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Abstract

A new approach to determining the yield of volatile substances from coals in relation to explosion safety, including
expert work in emergency mines during explosions, is considered. The results are based on complex experiments,
including explosive tests and thermogravimetric studies of gases of various stages of metamorphism: from long-flame
(grade D) to coking (grade K). Thermogravimetric studies were supplemented by explosive experiments in a 20-liter
chamber, and more than 60 dust samples from emergency mine sites were also studied. Refined “stage-by-stage” indi-
cators of the yield of volatile substances for solving dust explosion problems, which have significant advantages over
the standard method of quasi-isothermal heating of dust in a muffle furnace, have been proposed and practically worked
out. Methods of thermogravimetric determination of moisture and ash content of samples, as well as the yield of volatile
substances at various stages of heating, with separation of the yield of combustible and non-combustible gases, have
been developed. Non-overlapping intervals of the thermal reaction are identified: moisture yield (25-130 °C); heat-
resistant heating (180-350 °C); primary yield of volatile substances PVS (350-600 °C); secondary yield of volatile
substances SV'S (600-750 °C); thermal degradation of mineral inclusions and inert dust CDS (750-840 °C). For emer-
gency conditions, the stages of steady decrease and growth of the yield of volatile substances from post-explosive
samples are determined and a criterion for the participation of coal dust in the explosion is formulated. The modified
criterion makes it possible to numerically recognize the fact of dust participation in an explosion, determine the epi-
center of deflagration combustion, and study the dynamics of the explosion over a mining network while determining
the effectiveness of dust and explosion protection.
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Introduction
Modern conditions of intensive coal mining are characterized same types of hazards: aerologi-

cal [1, 2], dust [1, 3, 4], geomechanical [5, 6], and fire [7], which can lead to accidents accompanied
by cases of group injuries [8, 9]. In order to reduce the aerological hazard associated with the threat
of gas contamination of mine workings by methane released from coal, as well as other gases
generated during the operation of equipment with diesel-hydraulic drive and other technological pro-
cesses, methods for controlling the intensity of gas emissions and the concentration of dangerous
gases are being improved [10, 11]. Other technical solutions to reduce aerological risks [12-14], in-
clude the development of effective ventilation schemes and methane removal systems [15], taking
into account the features of the rock (solid) mass, the technology of works and the processes of gas
emissions [16-18]. Attention is paid to the processes of normalization of the parameters of the mine
atmosphere by reducing the volume emissions during the operation of diesel-hydraulic vehicles and
similar equipment [19, 20].
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Dust is formed during the mining of coal seams and mining operations, which pose a threat
to human life and health [3, 21]. The fight against the dust factor is relevant not only for coal
mines, but also for open-pit mining and coal transportation and processing enterprises [22]. The
main efforts are aimed at developing effective means of reducing dust [23-25] and preventing
coal dust explosions [26-28] taking into account its material composition, dispersion, and dust
deposition characteristics [28-31].

Ensuring geomechanical safety primarily involves choosing the safest technological solutions
for mining minerals, minimizing the likelihood of geogasodynamic phenomena [5, 6]. To reduce the
fire risks associated with the threat of spontaneous combustion, new formulations of anti-pyrogens
and inhibitors are being improved and proposed, taking into account the properties of coal and the
condition of the mining [7, 32]. The most widespread negative consequences occur in the case of
methane and coal dust explosions [10, 33].

Explosions in coal mines have been reported with varying frequency in all coal-producing coun-
tries. Progress and the application of modern technologies have reduced the probability of large ex-
plosions. However, they could not be completely eliminated [34-36]. The potential explosion hazard
of coal dust requires improvement of its control methods both at the pre-emergency stages and during
the elimination of explosions. When conducting mining rescue operations in case of explosion, it is
necessary to determine the following:

« the type of accident (explosion, fire, rock burst, sudden outburst), which determines the plan of
operational work to eliminate the accident;

« the epicenter of the accident (the explosion site), which will determine the affected area, the
availability of fire danger or explosion hazard in the entries, to which rescue units will go to; deter-
mining the location of the accident will set the routes for rescuers and form a list of necessary forces
and means for various work (exploration, evacuation of personnel, accident elimination);

« the fact that dust was involved in the explosion.

The importance of this stage was demonstrated by the accidents at the Listvyazhnaya (2021),
Severnaya (2016) and Vorkutinskaya (2013) mines, which are in the Rostechnadzor technical inves-
tigation reports:

« in several accidents, the mining dispatcher put into effect an accident elimination plan based
on the type of accident “Rock burst” when an actual explosion occurred with catastrophic conse-
quences [1, 10, 36]. Since the elimination of the consequences of an explosion with the fire is significantly
different from the elimination of the rock burst, this affected the effectiveness of rescue operations;

« in case of incorrect determination of the epicenter of the explosion, a complex of labor-inten-
sive work was performed to isolate the longwall face area with explosion-resistant seals, but in fact
the explosion occurred in a gate outside the isolated area [10];

« there were no ways to reliably identify the epicenter of the explosion, the number of explosions
that occurred, and the participation of dust in an explosion, which made planning mine rescue and
expert work more difficult [36].

During explosions, a lot of thermal and mechanical energy is released, followed by its transfer
through shock waves and a flame front [37-39], which creates numerous destructions and fires.

The determination of the moisture content in coal, rock additives and the yield of volatile
substances provides the first level of data on its composition and technological value. One of the main
classification parameters of coal is the yield of volatile substances V (taking into account the condition
for a dry sample V¢ or a dry ash-free mass V%), is determined on the basis of national® and interna-
tional standards?. When analyzing the explosion hazard of small coal fractions (dust), V%' is also used
as a criterion for classifying dust as hazardous for explosions. However, the use of the V¥ in the field

1 GOST R 55660-2013. Solid mineral fuel. Determination of volatile matter.
21S0 562:2024 “Hard coal and coke — Determination of volatile matter”.
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of dust explosion hazard is not directly provided for by the standards. In the framework of this paper,
the yield of volatile substances V is considered only for dust explosion issues.

The existing standard methods for obtaining V%' for coal classification and certification are not
considered or questioned in this article. According to industry rules and regulations, non-explosive
dusts include coals with a V¥ of < 15 % (in various countries — less than 10-20 %). At the same time,
at the level of safety regulations for coal mines, the imperfection of using the V%' parameter in the
field of dust explosion hazard is recognized. The fulfillment of the V% criterion < 15 % requires an
experimental (i.e., directly explosive) verification to definitively classify the dust of the coal under
study as non-explosive. Some studies have noted detonation explosive combustion of formally non-
explosive dust at V%' < 11.5 % [40], as well as a significant dependence of the V%' value on the
dispersed composition of the dust (experimental explosion N 680 in the experimental mine of the
Barbara).

The V% parameter is used for numerical recognition of the participation of coal dust in explosion
by decreasing the yield of volatile substances®. During expert work at the mine after the accident, the
amount of volatile substances released before the explosion of the V% is compared with the same

indicator of samples from the emergency site after the explosion V.2
VEE <y @ or A=V VP 5, 1)

The Department of technical regulation (Rostechnadzor) applies instructions according to which,
when reducing the volatile yield after an accident to 3 %, dust did not participate in the explosion; when
decreasing by 3-5 %, dust partially participated in the explosion; when decreasing by 5-10 % — dust par-
ticipated in the explosion and the mode of combustion was near detonation; when decreasing by more
than 10 % — the entire volume of coal dust deposited in the mine took part in the explosion.

In practice, criterion (1) of dust participation in the explosion and the change in V%' according to
Rostechnadzor instructions are not fulfilled. Thus, during the elimination of the largest accident in the
history of Kuzbass — the explosion at the Ulyanovskaya mine in 2007 [41] V¥ = 35.0 % (before the
explosion). According to Rostechnadzor's instructions®, after the thermal impact of the explosion, the

V2" value should have decreased to about 25 %. However, multiple determinations showed the result

V% = 359-37.0 %, i.e. the yield of volatile substances from samples after the explosion did not de-

crease, but exceeded the pre-emergency value [41]. The main reason for this discrepancy was the method
of determining the yield of volatile substances with quasi-isothermal heating of dust at 7= 900 °C in a
muffle furnace and incorrect representation of the processes of thermal destruction of coals. The process
of destruction in the coal macromolecule after exposure to explosive factors (temperature — pressure),
leading to the destruction of the core and the formation of new groups unstable from heating, has not
been studied before. The standard method for determining the yield of volatile substances is not adapted
to dust explosion safety issues and is outdated both in terms of the sample heating process and in relation
to the equipment used.

In addition to these problematic facts [41] expert work in case of explosions is complicated by
the use of rockdusting. There are no methods for analyzing the residual explosivity of coal — limestone
mixtures, and there are no methods for recognizing the participation of coal dust in explosions in the
presence of CaCOs impurities.

The considered innovative approaches based on thermogravimetric methods for analyzing coal
dust offer improved criteria for assessing its explosion hazard, solve the problem of recognizing dust
participation in an explosion regardless of the ash content and inert additives, allow us to study the
dynamics of an explosion in emergency workings and reliably determine the epicenter of deflagration
combustion (explosion) of dust in accidents for planning rescue operations.

3 Order N 743 of the Federal Service for Environmental, Technological and Nuclear Supervision dated December 20, 2012
“On approval of Methodological recommendations for conducting expert work in the investigation of technical causes of accidents in
coal mines”.
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Methodology and notations

Thermogravimetric (TG) analysis is a subsequent stage in the development of thermal analysis
methods and is used to study physico-chemical transformations in coal matter under technological
temperature exposure (for example, during coking) or in emergency explosion conditions. Thermo-
gravimetric functions (TG and DTG), as well as the identification characteristics of TG analysis,
provide extensive opportunities for determining the limits of thermal stability of samples, combustion
temperature, and the state of samples in temperature ranges, and contain information about the ther-
mal effects of an explosion [42-44]. Thermogravimetric analysis devices eliminate the disadvantages
inherent in heating in a muffle furnace: automatic drying of the sample with measurement of moisture
and ash content; “limited oxygen access” is replaced by an inert atmosphere; the transitional period
of temperature recovery in the furnace and other disadvantages are eliminated [43-45].

In the TG analysis, instead of isothermal heating (as in the standard definition of V%), the method
of sequential temperature increase is used, combined with measuring the mass of the sample with a
frequency of at least 0.5 s™X. The number of measurements of mass of samples from two values (for
the standard method) increases to 1000-1500, which allows the formation of thermogravimetric func-
tions (TG and DTG), which determine the identification characteristics: moisture content of the sam-
ple W, %, intervals of thermogravimetric reactions, the maximum rate of yield of lean substances
M'max, %/ mMin and the corresponding temperature Tmax, °C, coke residue Mi?, %, ash residue or ash
content A9, % [44].

For the TG analysis of the research, samples of coal of seven grades were selected: D, DG, G,
GJ, Zh, K, A (corresponding from bituminous to coking coal; three grades are considered in the article),
as well as samples of dust deposited in mines. TG studies were carried out on thermal weights
TGA-951 of the DuPont-9900 complex and the thermogravimetric installation Q 600 TA Instruments
according to standard methods — ASTM E 1131-20, GOST R 53293-2009. The prepared coal dust
samples were heated in an inert atmosphere with a linear temperature increase from 20 to 850 °C with
a heating rate of AT, = 20 °C/min (basic mode) or AT, = 100 °C/min (fast heating mode). Mass
measurements were carried out every two seconds, upon reaching the heating temperature 7= 130 °C
the moisture content of the sample W? was determined by weight loss. At 7= 850 °C to complete the
coking process, the sample was kept for 15 min, after which the inert atmosphere was changed to an
airy one and the ash content of the sample A was determined [44].

The TG and DTG curves of coal dust samples of various grades, as well as coal — limestone
mixtures in the “pre-explosion” and “post-explosion” states, obtained from thermogravimetric
studies, were compared, which made it possible to identify significant and qualitative differences
in functions and identify temperature ranges for the yield of volatile substances [45].

The following designations have been introduced:

* the value of the primary yield of volatile substances from the dry sample (d) and the dry
ash-free mass (daf) is the loss of sample mass in the range of ~350-600 °C — PVS (primary volatiles

stage), taking into account the lower and upper indices and, respectively Vs, O V(avs) ;

« the value of the secondary yield of volatile substances in the range of 600-750 °C — SVS
(secondary volatiles stage) is indicated respectively Vg, or V(&vs, ;

« the value of volatile substances from a sample subject to explosion is indicated by the subscript
ex indicating the heating stage Vg eys)» Vexcsvs) » €tc. [45].

Experimental works and discussion

Determination of temperature ranges for the value of volatile substances during coal destruc-
tion. The complex physical and chemical structure of coal matter, based on the principle of natura
non facit saltus (nature does not make sudden leaps — lat.), determines the complexity of its thermal
destruction processes, the wide range and complex composition of volatile substances that are re-
leased from coal at different temperatures of its heating. Coal is a high molecular weight compound
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Fig.1. Mass loss rate (DTG) of grades D, Zh, K hard coals in an inert atmosphere with stages:
MRS (20-130 °C); PVS (350-600 °C); SVS (600-750 °C)

of organic nature, a molecule that contains thousands of atoms with multiple repetitions of the main
structural group. The coal macromolecule, according to the van Krevelen model, has a structure with
a relatively heat-stable core and side groups of atoms. The coal’s macromolecule core is heat-stable
in the range of temperature of approximately up to 600 °C. Side hydrocarbon groups of low-stage
metamorphic coals (grades D, G) are heat-resistant at temperatures up to 350 °C, and coking grades
of coal — up to 400 °C [44].

When the heating temperature of the coal dust sample increases in the range from 20 to 130 °C
with a heating rate of AT, =20 °C/min (at AT, = 100 °C/min in the range from 20 to 180 °C), mois-
ture is removed. The indicated intervals are allocated in MRS (moisture removal stage) — the gross
stage of the analytical moisture W2 yield.

Heating of samples to a temperature of 350-400 °C is accompanied by the transition of the coal
matter mass into a plastic state. In this case, the mass loss is 2-4 % for low-stage metamorphism coals
(grade D) and less than 1 % for coking coals (grades Zh, K) (Fig.1).

Increasing the heating temperature from ~350 to 600°C leads to intensive primary decomposition
of the coal substance and the yield of combustible volatile substances from it. The side hydrocarbon
groups of the macromolecule pass into a gaseous state. The gas yield in this case is more than 70 ml
per 1 g of coal [44]. The temperature range of 350-600 °C can be characterized as the primary volatiles
stage. This stage is present in the DTG dependencies of all coal grades that are hazardous in terms of dust
explosion (Fig.1). The maximum rate of volatile substances yield is achieved at a temperature
of 461-511 °C. The PVS of hard coals ends with the formation of a solid product — semi-coke.

The heating range of 600-750 °C was experimentally identified as the secondary volatiles stage —
SVS. The yield of combustible volatile substances from all grades of coals occurs at the SVS stage
with varying intensity (Fig.1). The thermal destruction process at this stage of heating occurs at a low
but stable rate of mass loss — about 0.8-0.9 %/min for the bulk of coal [44, 46].

Comparison of the mass loss rate curves or volatile substances yield rate curves for various grades
of coal (Fig.1) shows that the yield of volatile substances from coals at the PVS stage decreases,
the temperature of the primary yield of volatile substances maximum shifts to the right or increases
from 461 to 511 °C. The SVS has a modal value of the yield velocity of volatile substances in the range
of 701 + 5 °C [44]. At the PVS and SVS stages combustible gases are yield as a product of the coal mass
thermal destruction. The yield of combustible gases at the PVS and SVS stages is confirmed by experi-
ments combined with combustible gas analysis (combined TGA/AGG experiments).

With further heating (HTH) at the stage of 750-850 °C the coking process is completed. At this
stage of high-temperature heating, both combustible and non-combustible volatile substances (in the
presence of mineral inclusions in the coal) are released with an intensity close to constant.
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Fig.2. Stages of thermal destruction and typical DTG functions of the studied samples:
1 — coal grade D; 2 — coal — limestone mixture

The rate of mass loss is 0.7-0.8 %/min. However, the situation for the HTH stage changes
significantly when analyzing mine dust. In accordance with the requirements of all national safety
regulations, in order to neutralize the explosiveness of mine dust residues in workings, inertization
is carried out — dilution of settled coal dust with rock dust based on limestone (CaCO:s). In this case,
the content of non-combustible additives in the resulting coal — limestone mixtures (that is, when
studying rock dust from workings after performing inertization proceedures — rockdusting) should
be 80-89 %. Intensive decomposition of rock dust into CaO and CO; occurs in the temperature
range of =750-850 °C. This interval is allocated to the CDS (carbon dioxide stage), when the
extrapolated range of decomposition of rock dust (without coal additives) is 742-840 °C (for
AT, = 20 °C/min) with a maximum CO. yield at 812 °C.

Figure 2 shows the process of volatile substances yield from grade D coal (curve 1 with PVS
and SVS stages) and curve 2 for a coal — limestone mixture with a ratio of 10:90 %. The PVS and
SVS stages are weakly expressed for curve 2 in comparison with curve 1 because the percentage
content of coal is insignificant and the percentage yield of combustible volatile substances in the
mixture is significantly reduced. The main part of the second sample thermal destruction occurs
at the CDS during the thermal decomposition of CaCOz, which is accompanied by the noncom-
bustible volatile substances CO yield.

Thus, the proposed stage method for determining the yield of volatile substances allows separating
the combustible gases emitted from non-combustible ones at different stages of heating, while isothermal
heating (according to GOST R 55660-2013 or 1ISO 562:2010) involves feeding samples directly into the
heating zone with 7~ 900 °C. Quasi-isothermal heating at 7~ 900 °C makes inevitable the thermal de-
composition of both organic and a significant portion of mineral components (non-combustible gases with
a predominance of CO»), which calls into question the practical application of the total yield of volatile
substances for explosion hazard control. Since a dust explosion, from the point of view of the process
physics, is an explosion of combustible gas components that have been released from coal samples, the
use of an indicator that includes mass loss due to the yield of both combustible and non-combustible
components does not reflect the explosion hazard level of the analyzed sample.

The use of the method for determining the intensity of the volatile substances value with a linear
increase in temperature allows us to identify temperature ranges of the combustible volatile sub-
stances value and determine the intensity of this process. These are the PVS and SVS stages for
thermally undisturbed coals. Significant information is obtained on the additional range of carbon
dioxide emissions from rock dust (CDS) when analyzing mixtures of coal and rock dust. Moisture
yield at the initial heating stage (MRS) is always present and differs only in the value of external
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moisture in the samples [44]. The thermal destruction of dry dust samples is studied after drying
the samples at the MRS stage. The ash content A? is determined after coke combustion. This allows
us to recalculate the values of the stage yield of volatile substances to the state of dry ash-free mass (daf).

Research of dust in explosion experimental chambers. Initially, the basic thermogravimetric
functions of the coal substance were determined (similar to curve 1 in the Fig.2) to identify changes
in its state before and after the explosion. The dust was then subjected to explosion at various
concentrations in a 20-liter explosion chamber. The qualitative and quantitative characteristics were
then compared (Table, Fig.3). Changes in the TG characteristics after the thermal impact of the ex-
plosion are clearly shown in Fig.3.

Results of the study of coal dust samples before and after the explosion (for the daf state)

PVS SVS
daf daf
N Sample Ve o AV(FQ/S) VE o AV(SE:/S) Total, %
(PVS)* (SvS)
compared to sample 1 compared to sample 1
1 |Before the explosion 25.71 - 10.70 - 36.41
2 |After explosion (500 g/m?) 10.75 -14.94 10.77 +0.07 21.52
3 |After explosion (100 g/m?3) 13.64 -12.07 36.73 +26.03 40.37

The qualitative characteristics and data in Fig.3 indicate the disappearance of the gross stage of
the combustible volatile substances yield for PVS in the samples “after the explosion” (curves 2'
and 3' in Fig.3, temperature range 350-600 °C). The value of mass loss and the rate of its decrease at
this stage in post-explosion samples decreases sharply. Gross stages of low-temperature of volatile
substances yield appear in the temperature range of 150-250 °C (curves 2’ and 3', temperature of
about 200 °C), which are absent in the characteristics of coal before the explosion (curve 1). The
presence of such areas is evidence of the full-scale tests priority and the conditionality of the explo-
sions in chambers results. At T < 200-250 °C, the remains of the ignition source of the dust aerosol
and/or its shell decompose thermally (according to GOST 12.1.044-2018, the ignition source is a
pyrotechnic charge with an energy reserve of 2.5 kJ of the following composition: finely dispersed
powders of zirconium, barium nitrate and barium peroxide in a ratio of 4:3:3 with a mass of 0.6 g or
aluminium powders and barium peroxide in a ratio of 1:9.4 and a total amount of 1.0 g; an additional
shell for the resulting charge weighing about 0.5 g is required). The mass of the ignition source is
comparable to the mass of coal dust in the chamber. This introduces distorting additives into the
composition of post-explosive dust (from the chamber), which are absent in mine dust. The charac-
teristics of the samples, which are recalculated to the state of dry ash-free mass, are given in the Table.

100 1

80 ]

60 |

Mass, %

40 |

Rate of mass loss, %/min

0 200 400 600 800
Temperature, °C
Fig.3. Thermogravimetric functions for samples of grade D coal dust that were collected before and after the explosion [45]:

TG-(1) and DTG-(1") curves of grade D coal before the explosion; TG-(2) and DTG-(2") curves of grade D coal after the explosion
at dust concentration of 500 g/m?; TG-(3) and DTG-(3') curves of grade D coal after the explosion at dust concentration of 100 g/m®
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Fig.4. Comparison of TG and DTG samples of grade Zh coal with dust of this coal from the emergency section

The analysis of the obtained research results showed the following:

« the value of volatile substances at the PVS in post-explosive dust decreased by 1.9-2.4 times
(from Vs, = 25.7 % t0 Vs, = 10.8-13.6 %);

«the value of volatile substances at the SVS in post-explosive dust increased from
V&) = 10.7 % to the maximum value of V7, = 36.7 % (on average by 1.9 times);

« it has been experimentally established that the total yield of volatile substances for the daf state
from post-explosion dust (explosion in the experimental chamber) can either decrease (line 2 of
the Table) or increase (line 3 of the Table), depending on the conditions of the explosion. This explains
the failure to meet criterion (1) in practice, which is described in detail in the papers [41, 44, 45].

Research of dust exploded in mines. The conditions of explosions in laboratory chambers (with
a rigidly fixed volume) and in mines (the volume of the reaction is limited to two dimensions and is
not limited by the length of the workings) differ significantly. Therefore, the most reliable data are
obtained during large scale tests (LST) in experimental adits, drifts or galleries. There are no active
experimental adits in Russia. Therefore, the sampling of the exploded dust was carried out by
professional rescuers who eliminated the consequences of real explosions in two coal mines.
A total of 60 dust samples and lump coal samples of grades Zh (Pechora coal basin) and D (Kuz-
netsk coal basin) (mining disasters in 2013-2021) were collected from the emergency section.
Seam coal samples from these mines were used to determine the basic (i.e. pre-explosion)
characteristics. This sampling allowed us to research the explosive properties of coals dynamics
in comparison with traditional [44, 47] TGA researches of coking and energy coals.

Figure 4 shows a comparative TG analysis of base samples of grade Zh coal and coal after
an emergency dust explosion in a mine, collected at four points (total of 18 samples were collected
and processed from this mine in three workings of the emergency section, 2013). The considered
sampling points (1-4) correspond to the places of miners fatal injuries at the explosion and are
located in the following places of the extraction area (EA): 1 — 100 m behind the longwall in
the supported working, in the mined-out space (return ventilation air); 2 — 50 m from the longwall;
3 —20 m from the headgate with the conveyor drift (CD) of the lower part of the longwall; 4 —in
the CD at a distance of 30 m from the headgate with the longwall on the intake air. Initially,
it was assumed that the explosion occurred in the longwall. However, the TG analysis method
determined that the explosion occurred outside the EA — in the transport slope, that was confirmed
by the results of expert works.
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The qualitative picture of the TG/DTG functions dynamics for the post-explosion state of coal
dust for LST explosions has a number of results in common with explosions in 20-liter chambers.
Thus, Fig.4 shows a significant decrease in the yield of primary volatile substances at the PVS stage
in all dust samples after the explosion in relation to the pre-explosion values and a significant increase
in the yield of secondary volatile substances at the SVS in samples after the explosion in relation to
the pre-explosion values. For all analysed samples from emergency sections of mines (samples after
the explosion), the total yield of volatile substances when recalculated to dry ash-free mass exceeded
the similar indicator of the sample before the explosion.

For explosions in a 20-liter laboratory chamber, the total yield of volatile substances decreased
in about half of the experiments (to 10 % of the initial value), and increased slightly in the other part
of the experiments. This is the only significant difference between the results of laboratory research
and full-scale mine explosions.

Figure 5 shows the summarized quantitative data for groups of experiments in the research of
samples using the thermogravimetric method.

Based on the comparison of the stage of volatile substances yield values (V(‘é,"’\‘js) /Ve‘i"’(‘fpvs);

Viavs) Vacsvsy) (logical variable), the criterion of dust participation in the explosion in the form of
mathematical logic equation has the form:

By = (Vilthws) <Viimrs)) and (Visthus) >Viéts ) 2
According to formula (2), dust took part in the explosion (event Ex = 1) when two conditions or

elementary events were simultaneously met — a significant decrease in the yield of primary volatile

substances at the PVS stage in the sample after the explosion (Vi) <V/svs)) and an increase in the

yield of secondary volatile substances (V.igs) >Visvs)) -

The thermogravimetric method for recognizing the participation of coal dust in explosive com-
bustion has been proposed and practically developed based on the method of stage-by-stage control
of the volatile substances yield from post-explosion samples and their comparison with the basic pre-
explosion values. Determining the involvement of dust in an explosion is a mandatory procedure both
during operational work to eliminate accidents and during expert investigations of technical causes
of accidents.
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Fig.5. The ratio of the volatile substances yield dynamics from coal dust samples before the explosion (1)
and after the explosion (2) at different stages of heating (PVS, SVS) and the total of volatile substances yield
(state of coal matter — daf)
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When selecting logically related groups of samples from the emergency section workings, their
TG study is carried out and the minimum value of the parameter is sought. Initially, the minimum
values V7, are achieved at the explosion epicentre. Further, in the course of the explosion propa-

gation in the emergency workings, in the first 100-120 m, deflagration combustion of dust is unstable
and is limited by the lack of oxygen. The value Vi in samples from these points increases in

relation to the explosion epicentre (by 18+5 %) and is unstable.
A comparison of the values V., along the length of the emergency working characterizes the

stages of formation of the flame front and the shock blast wave front (the processes have been studied
in detail in full-scale explosive experiments [44]) and serves as a characteristic of the operation of
explosion localization devices effectiveness and the implementation of measures to ensure dust ex-
plosion safety.

Conclusion

The yield of volatile substances from coal, determined by standard methods during isothermal
heating in a muffle furnace, is one of the main classification indicators of commercial coal and is
present in internationally recognized quality certificates. At the same time, along with the general
V% indicator, indicators for various states of coal matter (analytical V2, dry V9, working V"), are
widely used, the list of which is determined by practical expediency. Since the use of the V4 indicator
in the field of dust explosion control has repeatedly proved in practice its unstable nature, additional
indicators of the staged yield of volatile substances have been developed for the safety of mining
operations.

A thermogravimetric method for obtaining stepwise indicators of the yield of volatile substances
from coal dust has been experimentally developed. TG methods are more accurate due to modern
devices for measuring mass (from 0.001 to +1 % thermal weights), more technological due to the
elimination of drying procedures for samples, the implementation of heating in an inert environment,
which eliminates the uncertain requirement of standards for heating in an atmosphere with limited
oxygen access. The TG method makes it possible to automatically determine the moisture content of
a sample, to study decarboxylation, pyrolysis, oxidation, the mass fraction of coke and the ash con-
tent. By the absence of loss of mass of the dust sample at certain stages of heating, the limits of its
thermal stability, the ignition temperature and a number of other indicators of fire danger and dust
explosion are determined.

The use of thermogravimetric methods for studying the yield of volatile substances with a linear
increase of temperature makes it possible to identify the temperature ranges of the yield of combus-
tible volatile substances and separate them from the yield stage of non-combustible components. For
thermally undisturbed coals, combustible gases that determine the explosion hazard of dust are re-
leased in the heating ranges PVS (from 350 to 600 °C) and SVS (from 600 to 750 °C). In the study
of coals with high ash content or mixtures of coal and inert dust, a significant yield of nonflammable
volatile substances occurs at temperatures above 750 © C or in the conditional carbon dioxide yield
range (CDS). Moisture yield at the initial heating stage (MRS) allows for automatic W2 detection and
eliminates time-consuming sample drying procedures. After afterburning of coke, the ash content of
A% is determined by thermogravimetric methods, which makes it possible to recalculate the values of
the stage yield of volatile substances to the daf state.

It has been experimentally established that in 100 % of the studied samples after the explosion,

the yield of primary combustible volatiles at the PVS decreased significantly (V.26 < Vavs))

simultaneously with a significant increase in the yield of secondary volatiles (V{5 s, >V svs, ). This made

it possible to develop a modified criterion for recognizing the participation of coal dust of any ash content
and mixtures of coal and inert dust in explosions.
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The use of V7, , an indicator determined by the thermogravimetric method for post-explosion

samples makes it possible to determine the epicenter of the explosion with high reliability (the propagation
of the explosion up to 300 m from the epicenter was studied), to study the dynamics of the propagation
of the explosion along the workings of the emergency site and to determine the effectiveness of the
explosion protection equipment.

The results of 10 years of research have formed the basis for instructions for professional rescue
teams and can be used in a wide range of work to ensure dust explosion safety in mines or expert
work by technical regulation organizations.

The authors express their sincere gratitude to the staff of the All-Russian Research Institute for
Fire Protection of the Ministry of the Russian Federation for Civil Defense, Emergencies and Elimi-
nation of Consequences of Natural Disasters Yu.K.Naganovskii, E.A.Gubina, V.V.Vdovina,
M.O.Devlikanov for their assistance in carrying out experimental work.
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