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Abstract

Today there is not enough scientific data on the energy level and the velocity of an explosion in actual mine workings,
which have a cross-sectional area larger than experimental mine workings. The objective of the paper is to justify the
energy parameters of an explosion in actual mine workings based on the disclosure of the fire front development mech-
anism when coal dust explodes in an experimental mine working with a limited cross-sectional area. These studies can
be the basis for choosing the speed of action and the strength of the means of the localization of dust explosions. The
main research method is an experimental and analytical method, based on the analysis of the results of experimental
explosions of coal dust in experimental mine workings and theoretical substantiation of the regularities of the develop-
ment of the velocity and additional energy of the fire front with further extrapolation to the conditions of actual mine
workings. It is proposed to supplement the mechanism of explosion development with an idea about the sections of
development of explosion dynamics, i.e. initiation, dust explosion, crater, which determine the characteristic parameters
of the explosive front velocity: maximum initiating velocity, average velocity, and maximum velocity in a crater. It was
established that during methane initiation in the experimental mine working at the boundary between the initiation and
dusting zones, there is a situation of a hybrid explosion of a mixture of methane and dust with air, which has its own
velocity and energy indicators. A linear dependence of the energy generated during the coal aerosol explosion on the
cross-sectional plane of the mine working was established. This makes it possible to use the results of testing the coal
from certain deposits in small-scale experimental set-ups to justify the parameters of protective means for the actual
mine workings.
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1. Introduction

Explosions in mine workings involving coal dust are
characterized by the highest mortality rate in the coal min-
ing industry. Analysis of accidents in the coal mines of
Ukraine over the past decades showed that explosions of
methane-air and hybrid dust-air mixtures are very com-
mon (Zavialova et al., 2021, Kostenko et al., 2022). As
aresult of these accidents, 1,349 miners were injured, 732
of them were fatally injured. Despite the fact that it be-
came possible to reduce their frequency in the 21st cen-
tury, these accidents have extremely serious consequenc-
es. In just six months there were explosions in Poland
(April 2022). The progress of rescue work in such emer-
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gencies is quite time-consuming, and takes place under
conditions of the threat or immediate occurrence of re-
peated explosions. The problem of improving knowledge
about the mechanism of the occurrence and development
of the explosion of air mixture with methane and coal dust
remains relevant. Currently, it is necessary to develop
complex solutions in order to prevent explosions, as well
as for the containment and minimization of injuries when
they occur. The existing methods and means of prevention
and localization of explosions do not provide reliable pro-
tection and need improvement.

2. Analysis of recent research
and publications

The study of the conditions for the occurrence and
development of explosions of gas and air mixtures and
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coal aerosols is carried out by means of theoretical mod-
elling, including computer modelling, laboratory and
empirical studies, as well as conducting research in the
experimental mine workings in the conditions brought to
the actual ones as much as possible.

The dynamics of the development of explosive coal
aerosol caused by seismic waves was analyzed by means
of computer modelling for the workings with an initial
safe content of methane and dust in the air (Kostenko et
al., 2022). It was justified for the first time that seismic
waves from methane explosions occurring in the rock
mass can lead to the rise of dust deposits from the walls
of the mine working into the air. This is because the ve-
locity of seismic waves in the rocks is higher than the
velocity of the propagation of the explosive front in the
air environment of the mine working.

The study of the effect of the particle-size distribution
of coal dust on its tendency to explode is ongoing. The
effect of the size of coal dust particles on their burning
rate in a closed chamber was studied. From three differ-
ent mines, coal dust with particle sizes of 149, 125, 105,
74, 63, 53, 44, 37 um was selected for explosion tests in
a closed chamber with a volume of two litres (Moradi et
al., 2019). All tests were carried out at a pressure of 1.5
bar and an initial temperature of 25°C. It was established
that particles of coal dust with sizes of 44 pm and 37 pm
have a higher burning rate when compared to other sizes.

With the help of an explosive combustion chamber
designed as a sphere with a volume of 20 litres (Rodi-
onov et al., 2018), it is shown that the particle-size dis-
tribution of coal dust affects the explosion pressure, the
rate of increase of the explosion pressure and the trans-
formation ratio. It was proven that dust with a fractional
size distribution of 63-94 pm has the most explosive
properties. Two maxima of the explosion pressure
growth rate are observed, one of which occurs at a con-
centration of 100 g/m?, and the second — at 400 g/m°.
The analysis of experimental data confirmed that in the
development of fire retardants and fire extinguishing
agents used in the automatic means of explosion con-
tainment, it is necessary to conduct further studies for
the coal dust fraction with a particle-size distribution of
63 to 94 pum.

The means of studying the explosiveness of coal dust
are being elaborated, with a new 38-litre chamber for
testing explosions of coal dust created (Eades et al.,
2019). The chamber has design modifications to simu-
late the unique conditions in an underground coal mine.
A series of explosive tests was conducted using a sample
of Pittsburgh coal dust and a 5 kJ igniter. For each test,
an analysis was carried out in order to determine the
maximum pressure ratio and the dust flammability pa-
rameter. The results of the analysis were used to assess
the tendency to transfer the explosion or its absence for
each concentration.

A unique equipment with a volume of 40 L was cre-
ated to study the conditions of the detonation of gas and

dust mixtures from the endogenous sources of the heat-
ing of coal piles (Wang et al., 2021). It was used to
study the characteristics of the explosion of methane and
coal dust when ignited by a high-temperature surface
heat source. The three parameters of methane and coal
dust explosion (explosion pressure, pressure rise rate,
and explosion temperature) are consistent with the law
of methane concentration change, i.e. the parameters
first increase with an increase in methane concentration,
reach a peak, and then decrease with an increase in
methane concentration. Due to the addition of coal dust,
the limit concentrations of the three explosion parame-
ters of methane and air decrease from 11.5% to 9.5%,
from 10.5% to 9.5%, respectively, and the peak values
increase by 6.9% and 0.8%, respectively. The law of
change in the explosion temperature after the detonation
of methane and coal dust on the surface of a high-tem-
perature heat source remains the same as before the ad-
dition of coal dust. The function of predicting the igni-
tion temperature of coal dust from a high-temperature
surface heat source was obtained.

Polish researchers conducted experimental studies of
the deposition of coal dust in mine workings (Prostanski,
2015). Based on the analysis of data obtained during
mine tests in lava, the empirical models that describe the
relationship between changes in dust concentration and
dust deposition in the protective zone of mine workings
were developed. The developed empirical models
showed the possibility of predicting explosive dust de-
posits in the mine workings.

Large-scale dust explosion tests in an experimental
mine were conducted by the American researchers (Ro-
manchenko et al., 2018). The gallery was about 488 m
long, 2.1 m high and 6 m wide. The tests began with the
ignition of a methane and air mixture, the so-called igni-
tion. To this end, a 12-meter section of the gallery, start-
ing from the face or enclosed end, was filled with a mix-
ture of 10% methane and air, approximately 15 m’. A
plastic membrane was used to contain the combustible
gas mixture in the initiation zone before ignition. Igni-
tion of the methane and air mixture alone caused the
flame to spread approximately 70 m from the face.

The amount of coal dust in the dust zone correspond-
ed to the rated dustiness of 200 g/m?. Half of the mixture
of coal and limestone rock dust deposited on shelves un-
der the roof, and the rest deposited on the ground, for 91
m (i.e. at a distance of 12 to 104 m from the bottom).

This research provided some data on the depth of dust
removal in the early stages of explosion development,
essential to identifying potential dust explosion hazards.
The hazard is posed if the actual thickness of the depos-
ited dust layer is much greater than 25 mm, and the con-
tent of non-combustible substances on the surface of the
dust deposit is less than 80%.

Technical and technological solutions in the field of
dust safety of mines are presented (Harris et al., 2019).
Central pneumatic transportation systems, which pro-
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vide for the initial delivery of significant volumes of in-
ert dust to the surface complex of the mine, storage of up
to 150 tons, and daily silting with inert dust consumption
of 40 to 80 tons/day and more, are proposed. The in-
crease in the average consumption rate of inert dust from
2.6 kg/m to 28.9 kg/m is substantiated.

A number of experiments on the explosiveness of coal
and limestone dust mixtures were conducted at the Lake
Lynn experimental mine (Man et al., 2009). They were
conducted in a single gallery about 1,600 feet (488 m)
long, initiated by explosions of methane gas. Dust sam-
ples were analyzed in the laboratory using thermogravi-
metric analysis and solubility test to determine how
limestone rock dust behaves when coal and rock dust
explodes. The chemical composition of limestone has
been found to play a certain role in its ability to inhibit
coal dust explosions.

The physical and chemical properties of both coal
dust and rock dust from Indian deposits were studied
(Devi et al., 2017). All experiments were performed in
the laboratory using a Godbert-Greenwald furnace with
a volume of 0.234 L. The results showed that about 72%
of rock dust is required to convert coal dust smaller than
212 pm into non-explosive dust. This finding also sup-
ports the 70% rock dust requirement set for Indian coal
mines. However, the requirement for rock dust can reach
87% depending on the concentration of coal dust and the
size of the rock dust particles.

The results obtained during explosions in the experi-
mental mine workings remain the most representative
ones. The experimental base of active research centres
for conducting full-scale coal dust explosions is re-
viewed; the test methods and conditions for conducting
coal dust explosions are presented (Romanchenko et
al., 2022). The main factors determining the dynamics
of the shock explosion wave and the explosion flame
front are summarized. The results of an experimental
study of strong and weak explosions of coal dust are pre-
sented, and their thermodynamic parameters are summa-
rized. Based on a comparison of experimental data ob-
tained in two currently operating research centres, the
requirements for conducting tests of methods and means
of ensuring dust explosion safety of mines, as well as
criteria for the effectiveness of means of preventing and
containing explosions, are outlined.

Summarizing the review of current information
sources, it can be stated that the main factors that sig-
nificantly affect the dynamics of coal dust explosions
include the power of the initial charge, the length of the
dust zone, the nature of the deposition of dust along the
cross-section (in the roof, on the ground), as well as the
amount of dust concentration, its ash content and parti-
cle-size distribution. Nevertheless, until now, there is no
scientific data on the energy level and the velocity of
explosions in actual mine workings, which have a cross-
sectional area larger than experimental mine workings,
where it is generally 3 to 7.5 m% This makes it difficult

to justify technical parameters of the means of contain-
ment of explosions such as the speed of operation and
strength for the actual mine conditions. There are not
enough publications dedicated to the study of hybrid ex-
plosions, a mixture of air with methane and coal dust.

3. Objective of the paper and research
methods

The objective of the paper is to justify the energy pa-
rameters of an explosion in actual mine workings as a
basis for choosing the speed of operation and strength of
means for the containment of dust explosions based on
the disclosure of the mechanism of fire front develop-
ment when coal dust explodes in an experimental mine
working with a limited cross-sectional area.

The main research method is experimental and ana-
lytical method, based on the analysis of the results of
experimental explosions of coal dust in experimental
mine workings and theoretical substantiation of the reg-
ularities of the development of the velocity and addi-
tional energy of the fire front with further extrapolation
to the conditions of actual mine workings.

4. Research results

Based on data from literature sources (Romanchen-
ko et al., 2022; Cybulski, 1973), and summarizing the
results given there, it is possible to make the following
generalized picture of the explosion development pro-
cess in an experimental mine working (see Figure 1).
The main indicator of the characteristics of the propaga-

Vinax
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Figure 1: Scheme of the experimental mine working and
plots of velocity of transfer of the coal aerosol explosion front
along the mine working. I, II, IIT - mine working
arrangement equipment zones, respectively: initial, dusty,
free; a, b — areas of explosion acceleration during initiation
and in the crater of the mine working; Vi, Vmax, Vmin, Vb
- velocities of the explosion front, respectively: maximum
initiating velocity, largest and smallest velocities when the
dust explodes, maximum velocity in the crater; 1, 2 - plots of
explosion velocities with powerful (initiation by gas mixture)
and weak (initiation by explosives) initial charges,
respectively.
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tion of a coal aerosol explosion in an experimental mine
working established experimentally is the velocity (V)
of movement of the pressure or fire fronts along the mine
working.

Three zones are usually arranged when preparing an
experimental mine working for an explosion. The initia-
tion zone (/) must be arranged in the experimental mine
working where conditions are created for such a level of
detonation of the explosive substance to ensure further
transfer of the dust explosion along the mine working.
Most often, this requires to filling of a part of the mine
working volume with a combustible gas mixture, e.g. a
mixture of methane with air, which is then detonated
with a powder charge or otherwise. In addition, highly
explosive coal dust deposited in a certain area of the
mine working is used in the initial charge. Thus, the
most powerful initial charge of the type 30 m PII (Cy-
bulski, 1973), which was a 30-meter section of the strike
treated with such dust, was the most powerful during re-
search at the Barbara Mine (Poland). In some cases,
when studying very explosive types of dust, zone (1) is
absent; only the powder charge in the mortar is used as
the initial charge.

The studied coal dust of different particle-size distri-
bution is used in the next mine working zone (1), which
is deposited in the specified amount along the perimeter
of the structure or in trays. After initiation, a coal aerosol
develops in this part of the mine working, where the ex-
plosion is either transferred further or extinguished.

Zone (I1) of the experimental mine working can be
free of a combustible load, where the explosive gaseous
and solid products move by inertia.

The disclosure of the mechanism of development of
an explosive wave in all sections of the experimental
mine working and the extrapolation of the details of this
mechanism to the conditions of actual explosions in the
network of coal mine workings is of particular interest.
As a basis, a fairly representative and widely published
sample of the results of studies of coal dust explosions at
the Barbara Mine was reviewed (Cybulski, 1973). The
advantage of these data is that they are obtained using
the same experimental and measurement base, and they
can be compared.

Let us consider the process of development of the ve-
locity of the explosion front in different sections of the
experimental mine working in more detail.

After detonation of the powder charge at the end of
the mine working, the initiating mixture ignites; the
flame quickly converts from the deflagration (slow)
mode to the detonation mode of combustion. Thus, a fire
starts to move from the end of the mine working, and
then a shock front develops, the velocity of which (V)
increases as the initial charge burns, and new volumes of
hot explosion products emerge.

Depending on the type of the initial charge, two visu-
al scenarios of the development of velocity of the explo-
sion front are observed in the experimental mine work-

ing, namely with the development of a slope on the bor-
ders of zones I and II (see Figure 1, curve 1) and without
a slope (curve 2).

In all cases of using the methane initial charge, the
velocity of the explosion front increases from zero to a
certain value V. On the plot (Figure 1, curve 1), the
maximum velocity V, looks like a slope, the section (a)
of the acceleration of the explosive front exceeds the
size of zone (/). Peak, the location of the top of the slope,
is outside zone (/), in zone (II). The level of Vis deter-
mined by the mass of methane deposited during the ex-
periment set-up. The energy of the gas mixture (£ ) de-
veloped during the combustion of a combustible medi-
um can be estimated based on the specific heat of fuel
combustion, a physical quantity that shows how much
heat is released during complete fuel combustion weigh-
ing one kilogram:

E, = Mey, 9en, (1)

where: m_ — mass of methane reacted in zone (/), kg; ¢,
=50,1 — specific heat of combustion of methane, MJ/kg.
In the process of initiation, methane from zone (/) is
displaced to a certain part of section (//) (Romanchenko
et al., 2018). In these conditions, there is a mixture of
methane, coal dust and air in the section (a-/) during an
explosion, i.e. a hybrid explosion occurs. The additional
energy E , which develops in the diffusion region (a-/) is
significantly greater than the energy in zone (/):

E,=m.q, + Meyi9cn, (2)

where: m_, m_,— masses of coal and methane, respec-
tively, in the diffusion region, kg; ¢ =29,3; ¢ =50,1 —
specific heats of combustion of coal and methane, MJ/kg.

It follows from the above that the increase in energy
level leads to the development of an additional amount
of gases during the combustion of fuel and a further in-
crease in their volume during the release of additional
heat. This in turn leads to the increase in the velocity of
the explosion front. It reaches the value V, sufficient for
the further development of explosive processes in mine
working zone (/]), which contains coal dust and air.

When coal dust deposited in zone (/) is used as the ini-
tial charge or without the initial charge (see Table 1, ex-
plosion 1931), the slope is absent (see Figure 1, curve 2).
These explosions are marked in colour in Table 1. The
initiation energy is determined only by the combustion of
mass of carbon m_ deposited in initiation zone (/):

E,=m.q, ©)

In this case, the size of the explosion acceleration area
coincides with the size of zone (), and sometimes it can
be smaller.

Exceptions are explosions Nos. 3553, 3605, 3620,
when powerful 30 m PII initial charge was used, which
created velocity V, greater than that resulting from the
subsequent detonation burning of the studied dust.
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Table 1: Certain indicators of coal dust explosions in the experimental workings of the Barbara Mine (Cybulski, 1973)

Explosion | Type of initial Section size, m Velocity, m/s

No. charge I I 1III a b Vv, ViV \A
565 30 m PII 30 370 - - 120 80-160 240
558 30 m PII 30 370 - - - - 40-120 -
2249 50 m*CH, 15 | 185 - 20 50 960 160-420 1050
680 27.5m’ CH, 10 | 100 90 10 140 360 200-350 2000
3533 30 m PII 30 | 120 50 - 50 - 120-290 160
1784 50 m* CH, 10 |180 10 20 - 560 190-680 400
3620 30 m PII 30 | 150 20 50 50 560 200-720 980
1931 wprost - 100 100 - 120 - 120-600 1320
2030 50 m* CH, 10 |150 40 20 50 600 80-160 440
2011 4 m PII 4 96 100 - 100 - 40-100 600
2010 4 m PII 4 96 100 - 100 - 40-160 1040
3605 30 m PII 30 150 20 50 40 540 80-150 280
3553 30 m PII 30 150 20 50 80 530 90-400 700
3574 50 m’ CH, 15 155 30 15 100 760 210-590 880
2217 50 m’ CH, 15 150 35 15 50 520 240-400 820
839 100 m* CH, 10 310 80 20 - 320 80-180 120
278 100 m* CH, 10 310 80 20 100 320 180-640 880
3406 50 m’ CH, 15 155 30 30 30 320 90-100 200

In zone (/) of the experimental mine working, the
conditions and the nature of the explosion propagation
are qualitatively similar to those in actual mine work-
ings. The velocity of propagation of the explosion front
has a wave-like character, with the velocities in the range
of -V (see Figure 1).

min max

Zone (III) of the experimental mine working is not
charged with combustible materials, and there the fire
front extinguishes. Its inhibiting effect on the velocity of
the shock front decreases, while the frequency of veloc-
ity fluctuations decreases. The hot products of the explo-
sion, accumulated in the entire mine working, move by
inertia. The velocity of gases, as a rule, increases to V, at
the final section because the aerodynamic resistance of
the shock front decreases sharply. Gas dynamics is simi-
lar to what happens in a cannon crater.

The inhibiting effect of the fire front is confirmed by
the results of explosions Nos. 558, 839, 1784, where
there was no free zone (/I]). In the final section, the ve-
locity of the explosive front did not increase, but re-
mained within the range of V-V .

The conducted analysis allows us to state that when
using experimental data to justify the parameters’ speed
of operation of technical means designed to contain coal
aerosol combustion fronts moving through underground
mine workings, one should take into account the peculi-
arities of the development of explosions in the experi-
mental set-ups. It makes sense to focus on velocity indi-
cators ¥, when a hybrid mixture of methane and aerosol
burns. In the absence of methane, an indicator not lower
than V should be considered.

As mentioned before, the experimental mine work-
ings have a small cross-sectional area S compared to the
actual mine workings. Such indicators for modern coal
mine workings are more than S=9 m?, and $>20 m? for
ventilated mines with a high production load.

The total energy of gases E, concentrated in the
cross-section of the mine working, can be calculated as
the sum of kinetic energy £, internal energy £ , and en-
ergy of chemical transformation of combustible compo-
nents £,

For clarity and convenience, we recommend to con-
sider the relative energy E , concentrated on a section of
the mine working with a length of 1 meter (L=1 m). It
can be calculated from the following expression:

2
By =m et T g, e, )

where:

m, m, m_, —mass of air, coal dust and methane, re-

spectively, kg;

k — coefficient, k= 5/2 for diatomic (O,.N,, H, CO)
and £ =3 for polyatomic (CH , CO, HO, CH,
etc.) gases;

R —universal gas constant, R = 8.3145, J/(mol K);

M, — gas molar mass, kg/mol;

T L~ air temperature, K;

V. — velocity of the gas flow in the given section, m/s.

Considering that the total mass of coal dust and meth-

ane, which are in the analyzed volume, is significantly
less than the mass of the rest of the air, and the energy of
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Figure 2: The amount of energy (E, J) developed during the explosion of coal aerosol at the cross-sectional area
of the mine working (m?). *Fragments a, b, ¢ provide equality of geometric scales of the initial and final values.

their transformation is mainly implemented in the form
of heat and volume of gases, we assume, as a first ap-
proximation, that the last two members of the expression
(4) can be neglected. Based on this, the dynamic impact
on the protective structure is mainly exerted by kinetic
energy E in the form of a shock wave of explosive gases
flow moving at a certain velocity and changing density
when heated:
V: kR
B =m (T ®)
In this expression, with the size of the cross-sectional
area S per unit of length (L=1 m), the air mass is:

m=S-Lp ©6)

where p — air density under normal conditions, kg/m?;

The type of expression (5) indicates a linear depend-
ence of energy on the mass of air in the mine working
cross-section. The larger is the cross-sectional area, the
greater the kinetic energy developed during the explo-
sion of coal dust that can affect the protective explosion
retardant.

For a quantitative comparison of the impact of the
size of the mine working cross-section, the calculation
of the kinetic energy developed during the explosion in
the mine workings with an area of 10; 15; 20 m? The
following temperature ranges of explosive gases are
used for the calculation: K, 500<7p<700, and their ve-
locities, m/s: 200<V <800 (see Figure 2).

As evidenced by the results of the calculations, with
an increase in the cross-sectional area of the mine work-
ing, an increase in the energy of the explosive front is
observed. Thus, the maximum indicator £ at Tp =700, K
and V,=800, m/s was about 1-107, 1,5-107, 1,9-10” J at §
10; 15; 20 m? respectively (see Figure 2). A clear linear
dependence of the growth of the energy value on the in-
crease in temperature is observed. Thus, at S=20 m?and
V:=200 m/s an increase in gas temperature by 200 K
(from 500 to 700) provides an increase in energy from
1-107to 1.35-107 J (see Figure 2c¢).

A parabolic dependence of energy growth with an in-
crease in flow velocity Vis observed. Thus, in the mine

working with § = 15 m?, at T =500 K, after a velocity
increase ¥V, from 200 to 800 m/s, energy increased from
0.7-107to 1.2-107 J (see Figure 2b).

5. Discussion of research results

The research results presented in this paper are aimed
at revealing the mechanism of coal aerosol explosion de-
velopment in the experimental mine working. Thus, a
thorough analysis made it possible to identify areas of
explosion development in different zones of the experi-
mental mine working. It was established that the ar-
rangement zones and the explosion development areas
might not coincide in their linear dimensions.

In particular, during the initiation of a coal dust explo-
sion with the help of a methane and air mixture, the con-
ditions for the explosion of a hybrid mixture of methane,
dust and air are created at the borders of gassed (/) and
dusty (/) zones. It is theoretically justified that in this
case the released energy is much higher than the energy
released when only the dust explodes. The plot of the
explosion front velocity reflects this phenomenon as a
slope with a peak at the point of maximum velocity. It
has been experimentally confirmed that at the end of the
acceleration section (a) the velocity Vi of explosion
propagation is significantly greater than during the stud-
ied dust explosion.

In the dusty zone of the experimental mine working
(1), the energy of the explosion is determined by the
process of oxidation of coal particles and generally
obeys expression (3) taking into account the mass of
coal suspended in the air. The velocity of the fire front
depends on the rate constant of the carbon oxidation re-
action. This indicator depends on a number of factors,
such as type of coal, its particle-size distribution, pres-
sure, temperature, the presence of moisture and inorgan-
ic impurities, the concentration of fuel in the aerosol,
etc. According to literature sources, the theoretical burn-
ing temperature of hard coal reaches 2010 to 2020°C. At
the specified temperatures, the coal oxidation rate con-
stant is £ =2-10"* to 2-10**. This explains the high veloc-
ity of the fire front and the derived shock front in the
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direction of the concentration of oxygen and fuel. The
presence of moisture, impurities in dust that phlegmatize
oxidation, the lack of oxygen can slow down the com-
bustion process. It is known that despite the fact that
such fronts are interconnected inseparably, the velocity
of the shock front usually exceeds the velocity of the fire
front (Kostenko et al., 2022; Romanchenko et al.,
2022; Cybulski, 1973). It can be assumed that the fire
front moves as the coal aerosol burns out. The move-
ment of the shock front is facilitated by the relatively
higher propagation velocity of the seismic waves gener-
ated by the explosion in the rock mass. Such a velocity
difference explains the intermittent separation of the
shock front, and the development of the wave nature of
the dust explosion propagation with an average velocity
of V' -V .Thewave propagation of the explosion also
contributes to the uneven transition of dust deposits to
the state of the curtain and the unstable content of fuel in
the aerosol.

The obtained experimental data on the velocity of
propagation of the explosion front in the experimental
mine working are the basis for substantiating the speed
of operation of automatic means of suppressing explo-
sions, for example, to select the distance between the
sensor and the actuator (Kostenko et al., 2021). The
availability of technological equipment, fastening equip-
ment and rail vehicles help to suppress the intensity of
an explosion. On the contrary, the presence of belt con-
veyors will increase the intensity of an explosion.

At the last stage of the movement of the experimental
explosion, when its front passes through the dust-free
section (1), the inhibiting effect of the slow burning of
the aerosol does not occur, and the shock front acceler-
ates to V, if there is a crater b. If section (//) is missing,
the acceleration effect is absent.

The linear dependence between the cross-sectional
plane and the amount of explosive energy developed
there is justified theoretically. The given results can be
used, in a first approximation, as a basis for justifying
the speed of an operation as a means for suppressing the
negative factors of coal dust explosions in mines. This
allows for the application of this dependence to calculate
the strength indicators of the protective structure based
on the results of the obtained experimental data for the
coal of a certain deposit.

To this end, it is possible to apply experimental data
from the tests of the velocity of propagation of the ex-
plosion front in experimental set-ups of small cross-sec-
tion,e.g. V. and also, knowing the cross-sectional area
of the mine working S, to calculate the energy of the
explosion, guided by expressions (5-6). This allows for
a justification of the length of a dust barrier with inert
load or a water barrier with shelves and vessels of stand-
ard size, calculating the strength parameters of a me-
chanical curtain, etc.

It makes sense to continue further research in the di-
rection of broadening the understanding of the dynamics

of the front movement of explosions of hybrid dust and
gas mixtures. This will become the basis for improving
the methods and means of both prevention and contain-
ment of underground accidents of this type with the help
of systems of localization of coal dust explosions (Kos-
tenko et al., 2021).

6. Conclusions

The velocity of propagation of the explosion front and
the resulting energy are fundamental criteria in the crea-
tion of the means of containment of coal dust explosions
in the network of coal mine workings. They determine
the speed of an operation and the strength characteristics
of the means of containment of coal dust explosions in
mine workings.

It is proposed to supplement the mechanism of explo-
sion development with an idea about the sections of de-
velopment of explosion dynamics, i.e. initiation, dust
explosion, crater, which determine the characteristic pa-
rameters of the explosive front velocity: maximum initi-
ating velocity, average velocity, and maximum velocity
in a crater.

It was established that during methane initiation in the
experimental mine working at the boundary between the
initiation and dusting zones, there is a situation of a hy-
brid explosion of a mixture of methane and dust with air,
which has its own velocity and energy indicators.

One of the possible explanations for the wave-like na-
ture of the movement of the coal dust explosion front
through the mine working can be the difference in the
velocity of the physical and chemical reaction of carbon
oxidation and the propagation of shock waves in the
rock mass.

A linear dependence of the energy generated during
the coal aerosol explosion on the cross-sectional plane
of the mine working was established. This makes it pos-
sible to use the results of testing the coal from certain
deposits in small-scale experimental set-ups to justify
the parameters of protective means for actual mine
workings.
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SAZETAK

Mehanizam razvoja eksplozije ugljenog aerosola
u eksperimentalnim rudarskim radovima

Nema dovoljno znanstvenih podataka o razini energije i brzini eksplozije u stvarnim rudarskim iskopima, koji imaju ve¢u
povrsinu poprec¢nog presjeka od eksperimentalnih rudarskih radova. Cilj studije je potvrditi energetske parametre eksplo-
zije u stvarnim rudarskim iskopima na temelju otkrivanja mehanizma razvoja pozarne fronte pri eksploziji ugljene prasine
u eksperimentalnom rudniku s ograni¢enim popre¢nim presjekom. Ova istrazivanja mogu biti temelj za odabir brzine
djelovanja i jacine sredstava za lokalizaciju eksplozije ugljene prasine. Glavha metodologija istrazivanja temelji se na ekspe-
rimentima i analitickom postupku analize rezultata testnih eksplozija ugljene prasine u pokusnim rudarskim otkopima te
teoretskom obrazloZenju zakonitosti razvoja brzine i dodatne energije fronte pozara budude ekstrapolacije u uvjetima
stvarnih rudarskih radova. Predlaze se dopuna mehanizma razvoja eksplozije u dijelovima, tj. inicijaciji, eksploziji prasine,
plamenom krateru, koji odreduju karakteristi¢ne parametre brzine eksplozivne fronte: maksimalnu po¢etnu brzinu, pro-
sje¢nu brzinu, maksimalnu brzinu u plamenom krateru. Utvrdeno je da tijekom inicijacije metana u pokusnom rudniku
koja se odvija na granici izmedu zone inicijacije i zone zaprasivanja dolazi do hibridne eksplozije mjesavine metana i prasi-
ne sa zrakom, koja ima svoje pokazatelje brzine i energije. Utvrdena je linearna ovisnost energije nastale eksplozijom aero-
sola ugljena i povrsine presjeka rudnicke prostorije. Time se omogucava koristenje rezultata ispitivanja ugljena iz pojedinih
lezi$ta u manjim pokusnim otkopima za potvrdivanje parametara zastitnih sredstava kod stvarnih rudarskih radova.

Klju¢ne rijeci:
rudarski radovi, ugljeni aerosol, eksplozija ugljene prasine, brzina eksplozivne fronte
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