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Abstract. The results of the analysis of statistical data on accidents at Russian mines caused by explosions in the work-
ings space have shown that explosions of methane-dust-air mixtures at underground coal mines are the most severe
accidents in terms of consequences. A detailed analysis of literature sources showed that in the total number of explo-
sions prevails total share of hybrid mixtures, i.e. with the simultaneous participation of gas (methane) and coal dust, as
well as explosions with the possible or partial involvement of coal dust. The main causes contributing to the occurrence
and development of dust-air mixture explosions, including irregular monitoring of by mine engineers and technicians
of the schedule of dust explosion protective measures; unreliable assessment of the dust situation, etc., are given. The
main problem in this case was the difficulty of determining the location and volume of dust deposition zones in not
extinguished and difficult to access for instrumental control workings. Determination of the class-shape of coal dust
particles is a necessary condition for constructing a model of the dust situation reflecting the aerosol distribution in the
workings space. The morphological composition of coal mine dust fractions with dispersion less than 0.1 has been
studied. Particle studies conducted using an LEICA DM 4000 optical microscope and IMAGE SCOPE M software
made it possible to establish the different class-shapes of dust particles found in operating mines. It was found that the
coal dust particles presented in the samples correspond to the parallelepiped shape to the greatest extent. The mathe-
matical model based on the specialized ANSYS FLUENT complex, in which this class-form is incorporated, is used
for predicting the distribution of explosive and combustible coal dust in the workings space. The use of the obtained
model in production conditions will allow to determine the possible places of dust deposition and to develop measures
to prevent the transition of coal dust from the aerogel state to the aerosol state and thereby prevent the formation of an
explosive dust-air mixture.

Keywords: coal dust; class-shape; microscopic analysis; two-phase flow; modeling; explosive concentration; dust-air
mixture; mine working

Acknowledgments. The research was carried out at the expense of a subsidy for the implementation of the state task in
the field of scientific activity for 2021 N FSRW-2020-0014.

Accepted: 07.04.2022 Online: 11.05.2022 Published: 29.04.2022

Introduction. The percentage of explosions of methane-dust-air mixtures at underground en-
terprises of coal mining organizations in Russia makes up a significant part of the total number of
accidents with severe consequences, which is confirmed by the analysis of statistical data [1-3].
The results of the analysis of the acts of technical investigation showed that the total percentage of
explosions with simultaneous involvement of gas and dust and explosions with possible or partial
involvement of coal dust prevails. The direct cause of the explosion of the dust medium was almost
always the ignition of a methane-air mixture, followed by the involvement of dust fractions in the
process [4, 5].
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Researchers identify the main causes contributing to the occurrence and development of the dust-
air mixtures explosion [6-9]:

« irregular removal of coal dust in deposition zones in mine workings in hard-to-control places;

« irregular monitoring by mine engineering and technical workers of the schedule of dust and
explosion protection measures, including within the excavation site and conveyor workings of the
mine [10, 11];

« the inability to promptly obtain reliable information about the amount of coal dust deposited
and the presence of methane in previously spent not extinguished workings that have an aerodynamic
connection with the workings of existing excavation sites;

« the imperfection of existing methods of direct measurement in the workings of floating and
settled dust, which cannot be applied due to the difficulty of access and the possibility of disruption
of the concentration field distribution during measurement;

« erroneous estimation of the settled dust zones size due to the duration of the deposition process
in time [12-14].

These reasons are directly related to the intensification of mining operations and are a conse-
quence of the problem of insufficient knowledge of the coal mine dust particles properties, the rele-
vance of which has now increased significantly [10, 14, 15]. The properties of dust particles affect
the dynamics of dust distribution in the volume of mine workings [9, 16, 17]. The solution of this
problem for practical implementation will make it possible to develop measures aimed at preventing
the occurrence, development and propagation over long distances of hybrid mixtures explosions
formed during the transition of dust deposits in the state of aerogel into an aerodisperse system —
aerosol [18-20].

In practice, the most rational method of ensuring the safety of the dust factor in the process of
mining operations is an early assessment of the dynamics of the explosive dust accumulations for-
mation. Such an assessment should be carried out not only at permanent workplaces, but also in the
entire space of excavation sites, where the presence of mine personnel is necessary during the mining
and transportation of coal [21-23].

One of the ways to solve this problem is the method of determining the class-shape of floating
and settled coal particles. Taking into account the data obtained as a result of its implementation, a
distribution model for mining workings is being built. At the same time, mathematical modeling is a
tool, the results of which are necessary for the development of recommendations aimed at identifying
potentially dangerous zones for the occurrence and propagation. The aim of the research is to study
the influence of the shape and size of dust fractions on the process of their distribution and accumu-
lation in the space of mine workings by compiling microscopy methods and the capabilities of the
software environment. Microscopy was used at the initial stage to obtain the initial data necessary to
set a number of boundary conditions when modeling particle distribution processes in the mining
space in the ANSYS FLUENT software environment [23, 24].

The authors analyzed the dispersed composition of coal dust during the operation of various
complexes, including its dependence on the design features of cutting elements (cutters) and a number
of other production and technological factors.

It has been established that the presence of certain class-shape of dust particles is not affected by
the type of mining equipment, since all types of particles are present in the dust. Different coal mining
technology affects only the proportion of certain class-shape of dust particles, which cannot be accu-
rately measured due to the morphological features of the extracted raw materials, the mining equip-
ment used, dedusting methods and a number of other parameters. Currently, in Russia, even on thin
(no more than 1.2 m) layers, various mining combines are used.

To establish the class-shape of dust particles, a technique has been developed based on the study
of the morphological composition of coal mine dust of the Zh grade of the VVorkutinskaya Triple mine
formation and used in further work in the study of the class of particle forms of the Kuznetsk and
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Donbass coal basins mines. As a tool for developing an optimal model for the hybrid mixture move-
ment, including a two-phase flow of “air-coal dust”, it is proposed to use a specialized complex
ANSYS FLUENT [25, 26].

Methodology. To develop the research method, a comparative analysis of the methods for stud-
ying coal dust fractions described in [26-30] was carried out, on the basis of which a method for
studying the forms of dust particles was proposed.

In the study of the size-consist of coal dust:

« Coal sampling in the conditions of the mine was carried out in accordance with GOST 10742
and GOST 9815.

* Preparation of coal samples consisted in crushing and dispersing the selected samples.

* The resulting mass was subjected to granulometric sieving and the selection of groups of the
studied fractions containing particles with a characteristic size of less than 0.1 mm, while the ash
content of the studied dust was determined, which was no more than 10 %.

» The morphological composition of the selected coal dust fractions was studied by microscopic
analysis based on obtaining high-quality photographs of a high degree of detail using an image cap-
ture camera equipped with a LEICA DM 4000 optical microscope.

« Further processing of samples was carried out using specialized IMAGE SCOPE M software
with correction of background brightness, contrast and image settings. The images visible in the eye-
piece of the microscope were displayed on a computer monitor and the selected parameters of the
study objects were exported to various software products for further processing. One of the stages of
processing the obtained image of coal dust particles is shown in Fig.1, as an example, a scheme for
calculating the class-shape of particles in the IMAGE SCOPE M software package is also given.

To identify the most typical class-shape of each dust fraction, after obtaining photographic im-
ages of objects, the analysis of the obtained particle images was performed. For dust particles with a

Aminor

X

Fig.1. The view of the visualized particles and the scheme for calculating the characteristic geometric parameters of particles in

the IMAGE SCOPE software package (L is the length of the projection of the object on the major axis of the ellipse having the

same moments of inertia as the object; W is the width and length of the projection of the object on the minor axis of the ellipse
having the same moments of inertia as the object; ai is a segment approximating the surface of the object)
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size of less than 0.1 m, the presence of four three-dimensional class-shapes of coal dust fractions
floating and settling in the space of workings has been established: spherical, ellipsoid, cubic, paral-
lelepiped. In the area of larger fractions, the shape of dust particles in the form of a parallelepiped
was mainly traced, determined by the direction and density of cracks in the coal rock.

The processed photographs represent projections of real shapes on the observation plane in the
form of two-dimensional objects close to standard geometric shapes: circle, ellipse, square, rectangle.

According to the recommendations, in order to increase the reliability of the research results,
a set of analyzed particles was sampled — at least one and a half thousand units in each fraction
[6, 7, 24].

For further analysis in the IMAGE SCOPE M program, the necessary characteristic parameters
of coal dust particle projection images were selected.

The areas of the research objects were determined by summing up all the pixels of the occupied
area:

S=>p(x.y).

The perimeters of the study objects were calculated as the sum of segments approximating the
line of the outer boundary of the occupied area:

P:Zi:a,..

The analysis of the obtained geometric parameters of the images of dust particles (length, width,
area and perimeter) allowed to establish that coal dust particles mostly have an elongated shape, dif-
fering in the prevailing dimensions along one of the axes in three-dimensional space, i.e. they cannot
be completely attributed to particles of isometric shape (sphere or regular polyhedron). To quantify
such a class-shape, a developed technique based on the cross-method was used [31-34].

As a quantitative criterion for the geometric characteristics of particles, a symmetry coefficient
was introduced, which was the ratio of the length to the width of the occupied area:

k= L/W.

An example of the obtained dependence of the distribution of the percentage of the maximum
number of particles in control batches of 1500 units with a certain symmetry coefficient is shown
in Fig.2.

It was found that most of the selected set (500-600 units, which is 33-40 % of the total number
of particles in the batch under study) has a moderately elongated shape with a symmetry coefficient
of 1.3-1.5. The percentage characterizing particles with a symmetry coefficient equal to one for all
the studied fractions did not exceed 18 %.

A decision was made on the rationality of using the identity of known geometric shapes with the
class-shapes of coal dust to characterize the sample under study. To assess the reliability of the stud-
ies, deviations of the measured sizes of coal dust fractions from analytically determined parameters
of geometric shapes closest to them in terms of the symmetry coefficient were determined.

An additional quantitative criterion for the geometric characteristics of particles is the ratio of
the true value of a characteristic geometric parameter (area or perimeter) to the value calculated ana-
Iytically (convergence coefficient):

K= Sa/St,
where S, is the analytically determined area of the particle; St is the true area of the particle;
K = PalPy,

P, is an analytically defined perimeter of the particle; P is the true perimeter of the particle.
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Fig.2. Dependence of the distribution of the number of dust particles on the symmetry coefficient
1-0.1-0.094 mm; 2 — 0.094-0.056; 3 — 0.056-0.05; 4 — less than 0.05
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Fig.3. Dependence of the distribution of coal dust particles with a size of 0.1-0.094 mm on the convergence coefficient of the shape
1, 2 — the perimeter and area of the ellipse; 3, 4 — the perimeter and area of the rectangle

An example of the obtained dependence of the distribution of the percentage of the maximum
number of particles in control batches of 1500 units with a certain coefficient of convergence of the
shape is shown in Fig.3.

The analysis of the data in Fig.3 showed that coal dust fractions have different distribution pat-
terns in all samples, while the greatest convergence, characterized by a coefficient close to one, cor-
responds to the class-shape of dust particles projected onto the observation plane in the form of a
rectangle.

Taking into account the obtained data for the mathematical model of the two-phase flow “air-
coal dust” movement, which allows to obtain the distribution of mine dust in mine workings, a char-
acteristic class-shape of dust particles is chosen in the form of a parallelepiped.

Results. To obtain results with a high degree of reliability, a mathematical model of a two-phase
flow ““air-coal dust” movement in the ANSYS FLUENT software product was created taking into
account the results of modeling studies of carrier gaseous mediums [35-37].

The construction of the mathematical model was carried out sequentially in several stages:

1. Creation of a three-dimensional model of the investigated section of workings. The construc-
tion was carried out geometrically similar to the natural conditions of the site of the coupling of
longwall and conveyor drift. On the model of the excavation site, the direction of the carrier air me-
dium corresponding to the combined ventilation scheme with an isolated discharge of the methane-
air mixture was set. The simulated ventilation scheme of the excavation area with a dedicated study
area is shown in Fig.4.
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2. Construction of the calculation grid. For
workings with relatively simple geometry, as well as
in the case of the possibility of using small amounts
of design elements, a rectangular locally crushed
grid is set. To solve more complex problems, adap-
tive adjustment of the grid to the geometry features
in the places of interest to researchers is carried out
in order to achieve a given calculation accuracy.
When modeling the interface area of the lava and
the conveyor drift, the cell size of 0.25 x 0.25 m
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/ model was divided.

The area under study 3. Statement the solution of the problem in

Fig.4. Ventilation scheme of the excavation site modeling. Taking into account the fact that the

floating dust in natural conditions has a volume sig-

nificantly smaller than the volume of the air mixture, the volume concentration of dust particles in
the air is not exceeding 107%. In this case, the influence of particles on the parameters of the gas phase
can be neglected and the motion of particles and gas can be calculated independently of each other.

The movement of dust particles was considered taking into account the Lagrange approach.
When calculating in the equation of a particle movement, its dimensions were considered as charac-
teristics of the class-shape.

Additionally, the conditions of two-way interaction of particles with a continuous medium and
action along one of the axes of gravity force were set.

The standard k-epsilon turbulence model has been adopted [38, 39], which is described as
follows:

0 0 _ 0 p, | ok
—(pk) +—(pku.) = — +—=L |— |+G, +G, —pe-Y,, +S,;
8t(p) ox (pku;) 8Xj HH ijﬁxj:| K b —P M k
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0 K, | oe € €
Tl p+E = e, 26, +C,G,)-C,, = +5S,
8X. {(M o jaxj :I 1e k ( k 3¢ b) 2¢ k 3

|

ot

£ (pe)+ = (patl) -
X

€

where Gk is the turbulent kinetic energy obtained from the average velocity gradients (according to
the Boussinesqg hypothesis),
Gk = wA?,

2

we=pCp—,
€

p is the gas density; C, = const; A is the interval of the strain tensor,

A= ZAiinj,
e OT

G, =g ——,
b Bql Prt axi

B — coefficient of thermal expansion; Pry — the turbulent Prandtl constant for energy; gi— component
of the gravity vector in the i-th direction;
1( 0
-3
p\oT

T —temperature.
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A constant that determines the degree of interaction of the buoyancy force on g,

!

Cs. =tanh

v
v

where v’ and u’ — the components of the gas velocity, respectively, for parallel and perpendicular
gravity velocity.

The contribution of variable expansion to the total dissipation rate, taking into account the tur-
bulence of compression, taken in consideration for a large Mach number, in the case when a com-
pressible ideal gas is modeled:

Ym = 2pe Mf,
where M — Mach number,
k
M, = ? ;
a — the sound velocity,
a= JyRT.

The constants defined for the conditions specified in the simulation have the following values:
Cie=144; Cx=1.92; C,=0.09;0k=1.44; 6.=1.3.

4. Setting boundary conditions in modeling [26, 27, 35]. For the calculation, the following con-
ditions were set: the flow inlet is a conditional plane indicating the entrance to the model with a given
velocity; the flow outlet is a conditional plane indicating a free exit from the model; the flow boundary
is a conditional wall with a given roughness characterizing the support of the mining with a boundary
layer; the air flow velocity was assumed to be 4 m/s for the first inlet (outgoing jet from longwall)
and 6 m/s for the second (incoming jet); the pressure for the outlet was assumed to be zero; the inten-
sity of turbularization of the flow was 5 %; the hydraulic diameter of the workings is 3 m.

During the modeling, additional planes were set for detailed tracking of the deviation and change
of the air flow velocity vectors [38-39].

5. Modeling of air flow when setting characteristic parameters. The calculation was based on the
numerical method of finite volumes.

6. Visualization of the results of the obtained calculation and their evaluation. In the process of
modeling of the dust-air flows movement in underground workings, it was necessary to solve the
following tasks: to obtain a detailed picture of the distribution of air adequate to the real conditions
of underground mining; to identify potentially possible areas of intense dust deposits formed due to
changes in the flow structure; to develop a model of two-phase flows of a carrier gas-air medium with
solid particles.

Discussion. Mathematical modeling of the parameters of the air environment in solving the first
problem showed the fundamental possibility of estimating the air velocity field by such a method,
using as initial data the geometric characteristics of the workings and the parameters of heterogeneous
flow (Fig.5-7).

The illustration of the obtained results indicates the possibility of adequate consideration of aer-
odynamic drag (given by the roughness of the walls of the workings when modeling in ANSYS
FLUENT) and its effect on the distribution of dust particles of a given class-shape in the sections of
the workings (Fig.5). A promising direction of the conducted research is to assess the distribution of
dust particles of a given class shape, taking into account the types of support (aerodynamic drag) and
the shape of the section of the mine workings.

Modeling of a two-phase medium allowed to establish the visual nature of the distribution (ve-
locity plots) of the air flow and dust particles of the studied class-shape and size in the analyzed
interface area in the corresponding projection plane (Fig.6). Analyzing the obtained results, it can be
concluded that it is possible to assess potential places of intense dust deposits both indirectly by the
air flow velocity and directly by the simulation results.
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Fig.5. Air flow velocity taking into account the type of support of the mine working (modeling in ANSYS FLUENT):
a — without taking into account the aerodynamic drag, smooth—walled mine working (monolithic support);
b — taking into account the aerodynamic drag from the support of the mine working
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Fig.6. The velocity of a two—phase dust-air flow in ANSYS FLUENT:
a — the distribution of dust particles of a given class-shape by characteristic dimensions; b — the velocity field of the air flow

The problem of setting the conditions for the entry of dust particles into the calculated model in
conjunction with their characteristics was solved as follows. The specified physical and chemical
characteristics of coal particles are established according to the recommendations of a number of
researchers [6, 16, 40]: the particle velocity is assumed to be equal to the air flow velocity — 4 m/s;
the dust concentration in the stream is 50 mg/m?; the average characteristic particle size is 0.1 mm.

Modeling was carried out based on the results of previous studies of the distribution of class-
shapes by size. For a comparative evaluation, a spherical and a parallelepiped class-shape were se-
lected and a comparison of the obtained results was carried out.

The ANSYS FLUENT software package, when introduced as a geometric criterion of the particle
shape coefficient, allows modeling the behavior of particles of various shapes determined by the Va-
dell formula [26, 27, 35]:

_S
¢ g’
where S is the particle area; s is the surface area of the sphere.
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Fig.7. The result of 3D modeling in ANSYS FLUENT of the movement of dust particles of various fractions:
a — for the shape of particles in the form of a parallelepiped; b — for spherical particles;
¢ —the distribution of particles in the space of mine working

For practical calculations, the values of the coefficients of the characteristic particle shape are
taken according to the data given in [24, 26, 40]: sphere — 1; parallelepiped with an aspect ratio of
1x2x2 —0.762; parallelepiped with an aspect ratio of 1x2x1 —0.768.

Calculation and visualization of the obtained results were the final stage of modeling (Fig.7).

Analytical studies of the distribution patterns of dust fractions obtained as a result of modeling
for various class-forms of coal dust allowed to establish convergence in the range of 85-90 %
(Fig.7, a). Fig.7, b visually traces the gradation of the dust distribution by characteristic size, as well
as potential dust deposition sites with a predominance of large fractions. The study of sedimentation
of coal dust particles over time will allow to assess the process of mass accumulation of dust deposits.

Based on the simulation results, it can be concluded that for the workings of large cross-sections
with low air velocities and a simple configuration, it is possible to neglect the differences in the class-
forms of dust particles and calculate as a whole for isometric particles having the shape of a sphere
or a regular polyhedron, which is in good agreement with the positions of the Lagrange approach.

Conclusion. The conducted study revealed the most characteristic class-forms with a fraction
size of less than 0.1 mm for all the studied coal dust samples. As the most characteristic class-forms
in the form of a parallelepiped and an ellipse were established, which were chosen for further study
of the dust particles behavior in hybrid mixtures “coal dust-air”.

For the practical implementation of the method of assessing the dust situation in production con-
ditions, the use of specialized software ANSYS FLUENT as the optimal means for modeling the dust
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pattern in the workings in 2D and 3D formats is proposed. The analysis of modeling of two different
class-forms of coal dust has shown the expediency of spherical particle shapes for the initial data
when solving the tasks set. It is established that different class-forms of particles taken as initial data
do not give significant differences in the final picture of the distribution of dust fractions. Based on
the modeling results, it can be concluded that with large cross-sections and low air velocities in the
mine workings of a simple configuration, differences in the class-forms of dust particles can be ne-
glected.

Thus, there is a basis for simplifying the methods of applying calculated models to determine
possible (most likely) places of dust deposition and developing measures to prevent the transition of
coal dust from the aerogel state to the aerosol state, which makes it possible to implement them in the
production environment.

The obtained results can be used to improve safety in the development of coal deposits by un-
derground method by preventing the formation of explosive and combustible dust-air mixtures in
mine workings.
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