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Abstract: The combustion, explosion, and detonation in hybrid systems containing gas mixtures
of CH4/air, CH4/O2, and O2/coal particles up to 200 μm in size with a volume-averaged density of
up to 700 g/m3 were studied on a vertical shock tube. X-ray diffraction patterns of the initial coal
powder and coal samples subjected to high-temperature waves were analyzed. Data were obtained
on the structure and parameters of waves in hybrid mixtures and in the same gas mixtures without
coal dust. It is shown that in hybrid systems, coal dust has a weaker influence on the parameters of
combustion and detonation waves than methane and that methane in these waves is more reactive
than coal dust.
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INTRODUCTION

In the mining of coal, fine coal dust is deposited
on the walls of the horizontal shaft. The air of the
mine channel always contains airborne coal dust, whose
concentration (ρ � 1 g/m3) is 2–4 orders of magnitude
lower than the lower concentration limit of explosive-
ness (30–80 g/m 3) of coal dust [1–3]. Primary com-
pression waves more commonly occur during explosions
of methane–air mixtures near locations of accidental re-
lease of methane. Such a blast wave (shock wave (SW)
with combustion products moving behind it) can en-
train coal dust from the channel walls, produce a cloud
of coal dust, and ignite it [1–5]. Combustion, explo-
sion, and detonation of hybrid systems consisting of
methane–air mixtures and coal dust are less studied
than methane–air mixtures.

In experiments [5] under conditions close to those
in mines, a channel section of length l and diameter
d = 1–3 m was separated from the remaining longer
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part of the channel using a thin paper or polyethylene
partition and filled with methane. The methane–air
mixture was fired with an igniter with an energy of sev-
eral kilojoules. Usually, Λ = l/d ≈ 3–20, and the blast
wave did not have time to transform into detonation [5].
Behind the membrane, the channel section was covered
with a coal dust layer, a binder inert solution was ap-
plied to a part of the coal dust surface, and explosion
mitigation means were placed inside the channel [5–7].
Such studies are extremely time-consuming and costly.

The attenuation and initiation of blast and det-
onation waves (DWs) in dusty environments was in-
vestigated, e.g., in [8–22]. A chemical-kinetic method
for preventing and extinguishing fires has been pro-
posed [8, 9]. To provide explosion safety in a mine
during dynamic processes, it is necessary to obtain
data on the chemical activity of methane and coal
dust [23]. To solve this problem, it is sufficient to com-
pare the combustion and detonation wave parameters in
methane-lean mixtures and in the same hybrid mixtures
of methane with coal dust in shock-tube experiments,
which are much less laborious than field tests. The pur-
pose of this work was to obtain experimental data on
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Fig. 1. Experimental setup: (1) dust generator;
(2) container with coal powder; (3) initiation sec-
tions (d = 50 mm and l1 = 0.45 m) with Mylar di-
aphragms; (4) high-voltage source; (5) shock tube test
section (d = 70 mm); (6) optical section; (7, 8) ball
valves; (9) vacuum-pressure gauge; (10) backing pump;
(11) 40-liters cylinder with a gas mixture; (12) reducer;
the piezoelectric sensors are denoted as PS1–PS8 and
photoelectron multipliers are denoted as PMT1–PMT3.

the parameters and structure of combustion and deto-
nation waves in the above systems, starting from the
moment of their ignition at different initiation energies.

1. EXPERIMENTAL SETUP
AND PROCEDURE

The experiments were carried out in a vertical
shock tube (Fig. 1) with dimensions l = 6.75 m, d =
70 mm, and Λ ≈ 96 at a temperature of 16–17◦C.
This value of Λ is usually sufficient for the establishment
of the normal detonation mode. The tube was evacu-
ated and filled with methane-lean (about 10% leaner)
gas mixtures of CH4/O2 and CH4/Air or oxygen or with
the same gases with a coal suspension (hybrid mixtures)
to an initial pressure p0 = 0.025–0.1 MPa. Gas mixtures
were fed from cylinder 11 through reducer 12 . The hy-
brid mixture was produced by passing a gas mixture
through container 2 with coal powder and through dust
generator 1 . The mass and volume-averaged concentra-

tion of coal dust particles in the tube was varied in the
ranges m = 0.6–15.7 g and ρ = 23–700 g/m3. The
self-ignition and combustion temperatures of coal were
equal to 400 and 470◦C, respectively.

Combustion and detonation waves were initiated
by spark discharges with energy ei ≈ 1 J from high-
voltage source 4 (in this case, diaphragms between
the sections were not placed) or with the aid of ini-
tiation sections (IS) (3) separated from the test sec-
tion (TS) 5 by Mylar diaphragms. The ISs were filled
with a mixture of C2H2 + 2.5O2 at an initial pressure
p0i = 0.05–0.36 MPa and initiated by spark discharges
(ei ≈ 1 J). During detonation combustion of the mix-
ture, energy qi ≈ 15–106 kJ (specific initiation energy
wi = 4qi/πd

2 ≈ 3.8–27.6 MJ/m2) was released in the
ISs, and the temperature of combustion products was
≈4000 K. In the upper section of the TS, the velocity
of blast waves generated using ISs was 1000–1400 m/s.

During the initiation of the CH4/O2 and
CH4/O2/coal reactive systems using a spark or ISs, det-
onation propagates in the shock tube. In the experi-
ments, detonation in these systems was initiated with
the aid of ISs (see Section 3.1 below) since, in this case,
the DW enters a steady-state mode faster than in the
case of spark initiation. The reactivity of gas and hybrid
systems was inferred from the parameters of steady-
state detonation.

The less reactive mixtures of CH4/air and
CH4/air/coal were initiated in two ways: using a spark
and using ISs (see Section 3.2 below). During initia-
tion by a spark, a combustion wave propagates in the
shock tube, and during initiation of the same systems
by ISs, attenuating blast waves propagate.

Luminescence and pressure profiles in compres-
sion waves were recorded by three 4-beam Tektronix
TDS2014 oscilloscopes, signals to which were fed from
photoelectron multipliers (PMT1–PMT3) and piezo-
electric sensors (PS1–PS8) through source-follower am-
plifiers with a time constant of 0.5–2 s. The natu-
ral frequency of the piezoelectric sensors was 300 kHz,
and the design and calibration methods of the sen-
sors are described in [24–26]. The measurement error
for pressure did not exceed 5%, and for wave velocity,
it was 1%.

2. COAL POWDER

The initial blocks (<1 cm) of Kuzbass coal
were crushed in a tumbling machine with steel balls
10–40 mm in diameter for 2 h. Particles larger than
0.5 mm were removed using a sieve with a mesh size of
500 μm. From 100 g of a powder fraction of 0–500 μm
through 200, 140, and 94 μm mesh sieves, fractions of
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500–200, 200–140, 140– 94, and 0–94 μ, weighing 41, 15,
20, 16 g respectively, were obtained. The residual pow-
der fraction on the sieves weighed 8 g and had a particle
size of 0–10 μm. Their mass fraction can be determined
from the mass of coal powder fractions. Powder frac-
tions and the sieves were weighed on a balance with an
error of 0.1 g and examined under a microscope.

Particles less than 10 μm are not sifted into the
residue and are always present among large particles
and on the sieves; therefore the real proportion of par-
ticles in the fractions is lower than the specified values.
The mass percentage of the obtained fractions with sizes
less than 200 μm is low, and the process of screening out
these fractions is laborious. For these reasons, from a
powder fraction of 0–500 μm sieved through a 200 μm
mesh sieve, fractions of 200–500 and 0–200 μm were ob-
tained. The experiments were carried out with a coal
powder of 0–200 μm; this fraction has poor flowabil-
ity and is prone to agglomeration due to the binder
fine fraction. Dust generator 1 ensured uniform sup-
ply of this fraction into the tube, as was established by
weighing the coal powder in container 2 (Fig. 1) at dif-
ferent times. Images and the elemental composition of
coal and impurity particles were obtained on a Merlin
Compact, Zeiss scanning electron microscope. Impurity
particles in the images have characteristic luster.

The main elements of coal are C, O, Si, Al, Ca,
and S (average mass content 78.35, 19.75, 0.69, 0.41,
0.25, and 0.16%, respectively), and the main impu-
rity elements are C, O, Si, Al, Fe, Ca, and Mg (25.08,
39.06, 13.33, 8.41, 7.79, 2.69, and 1.95%, respectively).
In the impurity, the percentage of C is lower and the
percentages of O, Si, Al, Fe, Ca, and Mg are higher
than in coal.

The chemical composition of the crystalline sub-
stances of coal and impurity particles was deter-
mined on a D8-Advance X-ray diffractometer (radia-
tion Cu Kα). For the coal, the crystalline carbon lines
are absent, and in the vicinity of an angle of 26◦C
there is a wide halo corresponding to amorphous car-
bon. In impurity particles, crystalline substances cor-
respond to the lines of quartz (SiO2) and the closely
spaced lines of kaolinite Al4[Si4O10](OH)8 and chlorite
(Mg,Fe,Al)6(Al,Si)4O10(OH)8, which are clay compo-
nents, the clay is dominated by kaolinite.

3. EXPERIMENTAL RESULTS

3.1. Detonation of Mixtures of CH4 + 11.346O2 and
(CH4 + 11.346O2)/Coal in the Test Section

3.1.1. p0 = 0.1 MPa. (A) For the fuel-lean mixture
of CH4 + 11.346O2, the calculated detonation velocity

is D0 ≈ 1640 m/s, and the effective length of the reac-
tion zone (detonation cell size) a ≈ 30 mm [27]. After
the detonation combustion of the mixture of C2H2 +
2.5O2 in the IS at p0i = 0.15 MPa (wi ≈ 11.5 MJ/m2)
and diaphragm rupture, an accelerating DW is initi-
ated in the gas mixture under study. The DW ve-
locities at the bases of PS1–PS8 are D12 ≈ 1200,
D24 ≈ 1182, D34 ≈ 1170, D45 ≈ 1263, D67 ≈ 1626,
and D78 ≈ 1600 m/s. In the lower part of the tube, the
DW enters the normal detonation mode, and the sensors
record a pressure drop in the reaction zone (character-
istic von Neumann spike) behind the shock front.

After reflection of the detonation wave, a SW prop-
agates from the lower end of the tube upward. Here and
in further experiments, due to a change in the particle
velocity and the counter-flow pressure, the reflected SW
velocity increases (D87 ≈ 927 and D76 ≈ 952 m/s).

At a higher initiation energy (p0i = 0.2 MPa and
wi ≈ 15.3 MJ/m2), the DW propagates almost steadily:
D12 ≈ 1714, D24 ≈ 1612, D34 ≈ 1592, D45 ≈ 1600,
D67 ≈ 1570, and D78 ≈ 1562 m/s. The reflected SW
velocities are D87 ≈ 767 and D76 ≈ 816 m/s. Figure 2a
shows typical oscillograms of pressure and luminescence
in the lower part of the tube for this experiment. Here
and below, the pressure jump along the vertical for the
sensors is Δp = p− p0.

(B) For stoichiometry, it is necessary to add 10.6 g
of carbon to the mixture of CH4 + 11.346O2 in the TS
at p0 = 0.1 MPa; the result is a stoichiometric mixture
of CH4 + 11.346O2 + 9.346C. This amount of carbon
corresponds to a mass of coal suspension m ≈ 13.5 g
(ρ ≈ 603 g/m3). Experiments with hybrid systems were
performed in the range 27 � ρ � 260 mg/m3.

At p0i = 0.15 MPa, in the hybrid mixture of
(CH4 + 11.346O2)/coal, ρ ≈ 190 g/m3, unlike in the gas
mixture, the DW acquires an almost steady-state
velocity already in the initial section of the tube:
D12 ≈ 1714, D24 ≈ 1639, D34 ≈ 1617, D45 ≈ 1714,
and D67 ≈ D78 ≈ 1575 m/s. The velocities of the shock
wave reflected from the end face are D87 ≈ 927 and
D76 ≈ 952 m/s. Due to the ignition and combustion
of coal particles, the luminescence in the wave becomes
more intense and lasting. Due to incomplete combus-
tion, the coal suspension behaves as a chemically inert
medium: the momentum is lost in the DW, and the det-
onation velocity at the end of the tube becomes about
20 m/s lower than in the gas mixture.

In the case of stronger initiation (p0i = 0.20 MPa,
wi ≈ 15.3 MJ/m2) and ρ ≈ 248–260 g/m3, the DW
also propagates almost steadily: D12 ≈ 1670 ± 5,
D24 ≈ 1652± 20, D45 ≈ 1656 ± 13, D67 ≈ 1614 ± 5,
and D78 ≈ 1633 ± 10 m/s. The luminescence on the
“plateau” in the wave (duration >3 ms) increases in in-
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Fig. 2. Oscillograms of pressure and luminescence in the DW (p0 = 0.1 MPa, p0i = 0.2 MPa,
and wi ≈ 15.3 MJ/m2): (a) gas mixture of CH4 + 11.346O2; (b) hybrid mixture of (CH4 +
11.346O2)/coal (ρ ≈ 260 g/m3, D12 ≈ 1667, D24 ≈ 1681, D34 ≈ 1669, D45 ≈ 1622, D67 ≈ 1613,
and D78 ≈ 1643 m/s).

tensity by about 12% compared to the luminescence in
the gas mixture (Fig. 2b). The reflected SW velocities
are D87 ≈ 849± 20 and D76 ≈ 909± 5 m/s.

Due to the deceleration of the gas flow on coal
particles, the pressure at the DW front in the hybrid
mixture at ρ ≈ 190 g/m3 increases by 14–20 % and at
ρ ≈ 248–260 g/m3, by 30–70% compared to the pressure
in the DW front in the gas mixture of CH4 + 11.346O2.

It follows from our experiments that combustion of
coal particles begins in the reaction zone (a ≈ 30 mm)
and continues behind it. However, the resulting heat
release in the reaction zone practically does not change
compared to the gas mixture, and the detonation ve-
locity does not increase. After DW reflection from the
end face, a SW propagates upward. According to the
results of electron microscopic measurements of spectra,
the concentration of elements on a coal particle before
and after the experiments are close to each other and
are within the range of data variation.

After the experiments, there is an increase in the
percentage of ideally spherical impurity particles rang-
ing in size from fractions to tens of micrometers (Fig. 3).
These particles have time to be heated in the detona-
tion wave and melted, after which they take a spherical

shape due to surface tension forces and keep it during
cooling. Similar spherical particles are observed in the
experiments described below.

3.1.2. p0 = 0.025 MPa. (A) To elucidate the effect
of the length of the reaction zone on the detonation pa-
rameters and the degree of burnout of coal particles,
we performed experiments at reduced initial pressures
in the TS. Detonation in the gas mixture of CH4 +
11.346O2 was initiated in the same manner as in the
experiments at p0i = 0.1 MPa (see Section 3.1.1). The
luminescence behind the front of the passing DW in the
lower part of the tube lasts approximately 1.5 ms, which
corresponds to an area of 2.3 m (see PMT3 Fig. 4a);
here a ≈ 120 mm at p0 = 0.025 MPa (increases in in-
verse proportion to p0). The detonation wave propa-
gates in the spin mode with a frequency of rotation of
the “head” f ≈ 7.41 kHz (PS6–PS8 in Fig. 4a). From
this frequency, using the relation c = πdf/1.84 [28], we
can estimate the speed of sound in the detonation prod-
ucts: c1 ≈ 886 m/s. The DW velocities along the length
are D12 ≈ 1463, D24 ≈ 1632, D34 ≈ 1617, D45 ≈ 1579,
D67 ≈ 1538, and D78 ≈ 1554 m/s. In the reflected
SW (velocities D87 ≈ 710 and D76 ≈ 724 m/s), the
luminescence is enhanced (PMT3 in Fig. 4a).
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Fig. 3. Hybrid mixture of (CH4 + 11.346O2)/coal: large (80–85 μm) and small (1–2 μm) spherical
impurity particles in coal that are formed after exposure to the DW for ρ≈ 190 (a) and 260 g/m3 (b),
respectively.

Fig. 4. Oscillograms of pressure and luminescence in the DW (p0 = 0.025 MPa, p0i = 0.1 MPa,
and wi ≈ 7.7 MJ/m2): (a) CH4 + 11.346O2 ; (b) (CH4 + 11.346O2)/coal (ρ ≈ 80 g/m3).

(B) In the case of the same initiation of the hy-
brid mixture in the DW, the luminescence in the re-
action zone and behind is higher than in the gas mix-
ture, due to the combustion of coal particles, resulting
in an increase in the burning time and the merging of

the intensity signals in the incident and reflected waves
(PMT3 in Fig. 4b). Here the DW front velocities are
D12 ≈ 1714, D24 ≈ 1667, D34 ≈ 1669, D45 ≈ 1710,
D67 ≈ 1538, and D78 ≈ 1554 m/s, the reflected SW
velocities are D87 ≈ 821 and D76 ≈ 870 m/s. The deto-
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nation wave enters a single-head spin mode with a rota-
tion frequency f ≈ 7.94 kHz (PS6–PS8 in Fig. 4b), and
the speed of sound in the detonation products is c2 ≈
949 m/s. At the end of the tube, the DW velocity in-
creases by 40 m/s. The temperature behind the reaction
zone in the hybrid mixture T2 ≈ T1

√
c2/c1 ≈ 1.15T1 is

about 15% higher than the temperature T1 during det-
onation of the same gas mixture.

On coal particles and impurity particles, the con-
centrations of elements before the experiment and after
the DW passage are within the range of data variation.

3.2. Combustion and Explosion
in CH4/Air Gas System

and CH4/Air/Coal Hybrid System

3.2.1. Combustion in the Initiation Section and in
the Test Section. (A) The test section and the initiation
sections are filled with a mixture of CH4 + 10.52 air,
there are no diaphragms in the tube, and initiation
was carried out by a spark with energy ei ≈ 1 J. The
calculated detonation parameters for the gas mixture
of CH4 + 10.52 air at p0 = 0.1 MPa are D0 = 1770 m/s
and a ≈ 260 mm, and the pressure in the Chapman–
Jouguet plane is pCJ = 1.66 MPa [27]. This mixture is
about 10% leaner in methane than the stoichiometric
methane–air mixture of CH4 + 9.524 air. In a tube
with a diameter d = 70 mm, steady-state detonation
does not propagate even in the spin mode since πd < a.

At p0 = 0.05 MPa, the mixture is not initiated by a
spark. With an increase in pressure to p0 = 0.085 MPa,
the flame begins to propagate in the tube in a near-limit
mode. At p0 = 0.1 MPa, the flame moves steadily in
the tube, and the compression waves overtake the flame
front. The luminescence in the combustion wave is weak
and lasts approximately 70–200 ms. The flame front
velocities are D24 ≈ 325, D34 ≈ 260, D45 ≈ 120, D67 ≈
0.91–1.25, and D78 ≈ 1.44 m/s; there is no reflected
wave.

(B) In the hybrid mixture of (CH4 + 10.52 air)/coal
(ρ ≈ 100–546 g/m3) under the same experimental con-
ditions and p0 = 0.1 MPa, the luminescence intensity in
the combustion wave increases by more than an order
of magnitude, and the compression waves at the end of
the tube become steeper than in the gas mixture. The
flame front velocities areD24 ≈ 13, D34 ≈ 10–13, D67 ≈
1.43–1.82, andD78 ≈ 1.15–1.37 m/s. In the hybrid mix-
ture, the flame velocity at the top of the tube is lower
than in the similar gas mixture.

According to electron microscopic measurements of
spectra, the concentration of elements on coal particles
before and after the experiments are within the data
variation range.

3.2.2. Blast Waves in the Test Section (p0 = 0.1 MPa).
(A) The gas mixture of CH4 + 10.52 air at p0 = 0.1 MPa
in the TS was initiated with the aid of an IS filled
with a mixture of C2H2 + 2.5O2 at p0i = 0.1 MPa.
Under this more powerful initiation than that in
Section 3.2.1, an attenuating blast wave propagates
in the TS. Between PMT1 and the PMT2, the flame
front velocity is 600 m/s, and the luminescence in
this section lags behind the SW front by 450 μs. On
the PMT3 at the bottom of the tube, the flame lags
behind the SW front already by 4 ms. The blast wave
front velocities are D12 = 1000–1043, D24 = 878–886,
D34 = 835–885, D45 = 828–857, D67 = 769–810, and
D78 = 767–788 m/s. In the reflected wave propagating
in the hot gas, steady-state low-velocity detona-
tion occurs: D87 ≈ 1265–1515, D76 ≈ 1290–2000,
D54 ≈ 1200–2000, D43 ≈ 1150–1620, D42 ≈
1170–1 575, and D21 ≈ 1200–1 500 m/s. The be-
ginning of the DW luminescence almost coincides with
the leading shock front of the wave.

With an increase in the initiation power
(p0i = 0.2 MPa and wi ≈15.3 MJ/m2) at p0 =
0.1 MPa, a stronger blast wave propagates in the shock
tube: D12 = 1200–1 333, D24 = 1083–1178, D34 ≈
1035–1089, D45 = 1043–1091, D67 = 910–930, and
D78 = 905–927 m/s. As in the case p0i = 0.1 MPa,
the gas mixture does not burn completely, and in the
reflected wave in the lower part of the tube (Fig. 5a),
low-velocity detonation occurs with the velocities
D87 ≈ 1369–1513 and D76 ≈ 1429–1600 m/s and
luminescence in the front. In the upper part of the
tube, the low-velocity DW propagates at approximately
constant velocity: D54 ≈ 1412–1145, D43 ≈ 1362–1669,
D42 ≈ 1445–1696, and D21 ≈ 1470–1500 m/s.

(B) The hybrid mixture of (CH4 + 10.52 air)/coal
was initiated, as above, with the aid of ISs using a gas
mixture of C2H2 + 2.5O2. Under the initial conditions
(p0i = 0.1 MPa and p0 = 0.1 MPa), luminescence be-
hind the blast wave in the hybrid mixture of (CH4 +
10.52 air)/coal (ρ ≈ 23–230 g/m3) increases by more
than an order of magnitude compared to the previous
case, due to the combustion of coal particles. However,
since in the upper part of the tube, the flame detaches
from the leading shock front by about 0.3 m, and coal
combustion starts in the initial flame region. Due to
the significant lag of the reaction zone behind the shock
front, the wave is not accelerated. The wave front ve-
locities along the length in the hybrid mixture are lower
than in the similar gas mixture: D12 ≈ 1000–1200,
D24 ≈ 882–942, D34 ≈ 841–885, D45 ≈ 857–889, D67 ≈
769–909, and D78 ≈ 757–772 m/s. The detachment of
the flame from the front increases with distance, but be-
hind the leading shock front at the bottom of the tube,
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Fig. 5. Oscillograms of pressure and luminescence (p0 = 0.1 MPa): (a) CH4 + 10.52 air (p0i = 0.2 MPa);
(b) (CH4 + 10.52 air)/coal (p0i = 0.2 MPa and ρ ≈ 530 g/m3).

a flat compression wave is formed with a powerful lu-
minescence in it. This compression wave moves to the
leading front and meets the wave reflected from the end
of the tube. In fact, the reflected wave is a low-velocity
DW and propagates from bottom to top at a velocity
lower than in the gas mixture: D87 ≈ 1322–1337, D76 ≈
1333–1429, D54 ≈ 1263–1333, D42 ≈ 1193–1423, and
D21 ≈ 1333–942 m/s.

Under more powerful initiation (p0i = 0.2 MPa),
qualitative and quantitative changes occur in the hy-
brid mixture (ρ ≈ 8–530 g/m3), and the luminescence
sharply increases behind the wave front (see Fig. 5b).
The blast wave is also attenuating, but the wave veloc-
ities increase in comparison with the case of initiation
at p0i = 0.1 MPa: D12 ≈ 1200–1333, D24 ≈ 1054–1089,
D34 ≈ 1005–1089, D45 ≈ 1000–1091, D67 ≈ 901–917,
and D78 ≈ 885–927 m/s.

In the lower part of the tube, a compression wave
with luminescence is formed behind the SW front. The
reflected wave is a detonation wave and propagates
with a higher velocity than at p0i = 0.1 MPa: D87 ≈
1 513–1 983 and D76 ≈ 1429–2000 m/s, and powerful
luminescence is observed in the front of the reflected
DW. In the upper part of the tube, the DW veloci-
ties are D54 ≈ 1412–1500, D43 ≈ 1522–1630, D42 ≈

1444–1696, and D21 ≈ 1500–1520 m/s. Here the lower
reflected wave velocities corresponds to the lowest con-
centration of the coal suspension (ρ ≈ 8 g/m3). At such
a low concentration, the parameters of the incident and
reflected waves are determined by the gas mixture of
CH4 + 10.52 air.

The coal mixture burns in the incident and re-
flected detonation waves from the lower end of the
tube. The parameters of the second reflected wave
propagating from top to bottom of the tube at ρ ≈
23–230 g/m3 and p0i = 0.1 MPa are D12 ≈ 1714–2014,
D67 ≈ 1797–1982, and D78 ≈ 1818–2000 m/s. The sec-
ond reflected wave at ρ � 23 g/m3 is also a detonation
wave; it is maintained by the combustion reaction of
coal particles. However, at ρ ≈ 8 g/m3, the coal sus-
pension has little effect on the velocity of the second
reflected wave: D12 ≈ 860 and D24 ≈ 890 m/s, which
correspond to SWs without energy release.

The parameters of the first blast wave in the gas
and hybrid mixtures increase with increasing initiation
energy. In all experiments with coal suspensions at
ρ � 23 g/m3, the reflected DW velocity is 400–600 m/s
higher than in the similar gas mixture under the same
initial conditions. The first and second reflected waves
are detonation waves. In hybrid mixtures, a significant
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part of the coal settles on the bottom flange and par-
tial combustion of coal is observed. The percentage of
burned coal is usually not higher than 20–30% and de-
pends on the value of ρ.

Our experiments show that relatively short-time
combustion of fine coal in combustion, blast, and deto-
nation waves, is inferior in efficiency to the longer-time
method of burning coal in boilers and furnaces.

3.3. Low-Velocity Detonation
of a Mixture of (CH4 + 2O2 + 6N2)/Coal

in the Test Section

(A) In a gas mixture of CH4 + 2O2 + 6N2, the fuel
and oxidizer are in a stoichiometric ratio, and the cal-
culated Chapman–Jouguet detonation parameters are
D0 = 1867 m/s and a ≈ 83 mm [27]. This mix-
ture is interesting in that its detonation parameters are
close to the detonation parameters of the mixture of
CH4 + 11.346O2 (see Section 3.1), but the mixture
of CH4 + 2O2 + 6N2 does not contain free (exces-
sive) oxygen. This allows a direct comparison of the
reactivity of methane and coal dust in the hybrid sys-
tem. The mixture was initiated with the aid of ISs
filled with a mixture of C2H2 + 2.5O2. In the experi-
ments, we determined the optimal initial pressure p0i =
0.25 MPa in the ISs at which the DW propagates al-
most steadily throughout the tube: D12 ≈ 1765–1935,
D24 ≈ 1848–1857, D34 ≈ 1822–1848, D45 ≈ 1714–1875,
D67 ≈ 1818–1852, and D78 ≈ 1831–1855 m/s. The
pressure profiles in the DW have a characteristic von
Neumann spike: a jump in the shock front and a subse-
quent almost twofold reduction in pressure at the end
of the reaction zone (Fig. 6a). The start of the lumi-
nescence signal almost coincides with the shock front.
The length of the reaction zone measured experimen-
tally from pressure profiles is 37–56 mm. The frequency
of luminescence and pressure pulsations in the DW is
f ≈ 7.81–8.13 kHz. The reflected wave is a SW with
a rectangular pressure profile and with D87 ≈ 871–878
and D76 ≈ 909–917 m/s (Fig. 6a).

(B) From the above experiments with hybrid mix-
tures, it follows that methane is chemically more active
and burns faster than the coal suspension, and, there-
fore, it is logical to expect that in the mixture of (CH4 +
2O2 + 6N2)/coal, the coal suspension will behave as the
inert curtain studied in [10, 11]. However, the experi-
mental results were not quite unambiguous.

In the experiments, the following pattern was ob-
served. If the DW velocity at the end of the tube de-
creased to about 1300–1500 m/s, the reflected wave was
also a low-velocity detonation wave with a von Neu-
mann spike and propagated at about the same veloc-
ity D87 ≈ 1495–1370 m/s and D76 ≈ 1470–1430 m/s

(Fig. 6b). However, if the wave attenuated even more
significantly, to D78 ≈ 1100 m/s (ρ ≈ 515 g/m3), then,
after its reflection, a strong DW with a von Neumann
spike (D87 ≈ 1898 and D76 ≈ 1818 m/s) was initiated
(Fig. 6c). In this case, the beginning of the lumines-
cence zone in the reflected wave almost coincided with
the leading detonation front. In the incident DW at
the end of the tube, the reaction zone is 150–500 μs
(20–55 cm) ahead of the leading front, the pressure pro-
file near the leading front is unstable, and the pressure
at the initial region of the luminescent flame zone in-
creases smoothly (Figs. 6 and 6c).

For the same parameters of the initiating source
as in Section 3.3 (A) (p0i = 0.25 MPa and wi ≈
19.2 MJ/m2) and for ρ ≈ 179–515 g/m3, the deto-
nation velocity in the initial section (x � 0.85 m) is
270–430 m/s lower than in the gas mixture (Fig. 7).
At x ≈ 2.3 m, the wave velocity decreases to D ≈
1150–1300 m/s. If ρ < 500 g/m3, then on a length
of 2.3 m < x � 3 m, the DW velocity increases by
50–350 m/s, but then decreases again to the coordi-
nate x ≈ 4.8 m. After x > 4.8 m, the wave ve-
locity increases by 30–100 m/s. The wave velocities
along the tube length at p0i = 0.25 MPa and ρ ≈
179–515 g/m3 are D12 ≈ 1500–1510, D24 ≈ 1345–1219,
D34 ≈ 1294–1150, D45 ≈ 1333–1142, D67 ≈ 1266–1111,
and D78 ≈ 1369–1095 m/s. If the density of the coal
suspension increases to ρ ≈ 515 g/m3, the DW veloc-
ity decreases monotonically along the tube length from
D12 ≈ 1500 m/s to D78 ≈ 1100 m/s (see Fig. 7).

Thus, the coal dust attenuates the DW in the gas
stoichiometric mixture, and the reflection of the wave
leads to the initiation of low-velocity or high-velocity
detonation, depending on the degree of attenuation of
the incident wave. It is possible that at suspension den-
sities ρ > 500 g/m3, the coal suspension will attenuate
the wave up to complete suppression of the DW.

3.4. Blast Waves in the O2/Coal
Mixture in the Test Section (p0 = 0.1 MPa)

The heterogeneous O2/coal mixture was initiated
with the aid of ISs using a gas mixture of C2H2 + 2.5O2.
To obtain stoichiometry in the volume of the TS at at-
mospheric pressure of oxygen, 12.77 g of carbon is re-
quired, which corresponds to a mass of coal suspension
m ≈ 16.3 g (ρ ≈ 726 g/m3). The experiments were car-
ried out at ρ ≈ 230–698 g/m3, p0i = 0.25–0.36 MPa,
and wi ≈ 19.2–27.6 MJ/m2.

The values p0i = 0.25–0.36 MPa correspond to blast
wave velocities D12 ≈ 1200–1500, D24 ≈ 1116–1345,
D34 ≈ 1084–1247, D45 ≈ 1043–1200, D67 ≈ 851–1053,
and D78 ≈ 846–976 m/s. That is, blast waves in the
O2/charcoal heterogeneous mixture are attenuating.
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Fig. 6. Oscillograms of pressure and luminescence in incident detonation and reflected waves (p0 =
0.1 MPa, p0i = 0.25 MPa, and wi ≈ 19.2 MJ/m2) for gas mixture of CH4 + 2O2 + 6N2 (a) and
hybrid mixture of (CH4 + 2O2 + 6N2)/coal for ρ ≈ 180 (b) and 515 g/m3 (c).

Fig. 7. Experimental velocities of incident DW (curves 1–5) and reflected DW (curve 1′) along the
tube length (p0 = 0.1 MPa, p0i = 0.25 MPa, and wi ≈ 19.2 MJ/m2) for hybrid mixture of (CH4 +
2O2 + 6N2)/coal at ρ ≈ 179 (1 and 1′), 248 (2), 252 (3), 500 (4), and 515 g/m3 (5).

In the upper half of the tube, the luminescence
increases slightly after 1–1.5 ms from the blast wave
front, but then, after 4–7 ms, it ceases. In this case,
the luminescence time decreases with increasing suspen-
sion density. Coal dust is ignited behind the blast-wave
front, and this flame propagates with an increasing lag
of 1–2 m from the shock front of the blast wave. In
this case, coal burning does not increase the blast wave
pressure.

From PMT3 and PS8 signals, it can be established
that the luminescent reaction products in the lower half
of the tube (x ≈ 5.5 m) lag behind the leading shock
front by 1–1.7 m (Fig. 8a). In the reflected wave, the
beginning of luminescence practically coincides with the
shock front (PMT3 and PS7 signals in Fig. 8a), and the
reflected-wave velocities are D87 ≈ 537–913 and D76 ≈
663–1136 m/s.
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Fig. 8. Oscillograms of pressure and luminescence in the blast and reflected waves [p0 = 0.1 MPa, p0i =
0.36 MPa (wi ≈ 27.6 MJ/m2)]: (a) O2/coal hybrid mixture (m ≈ 7.2 g and ρ ≈ 275 g/m3); (b) air.

Even with such strong initiation parameters (p0i =
0.36 MPa), the coal suspension reacts very weakly with
oxygen behind the blast-wave front, and detonation in
the heterogeneous O2/coal mixture is not initiated.

In experiments in which coal dust is absent and
the TS is filled with air (p0 = 0.1 MPa, p0i =
0.36 MPa), the velocities of the primary (from the IS)
blast wave are D12 ≈ 1224–1333, D24 ≈ 1242–1246,
D34 ≈ 1091–1200, D45 ≈ 1203–1205, D67 ≈ 998–1003,
and D78 ≈ 975–986 m/s. The flame from the blast
wave from the ISs does not reach the optical section
(Fig. 8b). The velocities of the reflected shock waves
are D87 ≈ 575–581 and D76 ≈ 697–714 m/s, about
300 m/s lower than in the O2/coal heterogeneous mix-
ture. In the upper half of the tube, the luminescent
products of gas detonation emitted from the ISs move
near the blast-wave front, and their luminescence lasts
2–3 times longer (about 12.5 ms) than in the O2/coal
heterogeneous mixture.

In the O2/C stoichiometric mixture for the case
where carbon is in the gas and condensed phases with
the percentage of the gas phase increasing from zero to
stoichiometry, the calculated detonation velocity D0 ≈
2050–3780 m/s [27]. The calculated temperature of
detonation products corresponding to this phase frac-

tion of carbon is T0 ≈ 4000–8700 K. It follows from
our experiments that the O2/coal mixture cannot be
considered homogeneous and carbon in coal cannot be
identified with carbon in the gas or condensed phase
(as in [27]). The blast-wave parameters in the O2/coal
heterogeneous mixture are close to those in air. The
reflected-wave velocity in the heterogeneous mixture is
about 300 m/s higher than in air or oxygen (no coal
dust). In the reflected wave, partial combustion of the
smallest particles of coal and volatiles formed behind
the front of the incident blast wave is observed.

CONCLUSIONS

1. The parameters and structure of detonation and
combustion waves in fuel-lean mixtures of methane with
oxygen and air and in hybrid systems consisting of a gas
mixture and a fine coal suspension were experimentally
determined.

2. Behind the front of combustion, blast, and det-
onation waves in hybrid systems, ignition and combus-
tion of coal particles occur. An increase in the length of
the reaction zone in gas mixtures leads to an increase
in the degree of combustion of coal particles and an en-
hancement of compression waves.
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3. In hybrid systems with a reactive gas mixture,
steady-state detonation waves can propagate, and in hy-
brid systems with a less reactive gas mixture, attenuat-
ing blast waves are formed, whose parameters depend
on the initiation energy.

4. In the hybrid systems studied, coal combus-
tion competes with methane combustion, but methane
is chemically more active than coal. Methane, rather
than coal carbon has a decisive influence on the param-
eters of combustion and detonation waves.

5. In hybrid systems, the detonation parameters
and the resulting heat release in the reaction zone in-
creases insignificantly in comparison with gas mixtures,
and the temperature in the reaction zone increases by
no more than 15%.

6. Coal dust attenuates the detonation wave in the
stoichiometric gas mixture, and low-velocity detonation
propagates in the hybrid mixture. The reflection of the
low-velocity detonation wave leads to the initiation of
low-velocity or high-velocity detonation, depending on
the degree of wave attenuation.

7. Coal suspension behind the blast-wave front
weakly reacts with oxygen, and detonation in the het-
erogeneous O2/coal mixture is not initiated. The blast-
wave parameters in the heterogeneous O2/coal mixture
and in air are similar despite the ignition of the coal
suspension. The reflected velocity waves in the hetero-
geneous mixture is about 300 m/s higher than in the
gas.

8. After the passage of several additional reflected
waves through the suspension, the percentage of burned
coal in combustion, blast, and detonation waves exceeds
20–30%. Combustion of fine coal in combustion, blast,
and detonation waves is less effective than longer-time
combustion of coal in boilers and furnaces.

9. Blast and detonation processes in hybrid mix-
tures must be modeled taking into account the dynam-
ics, heat transfer, ignition, and combustion individual
coal particles behind the shock front. Thermodynamic
calculations of detonation parameters of hybrid gas-coal
systems under the assumption that carbon is in the gas
and condensed phases give significantly overestimated
detonation parameters in comparison with experiment.
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