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ABSTRACT: This study aims to address the energy efficiency
release and environmental impact of coal dust in rotating
detonation engines (RDEs) by monitoring the detonation
characteristics of lignite and anthracite in methane gas−solid
mixtures using high-precision sensor technology. Experimental
results indicate that the peak detonation pressure of anthracite is
1.4% higher than that of lignite, and its detonation wave
propagation speed is at least 5.5% faster, suggesting that anthracite
exhibits more stable and efficient fuel energy release characteristics
during detonation. Additionally, the sensor technology enabled
detailed recording of pressure fluctuations and gas composition
changes during the detonation process, providing accurate data for assessing and controlling emissions of harmful gases such as
carbon monoxide and carbon dioxide. These data are crucial for designing more efficient and environmentally friendly coal dust
detonation systems, enhancing mine safety and environmental protection. The outcomes of this research not only advance
technological progress in the field of energy science but also address efficiency and environmental issues in industrial applications,
offering significant support for achieving safer and more sustainable energy production methods.

1. INTRODUCTION
Detonation engines have garnered significant attention from
researchers over the past few decades due to their high thermal
efficiency, simple structure, and high specific impulse.1,2

Among various types of detonation engines, including pulse
detonation engines (PDEs), oblique detonation engines
(ODEs), and RDE, the latter has emerged as the most favored
by researchers.3 PDEs operate intermittently and periodically,
requiring high-frequency, high-energy ignition, which leads to
significant energy losses.4,5 On the other hand, ODEs typically
operate at high Mach numbers and experimental conditions,
increasing the cost of associated experimental research.6,7 In
contrast, RDEs offer several advantages, such as singlepoint
ignition, continuous operation, self-sustaining and self-
compressing detonation waves, effective thrust at low pressure
ratios, a wide range of inlet velocities, and a simple structure.8

These characteristics make RDEs recognized as the most
promising combustion devices for the future.
With the rapid development of industry and economy, the

demand for efficient energy utilization is becoming increasingly
urgent. As a traditional fossil fuel, coal plays an indispensable
role in the energy structure. However, the inefficient extraction
and high pollution of coal have been a major challenge.
Introduced in 2016, the innovative concept of in situ fluidized
mining of deep coal integrates various modules, including
mining, support, coal sorting, fluidization transformation, and
energy storage, into a single conceptual mining apparatus.9−11

The foundation of this groundbreaking extraction method lies
in the detonation combustion of pulverized coal, which aims to
transform deep-earth coal resources into alternative energy
forms, such as converting fossil fuels into electrical energy, as
illustrated in Figure 1. The primary goal is to leverage the
RDEs device’s ability to efficiently release energy from
pulverized coal located deep underground, thus revolutionizing
the approach to coal energy utilization.12,13 Detonation
combustion, with its remarkable characteristics, including
exceptionally high thermal cycle efficiency, rapid heat release
rate, and notably efficient pressure gain, is poised to transform
the field of fluidized bed mining for deep coal resources. This
technology has the potential to significantly enhance the
efficiency and effectiveness of extracting deep coal resources,
making it a highly innovative solution for energy acquisition in
challenging environments. The distinctive properties of
detonation combustion could establish it as a key technological
advancement and a crucial option in the pursuit of more
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efficient and sustainable energy production methods in the
mining sector.
The concept of rotating detonation was first discovered by

Voitsekhovskii from the former Soviet Academy of Sciences in
1959 while investigating transverse detonation waves.14 By
igniting a mixture of argon-diluted C2H2/O2 in a disc-shaped
combustion chamber, Voitsekhovskii successfully captured the
structure of the rotating detonation wave using a fully
compensated schlieren photography technique. Since 2000,
significant advancements in fundamental disciplines, such as
fluid dynamics and materials mechanics, have catalyzed a surge
in research outcomes related to Rotating RDEs. Russia, a
forerunner in RDE research, has accumulated a substantial
body of knowledge in this field. The Frolov team from the
Russian Academy of Sciences conducted extensive exper-
imental research using a pulse wind tunnel on hydrogen−air
mixtures for RDEs, confirming the feasibility of achieving
stable detonation waves in scramjet engines operating at Mach
numbers between 4 and 8. Their studies documented
detonation wave speeds of up to 1200 m per second and a
maximum thrust of 2200 new-tons.15,16 Furthermore, GHKN
Corporation and Locke-Dyne Inc. have investigated RDREs
using methane, ethane, and ethylene with oxygen, testing
various flow rates and fuel ratios. High-speed photography
revealed the presence of 5−8 detonation waves in the chamber,
reaching 60−72% of the theoretical Chapman−Jouguet (C−J)
speed. Studies indicate that RDRE’s specific impulse might
achieve 68−85% of an ideal rocket engine’s performance at sea
level.17 It is evident that gaseous and liquid fuels are the
primary forms utilized in rotating detonation engines (RDEs),
with predominant applications in military and aerospace
propulsion technologies.
The advantages of solid fuels in detonation applications have

been extensively studied and recognized. Compared to gas and
liquid fuels, solid fuels offer higher energy density, stable
storage and transportation conditions, and enhanced safety,
broadening their application prospects in areas such as
combustion detonation engines, particularly in environments
requiring long-term storage or use under extreme condi-

tions.18,19 Coal is one of the main energy sources in the world.
As a standard solid fuel, it is widely used in the research field of
combustion technology. At present, the experimental research
of pulverized coal detonation mainly focuses on the analysis of
detonation characteristics and the influence of environmental
factors. These analyses typically involve laboratory-scale
experiments exploring the detonation properties of coal dust
under a variety of conditions, including measurements of
detonation pressure, flame propagation velocity, and distribu-
tion of explosive products. Ren et al. (2024) investigated the
diffusion and explosion processes of solid−liquid−air mixtures,
providing crucial data for understanding the physicochemical
mechanisms of coal dust explosions. Environmental factors
such as temperature, pressure, and humidity also influence coal
dust detonations.20 Wang et al. (2020) examined the explosion
characteristics of aluminum powder in different gaseous
environ-ments, offering experimental evidence for the behavior
of coal dust explosions under diverse environmental con-
ditions.21 Garan et al. (2023) investigated the detonation
characteristics of different coal dust concentrations using RDE
and found that the coal dust concentration significantly affects
the detonation pressure and temperature.22 Additionally, Hou
et al. (2023) studied the effects of ignition location on the
explosion characteristics of methane-air mixtures through
semienclosed pipe experiments, revealing that the ignition
location significantly influences the detonation pressure
waveform and flame propagation speed.23 In the field of
numerical simulation, researchers have utilized numerical
methods such as Computational Fluid Dynamics (CFD) to
simulate the detonation process of coal dust. For instance,
Liang et al. (2023) conducted a numerical analysis on the
distribution of combustion products in tunnel methane
explosions using GASFLOW-MPI software. They discovered
that thermal losses significantly influence the temperature
characteristics and distribution patterns of the combustion
products.24 Xu et al. (2021) investigated the impact of cavity
width on the attenuation characteristics of gas explosion waves
through numerical simulations. Their findings indicate that the
cavity width significantly affects the duration and peak

Figure 1. Concept diagram of detonation mechanism system of underground intelligent coal mining.34
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overpressure of the flame.25 Bykovskii and collaborators26−30

extensively investigated the continuous detonation of various
coals, including anthracite and lignite. Their research findings
expanded the range of coal types applicable as fuels in rotating
detonation engine (RDE) systems.
The gases produced by coal dust detonations mainly include

carbon monoxide (CO) and carbon dioxide (CO2), which can
have adverse effects on the environment and human health.
Research on the exhaust products of coal dust detonations
mainly focuses on the analysis of exhaust components and
safety control measures. Studying these products is crucial for
understanding the dynamics of continuous coal dust
detonations, assessing their impact on mine safety and worker
health, and developing effective environmental protection and
detonation control technologies. In the field of exhaust
composition analysis, Jia and Zhang (2024) conducted
experimental research on the minimum ignition temperature
of two-phase fuel clouds and established a predictive model.
This provides a theoretical basis for preventing the ignition of
fuel clouds during high-energy explosions.31 Yang et al. (2023)
used OpenFOAM for numerical simulations of gas explosions,
studying the effects of nonuniform concentration distribution
on explosion characteristics, thereby providing a theoretical
basis for understanding exhaust components.32 Cveticanin et
al. (2020) analyzed the dynamic behavior during the coal
combustion process from a new perspective, indirectly
supporting the theoretical foundation for exhaust safety
protection.33 In summary, research on coal dust detonation
has achieved a series of important results, but there are still
some challenges and unresolved issues. Future studies need to
delve deeper into the mechanisms of coal dust detonation,
optimize experiments, and enhance research on the environ-
mental impact of detonation exhaust gases. Additionally,
attention must be paid to the safety of coal dust detonation
in actual industrial applications to ensure efficient energy use
and sustainable environmental development.
This research continues our group’s series of studies on

pulverized coal detonation, utilizing the same experimental
platform as previous work.34 However, it focuses on
investigating the effects of solid fuels, primarily coal dust, on
detonation phenomena in gas−solid two-phase mixtures within
rotating detonation engine (RDE) devices.35 Detonation
experiments were conducted on coal dust/CH4 two-phase
mixtures using two different coal types (lignite and
bituminous). Through in-depth analysis of detonation
phenomena in gas−solid two-phase fuels, patterns influencing
rotating detonation wave (RDW) propagation and detonation
gas products were summarized. The findings have significant
scientific implications for understanding the detonation
combustion characteristics of different threshold coal types in
loaded environments.

2. MATERIALS AND METHODS
2.1. Experimental Materials. Proximate analysis data for

two types of coal (lignite and anthracite) are shown in Table 1.
The proximate analysis was conducted according to the

Chinese National Standard GB/T 212-2008 “Proximate
analysis of coal”, which specifies the methods and procedures
for determining moisture, ash, volatile matter, and fixed carbon
in coal samples. The analysis was carried out using standard
equipment such as drying ovens and muffle furnaces, with
precise control of temperature and time to determine the
content of each component. Pulverized and screened coal from
different coal mines (Tashan Mine and Yanya Mine) in Shanxi,
China, coal dust with particle size less than 10 μm was
obtained. All dust samples (after 24 h of heat treatment at 60
°C) are collected in clean sample bags in preparation for
subsequent detonation tests. As can be seen from Table 1, the
difference between TS and YY coal samples is that the latter
has a lower volatile content and a higher fixed carbon
proportion, which is caused by the degree of coalification and
metamorphism of the two coal types. The terms Mad, Aad, Vad,
and FCad in Table 1 represent the air-dried basis moisture, ash,
volatile matter, and fixed carbon, respectively. These differ-
ences in proximate analysis results indicate that the two coal
samples are suitable for comparative experimental studies.

2.2. Experimental Apparatus. Figure 2 depicts a
Schematic diagram of the experimental setup, comprising a
custom-built RDE main combustion chamber, fuel supply
system, oxidizer supply system, ignition system, and control
and data acquisition(DAQ) system. The RDE combustors are
comprised of a fuel chamber, methane chamber inlet, and
powder inlet. The A−A and B−B sections of Figure 2 shows a
sectional view of the RDE combustor, which has a coaxial ring
structure with an outer ring diameter of 88 mm, an inner ring
diameter of 66 mm, and a combustor length of 1000 mm.
During operation, fuel and oxygen are preinjected into the
RDE combustor and then enter the RDC through evenly
distributed orifices, where they participate in mixing and
combustion. The coal powder supply system, mainly consists
of methane pipelines, powder storage chambers, piston
components, and stepper motor. The fuel supply process is
as follows: first, ultrafine coal powder is injected into the
storage chamber, then the coal powder is compacted by the
stepper motor and piston components. Methane methane is
introduced into the storage chamber at a set flow rate, carrying
the coal powder into the RDE combustion chamber to
complete one fuel injection. Both the oxygen pipeline to the
RDE and the hydrogen pipeline to the fluidized bed are
equipped with sonic nozzles to achieve stable methane flow
rates. During the RDE operation, 4 high-frequency pressure
sensors (PS1−4) installed on the detonation tube to monitor
the continuous detonation state of lignite coal powder. The
pressure sensor used is of PCB-113B26 type, with a response
time of less than 0.5us, a sampling frequency of 500 kHz, a
sensitivity of 0.7−1.5 V/MPa, and a maximum range of 6.8
MPa. (Reprinted (adapted or reprinted in part) with
permission from [34]. Copyright [2024/Sci. Rep.] [Guo et
al./Sci. Rep.].)

2.3. Experimental Procedure. The experimental process
is shown in Figure 3. Two kinds of fuel, pulverized coal/CH4
and pure gas CH4, were used in detonation experiment. In the
experiment, a high energy igniter (2 kJ) was used for ignition
operation, and the continuous detonation time was changed by
controlling the fuel supply time. After the dust detonation test,
the residue of the sampled gas is analyzed. The ambient
temperature of detonation test is 24 °C and the relative
humidity is 30.5%.

Table 1. Approximate Analysis of Two Coal Samples(wt %)

material source coal samples Mad Aad Vad FCad

anthracite TS 0.8 8.6 8.1 82.54
lignite YY 1.1 13.8 37.5 47.6
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Figure 4 shows the sequential operation time of the self-
made RDE using coal/methane fuel. The arrows above the
time axis indicate opening, while the arrows below the time
axis indicate closing. During the experiment, the coordinated
operation of the various parts of the experimental system is

achieved by controlling the spark igniter, motor, and various
solenoid valves through the control system. A complete engine
operation process usually includes fuel preinjection, ignition,
RDE combustion chamber operation, and combustion
chamber extinguishing. The supply of coal powder fuel
requires the transportation of methane. Therefore, before
supplying coal powder to the fluidized bed, the stable supply of
methane should be ensured. The engine ignition process is
completed by preblasting the methane/oxygen mixture
through the preblast tube and igniting it with a spark plug.
Subsequently, after a certain development time, the coal/
methane/oxygen mixture will form a stable nonhomogeneous
detonation. To prevent the pressure sensor from being
continuously damaged by high temperatures, the experimental
duration of the detonation process is preset to Ata = 725 ms.
At the end of the experiment, the fuel supply is first cut off.
After each test, the RDC was cleaned with high pressure air,
and the experiment was repeated three times consecutively to
ensure the accuracy of the results of each test scheme. The
mean value and standard deviation of the three experimental
results were calculated, and the error bar method was used to
represent the uncertainty of the measurements. The length of
the error bar was taken as 1 standard deviation. This approach
improves the reliability of the results by reducing the influence
of random errors, quantifies the uncertainty of the measure-

Figure 2. Detonation test equipment.34

Figure 3. Experimental procedure used in the dust detonation test.

Figure 4. RDE sequential running time.34
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ments, and facilitates the comparison and analysis of results
between different test schemes, ultimately helping to draw
more accurate conclusions.
Different from the deflagging state, continuous detonation is

characterized by a stable and sustained pressure wave during
detonation. Figure 5 shows the classical high-frequency
pressure wave measured by the pressure sensor during a
detonation period. It can be seen that when the RDE device
reaches a stable state, a pressure wave of about 0.45 s and at
least 0.8 MPa can be generated in the detonation tube.
However, the pressure wave duration in deflagellation state is
often lower than 0.2 s, so this study determined that the
detonation state is considered as the detonation state when the
measured pressure wave duration is higher than 0.2 s.
For gas analysis, both a Gas chromatograph (GC-9790) and

a hydrogen detector (GDX-H2) were utilized. The composi-
tion of the gas chromatograph includes systems for carrier gas,
sampling, chromatography, monitoring, along with recording
and data analysis. Using an external standard for quantitative
analysis, the gas detection achieved a resolution of 1 × 10−6.
The system ensures temperature control accuracy to within
±0.1 °C, with the capability to adjust the temperature from 0.1
to 30 °C per minute. It is important to note that the Gas
chromatograph is not designed to measure hydrogen. In
contrast, hydrogen detection is carried out by the hydrogen
detector through an electrochemical method, also with a

resolution of 1 × 10−6. To confirm the gas analyzer’s precision,
a gas mixture of specified composition was tested.

3. RESULTS
3.1. Analysis of RDE Detonation Pressure Propaga-

tion Characteristics. Figure 6 illustrates the partial pressure
curves measured by four sensors PS1−4 during the stable
propagation phase of the RDW between 2.6050 s and 2.6090 s.
The pressure peak recorded by sensor PS1, positioned closest
to the detonation point, is significantly higher compared to the
progressively distant sensors PS2, PS3, and PS4. The time
difference between adjacent pressure peaks at sensor P1 is
denoted as Δt, while Δt’ represents the time difference
between the peak pressures at PS1 and PS2.
It can be found that detonation waves present different

propagation characteristics in RDE devices. In this paper, four
sensors are proposed to collect pressure wave signals to explore
the law of pressure propagation. The state is evaluated based
on the signals collected by pressure sensors PS1−4 at different
positions, and the velocity is calculated as follows:

=v
l
tl i
i

i (1)

= ·l i Di (2)

Figure 5. Classic high frequency pressure wave measured by the pressure sensor (Ps1).

Figure 6. RDW high-frequency pressure signals collected by PS1−4.
34
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Where, li represents the distance to sensor PS1; D represents
the distance between adjacent sensors(200 mm); i represents
the pressure sensor code (PS1−4); Δt’i represents the time
difference between adjacent peak pressure signals, as shown in
Figure 6.
As can be seen from Figure 7, with the increase of

detonation duration (2.0−4.0 s), the maximum peak

detonation pressure YY (lignite) and TS (anthracite) of the
two types of coal show an upward trend. For “YY (lignite) ″,
the maximum peak pressure of detonation gradually rises,
indicating an increase in energy release from lignite during
detonation. This may be related to the higher volatiles and
lower carbon content of lignite. For “TS (anthracite) ″, the
maximum peak detonation pressure also showed an upward
trend. Compared with “YY (lignite) ″, the continuous peak
detonation pressure of “TS “was always 1.4% higher than that
of YY, and the growth rate was smaller than that of lignite,
showing a more stable performance. In terms of RDW
propagation speed, with the increase of continuous explosion
duration, the basic change trend of the two types of coal is
basically consistent with the change trend of the peak
detonation pressure. At the same time, the RDW propagation
speed of TS (anthracite) is at least 5.5% higher than that of YY
(lignite), reflecting more stable and efficient fuel energy release
characteristics.

3.2. Gas Composition Analysis. 3.2.1. Elemental Gas
Analysis. To investigate the variation of gas products during
the continuous detonation of coal dust/methane, the experi-
ment examines the changes in the content of various
components in the gas products under different detonation
stable state durations. After coal dust/methane detonation, the
main gases are N2, O2, CO2, CO, in addition to a small amount
of methane (CH4), ethane (C2H6), ethylene (C2H4), acetylene
(C2H2), and other trace hydrocarbon gases. Therefore, the
elements present in the gas products are nitrogen, oxygen,
hydrogen, carbon, and trace amounts of other elements.
Figure 8 presents the residual gas compositions of φ(O2),

φ(N2), and φ(H2) following methane/air and methane/coal
dust/air detonations. From Figure 8a, it is evident that as the

duration of continuous detonation increases from 0.20 s to
0.30 s, φ(O2) significantly reduces from 3% to 1%. Further
extending the detonation duration from 0.30s to 0.40s results
in a gradual decrease of φ(O2) from 1% to 0.3%. For 12%
methane and coal dust mixture, regardless of whether TS
pulverized coal or YY pulverized coal, the φ(O2) was almost
entirely consumed. Compared to the detonation of 12%
methane alone, the oxygen consumption in the detonation of a
12% methane and coal dust mixture is substantially higher,
even for continuous detonations lasting only 0.2s.
From Figure 8b, it is evident that after the detonation of

pure gaseous fuel with 12% methane, the concentration of
nitrogen (N2) is relatively high. Additionally, as the duration of
the detonation increases, the nitrogen content remains largely
unchanged. And that is because the volume fraction of a gas is
relative to the volume percentage. N2 is actually nonreactive
during detonation, resulting in a condensation effect that
produces a very high φ(N2) gas (even more than 78%) due to
the consumption of other gaseous fuels. Therefore, φ(N2) will
produce a small range of data fluctuations. However, with the
addition of coal dust, φ(N2) decreases with the increase of coal
dust concentration. This is because the volume fraction of gas
products after detonation of pulverized coal and other gases
increases, resulting in the decrease of φ(N2). However, with
the addition of coal dust, φ(N2) decreases with the increase of
coal dust concentration. This is because the volume fraction of
gas products after detonation of pulverized coal and other
gases increases, resulting in the decrease of φ(N2). Compared
with 12% CH4 mixed YY, 12% CH4 mixed TS has a lower
φ(N2) value, indicating that lignite produces more other gases.
However, with the addition of coal dust, φ(N2) decreases with
the increase of coal dust concentration. This is because the
volume fraction of gas products after detonation of pulverized
coal and other gases increases, resulting in the decrease of
φ(N2). Compared with 12% CH4 mixed YY pulverized coal,
12% CH4 mixed TS pulverized coal has a lower φ(N2) value,
indicating that lignite produces more other gases. When the
continuous detonation time increases from 0.2s to 0.3s, the
φ(N2) after detonation decreases significantly, and when the
continuous detonation time exceeds 0.3s, the φ(N2) decreases
slowly, which indicates that 0.3s belongs to a relatively stable
detonation state during the continuous detonation process of
pulverized coal/methane.
Figure 8c illustrates the ratio of φ(H2) in gases after

detonation. Typically, the detonation combustion of coal dust/
CH4 does not produce H2, as hydrogen atoms initially react
with oxygen to form water vapor, and carbon is oxidized in a
perfect ideal state. However, when there is a significant
deficiency of O2 to fully oxidize CH4, thermal decomposition
of CH4 occurs, resulting in the production of H2. For 12% CH4
gas detonation, when the continuous detonation duration is
0.2s, the hydrogen production increases slowly, and when the
continuous detonation duration is increased to 0.4s, φ(H2)
reaches about 6%. In the pulverized coal/methane detonation
process, the more sufficient the detonation combustion
reaction, the less oxygen involved in the reaction, and the
more hydrogen may be produced. When 12% CH4 is added to
coal dust, φ(H2) in the gas after detonation increases with the
increase of continuous detonation time. When the continuous
detonation time exceeds 0.27s, the amount of hydrogen
produced by YY pulverized coal/12% CH4 fuel is greater than
that by TS pulverized coal/12% CH4 continuous detonation.
When the continuous detonation time is 0.4s, the gas φ(H2)

Figure 7. Propagation characteristics of two kinds of pulverized coal
detonation waves.
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after detonation of TS pulverized coal/12% CH4 and YY
pulverized coal/12% CH4 are 14.2% and 10.8%, respectively,
which are much higher than the φ(H2) produced after
detonation of 12% CH4. It can be inferred that anthracite
pulverized coal is a more stable fuel in the continuous
detonation stage than lignite pulverized coal.
3.2.2. Compound Analysis of Gas Products. Figure 9

shows φ(CO) and φ(CO2) in the postdetonation gases. In
general, φ(CO) and φ(CO2) in the gas produced after

pulverized coal/methane detonation are higher than that
produced by pure gas fuel (methane) detonation.
As can be seen from Figure 9a, when the continuous

detonation time increases from 0.2 s to 0.3 s, φ(CO) begins to
increase slowly and then decreases gradually. φ(CO) of 12%
CH4 increases from 0.2 to 0.9% after detonation and then
decreases to 0.1% at 0.4 s. When mixed with pulverized coal/
12% CH4 produced more CO. Under the same detonation
duration, the increase of φ(CO) in the gas produced by YY/
12% CH4 was greater than that of TS/12% CH4. In general,

Figure 8. Volume fraction of elemental gas after detonation (a: O2; b: N2; c: H2).

Figure 9. Volume fraction of elemental gas after detonation(a: CO; b: CO2).
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CO is produced due to incomplete combustion of pulverized
coal/methane during detonation. In this study, anthracite
shows more stable detonation fuel characteristics.
As can be seen from Figure 9b, the φ(CO2) in the gas after

detonation first increases and then remains unchanged as the
continuous detonation time increases. The peak φ(CO2) value
of 12% CH4 detonation is 6.1%. When mixed with coal dust,
CH4 detonation produces more CO2. The peak values of
φ(CO2) of TS and YY were 12.1% (t = 0.4 s) and 10.9% (t =
0.24 s), respectively. The volatile content of lignite is higher
than that of anthracite. In the early stage of detonation,
volatiles react with oxidants to release a large amount of CO2
rapidly. As the continuous detonation time increases, the
volatile content of lignite decreases and the volume fraction of
non-CO2 gaseous products increases, resulting in a decrease of
φ(CO2). The fixed carbon content of anthracite is large and
stable, and the φ(CO2) content increases gradually.
The ratio of φ(CO)/φ(CO2) can reflect the relative excess

amount of fuel in detonation combustion reaction to a certain
extent. Figure 10 shows the φ(CO)/φ(CO2) of the gas after

detonation. It can be found that φ(CO)/φ(CO2) gradually
decreases with the increase of continuous detonation time. In
the early stage of detonation (t = 0.2 s), pulverized coal/CH4 is
more sensitive to φ(CO)/φ(CO2) than pure gas fuel CH4.
On the other hand, it can be seen from the above analysis

results that the concentration of O2 after pulverized coal
detonation is basically less than 12%, which is far lower than
the oxygen concentration of air species. In addition, the release
of CO gas not less than 2000 ppm poses a challenge to human
life and health, and there are hidden dangers of poisoning.
Therefore, it is necessary to effectively collect the gas of
pulverized coal in the RDE device, prohibit direct discharge,
and strengthen the effective ventilation of the RDE device
when it works, which is of great significance for the application
of the RDE device in deep coal fluidization mining.
In addition to CxOy compound gas, CxHy is also a

compound gas generated by pulverized coal/gas solid fuel
after detonation through physicochemical reactions such as
desorption, pyrolysis and intense combustion. Table 2 shows
the gas composition generated after detonation of two kinds of
coal. It can be seen that for hydrocarbon gases, the relative
content of CH4 is higher than that of other gases (C2H2, C2H4,

C2H6, C3H8), followed by the order of gas content from high
to low: C2H4, C2H2, C2H6, C3H8. From the results of
hydrocarbon gas composition of the two types of coal, it can
be seen that there is a slight difference in the volume fraction
of hydrocarbon gas generated after detonation of lignite/
methane and anthracite/methane. Although there is little
difference in the volume fraction of hydrocarbon gases
generated after detonation between lignite and anthracite,
these differences reflect subtle differences in the chemical
composition of coal, detonation conditions, and reaction paths.
These findings have important implications for understanding
how different types of coal perform in RDE and for optimizing
fuel selection and detonation processes.

3.3. Flammability Analysis of Gas Products. The gas
generated by detonation contains a variety of components, and
if it has certain flammability, it will inhibit the continuous
detonation and disturb the normal detonation work. The
flammability analysis of detonation tail gas can be calculated as
follows:
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Where, Ai represents the equivalent amount of flammable
gas; Ai is the molar fraction of the ith flammable gas in the
mixture, %; Kk represents the equivalent factor of an inert gas
relative to nitrogen; Bk represents the molar fraction of the kth
inert gas in the mixture,%. Kk (N2) = 1, and Kk(CO2) = 1.5;
TCi represents the highest content of flammable gas when it is
not flammable in the air after mixing with nitrogen. TCi(CO)
=15.2, and TCi(H2)=15.2. R is the flammability value of the gas
mixture. The evaluation of the flammability R value of the
mixed gas is shown in eq 5:
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After a gas (coal dust) detonation, the gas may contain a
non-negligible amount of oxygen. In cases where multiple
flammable gases, various inert gases, and significant oxygen
coexist, they need to be simplified into a mixture of multiple
flammable gases, one inert gas, and oxygen for flammability
calculations. Since the volume fraction of nitrogen is much
higher than that of carbon dioxide, inert gases are
approximated as nitrogen to reduce calculation errors. Under
these conditions, the flammability of the mixture gas must
satisfy the conditions of eq 6:
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Figure 10. φ(CO)/φ(CO2) in post-detonation gases.

Table 2. Composition Table of Hydrocarbon Gases
Generated by Detonation of Two Types of Coal

volume fraction/(1 × 10−2)

type of coal CH4 C2H2 C2H4 C2H6 C3H8

TS 0.79 0.22 0.32 0.12 0.08
YY 0.80 0.23 0.35 0.13 0.09
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Where, ∑Xi represents the volume fraction of the flammable
gas in the mixture, %;Li(L) is the lower flammability limit of a
flammable gas, %; x0 is the volume fraction of oxygen in the gas
mixture, %
The gas product of pulverized coal/gas gas−solid fuel

mixture produced by detonation combustion still has certain
flammability properties. As can be seen from Figure 11, Within
the detonation duration of 0.2 s to 0.26 s, the gas generated by
the detonation of YY coal/gas solid fuel is combustible. When
the detonation duration exceeds 0.26 s, the gas generated by
detonation has no flammability. Figure 12 compares the

changing law of the combustibility of the gas generated by
detonation of TS coal and TA coal. It can be seen that the
combustibility of the gas generated by detonation of lignite is
more sensitive to the detonation duration than that of
anthracite coal. During the experimental process, secondary
ignition of gases produced by detonation affects the coupling
reaction of continuous detonation, causing the continuous

detonation wave to decouple. Consequently, anthracite solid
fuel exhibits a certain stability, which constitutes a fundamental
difference from the results of deflagration combustion gases.36

3.4. The Gaseous Product Trends. Based on the results
of pulverized coal detonation gas release and the combustion
mechanism of typical pulverized coal, this section studies the
different stages of pulverized coal detonation gas release and
the change of trend.
Figure 13 shows the three stages and evolution rules of

pulverized coal detonation gas products. According to the
ZND model, a detonation wave consists of a shock wavefront
(von Neumann spike), an induction zone, and a reaction zone.
During coal dust detonation, these three regions correspond to
different reaction stages and gas product evolution patterns: at
the shock wavefront (i.e., the initial stage of detonation), the
coal dust undergoes intense shock compression and heating,
causing a rapid increase in temperature and pressure, which
initiates the pyrolysis of organic components in the coal dust.
This stage primarily generates small molecular products such
as methane (CH4), water vapor (H2O), and solid carbon (C),
providing combustible substances for subsequent oxidation
reactions. In the induction zone (i.e., the second stage), the
pyrolysis products undergo intense gas−solid coupled
reactions with oxygen (O2) in the air. CH4 and other
combustible gases (CxHy) react with O2 at high temperatures,
producing CO2, CO, and other products while releasing a large
amount of heat, further increasing the temperature. Simulta-
neously, dehydration and deoxygenation reactions occur on
the surface of coal dust particles, accelerating the trans-
formation of coal dust into final products. In the reaction zone
(i.e., the third stage), as the temperature continues to rise, gas-
phase reactions intensify, generating more CO2. However, due
to the consumption of oxygen, gas-phase reactions gradually
weaken, and the unburned carbon reacts with CO2 at high
temperatures to produce CO. Additionally, under oxygen-
deficient conditions, CH4 undergoes thermal cracking,
producing H2 and C. The reactions in this stage are the
most intense, and the product composition tends to stabilize.
In summary, the ZND model effectively explains the evolution
patterns and kinetic characteristics of gaseous products during
coal dust detonation. The changes in reaction mechanisms and
product composition at different stages are closely related to
the three regions in the ZND model.

Figure 11. Evaluation of the combustibility of the detonation generated gas of YY coal (a, parameter relation; b, flammability evaluation results).

Figure 12. Comparison of combustibility and fuel properties of two
kinds of coal.
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In terms of the advantages of pulverized coal fuel, due to the
chemical composition, the fixed carbon content (FCad) of
anthracite (TS) is 82.54%, while that of lignite (YY) is only
47.6%. This indicates that anthracite has a higher fixed carbon
content, which is generally associated with more stable
combustion characteristics and a higher calorific value. In
addition, the volatile content (Vad) of lignite is 37.5%, which is
much higher than the 8.1% of anthracite. This means that
when lignite is heated, it quickly releases a large amount of
volatile gases, which can promote the rapid propagation of
detonation waves, but at the same time can also cause
combustion instability. In the detonation process, when 12%

methane is mixed with coal dust for detonation, whether it is
TS coal dust or YY coal dust, the oxygen consumption
(φ(O2)) is almost completely consumed. This indicates that
both coal fuels can effectively participate in the reaction and
promote the release of energy during detonation. However,
from the φ(N2) data, the TS coal dust mixed with 12%
methane has a lower nitrogen content after detonation,
suggesting that anthracite may have produced more other
gases during detonation, which may be related to its higher
fixed carbon content, which provides more heat and
propulsion. In addition, from the perspective of φ(H2), the
hydrogen yield of anthracite (TS) during detonation is higher

Figure 13. Three stages and evolution law of pulverized coal detonation gas products.

Figure 14. A technical framework for in-depth exploration and future directions of pulverized coal detonation.
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than that of lignite (YY), which may be due to the more
complete combustion reaction of anthracite during detonation.
This is also reflected in the data of φ(CO) and φ(CO2). The
CO2 production of anthracite is higher than that of lignite,
while the CO production is relatively low, indicating that
anthracite is burned more completely. On the whole, although
lignite may have some advantages in the early stage of
detonation due to the rapid release of volatile compounds,
anthracite (TS) shows more superior fuel characteristics in
terms of overall detonation stability, combustion completeness
and environmental impact. The high fixed carbon content and
low volatile matter of anthracite make it able to provide more
stable energy output and higher combustion efficiency in the
detonation process, which is very important for the pursuit of
high efficiency and environmental friendly detonation process
in practical applications.

4. DISCUSSION
Based on the research results of this paper, this section focuses
on the prospect of the engineering application of pulverized
coal/gas detonation energy efficient release technology,
especially in the aspect of energy efficient utilization and safe
operation, which is crucial for the design of more efficient and
environmentally friendly pulverized coal detonation system.
The use of coal dust detonation technology is increasingly

prevalent in the field of energy science, particularly within
rotating detonation engines (RDE) where coal and methane
(CH4) are employed as fuels. The focus of research has shifted
toward the pressure characteristics and the secondary
detonation effects of the gases produced. The further
optimization and application of coal powder detonation
technology still face multiple challenges, necessitating the
development of scientific and technical strategies. The
technical framework for exploring pulverized coal detonation
in depth is shown in Figure 14. First, the technology requires
further refinement, particularly in controlling particle size and
improving mixing techniques. Efficient mixing ensures
thorough contact between coal powder and oxidizers,
enhancing reaction efficiency. Current research is exploring
unconventional methods such as ultrasonics and electro-
magnetic fields to achieve more uniform mixing. In Rotating
Detonation Engines (RDE), the mixture of coal powder and
methane generates high-pressure gases during detonation,
crucial for engine performance and efficiency. Studies indicate
that lignite and anthracite exhibit different detonation
characteristics when mixed with methane, due to their inherent
chemical and physical properties. This variance is significant
for the design and operation of RDEs, as different coal types
may require tailored operational parameters to optimize
performance.
Additionally, the secondary detonation effect of the

generated gases is a key issue in RDE technology. In the
high-temperature, high-pressure conditions of RDE detona-
tion, unburned mixtures of coal powder and methane may
reignite upon cooling, affecting engine stability and potentially
causing safety incidents. Therefore, controlling this process is
vital for enhancing RDE safety and efficiency. Research has
shown that adjusting fuel ratios and ignition parameters can
effectively control the likelihood and intensity of secondary
detonations. Environmental impact assessments are crucial for
the sustainable development of this technology. Comprehen-
sive evaluations of gas emissions, solid waste management, and
potential ecological impacts are needed. For instance, harmful

gases like NOx and SOx produced during coal powder
detonation must be treated with advanced purification
technologies to meet increasingly stringent environmental
standards. Additionally, strategies for resource utilization of
postdetonation solid residues, such as converting them into
building materials or soil amendments, are essential. Safety
research is fundamental to ensuring the application of coal
powder detonation technology. With technological advance-
ments, new monitoring and control systems are being
developed to oversee the detonation process and prevent
potential accidents. For example, using high-speed cameras and
pressure sensors to monitor the propagation of detonation
waves allows for timely detection of anomalies and corrective
actions. Furthermore, extensive simulations and experimental
validations systematically assess various safety aspects. In terms
of energy conversion pathways, coal powder detonation
technology not only serves traditional power generation but
also holds potential for applications in synthetic gas production
and hydrogen generation. Adjusting detonation parameters can
optimize the yield and ratio of syngas (mainly carbon
monoxide and hydrogen), which is crucial for synthetic fuel
and chemical production. Additionally, the application of this
technology in hydrogen production demonstrates high
efficiency and lower carbon emissions, contributing to the
advancement of clean energy. International collaboration plays
a vital role in advancing coal powder detonation technology.
By sharing research outcomes and accelerating technological
innovation and standardization, multinational research in-
stitutions and enterprises have established cooperative net-
works. The future development of coal powder detonation
technology should focus on technological optimization,
environmental impact assessment, safety enhancement, and
exploring new energy conversion pathways. These compre-
hensive measures will effectively promote the widespread
application and continuous development of the technology,
making significant contributions to global energy trans-
formation and environmental protection.

5. CONCLUSIONS
This study investigated the detonation characteristics and gas
product ejection properties of brown coal and anthracite dust
mixed with methane in a rotating detonation engine (RDE).
The findings provide valuable insights into the combustion
behavior and gas product composition of different coal types,
which is crucial for optimizing coal dust detonation systems to
enhance energy efficiency and reduce environmental impact.
The specific findings are as follows:
(1) Using pressure sensors in the RDE, it was observed that

anthracite exhibited a maximum explosion pressure peak 1.4%
higher than brown coal, with a slower growth rate, indicating
more stable performance. Moreover, the propagation velocity
of the rotating detonation wave (RDW) in anthracite was at
least 5.5% faster than in brown coal, reflecting anthracite’s
stability and efficiency in fuel energy release.
(2) As the detonation duration increased, both anthracite

and brown coal showed nearly complete consumption of
oxygen (φ(O2)) and a significant decrease in the proportion of
nitrogen (φ(N2)) after the explosion. In terms of flammability,
the brown coal/methane mixture exhibited transient flamma-
bility during the initial stage of the explosion, while anthracite
displayed more persistent flammability.
(3) Although brown coal may have some advantages in the

early stages of the explosion due to the rapid release of
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volatiles, anthracite demonstrated superior fuel characteristics
throughout the entire detonation process, including more
stable combustion properties, higher energy output, and lower
environmental impact. The results of this study emphasize the
importance of pursuing efficient and environmentally friendly
detonation processes in practical applications and highlight the
need for future research to further explore technological
optimizations, environmental impact assessments, and safety
enhancement measures.
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