
ISSN 0010-5082, Combustion, Explosion, and Shock Waves, 2016, Vol. 52, No. 4, pp. 405–417. c© Pleiades Publishing, Ltd., 2016.

Original Russian Text c© S.V. Valiulin, A.M. Baklanov, S.N. Dubtsov, V.V. Zamaschikov, V.I. Klishin, A.E. Kontorovich, A.A. Korzhavin,

A.A. Onischuk, D.Yu. Paleev, P.A. Purtov, L.V. Kuibida.

Influence of the Nanoaerosol Fraction

of Industrial Coal Dust on the Combustion

of Methane–Air Mixtures

UDC 544.032,544.01S. V. Valiulina, b, A. M. Baklanova, S. N. Dubtsova,

V. V. Zamaschikova, c, V. I. Klishind, e, A. E. Kontorovichc, f ,

A. A. Korzhavina, A. A. Onischuka, b, c, D. Yu. Paleevd,

P. A. Purtova, c, and L. V. Kuibidaa, c

Published in Fizika Goreniya i Vzryva, Vol. 52, No. 4, pp. 36–50, July–August, 2016.
Original article submitted June 30, 2015.

Abstract: The mechanism of formation of nanosized aerosol particles during mechanical grinding
of coal from Kuzbass mines is studied. The concentration and size spectrum of aerosol particles
in a mine tunnel during cutter operation were measured using an aerosol spectrometer. It is
found that 90% of the particles are less than 200 nm in size. In the nanometer range, there
are two peaks corresponding to average diameters of 20 and 150 nm, the first of which is due
to single particles, and the second to aggregates consisting of single particles. The formation of
aerosol during mechanical coal grinding in a continuous flow mill was studied. The spectrum and
morphology of the particles produced in the laboratory mill are in qualitative agreement with those
for the nanoaerosol formed in the mine. The influence of the coal aerosol on the combustion of
gas mixtures was studied. Laboratory experiments showed that the presence of the nanoaerosol
in a lean methane–air mixture significantly increased its explosibility. This was manifested in
an increase in the maximum pressure and a significant increase in the pressure rise rate during
explosion. The study leads to the conclusion that the nanoaerosol is formed from the organic coal
components released into the gas phase during local heating of coal on the cutter teeth.
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INTRODUCTION

The explosion of coal dust in mines often lead to
disasters involving many human casualties and severe
economic losses. Coal dust explosion is a dynamic phe-
nomenon of great destructive power which occurs in a
very a short time. The greatest danger in this pro-
cess is suspended (airborne) dust, i.e., solid particles in
an aerosol state. An important feature is that, in addi-
tion to coal dust, the mine atmosphere may also contain
methane, a source of increased danger. Even at concen-
trations below the lean flammability limit, methane can
increase the risk of dust explosion by forming with it a
so-called hybrid mixture [1, 2].
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Despite the measures taken in the second half of the
20th century, the dust explosion hazard in coal mines
has not been eliminated at the beginning of the 21th
century. The advent of modern coal mining technol-
ogy has led to a significant increase in the proportion
of dust fractions in coal and hence an increase in the
danger of dust explosion at mining, processing, and
transport facilities. The most serious accidents of recent
years, with the possible participation of coal dust were
the explosions at the Barakov (2000), Taizhina (2004),
Esaul’skaya (2005), Tomskaya (2006), Zasyad’ko (2007),
Yubileinaya (2007), Ul’yanovskaya (2007), Komso-
mol’skaya (2007), Raspadskaya (2010), Sukhodol’skaya-
Vostochnaya (2011), and Vorkutinskaya (2013) mines.
These accidents indicate that the physicochemical pro-
cesses involved in mining have been insufficiently stud-
ied. Correct evaluation of the explosion hazard in min-
ing requires additional studies of the formation mecha-
nism of coal aerosol and its effect on the combustion of
air mixtures [3].

The ignition of dust–air mixtures has been studied
since the end of the 19th century. Such studies are usu-
ally conducted in a spherical bomb [4–6], a tube [7, 8] or
premixed flame [9] with a high content (10–100 g/m3)
of dust particles with a size of several tens of microme-
ters. Our preliminary studies [10] suggest that the ex-
periments mentioned above do not adequately model
the coal mine environment. In recent decades, high-
performance heading-and-winning machines of a new
generation have been developed, whose operation pro-
duces nanosized coal dust. In this connection, it is
very important to study the influence of nanosized coal
aerosol particles on the combustion of dust-gas mix-
tures.

This study is a continuation of [10]. Its aim is to in-
vestigate the formation mechanism of nanosized organic
aerosol particles by mechanical crushing of coal grinding
and the possible influence of this aerosol on the mine
explosion safety. Direct measurements of the concen-
tration, size spectrum, and morphology of the aerosol
formed during cutter operation in the 7 Noyabrya and
Erunakovskaya VIII mines (Kuznetsk coal basin) were
performed. In addition, the formation of coal aerosol by
mechanical grinding of coal taken from the aforemen-
tioned mines and the ignition of a lean dust–methane–
air mixture in a reaction vessel were studied under lab-
oratory conditions.

EXPERIMENTAL

The nanosized component of the coal aerosol was
studied using a portable diffusion aerosol spectrometer
(No. 60907-15, The State Register of Measuring Instru-
ments) developed at the Institute of Chemical Kinetics

and Combustion, Siberian Branch, Russian Academy of
Sciences (ICKC SB RAS). The spectrometer consists of
a diffusion battery, a condensation enlarger of aerosol
particles, and an optical particle counter [11–13]. The
operating principle of the device is based on determin-
ing the nanoparticle size distribution from the known
dependence of the diffusion coefficient of particles on
their size [14, 15]. For this, the proportion of aerosol
particles (slip ratio) that passed through the sections of
the diffusion battery consisting of sets of wire screens is
measured. The particles that passed through one sec-
tion enter the condensation chamber, where they are
enlarged to an optically measurable size. Then the con-
centration of these particles is measured by an optical
counter from the light-scattering signal from each indi-
vidual particle. A similar procedure is performed for
each section. A mathematical model and a computer
code for solving the inverse problem has been devel-
oped [13], making it possible to determine the nanopar-
ticle size distribution from their slip ratios. Thus, the
aerosol spectrometer measures the total aerosol concen-
tration in the range of 10–2 · 105 cm−3 (without dilu-
tion) and the nanoparticle size distribution in the range
of 3–250 nm.

The morphology of the coal aerosol was studied
using a JEM 100 SX transmission electron microscope.
Samples for electron microscopy were thermophoreti-
cally collected. Sampling directly in the mine was per-
formed using a quartz tube (inner diameter of 1.0 cm)
through which an air flow containing nanosized aerosol
particles was forced. The volumetric flow rate through
the tube was 1 liter/min. The flow passed over a special
electron-microscopic copper grid coated with polyvinyl
formal film (transparent to the electron beam in the mi-
croscope). The grid was pressed against the inner sur-
face of the tube, with the outer surface of the tube being
cooled by liquid nitrogen. Thus, a radial temperature
gradient was produced in the region of the grid. The
deposition of aerosol particles on the grid was caused
by thermophoresis—directed motion of particles under
a temperature gradient [16]. Under the laboratory con-
ditions, particles were deposited on the grid using the
thermoprecipitator described in [17].

A dust generator (mill) with a working volume of
500 cm3 was developed and manufactured to perform
laboratory experiments on the dispersion of coal and to
study the role of the nanosized aerosol component dur-
ing combustion of methane–air mixtures. The principle
of its operation is based on mechanical coal grinding by
rotating blades in a chamber purged with filtered air or
a methane–air mixture at a flow rate of 1 liter/min. The
radius of rotation of the grinding blade edge is 90 mm,
and the speed of rotation is 3000 rpm.
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Fig. 1. Diagram of the sampling setup for gas
chromatography-mass spectrometry.

Gas chromatography-mass spectrometry was used
to compare the chemical composition of the original
coal and the nanoaerosol resulting from mechanical coal
grinding. The setup for sampling nanoparticles for gas
chromatography-mass spectrometry is shown schemati-
cally in Fig. 1. A pressure of 100 torr is set in the cutoff
of large particles by means of pumping and regulating
the valves. The essence of this method is that the di-
rection of the aerosol flow leaving the central tube is
abruptly changed. The characteristic turning radius of
the flow is r = 0.2 cm. At an initial volumetric flow rate
through the mill (at a pressure of 1 atm) of 1 liter/min,
the linear flow velocity through the central tube with
an inner diameter of 0.2 cm at a pressure of 100 torr is
v ≈ 4000 cm/s. The characteristic boundary diameter
of particle deposition on the cutoff walls (cutoff diame-
ter) can be estimated from the relation [18, 19]

√
Stk ≈ 0.48. (1)

Here

Stk = τv/r (2)

is the Stokes number and τ is the particle relaxation
time (the time required for a particle to take the flow
velocity under changed conditions) evaluated by the for-
mula [18]

τ = ρd2C/18η, (3)

where ρ is the density of the particle material (i.e., the
actual density of coal equal to ≈1.5 g/cm3 [20]), d is
the particle diameter, η is the dynamic viscosity of the
carrier gas, which for air at room temperature is equal
to 1.8 · 10−4 P, C is the Cunningham constant:

C = 1+
2λ

d

[
A+Q exp

(
− bd

2λ

)]
, (4)

λ is the mean free path of air molecules, equal to
5.1 · 10−5 cm at a temperature of 298 K and a pres-
sure of 100 torr, A = 1.257, Q = 0.400, b = 1.100 [19].
Thus, using relations (1)–(4), we obtain a cutoff diam-
eter of 1 μm. In other words, after the cutoff, the typi-
cal particle size in the flow is less than 1 μm. These
particles were then deposited on a Whatman GF/A
glass filter. Sampling was carried out for 15 min, af-
ter which the filter with the precipitate was washed
with a 1 : 1 mixture of alcohol and benzene or with
ultra-high-purity hexane. Extraction from the origi-
nal coal was performed using ultra-high-purity hexane.
Coal was wetted in it for 12 h, after which. Hexane
was filtered off using a paper filter. The resulting so-
lutions were analyzed on a Saturn 2000 (Varian) gas
chromatograph-mass spectrometer.

The influence of the coal aerosol on the combus-
tion of gas mixtures was investigated using a 10 liter
spherical reaction vessel equipped with optical windows
(bomb) designed in the ICKC SB RAS. This volume of
the bomb is optimal because it is large enough to ne-
glect the influence of the walls and is easy to handle, in
contrast to larger vessels.

The experiment setup was performed as follows.
A lean methane–air mixture [6.5% (vol.) CH4] was
passed through a coal dust generator and the flow
enriched with the aerosol was then passed through
the bomb with a volumetric rate of 1 liter/min at
atmospheric pressure and room temperature. The
nanoaerosol concentration was measured at the outlet
of the bomb with the diffusion aerosol spectrometer. In
10 min, the flow was shut off, and the bomb was cut off
from the aerosol line by valves. Spark ignition was used.
After the ignition of the mixture, the bomb pressure was
measured with a pressure gauge in the real-time mode.

The volume concentration of CH4 in the mixture
of 6.5% was chosen from the following considerations.
This mixture is close to the very lean (5.3%), but at
the same time, it is fairly energetic. Its flame has a
spherical shape, and the center of mass does not rise
significantly during combustion, which provides com-
bustion conditions close to adiabatic during the entire
process. At the same time, this mixture contains a suf-
ficient amount of excess oxygen (stoichiometry 9.5%) to
provide combustion of the aerosol.

The position of the flame front in time was recorded
using the schlieren method. A parallel laser beam with a
wavelength of 520 nm was passed through the bomb and
was collected by a lens on a fiber 0.2 mm in diameter.
When a refractive index gradient occurred, the light de-
viated and did not fall on the fiber. Scattered light was
recorded by a high-speed AOS Technologies AG X-PRI
camera at a shooting rate of 1000 frames/s.
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To study aerosol formation during nucleation of
the supersaturated vapor of organic coal components, a
flow-type evaporation-nucleation system was designed.
The main element of the system is a flow nucleation
chamber (aerosol generator), which is a quartz tube
with an inner diameter of 0.9 cm with external heating.
The temperature in the tube ranged within 300–1000◦C.
A quartz spoon with coal (Erunakovskoe field) was
placed in the hot zone inside the tube. Filtered air is fed
at a volumetric flow rate of 1 liter/min at the entrance
of the tube (at atmospheric pressure and room tempera-
ture). When passing along the hot zone, the flow is sat-
urated with the vapor of organic components released
from the coal. As the flow exits the hot zone, its temper-
ature reduces, the vapor becomes supersaturated, and
homogeneous nucleation begins. In the initial stages
of nucleation, the particles grow due to vapor conden-
sation. As the carrier gas flow with the vapor moves
further, its temperature continues to fall, the supersat-
uration increases, and, as a consequence, the nucleation
rate increases progressively. As a result, at high heating
temperature, the particle concentration reaches a cer-
tain limit, which is controlled by coagulation. At the
exit, the concentration and size of the aerosol particles
are measured with the aerosol spectrometer.

The rate of accumulation of the aerosol mass at
the aerosol filter mounted at the generator exit was
measured to determine the mass concentration of the
nanoaerosol formed in the nucleation chamber. The
procedure was as follows. The heater temperature was
rapidly (within 2 min) increased to 400◦C, after which
the temperature was maintained constant for a prede-
termined time. The flow was then stopped and the filter
was weighed on an analytical balance. The mass of the
aerosol deposited on the filter was determined from the
difference between the mass of the filter before and after
the experiment.

The chemical composition of the aerosol formed
by heating coal in the nucleation chamber was deter-
mined by gas chromatography-mass spectrometry. For
this, a Drexel bottle was placed at the generator out-
let, and the aerosol was thermophoretically deposited
into it with external cooling by liquid nitrogen. After
the completion of the deposition, the Drexel bottle was
filled with ultra-high-purity hexane, and the resulting
solution was analyzed on the gas chromatograph-mass
spectrometer.

The influence of the evaporation-nucleation
aerosol on the combustion of methane–air mixtures in
a 10-liter bomb was investigated in the same manner
as the aerosol formed in the mill. A lean methane–air
mixture was fed to the inlet of the heated nucleation
chamber. The mixture with the organic aerosol

Fig. 2. Nanoaerosol particle size spectrum measured
in a gallery of the 7 Noyabrya mine: total concentra-
tion 1.1 · 105 cm−3, 90% (number fraction) particles
with a diameter less than 200 nm.

particles formed in the generator was forced at a flow
rate of 1 liter/min through the bomb at atmospheric
pressure and room temperature. The temperature of
the generator heater rose to 370◦C within 2 min, and
the bomb was then purged with the flow for 3 min at a
constant temperature of the generator. The flow then
stopped and the bomb was cut off from the external
environment by valves, after which ignition of the
mixture in the bomb occurred.

MEASUREMENTS IN MINES

Figure 2 shows a typical particle size spectrum of
the nanoaerosol in a conveyor gallery of the 7 Noyabrya
mine measured using the diffusion aerosol spectrome-
ter (gas-flame coal, volatile content of 33.5% [20]). The
total particle number concentration was 1.1 · 105 cm−3,
with about 90% of the particles having a size less than
200 nm. Note that the typical aerosol formed by grind-
ing of solids usually has particle sizes of one to several
tens of micrometers with the distribution maximum at
about 10 μm [21]. As can be seen in Fig. 2, the dis-
tribution peaks correspond to particle diameters of 20
and 150 nm. Such aerosol can be formed only during
nucleation from the gas phase [22].

Note that the measured concentration far exceeds
(by, at least, one order of magnitude) the typical con-
centration of the aerosol formed by grinding solids.
Such a high concentration is only possible when the
aerosol is formed from the gas phase (for example,
during nucleation from supersaturated vapor) [21, 22].
Note that the peak at 20 nm may be assigned to primary
aerosol particles (resulting from nucleation and reaching
the final size due to vapor condensation), and the peak
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Fig. 3. Electron micrographs of nanoparticles
formed during cutter operation.

around 150 nm is due to the coagulation of primary
particles. The presence of the coagulation aerosol indi-
cates that the local concentration of the original aerosol
was high—not less than 108 particles/cm3 (maximum
possible concentration in the coagulation) because at
lower concentrations, coagulation cannot occur during
the real time of aerosol formation (<1 s) at a coagula-
tion constant of about 10−9–10−8 cm3/s at room tem-
perature for polydisperse aerosol [19].

To examine the morphology of the nanoparticles
formed in mining, samples were collected on elec-
tron microscopic grids for transmission electron micro-
scopic analysis. The sampling was performed at the
Erunakovskaya VIII mine (gas-flame coal, volatile con-
tent of 37%) during cutter operation. The sampler was
located 30 m downstream from the cutter in the mine
tunnel. Electron micrographs of the nanoparticles are
shown in Fig. 3. It is evident that the nanoaerosol is
formed in the form of individual particles with a diam-
eter of 10–50 nm and in the form of aggregates consist-
ing of primary particles, on the average, of 10 primary
particles. The formation of aggregates indicates a high
rate of coagulation in the aerosol formation zone; in
other words, the local concentration of the aerosol in
the region of cutter operating area was not less than
108 particles/cm3.

Thus, the electron microscopic analysis of the
aerosol particles sampled in the mine tunnel confirmed
the assumption made on the basis of measurements
of the aerosol by the diffusion spectrometer that the
nanoaerosol resulting from the mechanical crushing of
coal consists of two types of particles—primary single
particles and aggregates formed by coagulation of single
particles.

Fig. 4. Typical particle size spectrum of the nano-
sized fraction of the aerosol obtained by mill-grinding
of the Erunakovo field coal: total concentration
106 cm−3, coal feeding mass 10 g.

Fig. 5. Particle size spectra of the coal aerosol pro-
duced at different times of operation of the coal
dust generator: Erunakovo field coal, coal feeding
mass 10 g; (1) generator operation time 10 min
and concentration of particles larger than 200 nm
2 · 105 cm−3; (2) generator operation time 50 min
and concentration of particles larger than 200 nm
1.7 · 105 cm−3.

To verify our assumption that the nanosized aerosol
fraction produced by mechanical coal crushing, we per-
formed laboratory studies of the formation of the coal
aerosol in the mill.

LABORATORY STUDY OF THE AEROSOL
FORMED DURING MECHANICAL

DISPERSION OF COAL

The typical particle sizes obtained by mill grinding
of the Erunakovo field coal is shown in Fig. 4. The typ-
ical size of the nanosized mode is 20 nm, and the num-
ber concentration of the nanoaerosol (with a size less



410 Valiulin et al.

than 200 nm) is ≈80%. It is important to note that
the resulting spectrum is qualitatively consistent with
the spectrum measured in the 7 Noyabrya mine. In
both cases, the main contribution to the total number
of particles is due to the nanosized fraction (80–90%),
for which the typical diameter of the nanosized mode
is 20 nm. In the normal mill operation, the temperature
of the chamber wall increases to 150◦C. On the cutter
edge, it is obviously even higher. The wall tempera-
ture is dependent on the amount of the original coal
fed into the chamber. If the coal amount is reduced
in a steady-state regime, the chamber temperature is
60◦C. Note that in the latter case, the nanosized com-
ponent of the aerosol is absent. Thus, it can be assumed
that the formation of the nanoaerosol is due to the
evaporation of the organic components of coal with the
formation of supersaturated vapor and its subsequent
nucleation. This assumption is also supported by the
fact that the concentration of the nanoaerosol depends
on the dust generator operation time. Typically, at a
chamber wall temperature of 150◦C the maximum con-
centration of the nanoaerosol component was achieved
in 15–20 min of operation. Then it gradually decreased
and was practically absent in the particle spectrum after
1 h of operation (see spectrum 2 in Fig. 5). Moreover,
the concentration of particles larger than 200 nm did
not significantly change with time. This decrease in the
nanoaerosol concentration with time can be explained
by the depletion of the organic component of the coal.

Typical electron micrographs of the aerosol parti-
cles obtained by mechanical mill grinding of coal are
shown in Fig. 6. It can be seen that the bulk of the
aerosol is present in the form of particles of character-
istic irregular shape, ranging in size from one to several
micrometers. Along with the coarse fraction of aerosol
particles, a nanosized fraction is observed in the images.
The nanosized particles are aggregates of single primary
particles.

The primary particle size distribution obtained by
processing electron micrographs is presented in Fig. 7.
The characteristic particle size is about 15–20 nm. The
geometric diameter dg for each aggregate in the electron
micrographs was determined by the formula [23]

dg =
√
LW, (5)

where L and W are the length and width of the aggre-
gate.

Figure 8 shows the aggregate size distribution.
Their typical diameter is about 50 nm. The morphology
of the aggregates is usually described using the so-called
fractal-like dimension Df , which is the exponent in the
equation relating the mass M of an aggregate to its
size [21, 23, 24]:

Fig. 6. Electron micrographs of aerosol particles ob-
tained by mechanical coal grinding: (a) large 1–2 µm
particles formed by mechanical coal grinding;
(b) 10–300 nm aggregates consisting of primary
15–20 nm particles formed by evaporation of the or-
ganic components of coal followed by nucleation.

Fig. 7. Size distribution of primary particles.

M = Ad
Df
g , (6)

where A is the coefficient of proportionality. To deter-
mine the mass (in relative units), we measured the inte-
gral density of the image of each aggregate. This proce-
dure included the following steps. TIF images were an-
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Fig. 8. Geometric equivalent diameter distribution
of aggregates.

Fig. 9. Mass of aggregates versus equivalent geo-
metric diameter: the curve corresponds to a fractal
dimension Df = 2.0 ± 0.1.

alyzed. The integral density was determined as the sum
of the relative grayness of all pixels that constituted the
image of the aggregate (the background grayness value
were subtracted). It was assumed that the local density
in the image of the aggregate is proportional to the local
thickness of the original aggregate. Thus, the mass of
the original aggregate is proportional to the correspond-
ing integral density of its image. This approximation is
acceptable as it is known that the fractal dimension of a
two-dimensional projection approximately corresponds
to the value of Df of the original three-dimensional ob-
ject for Df � 2 [23, 24].

Figure 9 shows the dependence of the mass of
the aggregates on the geometric diameter in logarith-
mic coordinates. The aggregates are described by the
fractal dimension Df = 2.0 ±0.1. The fractal dimen-

sion depends on the mechanism of formation of aggre-
gates from primary particles. If aggregation is limited
by the Brownian diffusion of primary particles, then
Df ≈ 1.7–1.9 [25–27]. If aggregates are restructured
during formation and/or condensation of vapor on the
surface of the aggregate or if aggregation is controlled by
adhesion, then Df = 2–3 [21, 23, 24, 28, 29]. Obviously,
in our case, diffusion aggregation occurs. The fact that
the measured fractal dimension is slightly larger than
the typical values for diffusion aggregation may be due
to both the restructuring of aggregates and vapor con-
densation during the growth of aggregates. Compari-
son of the characteristic size of primary particles and
the size of aggregates based on fractal dimension allows
us to estimate the average number of primary particles
in an aggregate, which was 10 ± 1. This estimate is
consistent with the number of primary particles in the
aggregates sampled in the mine.

To compare the chemical composition of the origi-
nal coal and the nanoaerosol formed by mechanical mill
grinding of the coal, the coal extract and the aerosol
particles collected on the filter were analyzed by gas
chromatography-mass spectrometry (Fig. 10). It can
be seen that the spectra of the aerosol particles and
coal are similar. The most intense lines are due to alka-
nes. Besides alkanes, the coal and aerosol particles in-
clude polyaromatic compounds containing three or four
condensed aromatic rings—alkyl derivatives of phenan-
threne, anthracene, and pyrene. In the nanoaerosol
spectrum (Fig. 10b), unlike in the spectrum of the orig-
inal coal, C10–C13 light alkanes are absent, which may
be due to the fact that during heating in the mill, they
are rapidly released before the start of formation of the
aerosol in large quantities. The compositions of aro-
matic compounds in the aerosol and the original coal
are approximately equal. The weight ratio of alkanes
and aromatics in both spectra is 1 : 1. Therefore, it can
be suggested that the source of the aerosol whose spec-
trum is shown in Fig. 4 are the organic components of
the coal which released into the gas phase during local
coal heating. Since the mass of the vapor of the organic
components released from the coal can be quite high, it
is interesting to find out how this aerosol can influence
the combustion of methane–air mixtures.

INFLUENCE OF THE COAL
NANOAEROSOL

ON METHANE–AIR COMBUSTION

Figure 11a shows curves of the bomb pressure ver-
sus time after ignition for a pure methane–air mixture
and the mixture with aerosol. It is seen that the aerosol
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Fig. 10. Chromatography-mass spectrum of the coal
extract (Erunakovo field) in hexane [(a); extraction
time 60 h) and the nanoaerosol formed by mechanical
coal grinding [(b); the solvent is a 1 : 1 mixture of
ethanol and benzene].

produced by mill grinding of coal affects the combustion
process. In particular, its presence leads to a substan-
tial (severalfold) increase in the bomb pressure growth
rate compared to the pure mixture (Fig. 11b). In ad-
dition, special experiments were carried out to com-
pare two pressure rise curves for explosions of aerosol–
methane–air mixtures. In the first case, the spectrum
of the aerosol produced by coal grinding contained the
nanosized component, along with the coarse fraction
(see spectrum 1 in Fig. 5). In the second case, only
the coarse component (see spectrum 2 in Fig. 5) was

Fig. 11. Bomb pressure (a) and the rate of its
increase (b) versus time during ignition of a mix-
ture of aerosol–methane (6.5%)–air and a mixture of
methane (6.5%)–air: coal from the 7 Noyabrya mine,
mass of coal in the mill 10 g; the bomb was purged
with the dust–methane–air mixture for 5 min.

present in the spectrum. Comparison of these two pres-
sure rise curves with the pressure curve for the explosion
of the methane–air mixture shows that the addition of
the large-sized coal aerosol to the methane–air mixture
does not change the nature of the explosion, i.e., the
pressure rise curve for the aerosol–methane–air mixture
is very similar to that for methane–air mixture. At
the same time, in the presence of the nanosized frac-
tion in the coal aerosol, the pressure rise curve for the
methane–air mixture with the aerosol differs from that
of the methane–air mixture (see Fig. 11b). Therefore,
it can be argued that it is the nanosized fraction that
influences the combustion of the methane–air mixture.

Flame images obtained by the schlieren method are
shown in Fig. 12. It is seen that the presence of the
nanoaerosol leads to a change in the flame structure,
making it more cellular (Fig. 12b).
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Fig. 12. Schlieren images of methane–air flame (a)
and methane–dust–air flame (b) obtained with a
laser light source.

The experiments suggest that during mechanical
coal grinding, a local temperature rise results in the re-
lease of gaseous organic components, followed by nucle-
ation and aggregation. This organic nanoaerosol has a
significant influence on the combustion of the methane–
air mixture. It is important that in order for this effect
to be significant, the mass concentration of the organic
nanoaerosol should be comparable to the mass concen-
tration of methane in the mixture. Measurements of
the spectrum and concentration of the nanoaerosol in
the mine and in laboratory experiments showed that the
typical concentration of the nanoparticles obtained by
coal grinding was in the range of 105–106 cm−3, with an
average size of 20–100 nm. We estimate the upper limit
of the mass concentration of these particles for a concen-
tration of 106 cm−3, a particle diameter of 100 nm, and
a density of the particle material (organic components)
of 1 g/cm3. Then the mass concentration of particles
will be 5 · 10−4 g/m3. In this case, the mass concen-
tration of methane in the mixture of 6.5% CH4 + air

is 42 g/m3. Obviously, at such a low mass concentra-
tion of nanoparticles, it is im possible to speak of the
influence of aerosol on the combustion process. An ex-
planation of the observed effect of the nanoaerosol on
combustion is that coal grinding produces not only the
nanoaerosol but also a large-sized fraction, which is in-
active during combustion but on whose surface a large
amount of organic vapor is condensed and nanoparticles
are deposited. Importantly, the coagulation constant of
micron particles with nanometer particles is five orders
of magnitude higher than the coagulation constant of
nanoparticles of the same size [14]. This implies that in
the zone of aerosol formation, most of the nanoparticles
formed by nucleation of supersaturated vapor are not in
the gas phase but on the surface of large micron particles
formed by coal grinding. The presence of nanoaerosol is
a qualitative factor indicating that the mixture contains
a large number of organic components released from
coal. During combustion of aerosol–methane–air mix-
tures, organic components evaporate from the surface
of micron and submicron particles into the gas phase,
and the mass concentration of organic components in
the mixture becomes comparable to that for methane,
which causes an increase in the pressure rise rate and
the maximum pressure.

Thus, summing up the results of the experimental
study of the nanoaerosol produced by mechanical coal
grinding in mines and under laboratory, we can con-
clude that the main contribution to the formation of
the nanoaerosol is due to the homogeneous nucleation of
the supersaturated vapor of organic compounds released
during mechanical coal grinding as a result of local tem-
perature rise. Evidence in favor of the homogeneous
nucleation mechanism are the following facts. The con-
centration of the nanoaerosol fraction in the mine at-
mosphere measured by the diffusion aerosol spectrome-
ter is 105 cm−3 · s−1. Since the air flow forced through
the mine tunnel dilutes the resulting aerosol by at least
three orders of magnitude, it can be argued that in
the zone of aerosol formation, the particle concentra-
tion should be not less than 108 cm−3 · s−1. Electron-
microscopic analysis of aerosol samples collected in the
mine showed the presence of aggregates consisting on
average of 10 primary particles, which also implies that
in the zone of aerosol formation, the initial particle con-
centration is not less than 108 cm−3 · s−1. Such high
aerosol concentration cannot be caused by the forma-
tion of particles due to grinding of solids. Its high
value indicates that the aerosol formed from gaseous
precursors [14, 21, 22]. Gas chromatography-mass spec-
trometry data suggest that the nanoaerosol formed from
the supersaturated vapor of organic components present
in the original coal. Investigation of the explosion of
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Fig. 13. Concentration (a), and average diame-
ter (b) of the aerosol obtained by evaporation-
nucleation versus generator heating temperature.

the aerosol–methane mixture showed that this organic
aerosol can have a significant influence on the combus-
tion of gas mixtures. The next section is devoted to the
properties of this nanoaerosol formed by heating coal.

FORMATION OF NANOAEROSOL
FROM COAL DURING

EVAPORATION-NUCLEATION

Figure 13 shows concentration curves of the aerosol
produced in the nucleation chamber and the average
diameter of the aerosol at the chamber outlet versus
heating temperature. It is seen that at a tempera-
ture of 540 K, the concentration reaches 107 cm−3 and
then practically does not increase with increasing tem-
perature. The concentration reaches a constant value
because the concentration at high temperature is con-
trolled by coagulation. The fact is that the coagulation
rate is quadratically related to the concentration, which

is expressed by the kinetic equation [14]

dn

dt
= −kn2, (7)

where n is the concentration of aerosol particles, k is
the coagulation constant (here to simplify the evalua-
tion, we assume that it does not depend on the size of
coagulating particles). Equation (7) is called the basic
equation of coagulation. It is written in integral form
as

n =
n0

1 + n0kt
, (8)

where n0 is the initial concentration of the aerosol. For
sufficiently high initial concentrations, Eq. (8) has the
form

n ≈ 1

kt
, (9)

i.e., the aerosol concentration does not depend on the
initial value and is only determined by the constant k
and the coagulation time. It is this feature that is re-
sponsible for the aerosol concentration reaching a con-
stant value at T = 540 K. Indeed, for a typical co-
agulation time of 10 s and a coagulation constant of
≈3 · 10−9 cm3/s for polydisperse aerosol [19], Eq. (9)
implies that the concentration cannot be significantly
higher than 107 cm−3. Slight increase in the concen-
tration with increasing temperature in excess of 540 K
is due to the fact that with increasing temperature, the
size of coagulating particles increases and, consequently,
the coagulation constant decreases.

Note that Fig. 13 shows the results of stationary
measurements. In these measurements, the tempera-
ture was increased stepwise by 20 K. At the initial time,
during the next rise in temperature, the aerosol concen-
tration sharply increases due to a sharp increase in the
gas release rate, after which the gas release rate de-
creases and the process enters a steady-state regime.
A completely different picture is observed with a sharp
temperature rise immediately to high values. In this
case, the size and concentration of aerosol particles will
be considerably higher than those shown in Fig. 13. An
electron micrograph of evaporation-nucleation nanopar-
ticles is shown in Fig. 14 for the case of steady-state
generator operation.

Figure 15 shows the dependence of the mass of the
aerosol deposit collected on the filter at the outlet of the
nucleation chamber during its operation. By the time
of 10 min, the aerosol content was 13.7% of the mass of
the original coal sample.

The gas chromatography mass spectrum of the
aerosol obtained by evaporation-nucleation is identical
to that of the nanoaerosol formed by mechanical coal
grinding. This coincidence of chemical compositions
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Fig. 14. An electron micrograph of the evaporation-
nucleation aerosol (sublimation temperature 310◦C).

Fig. 15. Mass of the aerosol deposit versus time
of collection on a Petryanov filter: initial mass of
coal placed in the generator 4 g; generator tempera-
ture 400◦C.

suggests that the formation of the nanoaerosol during
the mechanical coal grinding is due to the release of
organic components into the gas phase resulting from
local heating of coal under mechanical treatment.

Figure 16 shows the dependence of the bomb pres-
sure on time during explosion of a pure methane–air
mixture containing the evaporation-nucleation aerosol.
It can be seen that in the mixture with the aerosol,
the pressure rise rate and the maximum pressure are
higher. Thus, in the case of the pure mixture, the max-
imum pressure is 0.65 MPa, and in the aerosol mixture,
it is 0.8 MPa. This increase in the maximum pressure
is due to the higher content of fuel in the mixture with
the aerosol. The addition of the aerosol increases the
pressure rise rate by almost an order of magnitude.

Figure 17 shows pressure rise-versus-time curves
for explosions of methane–air and aerosol–air mixtures.
It is evident that the evaporation-nucleation aerosol
formed from the coal can be ignited without methane

Fig. 16. Bomb pressure versus time during ignition
of following mixtures: methane (42 g/m3, 6.5%) +
air; evaporation-nucleation aerosol (20 g/m3) +
methane (42 g/m3) + air.

Fig. 17. Bomb pressure versus time during ignition
of the evaporation-nucleation coal aerosol (145 g/m3,
sublimation temperature of 350◦C) in comparison
with a mixture of methane (42 g/m3, 6.5%) + air.

additives. It is worth mentioning that heating of the
evaporation-nucleation aerosol also leads to the release
of combustible gases, such as CH4, C2H6, and CO. The
degree of influence of these gases on the combustion of
the aerosol–air mixture will be investigated in our fur-
ther study.

To illustrate the evaporation-nucleation aerosols
formed during rapid heating of the generator, Fig. 18
shows successive images of the vessel filled with the
aerosol from the nucleation chamber for 1 min. The
aerosol concentration is so high that it is visible to the
naked eye. Note that the aerosol becomes visible to
the naked eye during rapid heating starting at a heater
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Fig. 18. Successive stages in the filling of the 1-liter
vessel for 1 min: generator temperature 370◦C, mass
of the original coal fed into the generator 4 g.

temperature of 610 K. This behavior is understandable.
During heating of the nucleation chamber, the organic
components in coal are a liquid solution. The temper-
ature of 610 K is approximately equal to the boiling
point of C20 alkane [30], one of the major organic com-
ponents of coal. It can therefore be suggested that a
large amount of organic aerosol is formed upon reaching
the boiling point of the solution of organic components
in the coal. Once the boiling point is reached, a phase
transition occurs, accompanied by macroscopic transfer
of vapor, which, in turn, leads to a drastic increase in
the rate of aerosol formation.

CONCLUSIONS

The study of the concentration, particle size, and
morphology of the aerosol generated at Kuzbass coal
mines, as well as the laboratory studies of aerosol forma-
tion from coal exposed to mechanical action and heat-
ing allow the following assumptions to be made. Me-
chanical coal grinding by the cutter or a laboratory mill
causes local coal heating, during which a large amount
of organic compounds is released from coal into the
gas phase. After reaching the ambient temperature,
the vapor becomes supersaturated. High supersatura-

tion of the vapor leads to the formation of an organic
nanoaerosol due to homogeneous nucleation. In addi-
tion, vapor condensation and deposition of nanoparti-
cles on the surface of large micron and submicron par-
ticles formed by direct coal grinding occur. The high
concentration of nanoaerosol particles in the aerosol for-
mation zone (not less than 108 cm−3 · s−1) indicates
that organic components ate released from the coal
into the gas phase in large amounts comparable with
the methane content in explosive methane–air mixtures.
The study of the explosion of dust–methane–air mix-
tures has shown that the addition of the coal aerosol to
a methane–air mixture significantly increases the pres-
sure rise rate during explosion and the maximum pres-
sure. The presence of this aerosol in methane–air mix-
tures can significantly shift the flammability limit. It
is important to note that the mass concentration of the
organic nanoaerosol present in air during mechanical
coal grinding is relatively small. However, the presence
of the nanoaerosol at a concentration of 105 cm−3 may
indicate the presence of organic components deposited
on the surface of the coarse aerosol in an amount suf-
ficient to appreciably affect the ignition of methane–air
mixtures. In other words, the nanoaerosol can serve as
an indicator of a potentially explosive situation. How-
ever, this aerosol is not detected by modern methods of
explosion control in mines. The only method of organic
aerosol monitoring are nanoaerosol means for measuring
concentration and size.

To make recommendations for minimizing the ef-
fect of the nanosized aerosol fraction on the explosion
of the coal dust mixture, it is necessary to continue
the studies described in this paper and implement these
studies on a large scale.

The work was supported by the Russian Founda-
tion for Basic Research (Grant No. 16-33-00012 mol a).
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