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Abstract

Purpose. Assessing the process of damaging factors formation during the coal aerosol explosion in mine workings on the
basis of theoretical research of the explosion of coal dust deposits in order to substantiate promising methods of protecting
miners from their impact.

Methods. An integrated approach is used, which includes a critical analysis of literature data on the occurrence and deve-
lopment of coal aerosol explosions in mine workings; theoretical research into the state of the gaseous medium at the cha-
racteristic points of the development diagram of the coal dust deposits explosion as a result of mining operations based on
the laws of classical physics and chemistry.

Findings. The main aspects of the explosion mechanism of dust in a powdery state, accumulated on the surfaces along the
mine working perimeter, and the formation of such negative factors as the effect of gaseous medium accelerated movement,
have been revealed; high temperature formed during coal and methane detonative combustion; increased gas pressure. The
revealed aspects of the dust explosion mechanism make it possible to determine the main directions for protection of miners
caught in the explosion. The diagram of the development of settled coal dust explosion along the mine working with normal
ventilation conditions, taking into account the influence of seismic waves, has been improved.

Originality. Analytical dependences, reflecting the value of gas energy at characteristic points of the diagram, have been
determined, and the dynamics of the formation of negative factors caused by the explosion have been revealed.

Practical implications. Possible ways of protecting miners from the impact of negative factors caused by the coal aerosol
explosion and reducing the severe consequences of such accidents are proposed.

Keywords: explosion, coal dust, flame front, shock wave, seismic waves, damaging factors, miners’ protection

1. Introduction

Over the past four decades, about three dozen explosions
of air-methane mixtures or hybrid mixtures of coal dust with
methane and air have occurred in Ukrainian coal mines (Ta-
ble 1). As a result, 1349 miners were injured, of which 732,
that is, 65% of those caught in the accident, were fatally
injured [1], [2]. The occurrence of such accidents was pro-
voked by such sources as drilling-and-blasting operations,
heating of parts by friction, malfunction of electrical equip-
ment, spontaneous combustion of coal, etc.

Explosions of methane and hybrid mixtures occur in coal
mines around the world, even at the enterprises with high
technological culture, such as the United States and Poland,
they occur every ten years [3]. The reason for the high level
of fatal injuries and severe consequences, such as burns,
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poisoning, mechanical and barotrauma, is the formation
during the explosion of a set of adverse negative factors,
namely high pressure, velocity of movement and temperature
of the gaseous medium with the highly toxic components
formed in it and the simultaneous deficiency of oxygen [4].

The most large-scale, both in terms of injuries and mate-
rial damage, are explosions that spread over a network of
mine workings over long distances. Moreover, the content of
methane and dust in the air is much lower than the minimum
limits of their flammability. Thus, the combustible material
is coal, which accumulates in the form of a powder on sur-
faces along the mine working perimeter [3].

The catastrophic consequences of explosions are condi-
tioned by the fact that the damage area spreads over consid-
erable distances from the source of occurrence, capturing the
workplaces of miners [4].
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Table 1. Explosions of methane-air (MAM) and hybrid dust-air (DAM) mixtures in mines of Ukraine [1], [2]

Injured, pers.

. . . Ignition
Mine Explosion date Explosive Total _Fe!tally s%urce*
injured
V.M. Bazhanov Mine 09/25/1978 MAM + DAM 24 24 no data
0.0. Skochinsky Mine 07/27/1979 MAM + DAM 9 7 DBO
Molodohvardiiska Mine 08/10/1979 MAM + DAM 71 55 FS
Hirska Mine 04/26/1980 MAM + DAM 99 66 DBO
G. Dymytrov Mine 02/03/1985 MAM + DAM 24 12 DBO
LLC Novohrodivska Mine 05/28/1985 DAM 5 5 DBO
Yasynivska-Hlyboka Mine 12/24/1986 MAM 40 30 EP
Chaikino Mine 05/16/1987 MAM 50 36 FS
Sukhodilska-Skhidna Mine 06/09/1992 MAM + DAM 116 63 EP
0.0. Skochynskoho Mine 08/21/1992 MAM 43 17 DBO
O.F. Zasiadka Mine 05/24/1999 MAM 99 50 F
Krasnolymanska Mine 01/21/2001 MAM 24 9 no data
S.M. Kirova Mine 05/05/2001 MAM 47 10 EP
O.F. Zasiadka Mine 08/19/2001 MAM + DAM 88 55 F
Yuvileina Mine 07/21/2002 MAM 36 6 EP
O.F. Zasiadka Mine 07/31/2002 MAM + DAM 31 19 DBO
Krasnolymanska Mine 07/19/2004 MAM + DAM 49 37 EP
Sukhodilska-Skhidna Mine 08/13/2006 MAM 13 8 no data
O.F. Zasiadka Mine 11/18/2007 MAM + DAM 150 101 DBO
O.F. Zasiadka Mine 12/01/2007 MAM + DAM 52 0 F
O.F. Zasiadka Mine 12/07/2007 MAM + DAM 71 5 F
Karla Marksa Mine 06/0/.2008 MAM 42 13 DBO
S.M. Kirov Mine 23/08/2009 MAM 20 8 EP
Sukhodilska-Skhidna Mine 07/29/2011 MAM + DAM 28 28 DBO, EP
O.F. Zasiadka Mine 03/04/2015 MAM 50 34 no data
Maloivanivska Mine 05/02/2016 MAM 12 9 EP
Stepova Mine 03/02/2017 MAM 36 8 EP
Skhidkarbon Mine 04/25/2019 MAM 20 17 no data

*EP — electrical power; DBO — drilling-and-blasting operations; FS — frictional sparking; F — fire; no data — no data available

The existing methods and measures for localizing explo-
sions, as well as protecting people, do not always fulfill their
functions due to their imperfection or inability to counteract
some of the many damaging factors.

Explosions of methane or hybrid mixtures have been in-
vestigated for over two centuries [4]. However, due to the
impossibility of direct investigation of this process in situ, as
well as the complexity of physical modeling and other reasons,
there are still no objective ideas about the mechanism of dam-
aging consequences formation caused by explosions. Research
on reducing the impact of negative explosion factors and creat-
ing means of protecting miners from them remain relevant.

1.1. Actual scientific research and publications analysis

The pecularities of the explosion of methane-air mix-
tures and hybrid mixtures of methane, combustible dust and
air are intensively studied all over the world. The flame
characteristics and propagation of a coal dust explosion
caused by a methane explosion have been studied in a hori-
zontal pipeline system. The coal dust involved in the me-
thane explosion has much longer flame duration and bright-
er flame than in the case of methane explosion. Provided
that no other fuel is involved in the explosion, the retarda-
tion of the flame wave behind the pressure wave rapidly
increases with increasing length-to-diameter ratio [5]. In a
sphere with a volume of 20 liters, the influence of fuel con-
centration and its particle size on multiple explosion param-
eters has been studied for mixtures of coal and methane
particles. The results have shown that the concentration of
the fuel and the particle size have a large influence on the
explosive hazard of methane/coal dust mixtures [6].
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In a vertical shock tube, the processes of combustion, ex-
plosion and detonation in hybrid systems containing gas mix-
tures of CHa/air, CH4/O, and O./coal with a size of up to
200 pm and a volume-average density of up to 700 g/m? are
studied. It has been revealed that in hybrid systems, coal dust
has a smaller influence on the parameters of combustion and
detonation waves than methane, and that methane in these
waves is more active than coal dust [7]. Experiments with low-
concentration coal dust are conducted on an installation for
explosion of a dust-gas-coal mixture. The results indicate that
with the addition of low-concentration coal dust, the pressure
of the gas explosion and the velocity of the explosion flame
propagation increases. The content of volatile substances in
coal dust and the content of gas have a decisive influence on
the explosion parameters. When the methane concentration is
9.5%, the flame propagation velocity reaches the highest level
after the addition of coal dust [8]. Using MatLab and Lingo
software, three models of mine classification, mine exposure
and optimal ventilation required for a mine are studied. The
relationship between the gas concentration and the minimum
limit of the explosion-hazardous concentration of coal dust has
been determined. The functional relationship between the gas
concentration and the explosion-hazardous concentration of
coal dust is determined using a logarithmic approximation [9].
Modeling has shown that the sharp increase in pressure is
caused by additional heat released as a result of exothermic
reactions of combustion substances and an increase in the
amount of products in the gas phase [10]. It should be noted
that the formation of factors that negatively affect people is not
studied in the above-mentioned works.
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A significant number of works are devoted to the issue of
phlegmatization of explosions with the help of water. The
evolution of excess pressure and the law of flame propaga-
tion in the explosion of humidified coal dust with different
moisture content are studied in a straight shock tube. The
experimental results show that at a moisture content of less
than 15.12%, the settled coal dust in the pipeline explodes
under the influence of a gas explosion. When the moisture
content of the moistened coal dust is 9.57%, the excess pres-
sure and flame propagation velocity during the coal dust ex-
plosion reach the maximum values of 0.766 MPa and 468.553
m/s, respectively. However, when the moisture content ex-
ceeds 20.28%, the coal dust cannot cause an explosion, and
the settled coal dust can resist a gas explosion [11].

When estimating the explosion index, the moisture pa-
rameter is used, one of the most important characteristics of
coal dust. About 32 coal samples with different moisture
content are taken from the mines of Iran. The explosion of
coal dust is performed in a closed chamber with a volume of
two liters. It has been revealed a reliable correlation between
laboratory results and a predictive model obtained using
linear regression analysis [12]. A flexible approach is pro-
posed to comply with the requirements of the EN-14591-
2:2007 standard for the specific conditions of the Spanish
coal mining industry. Prevention of the propagation of me-
thane and/or coal dust explosions due to the use of passive
water barriers has been substantiated [13]. The gas dynamics
equation is used for modeling the interaction of shock waves
with water obstacles. The model is supplemented by the
presence of dispersed water in the flow and the possibility of
its settling on the mine working walls. An approach has been
developed to implement a method for solving the problem of
shock waves propagation in a branched network of mine
workings, taking into account the interaction of shock waves
with water obstacles [14]. An approach to determining the
technically achievable levels of the current average dust
concentration in the mine air per shift and methods for in-
creasing the efficiency of assessing the dust content in coal
mines are proposed. Methods of objective determination of
mass and distribution of dust deposits in underground mine
workings are provided [15].

The research on the inhibition of the explosion process
using carbonates is continued. In the experimental Barbara
mine (Poland), a thin layer of coal dust is spread over a layer
of treated or untreated stone dust. The effectiveness of treat-
ed and untreated stone dust has been compared for reducing
the spread of coal dust explosion caused by strong and weak
methane explosions [16]. A problem is the risk of sticking
the rock dust particles together. The study has shown that
single-layer adsorption of sodium oleate is likely to occur in
the oleate concentration range from 0.1 to 0.15% by weight
and provides a free-flowing state of dust [17]. Two methods
of limestone dust hydrophobization as an anti-explosive
agent are proposed: from stearic acid vapor and from a sili-
cone solution. A preliminary assessment of the properties of
this waterproof dust is conducted in accordance with the
Polish standard (PN-G-11020) and using powder characteri-
zation methods [18]. In the above-mentioned works, the
possibility of suppressing the explosive force is studied, but
the effect of the accompanying factors that negatively affect
the miners is not taken into account.

A number of studies indicate the threat of repeated explo-
sions, which has been repeatedly noted in practice. Using the
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image processing technology and the theory of fractals, the
microstructure of coal dust after the explosion has been qual-
itatively and quantitatively characterized. After the explosion,
coal dust has a more uneven pore surface and a more uniform
pore structure. In addition, this research paper demonstrates
that post-explosion coal dust has practical value in identifying
the involvement of coal dust in an explosion accident and in
determining the source of the explosion [19]. To study the
threat of repeated explosions, the solid remains of a coal dust
explosion have been tested in an explosive installation with a
volume of 20 liters. The explosion intensity of the residues is
still high, despite the fact that they are weaker than that of coal
dust. The residues are characterized by slower flame propaga-
tion velocity and a lower heat generation rate than coal dust.
Preliminary analysis indicates that bound carbon, instead of
volatiles and chemical bonds in these residues, is additionally
burned during the repeated explosion [20].

A number of research is devoted to the disclosure of the
dust explosion mechanism. It is indicated that it occurs in
several stages: formation of an explosion-hazardous air-
methane mixture; mixture ignition; beginning of the primary
gas explosion; raising of coal dust through the front of the
shock wave from the gas explosion and the formation of a
dust-air mixture; an increase in the velocity of the flame front
propagation from the ignition of dust, the raising of even
more dust and the formation of an explosion-hazardous zone
ahead of the flame front; dust explosion spreading along the
chain of mine workings [21]. The release of volatile gases in
volumes sufficient for ignition occurs only in a dust aerosol,
the settled dust does not pose a significant hazard until it
transitions to a floating (aerosol) state. Gaseous components
released from coal dust are not limited to methane (and/or its
homologues — CnHazns2). A significant part of volatiles have
minimum concentration limits of ignition, combustion tem-
perature, maximum explosion pressure, and other properties
different from CyHzn:2 [22]. By modeling in the ANSYS
system the deformations redistributed in the rocks surround-
ing the mine, where the explosion occurrs, it has been found
that the waves generated by the explosive energy of the
seismic type are significantly ahead of the explosion front
moving in the gaseous medium. These waves cause the tran-
sition of coal particles from a powder state to a state sus-
pended in air, as well as the formation of an explosion-
hazardous coal aerosol [23]. The given data make it possible
to approach the disclosure of the explosion mechanism and
its negative impact.

1.2. Formulation of the research purpose
and setting the problem

The research purpose is to provide a theoretical assess-
ment of the process of damaging factors formation during the
coal aerosol explosion in mine workings, which makes pos-
sible to substantiate the promising methods of protecting
miners from their impact.

To achieve the set purpose, the following tasks are con-
sistently solved:

—the phenomena occurring during the explosion are
summarized and a diagram of its development along the
mine working is created, in which there is no methane or
aerosol in explosion-hazardous concentrations;

—the energy state of gases is studied in the area, which is
formed by the cross-section of the mine working, and which
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has a length per unit of length, sequentially located in differ-
rent zones of the explosion;

—a theoretical analysis is conducted of the influence
of factors that form the shock and fire front of the coal aero-
sol explosion.

The object of research is the physical-chemical processes
occurring in the mine working during the coal aerosol explo-
sion. The subject of research is the conditions and factors
that determine the parameters of damaging factors formation
in individual areas of mine working, where an explosion of
coal aerosol occurs.

2. Methods

The approach used includes a retrospective review of un-
derground accidents in Ukrainian mines associated with
methane and coal dust explosions; critical analysis of litera-
ture data on the occurrence and development of coal aerosol
explosions in mine workings; generalization and substantia-
tion of the generalized mechanism of coal aerosol explosion
development on the basis of practical and literary data; theo-
retical research on the state of gaseous medium at character-
istic points of the explosion development diagram of coal
dust deposits along the mine working using apparatus of
classical physics and chemistry.

In particular, statistical data on explosions in mines for
the period of 1978-2019 have been collected. In addition, a
review of modern literary sources has been performed, which
makes it possible to improve the understanding of the explo-
sion development mechanism of dust deposits in mine work-
ings. The schematization of the process of the explosion front
sequential movement makes it possible to substantiate the
expediency of thermodynamic analysis at individual points
of the area formed by the cross-section of the mine working
and having a limited length. Based on modern concepts of
the processes of chemical and thermal oxidation of coal and
methane, the dynamics of the explosion energy has been
revealed. Using the known results of experimental studies, it
is possible to clarify and confirm the results obtained.

Generalization of modern concepts about the phenomena
occurring during the explosion makes it possible to create a
diagram for its development along the mine working in
which there is no methane or aerosol in explosion-hazardous
concentrations (Fig. 1).

Figure 1. Diagram of the development of coal dust deposits explo-
sion along the mine working (in the direction of the ar-
row): 1 — layers of coal powder; 2 — seismic-generated
coal aerosol cloud; 3 — shock wave front of the explo-
sion; 4 — fire front; 5 — gas cooling and discharge area;
A...E — control sections
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In the initial position (section A, Figure 1), coal dust is in
the air, its concentration is much less than the level of the
minimum flammability boundary, the bulk of the dust in the
form of powder is concentrated on the bottom of mine work-
ing and other horizontal surfaces, and its smallest fractions
are on the walls and the roof of mine working.

From the point of view of damaging factors formation,
namely, high levels of gas pressure, temperature and gas
flow rate, the formation of toxic gases, loss of oxygen with
the appearance of an asphyxiant environment, with the de-
velopment of coal dust explosions along a network of mine
workings, it is advisable to study the energy state of the area
in which there are no exogenous ignition sources. Such a
conventionally distinguished area is formed by a cross-
section of a mine working and has a length of a unit of length
(for example, one centimeter), sequentially located in differ-
ent explosion zones (Fig. 1) from the initial normal state (A)
to discharge and cooling (E).

3. Research results

In the case of an explosion in the mine working, the frac-
tion of its energy is distributed in the rock mass at a velocity
exceeding the velocity of the explosion front movement in a
gaseous medium. At the same time, in mine working areas
located ahead of the explosion front, under the action of
alternating rock vibrations, fraction of the powder transitions
to aerosol state.

The usual composition of mine ventilation gases includes
nitrogen and oxygen in a ratio of 7.8/2, moisture in the form
of vapor, the relative ratio of which is 80 to 100%. The pres-
ence of methane in an amount of not more than 1% and car-
bon dioxide — 0.5% is allowed, but in reality these indicators
may deviate in both directions. Other types of gases are pre-
sent in insignificant amounts.

During the normal movement of the ventilation flow, the
air is in a passive state under the external influence of the
potential and kinetic energies of adjacent areas, which are
inextricably linked with it. The mechanical energy En, of air
in an elementary volume consists of potential E, and kinetic
Ex components of air mass:

Vp[ ]

2

v
E,=E,+E, :Vghp+Vp?

VZ

h+—
9+2

M

where:

V —volume;

p — air density;

g — free fall acceleration constant;

h — height of movement;

v — ventilation flow velocity.

For horizontal mine workings, where there is no change
in height, the potential energy can be neglected, and Ey is
determined only by the ventilation flow velocity.

When assessing the total energy E; in the studied volume,
it should also be taken into account the state of the internal
energy of gas molecules Ei,, mainly its thermal component,
neglecting in this case the chemical and electrical compo-
nents, given the practical absence of such processes.

As a first approximation, let us try to consider the ventila-
tion stream as an ideal gas. Static physics gives the following
equation of its state:
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)

where:

m — gas mass;

M — gas molar mass;

R — universal gas constant;

k —the coefficient k =5/2 for diatomic (O2,Nz, Hz, CO)
and 3 for polyatomic (CH4, CO2, H,0, C,H; etc.) gases;

T — air temperature.

Under normal conditions, mine air consists mainly of dia-
tomic oxygen and nitrogen, as well as triatomic water vapor,
which have the same temperature. The ratio of their masses
in the mixture is constant.

Thus, in general terms, the total energy of the air volume
studied in section A under normal ventilation mode is:

)

It is determined by factors such as the density of the me-
dium, its velocity, gas composition and temperature.

During the explosion, seismic waves, which are ahead of
the shock and fire fronts in the control section, act on the
layers of coal powder and it transitions to a suspended state
(position B, Figure 1). There is no significant change in veloc-
ity, gas composition and temperature. The increase in air den-
sity due to the low concentration of raised dust is insignificant.
At the first approximation, the air energy in section B can be
calculated by Expression (3). It should be noted that in sec-
tions A and B the formation of negative factors does not occur.

When the shock front approaches and enters the specified
volume (position C, Figure 1), the energy state indicators
change qualitatively and quantitatively. The flow velocity vi
increases to a level close to the Mach number. The volume
V1 decreases due to compression in the horizontal direction,
and, accordingly, the density p1 increases, but the gas mass in
such a compressed volume remains unchanged:

2

V_+k_RT
2 M

2 kR

\'
E,=E +E =Vp—+Vp—T=m 3
a=B+E =Vo—+Vporo (3)

m=Vp=Vp,.

The gaseous medium composition, which is character-
. . kR .
ized by the indicator IVE remains unchanged. The tempera-

ture of the medium T; is functionally related to pressure. As
a result of the compression of gases, it can reach hundreds
of degrees Celsius (Fig. 2). When a shock wave propagates
along a mine working at a velocity close to the Mach num-
ber, there is a sharp compression of gases and, accordingly,
an abrupt increase in their temperature. On the graph, this
corresponds to the beginning of the explosion, the tempera-
ture T, at the point M;.

Thus, the change in the total energy of gases in the shock
front is determined by an increase in the velocity of the
shock front movement and the temperature of the com-
pressed gas. In addition, an additional heat flux Eaq in the
form of radiation comes from the fire front following the
shock front. The calculation of this indicator for the condi-
tions of mine working is currently quite difficult due to the
absence of a significant number of derived factors and re-
quires a separate further study. Roughly it is taken as pro-
portional to the Stefan-Boltzman law with an empirical
coefficient kj.
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(4)

Figure 2. The dynamics of the gaseous medium temperature
during the coal dust explosion: 1,2 —temperature
graphs of the consequences of methane (dotted line) and
dust (solid line) explosions, respectively: M1, M> — tem-
perature peaks in the shock and fire fronts, respectively;
Tm, Tp, Tt, Ta — temperatures of the ventilation flow,
compressed air, burning aerosol and rarefied air; tp, tr —
duration of compression and rarefaction periods, re-
spectively; A...E —as in Figure 1

If there are no combustible components in the studied
volume and no chemical reactions occur, for example, when
a blast wave propagates after the methane mixture explosion,
then the further course of the process can be characterized by
the Rankine-Hugoniot adiabat, shown by dashed line 1 in
Figure 2. When the combustible components are present in
the volume, a change in the energy state occurs due to physi-
cal-chemical processes during the oxidation of combustible
gases and coal. In Figure 2, this corresponds to the area
Mi-M>, the temperature increases to a maximum Tz, (position
D, Figure 1). It is necessary to take into account the added
chemical energy caused by the transition of the coal substance
from the solid phase to the gaseous phase. Solid carbon com-
bustion is a heterogeneous reaction occurring on its surface.

With complete oxidation of carbon:

C+02=C0; + 39, kJ, (5)

as follows from the equation, burning one kilogram of car-
bon requires about 2.3 kg of oxygen.
With incomplete combustion of carbon:

2C + 0, =2CO0 + 221, kJ, (6)

in this case up to 1.3 kg of oxygen is required. It should be
noted that in such a reaction, when one Oz molecule is con-
sumed, two CO molecules are formed.

In addition, there is combustible methane in the initial
ventilation air stream and layers of coal powder, which also
oxidizes at high temperature:

CH. + 202 — CO: + 2H,0 + 891, kJ. @

Methane is present in two forms, namely in the ventila-
tion air, and also, as mentioned above, is adsorbed on the
surface of coal particles that rise from the mine working
perimeter by vortex air flows during the high-speed move-
ment of the shock front.
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The gas mixture energy, which is formed in the studied
volume (position D, Figure 2) during the burn-up of a com-
bustible medium, can be estimated based on the specific heat
of the fuel combustion — a physical value that shows how
much heat is released during the complete combustion of fuel
weighing 1 kg.

Q=my, + Mey, Uew, 8
where:

m¢, Mcna Masses of coal and methane, respectively;

gc = 29.3; qcra = 50.1 — specific heats of coal and me-
thane combustion, MJ/kg.

The process of carbon combustion, as indicated above, is
accompanied by significant oxygen consumption. At pres-
sure P, = 600 mm Hg and a temperature of 22°C, the oxygen
density is pox = 1.42987 kg/m?3, its content in the initial stream
is close to W = 20%. In addition, the share of the volume is
occupied by water vapor, near Pyaer = 50 mm Hg. Thus, the
mass content of oxygen in one cubic meter of mine air is:

(P ~Puer) __ (600-50) .o

water
o,W  600-1.42987-0.2

m,

0X

In one meter long area of mine working with a sectional
plane of 16 m?, there is about 4.2 kg of oxygen, and this is
enough for the complete oxidation of 1.8 kg of carbon. Cal-
culations show that when 1 gram of coal is burned, up to 93
liters of CO, can be released, therefore, from 1.8 kg — 167
400 liters or 167.4 m®, with incomplete coal combustion —
about 330 m® of CO. Such a volume of gases is an order of
magnitude larger than the mine working size, which leads to
an abrupt increase in pressure and temperature in it. The
increase in the volume of gases concentrated in the burning
front is determined not only by such products that have
formed as a result of chemical processes, but also by the
heating of nitrogen and water vapor present in it.

As usual, much more than 1.8 kg of carbon is accumulat-
ed along the mine working perimeter, therefore, deficient
oxygen is mainly spent on its incomplete oxidation with the
formation of CO. It is known that as a result of the carbon
and oxygen reaction, both carbon oxides CO and CO; are
formed simultaneously, the velocity constants of reactions
(5) and (6) mainly depend on temperature. At T =1200°C,
both oxides are formed in equal quantities. At T =1600°C,
CO is formed twice as much as CO-. It is known from the
reference literature that the theoretical temperature of coal
and natural gas combustion reaches 2010-2020°C, which
explains the prevalence of CO as a result of reactions. This
temperature level leads to a sharp increase in the velocity
constants of reactions, if a constant at 0°C is taken as a unit,
then at the specified temperatures it will be 2-10%%-2-10%.
This explains the high velocity of movement of the fire front
of the explosion and the shock front that depends on it in the
direction where oxygen and fuel are concentrated. A certain
role is also played by the inertia of the gaseous medium,
under the influence of which the increased mass of gases
rushes, “skirting” the fronts in the direction of the reactions,
creating rarefaction from behind.

Currently, it is not possible to perform a clear quantitative
assessment of the energy consequences of carbon explosive
combustion in a real mine working due to the influence of a
significant number of insufficiently known factors influen-
cing this process. It is known that even in a single coal sam-
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ple, the composition of thermal destruction products differs
significantly based on the composition of the atmosphere,
mode and temperature of heating, the presence of moisture,
and the dispersed composition of dust [24].

The indicated Dependences (5-8) make it possible to
make a qualitative assessment and become the basis for the
predictive determination of the parameters of the physical-
chemical properties of the medium in the fire front of the
explosion. It should be noted that in section D, the mass of
gases increases significantly to m; due to the formation of
oxides from solid carbon. The temperature rises several times
to Ty, the ratio of two and polyatomic gases in the mixture
also changes to M;. This should be taken into account when
assessing the change in the state of the medium in the fire
front of the explosion.

When the oxygen resource is exhausted, exothermic reac-
tions generally stop. However, at high temperatures, process-
es of the second type occur, namely:

C+ 2H, = CH,4 + 75.3, kd/mol; 9)
CO + H,0 = CO; + Hz + 41.8, kl/mol; (10)
C +2H, = CH4 + 75.3, kJ/mol, (11)

and other processes, such as decomposition of methane into
carbon (soot) and hydrogen.

Solid coal substance undergoes complex transformations
similar to those occurring during coking, such as heating to a
high degree without the presence of oxygen, which is ac-
companied by the formation of liquid and gas components.
From coal of medium degree of metamorphism, resinous
substances are released that can undergo cracking.

Endothermic processes occur simultaneously:

CO, + C=2CO - 173, kiimol; (12)
2H,0 + C = CO, + H, — 80.3, kd/mol. (13)

The gaseous products of the explosion are a complex
mixture. For example, as it is known from earlier tests con-
ducted by Polish researchers [25], [26] that during the ther-
mal destruction of coal at 900°C, it is formed, %: 18.39 —
hydrogen; 73.4 — carbon oxide; 2.8 — carbon dioxide; 4.38 —
methane; 0.32 — ethane; 0.08 — propane; 0.33 — propylene
and isobutane together; 0.3 — hydrogen sulphide. The above
processes are confirmed by the presence of coke and resinous
deposits on the supporting elements of mine workings after
the explosion. A significant amount of soot is always ob-
served in the clouds of gases emitted from the experimental
adits during the explosion.

The energy of gases concentrated in section D can be cal-
culated from the following expression:

2
VL_Fk_RTt
2 M,

Ep, =B +E, +Ey =m1[ j+mcqc+mCH4qCH4 - (14)
The increase in energy is accompanied by an increase in
the mass of the gas and its expansion, which should be con-
sidered as a moving system of material points. The faster this
movement, the more its inertia that keeps the movement.

The pressure is transferred to the surrounding medium,
forming a shock front in the air of the mine working cavity and
mechanical (similar to seismic) waves in the rock mass. Part of
the energy in the form of radiation is spent on heating the solid
inclusions in the air (dust) and the walls of the mine working.
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The cessation of exothermic reactions due to the exhaus-
tion of the oxidizing agent and the reducing agent resources,
as well as the dissipation of energy in the form of mechani-
cal, radiation and heat losses into the surrounding medium,
determines a decrease in the energy state of gases. In Fi-
gure 2, this corresponds to the descending area of line 2 to
the end point of the compression period t,.

During exothermic reactions, gases are cooled, their in-
tensity increases due to heat transfer to the supporting ele-
ments and rock mass. In addition, the gas mixture contains a
significant amount of water vapor, which is the result of
reactions, evaporation of free, film, capillary and sorbed
water from rock and metal surfaces, as well as water in the
ventilation flow.

With a decrease in pressure and temperature, vapor con-
densation occurs with the absorption of the so-called latent
heat of vaporization, which sharply accelerates the process of
cooling and lowering the pressure (position E). The mass of
the gaseous medium significantly decreases to m,, its compo-
sition changes due to the transformation of vapor into liquid,
as well as the dissolution of some gases into it. The typical
molecular mass level of gases is M,. At the same time the
velocity of a gas flow movement is reduced almost to 0.

The pressure, density and temperature in the section E
drop significantly below atmospheric. The minimum energy
of gases concentrated in the section can be calculated from
the following expression:

Ry

a
a

Ec=m (15)

a

Subsequently, after ventilation is restored, the energy
state of the medium is restored to the level described by
Expression (3).

4. Discussion

The performed theoretical research allows to reveal the
main points of the mechanism of negative factors formation
during the explosion of dust, which in a powdery state accu-
mulates on surfaces along the mine working perimeter. This
paper studies the process of damaging factors formation
during the coal aerosol explosion in mine workings, which
can reveal the main directions for protection of miners
caught in the explosion.

One of the most significant factors is the impact of gase-
ous medium accelerated movement. Its influence consists in

an abrupt increase in air speed, and the flow energy increases
2

proportionally \% (Expression 4). This leads to the move-

ment of objects and equipment, as well as people in the flow
of gases, thereby causing mechanical injury. This manifests
itself in the area BCD (Fig. 2). This factor can only be over-
come by stopping it with hard barriers. It is characterized by
significant inertia, so even the suppression of detonation by
fire-extinguishing substances does not protect people from
air, which continues to move at high speed. The area of dam-
age from this type of factor is the largest. It is possible to
protect people from it not only behind barriers, but also in
shelter chambers, if people are warned about the approach of
the explosion front.

The velocity of explosion front propagation along the
mine working often exceeds the velocity of sound in the air,
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therefore, people caught by the explosion by surprise do not
have time to react and take protective measures. Many of
the victims are unable to switch to the self-rescuers and are
poisoned by toxic explosion products or die of suffocation
(Expressions 5-13).

The most severe consequences are caused by the action
of high temperature, which is formed during the detonation
combustion of coal and methane, as well as from the com-
pression of gases. This results in severe burns to the surface
of the skin and the respiratory tract. The temperature level
exceeds 1500-2000°C in the CD area, later it slowly decreas-
es to Ty, and even to 7,. The means of protecting miners
from the effects of ultra-high temperatures are still unknown.
Theoretically, it is possible to create shelters thermally iso-
lated from emergency mine working. In order to use such a
shelter, miners must have preliminary information about the
arrival of the explosion front in order to have time to take a
safe place. For production sites located at a distance from the
explosion hypocenter, such a possibility exists when seismic
waves, which are ahead of the blast waves, [27] are used as
an indicator and provide an alarm signal a few seconds be-
fore the front arrives.

Another hazard factor is increased gas pressure, which
leads to barotrauma of varying severity. It appears simulta-
neously with the previous one in the BCD area and further
until the pressure drops to levels that are safe for humans.
Like ultra-high temperature, pressure is generated by the
combustion of coal and methane (Expression 14). The result-
ing energy is determined by the amount of oxygen in the
mine working. Thus, for the belt conveyor networks, it is
advisable to provide an isolated ventilation mode and place it
in mine workings with a minimum permissible cross-
sectional area. This ensures the minimum level of energy
released during an explosion and minimizes all types of fac-
tors that negatively affect people and equipment.

5. Conclusions

The probability of methane-air mixtures and coal aero-
sols explosions in coal mines of Ukraine remains high, and
their consequences are the most severe among underground
accidents.

Most of modern scientific research is aimed at studying
the explosiveness of artificially created aerosols of crushed
coal and non-combustible solid or liquid impurities with air.
There is not enough works devoted to the study of the explo-
sion mechanism of coal deposited on the walls of mine
workings. This impedes the development or improvement of
methods and means of protecting people from the impact of
negative factors of explosions.

Taking into account the influence of seismic waves, lead-
ing to the transition of coal deposits into a state suspended in
the air, which create an explosion-hazardous dust and gase-
ous medium, the diagram of the explosion development of a
settled coal dust in a mine working with normal ventilation
conditions has been improved. This makes it possible to
reveal the dynamics of energy processes occurring in the fire
and shock fronts, which determine the mechanism of dama-
ging factors formation.

A qualitative assessment has been performed and theoret-
ical expressions have been obtained for calculating the kinet-
ic, thermal and chemical components that determine the
energy state of the gaseous medium in the characteristic
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places of the explosion front. In addition, the dynamics of the
formation of negative explosion factors has been revealed.
The obtained dependences reflect the linear dependence of
the gas energy value at the characteristic points of the dia-
gram and reveal the dynamics of the negative factors for-
mation caused by dust explosion. The main factors determin-
ing the energy in the fire front are the masses of coal dust
and methane contained in the section of the mine working,
but the process of their oxidation is limited by the oxygen
content in this volume.

Possible ways of protecting miners from the impact of
negative factors of the coal aerosol explosion, as well as reduc-
ing the severe consequences of such accidents are proposed.
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TeopeTnyHi 0CHOBH YyTBOpPEHHS Bpa:kaouux GakTopiB mia yac BUOYXY BYTiIbHOIO a€po30JI10

0. 3ar’smoBa, B. Koctenko, H. JIsmok, M. I'purop’siH, T. Koctenko, B. ITokamok

Merta. Orinka npolecy yTBOPEHHs Bpakarouux (akTopiB Mix yac BUOYXy BYTUIBHOTO aepo30JIi0 B TipHUUii BHPOOIL Ha OCHOBI Teope-
TUYHHX JOCII/DKEHb BUOYXY BYTJIbHUX IMHJIOBHX BifIKJIaJeHb [UIsl OOIPYHTYBaHHS IEPCIIEKTHBHUX IIIAXIB 3aXUCTY TIPHHKIB BiJl X BIUIUBY.

MeToauka. BUKOpHCTaHO KOMIUICKCHMIT TiAXiJ, 110 BK/IIOYae KPUTUYHUH aHAIIi3 JIITEpaTypHHUX JaHHUX LO0JI0 BUHUKHEHHS Ta PO3BUTKY
BUOYXiB BYTiJIBHOTO aepo30JI0 B MipHHYMX BUPOOKAX; TEOPETUYHI JOCIIIKEHHS CTaHy ra30BOr0 CEPEOBUILA B XapaKTEPHUX TOYKAX CXEMHU
PO3BHTKY BUPOOKOIO BHOYXY BYTUIbHUAX MIJIOBUX BiIKJIaJCHh HA OCHOBI 3aKOHIB KJIaCHYHUX (i3UKH 1 XiMii.

Pe3yabTaTn. Po3KpUTO OCHOBHI acTieKTH MEXaHi3My BUOYXY MUY, SKUI 3HAXOJUTHCS Y TOPOIIKOMOIIOHOMY CTaHi Y BUIJIAI CKYITUSHb
Ha TTOBEPXHSIX 10 MEPUMETPY TipHUYIOI BUPOOKH, 1 YTBOPSHHS HETaTUBHHUX (DaKTOPIB, TAKHX SIK Jii IPHCKOPEHOTO PyXy ra30BOTO CEPENIOBH-
II1a; BICOKOI TEeMIIepaTypH IO yTBOPIOETHCS NPU JETOHALIHHOMY 3TOPSIHHI BYTiUIA 1 MeTaHy; HiJBHIIEHOTO ra30BOTO THCKY. BusBieHHs
aCIIeKTH MeXaHi3My BHOYXy IMITy Jady MOXKJINBICTh BCTAHOBUTU OCHOBHI HANPSIMKH 3aXUCTY TipHUKIB, 3aXOIUICHHX BUOYXOM. Y JOCKOHaIIe-
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HO CXeMy PO3BUTKY BHOYXY OCIJIOr0 BYTiJIbHOTO MWLy Y BUPOOL 3 HOPMaJIbHUMH YMOBaMH HPOBITPIOBAHHS 3 yPaxyBaHHSM BIUIUBY CeHcMi-
YHUX XBUJIb.

HaykoBa HoBM3HA. BCTaHOBNICHO aHANITHYHI 3aJIE)KHOCTI, IO BiZOOPaXarOTh BENWYMHY €HEPTii ra3iB y XapaKTEpPHHUX TOUYKAX CXEMH,
PO3KpPUTO IMHAMIKY YTBOPEHHS HETaTUBHUX (PAKTOPiB BHOYXY.

IpakTHyHa 3HAYAMICTh. 3aIIPOIIOHOBAHO MOJKJIMBI IMIISXH 3aXHCTY TiPHHUKIB Bix Aii HeraTUBHUX (paKTOpiB BUOYXY BYTIIBHOTO acp0o30-
JIIO Ta 3MEHIIICHHS Ba)KKMX HACIIIIKIB TAKOTO POy aBapii.

Knrouoegi cnosa: subdyx, gyeinoruil nuj, 602Hesull (pporm, yOapHa Xeusis, CeUCMiUHI XU, 8paxcaiodi (paxmopu, 3aXucm 2ipHuKis

Teopeanecmle OCHOBBI oﬁpasonaﬂnﬂ Mmopakaroimux (l)aKTOpOB BO BpeMs B3pbIBa YI0JIbHOI'0 a3pP030Jisd

E. 3aBbsinoBa, B. Kocrenko, H. JIsmok, H. I'puropesiH, T. Koctenko, B. [Tokantok

Ieas. Ouenka npoiecca 00pa3oBaHuUs MOPaXKAIOMMX (aKTOPOB MPH B3PHIBE YTOIBHOIO a3p030J1s B TOPHOI BEIPAOOTKE Ha OCHOBE TEO-
PETHYECKHX HCCIEJOBAHUH B3pBIBA YTOJNBHBIX HBUICBBIX OTJIOXKEHUH Ui 00OCHOBAHHS IEPCIIEKTHBHBIX ITyTeH 3aIINTHI TOPHIKOB OT MX
BIHSTHHSL.

MeToaunka. Vcronp30BaH KOMITIEKCHBIH OAXO0/I, BKIIOUAFOIINI KPUTHUECKUH aHATIH3 JINTEPAaTYPHBIX JaHHBIX O BOSHHKHOBEHUH U pa3-
BUTHHU B3PBIBOB YTOJBHOTO a3p030JI1 B TOPHBIX BBIPAOOTKAX; TEOPETHUSCKHE HCCIIENOBAHHS COCTOSHHMS Ta30BOIl CpeIbl B XapaKTEPHBIX
TOYKaX CXEMbI Pa3BUTHUSI BEIPAOOTKOM B3pbIBa YTONBHBIX MBUIEBBIX OTIOXKEHHUI HAa OCHOBE 3aKOHOB KJIACCHYECKON (PU3UKH M XUMHHU.

Pe3yabTaThl. PackpbiTEl OCHOBHBIE aCIIEKTHI MEXaHNU3Ma B3pbIBA MbUIN, HAXOIICHCS B MOPOIIKOOOPA3HOM COCTOSIHMM B BUJIE CKOILIE-
HUI Ha MOBEPXHOCTAX IO MEPHMETPY TOPHOH BBIPAOOTKH, U 00pa30BaHMs HETaTUBHBIX ()aKTOPOB, TAKUX KAK AEHCTBHS YCKOPEHHOTO ABHU-
JKEHHs Ta30BOH CpeJibl; BBICOKOH TeMIepaTypbl 00pa3yromerocs: MpH IETOHALMOHHOM CTOPAaHMH YITIS U METaHa; MOBBIIIEHHOTO Ta30BOTO
JIaBICHHS. BBIIBICHHBIC aCIEKTHI MEXaHNU3Ma B3PHIBA MBUIM MTO3BOJIMIN YCTAHOBUTH OCHOBHBIC HAIPABICHHS 3aIIUTHI TOPHSIKOB, 3aCTUTHY-
TBHIX B3PBIBOM. Y COBEpIICHCTBOBAHA CXEMa Pa3BHUTHS B3PbIBA OTJIOKMBIIEHCS YrOMbHONW MBUIM B BBHIPAOOTKE C HOPMAIBHBIMHU YCIOBHSIMHU
MIPOBETPHBAHMS C YIETOM BIUSHUS CEHCMUYECKHX BOJH.

Hayunasi HoBH3HA. Y CTaHOBJIEHBI aHATUTHYECKHE 3aBUCHMOCTH, OTPaKAalOIINe BEIMUYMHY SHEPTHH ra30B B XapaKTEPHBIX TOUYKAX CXe-
MBI, PACKpBITa ANHAMHKa 00pa30BaHMsI HETaTHBHBIX (DAaKTOPOB B3pHIBA.

IIpakTHYeckast 3HAYMMOCTB. [Ipe/yiokeHbl BO3MOXKHBIE ITyTH 3aIUTHI TOPHSKOB OT JCHCTBHS HEraTHBHBIX (haKTOPOB B3PHIBA YTOJIBHO-
IO a3p030JIs ¥ YMEHBIIEHHUS TSDKEIBIX TTOCIEACTBUI TaKOTO PoJa aBapuil.

Kntouegvie cnosa: 63puis, y2onvhasn nulib, 02He8OU PPOHM, YOAPHAs B0JHA, CEUCMUUECKUE 80IHbL, NOpaXcarowue GaKmopbl, 3auuma
2OPHAKO8
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