftentimes occur simultaneously during mining exploitation, are particularly
hazardous (Saga, Blatnicka et al., 2020). The co-occurrence of natural hazards is a very common phenomenon
reported during coal mining, significantly worsening the safety of its exploitation (Brodny and Tutak, 2016; Lu
et al., 2022). The simultaneous occurrence of methane hazards and coal spontaneous combustion (endogenous
fire) is exceptionally dangerous, as prevention processes for these hazards in many areas are mutually exclusive
(Tutak et al., 2020; Qiao et al., 2022). As a result (Abd Ali et al., 2021), activities connected with methane
hazard reduction may worsen safety conditions in terms of the coal spontaneous combustion hazard and vice
versa (Yang et al., 2018; Zawadzki et al., 2013). Unfortunately, the complexity of the environment in which
mining exploitation is carried out causes such situations to occur quite frequently (Saga, Blatnicky et al., 2020).
This makes it necessary to apply very well thought-out, monitored and continuously supervised preventive
measures. It is particularly important due to the possibility of methane ignition and/or explosion — dynamic
phenomena, the consequences of which may be very tragic (Saga, Jakubovicova, 2014).

The simultaneous occurrence of the methane hazard and spontaneous coal combustion is particularly
dangerous in the goaf areas (Gao et al., 2021; Li et al., 2018). The spontaneous combustion of coal is caused by
its self-heating (leading to an increase in temperature). This process is facilitated by the coal's ability to absorb
oxygen and release heat at the same time (Kopas, Saga et al., 2017). If the heat of the oxidation reaction is not
dissipated fairly quickly, the temperature of the coal will continue to rise, leading to ignition. This phenomenon
is most dangerous in goaves (Sapietova et al., 2011), which are poorly monitored due to limited access. The
process of coal self-heating is a process of oxidation, which can also occur at low temperatures. Coal
spontaneous combustion (endogenous fire formation) is thus a process of an uncontrolled increase in its
temperature due to oxidation (Lu et al., 2022; Onifade and Genc, 2020). As a result, a product of incomplete coal
combustion is released into the mine atmosphere in the form of poisonous gas — carbon monoxide. This gas can
create an extremely dangerous atmosphere which is unfit for breathing (Handrik et al., 2017). The spontaneous
combustion of coal can also be a very dangerous consequence of this process and can initiate the ignition and/or
explosion of methane gas present in the area in question (Saga, Vasko, 2009). When a mixture of air and
methane within its explosive limits (5%~15% CH,) forms and persists near the coal self-heating area, the
explosion of this gas can be initiated by energy generated by the coal self-heating and self-igniting (Gao et al.,
2021; Zhu et al., 2022). And this, in turn, can bring disastrous consequences to the mine crew and equipment,
significantly disrupting the whole mining process (Kundu et al., 2016). The history of mining knows many such
events, which have been widely presented in the literature (Zhang et al., 2016). At this point, however, it is worth
mentioning the last such event in Poland, which took place in the Pniéwek coal mine, where on April 20, 2022,
multiple methane explosions caused huge material losses and the death of 9 miners (as of April 29, 2022) as well
as injuries to over a dozen others . (Wiecek, Burduk et al., 2019). Another 7 people were declared missing,
leaving them behind a dam isolating the blast zone from the rest of the active mine mine (Saga, Vasko et al.,
2014). The lack of an official report on the exact causes of this event makes a deeper analysis impossible, but it
does indicate the catastrophic nature of this type of event resulting from the occurrence of combined hazards.

For this reason, activities and work of all types, including particular scientific work, aimed at developing
methods to diagnose and forecast the risk status in the process of mining exploitation are of particular
importance (Burduk, Wiecek et al., 2021). The result of applying such methods is the improvement of safety,
among other things, through actions taken by appropriate dedicated services to prevent dangerous events.

In the case of the risk of spontaneous coal combustion, preventive measures are most frequently taken
during mining operations, mainly by injecting inert gases and/or ash/foam into goaves. It is aimed at inhibiting
or possibly limiting the process of spontaneous combustion of coal by triggering a cooling reaction and
decreasing the contact between oxygen and coal (Deng et al., 2018; Zhou et al., 2013; Zhu et al., 2011) and at the
same time neutralizing the atmosphere in the goaf. However, for these actions to be fully effective, they should
be taken before the coal self-heating process is initiated and not during it. Therefore, in order to meet this
condition, it is necessary to undertake prognostic actions, the aim of which should be to determine, already at the
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stage of designing exploitation, zones (areas) potentially endangered both by the accumulation of explosive
concentrations of methane in goaves and by the self-ignition of coal.

It is important to note that at the design stage, as well as during the operation process, the determination of
such zones based on tests and measurements in real conditions is very difficult and, in many cases, practically
impossible (Segota et al., 2020). Therefore, it becomes necessary to use other alternative research methods which
will make it possible, for example, model tests based on structural models and numerical simulations.
Simulations are widely used research tools, which are more and more commonly being utilized in many areas of
both research and practice. To a larger and larger extent, they are also being used for variant analyses of
processes connected with the prognosis of various hazards in hard coal mining and for the analysis of emergency
conditions, such as the occurrence of zones in the underground environment that are endangered by the
spontaneous combustion of coal and methane explosion in goaves.

From the point of view of methane and endogenic fires threat, goaves are of key importance. The analysis
of incidents so far has shown that the most dangerous incidents connected with these hazards are reported in
these areas. Therefore, goaves, as a highly porous and permeable medium — and at the same time very difficult to
monitor — are of key significance for developing coal spontaneous combustion and methane explosions. The
system of ventilating a longwall, which determines the way of marking dangerous zones, is also significant,
especially in the case of the simultaneous occurrence of these threats.

So far, in the literature, much attention has been paid to the issue of coal spontaneous combustion hazard
and somewhat less to the methane hazard in goaves, using model tests. These publications are mainly focused on
determining the distribution of physical and chemical parameters of air flowing through goaves, which results
from the fact that these parameters are the basis for assessing the threat of coal spontaneous combustion and
methane explosions.

The literature so far has provided a lot of scientific information on air flow through goaves and its
distribution of gas concentration for longwalls ventilated from the boundaries, mainly with the U system and
very rarely with the Y system. Liu et al. (2013) carried out numerical studies for longwalls ventilated with U and
Y systems in order to characterize the airflow through goaves. Tutak and Brodny (2019) investigated the
influence of roof rock type on the distribution of oxygen concentration and velocity of air flowing through
goaves for longwalls ventilated with the Y and U systems. Li et al. (2020) conducted research in order to
determine the volume flow rate of air migrating to goaves of a longwall ventilated with the Y system. On the
other hand, Zhou et al. (2020) numerically investigated the oxygen distribution in the goaf area for a longwall
ventilated with the U system and proposed the use of integrated fire prevention measures, including nitrogen and
inhibitor injection and plugging of air migration sites into goaves. On the other hand, Zhang et al. (2020)
conducted a study on the U-ventilated longwall to improve the knowledge of oxygen and temperature
distribution in the goaf area of this longwall.

The presented selected works confirm that the issue of determining the distribution of physical and
chemical parameters of air flowing through goaves is extremely important in terms of assessing the threat of
spontaneous combustion of coal in the area of the conducted exploitation. However, the literature so far has not
provided sufficient knowledge of the development of the methane fire hazard in the goaf areas, also in the case
of simultaneous occurrence of coal spontaneous combustion hazard. There is also a lack of studies on forecasting
the existence of potential zones with a risk of coal spontaneous combustion and methane explosions in the case
of using the Y ventilation system in a longwall. Longwalls ventilated with this system are more and more
commonly being exploited due to the increasing level of methane hazard.

The co-occurrence of the methane hazard and the spontaneous combustion of coal in the mining process
depends on the mining and geological conditions in which the exploitation is carried out. The areas where these
threats coexist are goaves, in which coal was left due to the mining process and where methane tends to
accumulate. The pace and intensity of accumulation of these threats strongly depend on the ventilation system
used for given longwall exploitation. All these factors indicate, which is also confirmed by the literature review,
that determining dangerous zones in goaves is of key importance in case of the occurrence of both of these
hazards.

Therefore, this paper deals with this subject by developing the methodology of applying model tests to
determine dangerous zones in goaves due to these threats (Kuric, Klackova et al., 2022). The aim of the research,
the results of which are presented in this paper, was to determine potential zones threatened by the spontaneous
combustion of coal and methane explosions in goaves of a longwall ventilated with the Y system. The CFD
technique and Ansys Fluent software were used for the research based on the finite volume method. The study
was conducted for the area of the actual longwall in one of the hard coal mines in Poland. The developed
methodology, based on the results of tests in real conditions (ventilation parameters, excavation geometry,
geological structure), makes it possible to make a prognosis of the location of potentially dangerous zones for the
Y-ventilation system (Kuric, Klackova et al., 2021). The results allow the design of appropriate prophylactic
measures and their implementation as soon as the exploitation commences. Obviously, the effectiveness of the
results will be verified on an ongoing basis, which will also influence the applied preventive measures. At the

653



Magdalena TUTAK et al. / Acta Montanistica Slovaca, Volume 27 (2022), Number 3, 651-666

same time, this methodology, based on the results of model tests using real data concerning a given longwall and
taking into account the simultaneous occurrence of two very dangerous natural hazards (methane and
spontaneous combustion of coal), is a new approach to the issue under research (Tlach, Kuric et al., 2019). Until
now, this extremely important and commonly occurring problem during underground exploitation has not been
addressed.

First of all, the research fills the existing research gap in the field of determining the methane explosion
hazard zone with a simultaneous threat of coal spontaneous combustion in goaves of a longwall ventilated with
the Y-system. Secondly, the potential zones of occurrence of each of these hazards separately were determined
for a particular longwall for the ventilation system under research, which gives many possibilities for
conclusions regarding the applied prevention (Kuric, Tlach et al., 2020). The research was conducted for a
spatial system, which is of fundamental importance for the analysis of point-like and volume methane
accumulations. In the case of goaves, the commonly used methods of averaging results or reducing this issue to a
two-dimensional problem do not work because the process of methane accumulation and self-heating of coal has
a local, point-like character. Only a spatial analysis based on reliable data makes it possible to identify dangerous
zones reliably.

An important advantage of this paper is the exact identification of dangerous zones and possibilities which
the developed methodology has in the scope of predicting consequences related to not observing the rigours of
exploitation in such unfavourable conditions as isolation of goaves, which should undoubtedly be the basis of
undertaken preventive measures, also during the exploitation process. The developed methodology also enables
current verification of the results and takes into account the new exploitation conditions that were not foreseen at
the initial stage. This is also crucial due to the variability of the environment in which the process of
underground mining is carried out.

Material and Methods
This section presents the studied longwall region and discusses the computational model used.
Area of research

The designed longwall B /11, which is 250 m long and 2.8 m high, is executed in the longitudinal system by
breaking down the roof rock. The seam in which the longwall is run is classified in the 4" category of methane
hazard, the 3™ group of coal susceptibility to spontaneous combustion and coal dust explosion class "B"
(according to Polish regulations). This means that the coal bed has a methane-bearing capacity of more than 8
m3/Mg (ton) per pure coal and has an average propensity for spontaneous combustion.

The longwall is ventilated using the Y-type ventilation system with an additional supply of fresh air along
the tailgate. Figure 1 presents a scheme of the longwall ventilation with marked directions of airflow.

Due to the magnitude of the methane hazard, approximately 1119.0 m3/min of air will be supplied to the
longwall via the main gate, while approximately 1029.0 m*/min of air will be supplied to the longwall in the area
of the longwall's intersection with this gate (longwall exit) via the tailgate.

Model tests of the airflow through the goaves of the longwall B/11 in the coal bed 358/1, which enable the
determination of the methane explosion and coal spontaneous combustion danger zone in these goves, were
carried out for the longwall length of 450.0 m.

Tailgate B-11
ﬁ

Longwall B-11

Fig. 1. Scheme of the area of studied longwall B /11 ventilated with Y system
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Mathematical and Physical model of longwall and goaf

The aim of the conducted research was to identify zones in the goaves of the analyzed longwall that are
potentially endangered by methane explosions and the spontaneous combustion of coal. In order to determine
these zones, model tests were performed based on numerical simulations. Computational Fluid Dynamics (CFD)
and the ANSYS Fluent software were used for this purpose. This program uses the Finite Volume Method to
discretize a geometric model. The methodology involves the development of geometric, physical and
mathematical models of the studied region. The adoption of boundary conditions precedes the discretization
process, and then the calculations and analysis of results (post-processing) are performed. The following sections
briefly discuss the most important stages of the developed research methodology.

Governing equations for a mathematical model of flow

The airflow through the longwall region, which includes longwall workings, a longwall and goaves, is
described by a model consisting of the so-called controlling equations (Li et al., 2020; Kuznetsov and Nahornyi,
2020; Tutak et al., 2019; Yuan et al., 2022). The system of equations describing this flow includes:

— Mass conservation equation:

op  0lpu) , o(ev) , o(ow) _ "
ot Ox oy 0z
— Momentum conservation equation (Navier — Stokes equation):

o(oun) , olow) , olpuw) _ o [ @] 9 [ @} 9 [ (au)] L

Ox dy 0z Ox\ Ox dy\ 0y 0z\ 0z Ox
o(pvu) , 3ov) , a(ovw) _ o, (av L9 (3v g ®
Ox dy 0z Ox ax dy 6 dy
d(pwu)  a(owv) , aloww) _ & [u (aw aw) L9 aw .,
Ox dy 0z Ox\ Ox Oy Oy az 0z
—  Energy equation:
4 2 (pe T)+DEﬂpc[,vT) 00 Mk, +-2— S \or 3)
ot Pr,
—  The turbulent kinetic energy transport equation:
Ok 1
,0_+_(,dW )——[(,U"' )_)]+Gk+Gh pg_YM+Sk @
ot x ; 0y Ox;
—  The turbulent kinetic energy d1331pat10n rate transport equation:
o¢ o¢
P2 pov, )= (e ) 25 )1
Ot  Oxi x; s Ox;
&)
£ g
Ce ;( G, +C3.G, )~ C2£p 7 +S,
— Equation of state for an ideal gas:
-
P="r (6)
— Species transport equation:
ai(pYi)"'D[qpan):Dji"'Ri"'Si (N
t

where:

Cie, Cae, and Cs; are the constants for k-¢ turbulence model,

cp is the specific heat of the gas,

G, is turbulence depending on buoyancy,

G is the generic term for the turbulent kinetic energy k due to the average velocity gradient,

J ; 1s the diffusion flux of species i, kg/(m?s),
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k is turbulence kinetic energy (m?/s?),

keg s the effective gas thermal conductivity,

p is pressure (Pa),

P, is the turbulent Prandtl number,

R;is the net rate of production of species i by chemical reaction,
Si is the rate of creation by addition from the dispersed phase plus any user-defined sources,
Sk and S, are the user-defined source items,

T is the temperature (K),

v is the gas velocity (m/s),

Y;is the local mass fraction of each species,

Yu is the turbulence effect of compressibility,

p is the gas density (kg/m?),

¢ is the dissipation of turbulence kinetic energy (m?/s?),

7 is the viscous stress tensor (Pa),

M 1s turbulent viscosity (Pa-s).

In the numerical simulations, goaves are treated as a continuous heterogeneous medium (i.e. porous,
permeable medium). Therefore, the flow model is additionally described by the equation like the momentum loss
source term of three-dimensional porous media:

3 3
1
§;=- ZDijﬂvj+ZCszpvi2 ®)
J=1 J=1

where:

Si is the loss source term for the i-th (x, y, or ) momentum equation;

vjis the magnitude of the velocity;

Dij and Cij are the viscous resistance coefficient and inertial resistance coefficient.

Since goaves are treated as a porous medium, it is also necessary to determine their permeability.
Permeability is the basic and key parameter for the analysis, which affects the gas distribution in a goaf. Goaf
permeability is determined by the following relation (Szlazak and Szlazak, 2004):

U
—£ ®
ry tax

k(x)=

where:
k(x) is the permeability of goaves (m?);
U is the coefficient of dynamic viscosity of air (Nsm2),
[ is the total length of the longwalls (m),
9, -1.74
rois determined from the relation 1 :% , and a is determined from the relation a =60 "R, .

The coefficient ko is determined from the following equation:

Hy -
ky = ?g a0 R, (10)

Physical model of goaf
The basic stage of the developed methodology was to prepare a numerical model for the longwall region.

This area comprised goaves, a longwall, and longwall workings. The geometric model of the analyzed longwall
is presented in Figure 2.
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0@ 10000 20000 (m)
]

5000 150,00
Fig. 2. Geometric models of longwall in numerical simulations

The geometric model of the examined longwall region ventilated with the "Y" system includes:
— asection of the maingate of 20.0 m length and cross-sectional area of A = 17.0 m?,
— the tailgate maintained along the goaves with a length of 455.0 m,
— asection of the goaves with a length of 450.0 m.

The length of the longwall for each calculation variant was 250.0 m, and its height was 2.8 m. The vertical
zone of airflow range in the goaves (goaf height) was 3.5 times the thickness of the exploited seam [ ].
Machinery and equipment used for longwall workings were not taken into consideration in the geometrical
models (Klardk et al., 2022) The simplifications assumed in the models in relation to the real objects result from
their size and constitute a certain compromise between the accuracy of calculations and the time needed to
prepare the model and obtain a solution.

The geometric model developed in this way was subjected to a discretization process. The discretization of
spatial geometric models resulted in generating a grid with control volumes. The generated grid for the
geometric model of the studied region consisted of cubic and rectangular elements. The selection of the size of
the numerical grid elements was preceded by an analysis of its sensitivity to the obtained calculation results. On
the basis of this analysis, it was concluded that for the model tests of the airflow through the examined region, it
was possible to adopt the structural numerical grid with cubic elements of 0.25 m x 0.25 m x 0.25 m for the
longwall and longwall workings, and the structural numerical grid with cuboid elements of 0.25 m x 0.25 m x
0.5 m for the goaves. The total number of elements (control volumes) for the model prepared in this way was 11
394 570. The increased density of the numerical grid significantly increases the computation time, while there is
no significant increase in the computation accuracy. The grid quality index is greater than 0.9, which means that
the grid is at a good and acceptable level.

Figure 3 shows a fragment of the generated grid for the goaf model and the investigated workings.

a0 10200 FErTe

00 e

Fig. 3. A fragment of the discrete model of the studies region
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The k—e turbulent model in the standard variant and a model enabling the modelling of gas mixture flow
(species transport) were used to analyze the air stream flow through the goaves of the longwall ventilated with
the "Y" system with air discharge along the goaves. The SIMPLEC pressure velocity correlation algorithm was
used for calculations. The second-order upwind algorithm was used to discretize the convection component of
the momentum equation. The air volume flow rate supplied to the longwall via the Maingate was 1190 m*/min,
and the refreshing air flow rate supplied via the tailgate was 1029 m?*/min. It was assumed that the length of the
gates amounting to 20.0 m would allow for the full development of the velocity profile.

For the analyzed models, a "pressure-outlet" boundary condition was defined in the tailgate. For the near-
wall effects of the flow, standard functions and zero values of the flow velocity were assumed for the wall-type
conditions (walls treated as excavation sidewalls), with surface roughness corresponding to a height of 0.1 m and
temperature (treated as the temperature of the surrounding rock mass) — 40° C. The temperature of the air stream
from the inlet to the workings was 20°C (293.15 K).

Basic setups of the computational model are summarized in Table 1.

Tab. 1. Basic setups for the numerical simulations

Name | Initial conditions Description

Ventilation mode “Y”-type
Airflow volume rate (m?) 1119.0
Refreshing stream 1029

L Temperature of fresh air (K) 293.15

Velocity inlet — -
Oxygen concentration in inlet airflow 20.9 %
Hydraulic diameter (m) 3.6
Atmospheric pressure (MPa) 0.1

Al Air density (kg/m®) 1.225

ir

Viscosity (Pa-s) 1.81x 107

Permeability Permeability of goaf (m?) from 107 to 107
Solver type Pressure-based

General -
Time Steady

Solution methods Scheme Coupled

The computational domain consisted of two parts, one of which was a representation of the longwall and
longwall workings and the other of the goaves. In the goaf domain, a change in the permeability coefficient of
these gaoves was defined as a function of the distance from the longwall face using the User Definition Function
(UDF). This function was additionally defined in order to set a variable boundary condition, in this case, a
variable permeability coefficient in the porous domain.

The developed model, along with the assumed unambiguity conditions, was subjected to numerical
analysis. Its analysis enabled the determination of physical and chemical parameters of the air flowing through
the goaves, which in turn helped to determine zones potentially endangered by methane explosions and the
spontaneous combustion of coal.

Results and Discussion

The migration of air from a longwall to goaves, as well as air leaks caused by improperly made sealings and
rock mass cracks caused by mining activities, are the main reasons for the inflow of fresh air rich in oxygen to
goaves. On the one hand, this process dilutes methane present in goaves, and on the other hand, it stimulates the
process of self-heating of coal, which leads to its self-ignition. When methane accumulates in goaves and
reaches a concentration within the explosive limits, an explosion of this gas may occur, and the initiation of
ignition may be the occurring process of self-heating of coal. That is why, on the basis of the results of the
calculations carried out, potential zones were determined in goaves where:

— due to the risk of methane explosion, the concentration of this gas is within limits from 5 to 15%, and at the
same time, the concentration of oxygen due to the explosiveness of methane is at least 12% (according to
Coward's triangle);

— due to the threat of spontaneous combustion of coal, the speed of airflow through the goaf is from 0.2 to
0.0015 m/s, and the oxygen concentration is min. 8%;

— the concentration of methane is from 5 to 15%, the oxygen content min. 12%, and at the same time, a
process of self-heating of coal may occur in it (in which the speed of airflow through the goaf is from 0.2 to
0.0015 m/s and the concentration of oxygen is min. 8%).

As a result of the analysis, the number of physical and chemical parameters were determined for the stream
of air passing through the goaf of the longwall under investigation, which was ventilated with the Y system with
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refreshment via the tailgate along the coal body. Due to pressure differences in particular domains of the
examined region, air migration to the goaf occurred, just as it does in reality. Since the longwall was ventilated
with the Y-system, the inflow of air to the goaves took place from the side of the maingate and tailgate. As a
result of this flow, the concentration of oxygen in the goaf decreases with increasing distance from the longwall
face due to decreasing goaf permeability (goaf sealing), increasing methane concentration, and the process of
coal oxidation taking place. In the case of applying the Y ventilation system with refreshment via the tailgate
along the coal body, oxygen concentration distribution in the goaves is almost uniform at the tailgate and at the
maingate. Figure 4 shows oxygen concentration distribution in the whole goaf, and Figure 5 shows the
distribution of oxygen concentration above 12% (Figure 5a) and above 8% (Figure 5b).

Vil

%
20.0
18.2
16.3
14.3
12.4
10.4
08.5

H 06.5
04.5
02.6

/ Maingate

Fig. 4. Distribution of oxygen concentration in the goaves

7
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168

160

| 152
144

1.36

17.7
16.5
! 15.3
12.9
h 1.6
126
120

/ Maingate
P
(a) (b)

Fig. 5. Oxygen concentration range in the goaves due to methane hazard — min. 12% (a) and oxygen concentration range necessary for self-
heating process — min. 8% (b)

The conducted calculations showed that for the investigated ventilation system, the oxygen concentration in
the goaves, in the whole goaf area, remained at a high level (Zajacko et al., 2018). High oxygen concentration in
the goaves near the working space of the longwall was caused by the inflow of fresh air and low methane
concentration, as well as by the low degree of sealing in this goaf region.

In the investigated case, the dangerous concentration of oxygen in the goaves due to the methane hazard (min.
12%) reached up to about 170 meters into their depths, while due to the threat of coal spontaneous combustion
(min. 8%) — this range was up to about 215 m.
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In the next stage, given the criteria of the methane explosion hazard, the distribution of the concentration of
this gas within the whole goaf region was determined (Fig. 6a), as well as the concentration within the range of
its explosiveness (Fig. 6b).
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Fig. 6. Distribution of methane concentration in the goaves (a) and the area of explosive methane concentration in these goaves (b)

The conducted calculations and distributions obtained on their basis showed that the low concentrations of
methane occur behind the line of the longwall collapse, up to about 110 m of the goaf. High methane
concentrations (not threatened with an explosion) occur in the rear part of the goaf from about 190 m. This
means that the zone potentially endangered by the methane explosion is formed from about 110 m to 190 m of
the goaf (Fig. 6b). However, since the oxygen concentration of min. 12% reaches only 170 m into the goaf (Fig.
5a), which means that the zone potentially endangered by the methane explosion has about 60 m in the goaf
length and is shaped from 110 m to 170 m.

Figure 7 presents predicted methane and oxygen concentrations in the goaves of the analyzed longwall and
the region in which an explosive atmosphere of this gas may potentially occur.
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Fig. 7. Predicted concentrations of oxygen and methane in the longwall goaves and the zone of the potential risk of a methane explosion in
these goaves

In the next stage of the research, the threat of spontaneous coal combustion was addressed.

In the longwall goaves, there is also a threat of coal spontaneous combustion, which can be a reason for
methane explosion initiation, of course, if it occurs in the zone of its explosive concentration. That is why, from
the point of view of mining safety, it is very important to determine the shape of the zone potentially endangered
by an endogenic fire caused by the spontaneous combustion of coal.
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The findings indicate that the oxygen concentration in which the coal oxidation process is possible (min.
8%) reaches 215 m into the goaf (Fig. 5b). A critical factor influencing the initiation and maintenance of the
process of coal oxidation leading to its self-heating and consequently to self-ignition is appropriate to air
velocity. This velocity must be between 0.02 and 0.0015 m/s (Tutak and Brodny, 2019). It may be noted that the
flow of air with velocities falling in this range is able to reach deep into the goaves up to about 145 m, and
slightly larger amounts of fresh air may penetrate deeper on the side of the tailgate (Fig. 8). This means that in
almost half of the area of potential methane explosion hazard, there is also a factor that can initiate an explosion
of this gas, namely the self-heating of coal. Figure 9 presents the forecasted concentration of oxygen in the
goaves of the analyzed longwall and the velocity of air that passes through the goaves, as well as the area where
the process of self-heating of coal, leading to its spontaneous combustion, may potentially occur.
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661



Magdalena TUTAK et al. / Acta Montanistica Slovaca, Volume 27 (2022), Number 3, 651-666

On the basis of the conducted research and the distribution of physical and chemical parameters of air
flowing through the goaves of the longwall under investigation, it was found that the zone of the potential threat
of spontaneous coal combustion is located just behind the longwall face, and its range deep into the goaf is
approximately 145.0 m. This zone is an area where air velocity can cause heat accumulation in the oxidation
zone (with an oxygen concentration of at least 8%). It can be concluded that in the goaf of this longwall, there is
no cooling zone in which the air (just behind the mechanized casing along the whole length of the longwall)
reaches a flow value greater than 0.02 m/s. This value is only exceeded in the upper and lower corners of the
longwall (from the side of the air inlet to the goaves by means of the tailgate and maingate). Behind the zone of
the potential occurrence of the threat of coal spontaneous combustion, at a distance of more than 145.0 m from
the longwall face, a zone with insufficient air velocity but with a sufficient concentration of oxygen in the air is
created due to this threat.

On the basis of the determined distributions of the velocity of air flowing through the goaves and the
concentration of oxygen and methane, the zones of methane and coal spontaneous combustion hazards were
determined, as well as the zone of methane explosion hazard caused by the spontaneous combustion of coal. The
range of these zones is presented in Table 2.

The results unequivocally show that the most dangerous area in the goaf is the zone from 110 to 145 metres
deep inside the goaf, measured from the side of the longwall.

Tab. 2. Summary of the locations of potentially dangerous zones in the goaves of the longwall under study
Zone of a critical

Zone of critical velocity of

concentration of

Zone with explosive

Potentially

Hazard air flowing through the oxygen in the air methane
. . hazardous area
goaves flowing through the concentration
goaves

in meters, (counted deep inside the goaf from the

longwall side)

(min. 12%)

Methane Hazard N/A 0-170.0 m 110-190 m 110-170
Coal spontaneous (min. 8%)
combustion 0-145.0 m 0-2150m N/A 0-145.0
Methane explosion caused )
by spontaneous 110-145.0
combustion of coal
Conclusions

Fires and/or methane explosions and the spontaneous combustion of coal are very common and extremely
dangerous phenomena occurring in underground hard coal mining processes. These phenomena are reported in
mines all over the world and pose a great threat to the safety and efficiency of these processes. In order to limit
and eliminate the effects of these hazards, it is reasonable to determine potential zones of their occurrence. The
use of model tests for this purpose creates great opportunities for multivariate research of this problem and
support for actions improving the safety of exploitation. The conducted research and the obtained results can be
the basis for preventive measures, the aim of which is to reduce methane and oxygen concentration (inerting) in
endangered zones or to limit (or even cut off) air inflow to them (sealing of goaves).

The methodology developed and presented in this paper enables the prediction of the location of dangerous
zones due to each of these hazards separately and due to their simultaneous occurrence. The application of model
tests using CFD enables a very good representation of the examined area, including goaves and their variable
permeability, which corresponds to real conditions. The Y ventilation system, which was adopted for the
research, must also be checked in terms of the threat of coal spontaneous combustion. This is because it can
provoke an endogenic fire through the oxygenation of the goaves, and then initiate a fire or a methane explosion.

Based on the results obtained, the following can be concluded:

— In the case of applying the Y ventilation system in a longwall with refreshment via a maingate along the
body of coal, a high-velocity airflow in goaves (up to 0.0015 ms/) takes place on the length of up to 145 m
deep inside these goaves. A higher airflow occurs at the goaf's periphery, on the side of air migration from
longwall gates.

— High oxygen concentrations which enable the methane explosion (min. 12%) and coal self-heating (min.
8%) occur in a very large area of goaves: up to about 170 m — due to the methane explosion hazard and up
to about 215 m — due to the coal self-ignition hazard.

— Explosive concentrations of methane (from 5% to 15%) remain in the goaf area from 110 m to 190 m of its
depth.

— The potential methane explosion hazard zone covers an area from 110 m to 170 m deep inside goaves.

— A potential zone threatened by the spontaneous combustion of coal occupies an area of up to 145 m deep
inside goaves.
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— The potential zone of the methane explosion hazard caused by spontaneous coal combustion occupies an
area from 110 m to 145 m in goaves.

The study resulted in determining zones in goaves potentially threatened by coal explosion and spontaneous
combustion, as well as methane explosion due to a trigger caused by spontaneous coal combustion. On this basis,
it was possible to direct preventive measures into strictly defined goaf zones, which reduced the possibility of
dangerous events, and further reduced the cost of preventive measures. An important element in applying the
developed method is the continuous monitoring of the ventilation parameters of the longwall region, where
prophylaxis targeted at the zones determined based on model studies is adopted. The conducted research also
clarifies how dangerous the spontaneous combustion of coal is from a physical perspective, which can trigger a
fire and/or explosion of methane, which for obvious reasons, can be found in goaves.

The research methodology and the results presented in this article make it possible to precisely determine
the location of zones where conditions necessary for fires and/or methane explosions and spontaneous coal
combustion are met. The findings indicate that the application of model tests in combination with the results of
tests in real conditions (used to determine boundary conditions for the model) can be successfully used for
variant analyses of processes related to the ventilation of underground mine workings, as well as for analyses of
emergency conditions. The application of the developed methodology should, therefore, considerably facilitate
and reduce the costs of prophylactic measures aimed at improving mining safety.

It should also be stressed that the developed methodology is universal and may be applied for various
geometric configurations of examined regions and for various physical and chemical parameters of air streams
and ventilation systems.
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