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ABSTRACT: In order to investigate the overpressure and flame propagation character-
istics of gas explosions in turning pipelines, this study designed a transparent organic glass
pipeline test system with different turning angles (30°, 60°, 90°, 120°, and 150°) and
conducted a series of experimental studies to analyze the explosion shock wave
overpressure and flame propagation behavior. The experimental results show that with
the increase of the turning angle of the pipeline, the overpressure of the explosion shock
wave significantly increases. In terms of flame propagation characteristics, when the turning
angle is small, the flame can adhere to the outer wall of the pipeline corner and gradually
fill the entire pipeline section. When the turning angle increases, the flame forms a blank
area near the outer wall of the corner, and the blank area expands with the increase in the
corner. In addition, the increase in the turning angle promotes the increase in the velocity
of the explosion flame front. The research results of this review are of great significance for
a deeper understanding of the mechanism of gas explosions in turning pipelines and
evaluating their potential hazards.

1. INTRODUCTION
Gas explosion accidents can be regarded as the most serious
type of coal mine accidents, and the number of deaths caused
by gas accidents has remained high in major coal mine
accidents over the years.1,2 According to statistics from the
National Mine Safety Administration in China, the number of
deaths from coal mine gas explosion accidents in China from
2018 to 2022 was about 339, accounting for approximately
26.08% of the total number of deaths in coal mine accidents.
The main forms of gas explosions include explosion shock
waves and explosion flames, both of which cause devastating
damage to personnel and facilities.3,4 Therefore, in-depth
exploration of the overpressure of shock waves and the
propagation law of explosion flames after coal mine gas
explosions is of great significance for accurately assessing the
potential scope and degree of explosion hazards as well as
providing a scientific basis for coal mine safety management
and emergency response.
In the past few decades, numerous researchers have

conducted extensive research on the overpressure and flame
propagation characteristics of gas explosion shock waves.
Richmond et al.5,6 (early 1980s) conducted experimental
research on the flame propagation process of gas explosions in
full-scale simulated coal mine tunnels and found that the flame
propagation speed and overpressure changes of gas explosions
in tunnels are related to the structure of the tunnel walls and
the distribution of gas concentration. Oh et al.7 studied the
instability and acceleration of gas explosion flames and
discovered the turbulent mechanism of flame acceleration;

that is, small disturbances of obstacles can cause flame
acceleration, resulting in a sharp increase in pressure in
pipelines. With the deepening of research, more researchers
have begun to pay attention to the influence of the pipeline
structure on gas explosion characteristics. Zhu et al.8 studied
the evolution law of overpressure and flame propagation
process during gas explosion in U-shaped long-wall coal
mining face and H-shaped cross cutting through numerical
simulation. They found that there is a very high reflection
pressure near the corner, but it decays very quickly in free
space. Zhang et al.9 conducted gas explosion experiments on
pipelines at different turning angles and found that the peak
overpressure attenuation rate of shock waves increased with
the increase of pipeline turning angles. The flame propagation
speed first increased, then decreased, and rapidly increased
after bending the pipeline. Sulaimana et al.10 also found using
FLACS numerical simulation software that the presence of a
90° turning tube can increase the flame propagation speed by
about twice. Si et al.11 found that different pipeline structures
have a significant impact on gas explosion overpressure and
flame propagation speed. Li et al.12 used Ansys/Fluent
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software to simulate gas explosions in excavation tunnels with
different cavity structures and found that cavity structures can
reduce overpressure and flame velocity.
In addition to pipeline structure, factors such as gas volume

dose, pipeline cross-sectional area, and obstacle distribution
also have a significant impact on the overpressure evolution
law and flame propagation characteristics of shock waves.13−17

Cheng et al.18 studied the relationship between explosion flame
and gas volume dose and found that the length of the
explosion flame is 3−5 times the length of the initial gas
accumulation zone. Lin et al.19−22 conducted gas explosion
experiments in the presence of obstacles and found that
obstacles can intensify explosion intensity and significantly
increase explosion pressure. Nie et al.23 conducted a 9.5% gas
explosion experiment and found that the metal wire mesh in
pipelines can accelerate flame propagation speed. Wang et al.24

studied the effects of concentration and obstacles on the
transition from methane air mixture explosion to detonation in
long pipelines. They found that the higher the blockage rate of
obstacles, the stronger the interaction between the unburned
mixture and shock wave, which is very beneficial for
accelerating the explosion flame.
In addition, some researchers have also paid attention to the

influence of other factors on the characteristics of gas
explosions. Cui et al.25 analyzed the effects of pressure and
temperature on combustion duration within the initial
temperature range of 123−273 K. Ajrash et al.26 investigated
the effects of different concentrations of methane and reaction
lengths on pressure waves and flame characteristics in a 30 m
long, straight large detonation tube. Jiang et al.27 found that in
a semiclosed straight pipe, the peak overpressure of shock
waves and flame propagation velocity increases with distance,
and this result was verified through numerical simulations. Yue
et al.28 found that due to effective ventilation of doors and
windows, the maximum overpressure of gas explosions in
residential buildings is less than 10 kPa. Researchers have also
conducted an in-depth analysis of the propagation law of gas
explosion shock waves from a theoretical perspective. Qu et
al.,29,30 Wang et al.,31 and Jiao et al.32 proposed a simplified
model for shock wave propagation. Xu et al.33,34 conducted
experimental research on the propagation characteristics of gas
explosions in a 7.2 m square section roadway, revealing the
close relationship between the peak overpressure of gas
explosions and the gas volume and propagation distance.
Zhu et al.35 established an analytical model for the propagation
of gas explosions along the roadway and used numerical

simulation methods to obtain the variation law of gas explosion
shock wave propagation along the roadway.
In summary, although a large amount of research has been

conducted on the shock wave overpressure and flame
propagation characteristics of gas explosions, relevant research
on turning pipelines is still relatively limited. The specific
mechanism of the influence of the turning angle on shock wave
overpressure and flame propagation behavior is not yet fully
understood. Therefore, this study aims to analyze in detail the
shock wave overpressure and flame propagation characteristics
of gas explosions in turning pipelines by designing a
transparent organic glass pipeline test system with different
turning angles, in order to provide an important basis for a
deeper understanding of the mechanism of gas explosions in
turning pipelines and evaluating their potential hazards.

2. EXPERIMENTAL SYSTEM AND PLAN
2.1. Testing System. The experimental system includes

experimental pipelines, gas distribution systems, ignition
systems, pressure data acquisition systems, high-speed camera
systems, and synchronous control systems. The test pipeline is
a transparent organic glass pipeline with different turning
angles. The pipeline is divided into two parts: a horizontal pipe
section and an inclined pipe section. The length of the
horizontal pipe section is 900 mm, and the length of the
inclined pipe section is 800 mm. The cross-sectional size of the
pipeline is 80 × 80 mm, the wall thickness of the pipeline is 20
mm, and the compressive strength is 2 MPa. One end of the
test pipeline is completely closed, and the other end is sealed
with a PVC film. The gas distribution system includes a
methane cylinder, an air compressor, and two gas mass flow
controllers (ALICAT, America) for preparing a premixed gas
of methane and air at the desired concentration. The ignition
system includes a high-energy igniter and ignition electrodes,
with an ignition voltage of 6 kV and an ignition energy of 2.5 J.
The ignition point is located on one side of the fully sealed
orifice, 100 mm away from the orifice. The pressure data
acquisition system includes an MD-HF high-frequency
dynamic pressure sensor (MEOKON, China) and a USB-
1608FS data acquisition card (NI MCC, America), which in
real time collects pressure data generated by explosions during
the test process. The acquisition frequency of the high-
frequency dynamic pressure sensor is 20K/s. The high-speed
camera system captures the flame development process during
the experiment at a frequency of 2000 fps, with a pixel size of
1024 × 1024 nm, to capture the shape of the explosion flame

Figure 1. Experimental system diagram.
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and the position of the flame front. The synchronous control
system is used to control the ignition system, pressure data
acquisition system, and high-speed camera system to operate in
a preset start stop sequence and interval. The schematic
diagram of the experimental system is shown in Figure 1.
The connection of the experimental system is shown in

Figure 1. We connect the various components of the
experimental system as shown in the figure. Before each
experiment, a layer of PVC film was laid at the position
indicated by the PVC film in the figure to complete the
preparation work. Simultaneously, we open the intake and
exhaust valves to start ventilation, control the intake of air and
methane through a gas flow controller, and then inject a certain
concentration of methane air premixed gas into the pipeline.
The raw gas in the pipeline is discharged through the exhaust
port at the end of the pipeline. To ensure that the original gas
in the pipeline is completely discharged, the volume of gas
injected into the pipeline is set to four times the volume of the
pipeline. After inflation, the inlet and exhaust valves of the
pipeline were closed, the methane cylinder and air compressor
valves were closed, the gas flow controller was closed, and the
pipeline was prepared for explosion testing. In order to ensure
the complete collection of all data during the explosion
process, the pressure data acquisition system and high-speed
camera system should be activated before the ignition system.
We press the start button of the synchronous controller, and
the pressure data acquisition system and high-speed camera
system will immediately start (t = 0 ms). When t = 10 ms, the
ignition system starts. After the experiment is completed, we
organize and save the experimental data, clean the
experimental pipeline, and prepare for the next set of
experiments.

2.2. Experimental Plan Design. The gas used in this
study is 99.99% pure methane gas with a gas concentration set
at 9.5%. The pipeline is designed with five sets of turning
angles, namely 30°, 60°, 90°, 120°, and 150°. The specific form
of the pipeline is shown in Figure 2. The specific layout of the
pressure sensor measuring points is shown in Figure 2a.
Measuring point 1 is located 200 mm to the right of the
ignition point, measuring point 2 is located 200 mm in front of
the center point of the pipeline bend, measuring point 1 is 400
mm away from measuring point 2, measuring point 3 is located
at the center of the pipeline bend (intersection of the
centerline of the straight pipe section and the centerline of the
inclined pipe section), measuring point 4 is located 500 mm
behind the center point of the pipeline bend, and measuring
point 5 is located 200 mm behind measuring point 4. During
the experiment, in order to ensure the reliability of the
experimental results, each group of experiments was conducted
three or more times. According to scientific statistical
principles, three sets of valid data were taken for each level
as the final experimental data.

3. RESULTS AND DISCUSSION
3.1. Propagation Law of Explosion Shock Wave

Overpressure. The maximum explosion pressure distribution
curve reflecting the distribution of the gas explosion shock
wave overpressure inside the pipeline is shown in Figure 3.
First, we analyze the overall development trend of shock wave
overpressure. The distribution of internal explosion shock wave
overpressure in pipelines with 30°, 60°, 90°, 120°, and 150°
corners shows a similar pattern. In the section of the pipeline
before the corner, the explosion shock wave overpressure
shows a relatively gentle development trend, with the first half

Figure 2. Schematic diagram of the measuring point layout.
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almost horizontal, and a certain decrease near the corner of the
pipeline. We further analyze the specific numerical values of
shock wave overpressure. When the corner of the pipeline is
30°, the values of shock wave overpressure in various parts of
the pipeline are relatively small, with the maximum shock wave
overpressure obtained at sensor 1 and an average shock wave
overpressure value of 98.05 mbar. As the turning angle
gradually increases, the overpressure values of shock waves in
various parts of the pipeline also increase. At a turning angle of
150°, the maximum value of 814.38 mbar was obtained at
sensor 1.
When a gas explosion occurs inside a turning pipeline, the

impact of the pipeline corner on the explosion pressure is
mainly reflected in two aspects. On the one hand, pipeline
corners can cause significant turbulence effects inside the
pipeline. This turbulence effect will significantly increase the
reaction efficiency of reactants inside the pipeline, thereby
enhancing the overpressure of the explosive shock waves. The
larger the turning angle of the pipeline, the more significant the
turbulence effect caused, which, in turn, leads to a greater
overpressure of the explosion shock wave. On the other hand,
when the shock wave develops to the bend of the pipeline, it
will undergo intense reflection with the pipeline wall,
generating a complex flow field. Part of the energy of the
shock wave was consumed by the reflection of the pipeline
wall. The larger the turning angle of the pipeline, the larger the
reflection area generated and the more significant the
turbulence effect generated by the shock wave, which
consumes more energy on the reflection of the pipeline wall.
Previous studies have mostly conducted experiments in
nonflame zones, where no reactants have reacted and the
explosive shock wave has lost its source of energy replenish-
ment. Therefore, the shock wave is only affected by the second
aspect of pipeline turning, which causes severe reflection
between the shock wave and the wall, resulting in a complex
flow field and weakening the strength of the shock wave.
However, in this experiment, the study area was the gas
explosion flame zone. During the propagation of the explosion
shock wave in the pipeline, the reactants continue to react.
Therefore, the explosion shock wave inside the pipeline is
simultaneously affected by the bending of the pipeline,
resulting in both excitation and suppression effects. The
experimental results show that the excitation effect of the
pipeline turning on the explosion shock wave inside the
pipeline is more significant, which leads to an overall trend of

increasing shock wave overpressure inside the pipeline with the
increase of the pipeline turning angle.
3.2. Analysis of Pressure Fluctuations at Measure-

ment Points. In order to further investigate the impact of
pipeline bends on explosion shock wave overpressure, this
study focuses on the analysis and research of changes in shock
wave overpressure before and after pipeline bends. The
pressure data from sensors 2 and 4 are selected for analysis,
as they are located before and after the turning angle. The
changes in pressure data of sensors 2 and 4 over time are
shown in Figures 4 and 5, respectively.

Figures 4 and 5, respectively, show the pressure data of
measuring point 2 located in the front area of the turning
pipeline corner and measuring point 4 located in the back area
of the turning pipeline corner during the explosion process
over time. Both measuring points experienced a slow and small
increase in pressure during the initial ignition stage, with slight
differences in the pressure rise at different turning angles, but
the overall difference was not significant. As the reaction
progresses, when the time reaches 30−35 ms, the pressure
values of the two measuring points at different turning angles
begin to rapidly rise and reach the pressure extremum point at
35−40 ms, which is also the maximum pressure value in the
entire explosion reaction process. At this point, the greater the

Figure 3. Distribution curve of the maximum explosion pressure.

Figure 4. Time-varying curve of pressure data at measuring point 2.

Figure 5. Time-varying curve of pressure data at measuring point 4.
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turning angle, the greater the pressure value. Measurement
point 2 achieved a maximum explosion pressure of 797.65
mbar at a turning angle of 150°, while measurement point 4
achieved a maximum explosion pressure of 598.43 mbar at a
turning angle of 150°. The pressure data of measuring point 4
are generally significantly lower than those of measuring point
2. Subsequently, the explosion pressure began to rapidly
decrease after reaching its maximum value and reached another
extreme point on the pressure curve at 40−46 ms, at which
point the pressure value was negative, indicating the formation
of a certain negative pressure space at both measuring points.
This is mainly because the gas generated by the explosion
rapidly expands and spreads outward, causing the gas around
the measuring point to be quickly drawn away and forming a
temporary low-pressure area. Afterward, the pressure values of
both measuring points began to rise again and then fell again,
forming a wave-like pressure change curve in a cyclic manner.
The peak absolute value of the wavy pressure curve shows a
regular downward trend until it approaches the horizontal
level. At this stage, except for the very small vibration
amplitude of the pressure curve at a turning angle of 30°,
the vibration amplitude of the pressure curve at other turning
angles is at a similar level. This indicates that in the later stage
of the explosion reaction, the influence of different turning
angles on the pressure changes at the two measuring points
tends to be consistent.

In addition, there are certain differences in the pressure
fluctuation characteristics between the two measuring points.
The second measuring point is basically composed of some
relatively regular large oscillations, while the fourth measuring
point is mixed with some small fluctuations resembling steps in
the large oscillations. This is mainly because measuring point 4
is located after the bend and the explosion wave undergoes
more complex reflections and interactions during propagation,
especially generating more vortices and turbulence at the bend.
These complex gas dynamic behaviors have led to more
complex and diverse pressure fluctuations at measuring point
4, resulting in small fluctuations resembling steps in large
oscillations.
3.3. Explosion Flame Morphology and Structure.

Figure 6 shows the development of the explosion flames at
different turning angles. By carefully observing the flame
structure, it can be found that the bending structure of the
pipeline has varying degrees of influence on the structure of the
explosion flame. In the initial stage of explosion flame
development, the shape of the explosion flame remains
basically the same at different turning angles, presenting an
arched structure and gradually moving forward. When the
explosion flame enters the corner area of the pipeline, its front
shape begins to change. Specifically, when the turning angle is
small, the explosion flame will adhere to the outer wall of the
pipeline corner and develop in the direction of flame

Figure 6. Image of explosion flame development at different turning angles.
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propagation. At this point, there was initially no flame present
on the inner wall of the pipeline corner, but as the explosion
flame continued to spread forward, the flame surface gradually
widened and eventually filled the entire pipeline section. This
phenomenon is mainly attributed to the fact that when the
turning angle is small, the impact of the pipeline corner on the
propagation of the explosion flame is relatively small, and it can
easily adhere to the outer wall of the pipeline corner and
propagate forward. At the same time, due to the reflection and
vortex effect of the inner wall of the pipeline, the flame surface
gradually widens and eventually fills the entire cross-section of
the pipeline.
As the turning angle of the pipeline increases, the explosion

flame begins to create a flame blank area near the outer wall of
the pipeline corner when it reaches the corner. And as the
corner of the pipeline further increases, the blank area of the
flame also expands. The analysis of this phenomenon is as
follows: With the increase of the turning angle of the pipeline,
when the explosion flame propagates to the corner of the
pipeline, the flow velocity of the flame near the outer wall of
the corner decreases due to the enhanced blocking and guiding
effect of the corner on the flame. This in turn hinders the
transfer of reactants and heat to the front face of the flame,
resulting in the formation of a flame blank in that area. In
addition, the larger the turning angle, the more significant the
blocking and guiding effects, leading to further expansion of
the flame blank area.
3.4. Explosion Flame Front Velocity. The front velocity

of explosive flames is also an important indicator of the
characteristics of the explosive flames. Therefore, this section
mainly analyzes the flame front velocity of gas explosions at
different turning angles. We use MATLAB software to obtain
the brightness data of the image and binary the grayscale of the
image, as shown in Figure 7.

Based on the data organized by MATLAB software, we
further plotted the curve of the position of the explosion flame
front over time, as shown in Figure 8.
The graph in Figure 8 shows the temporal variation of the

position of the flame front. From the graph, it can be observed
that the position of the explosion flame front shows a relatively
stable curve over time, and the slope of the curve gradually
increases, indicating that the front velocity of the explosion
flame is gradually increasing. Especially when the time
develops to around 30−35 ms, the rate of change in the
slope of the curve begins to show a significant increase,
indicating that the rate of increase in the velocity of the
explosion flame front is accelerating. In addition, there is a
certain regularity in the total time of explosion flame
propagation.
The flame front velocity is calculated from the data of the

change in the position of the explosion flame front over time,
and the calculation formula is as follows:

v N N t t( )/( )2 1 2 1= * (1)

In the formula, t1 and t2 are time, Δ is the distance
represented by the unit pixel, and N1 and N2 are the horizontal
coordinates of the flame front pixels in the photo at time t1 and
t2, respectively. We calculate the data of speed variation over
time and plot the curve of speed variation over time, as shown
in Figure 9.

The graph in Figure 9 shows variation of the velocity of the
explosion flame front over time. It can be observed from the
graph that the variation of the velocity of the explosion flame
front shows a certain regularity. In the initial stage of the
explosion, the velocity of the explosion flame front maintains a
steady development. Subsequently, the velocity of the
explosion flame front rapidly increased until the flame spread
to the outlet of the test pipeline. By comparing and analyzing
the time-varying curves of the explosion flame front velocity at
different turning angles, it can be clearly seen that as the
turning angle increases, the front velocity of the explosion
flame shows a gradually increasing overall trend. At a turning
angle of 150°, the velocity of the explosion flame front reaches

Figure 7. Binary grayscale processing of explosion flame.

Figure 8. Time-dependent curve of the position of the explosion
flame front.

Figure 9. Time-dependent curve of explosion flame front velocity.
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its maximum value. This indicates that the increase in the
turning angle has a significant promoting effect on the
development of the velocity of the explosion flame front.
The experimental results are consistent with those obtained by
Sulaimana et al. using FLACS numerical simulation and further
confirm that the turning structure can significantly accelerate
flame propagation under specific conditions.
As the turning angle of the pipeline increases, the velocity of

the explosion flame front gradually increases, which is closely
related to the turbulence effect inside the pipeline during
propagation of the explosion flame. When the explosion flame
passes through the bend of the pipeline, the airflow in the main
flow area is affected by the rebound of the pipeline wall,
thereby enhancing the turbulence effect in the bend area of the
pipeline. In addition, vortices will form in the turning area,
which further distorts the explosion flame front and increases
its area. The increase in the area of the flame front increases
the contact area between the flame and the unburned gas,
thereby accelerating the combustion reaction rate and
increasing the flame propagation speed. When the flame
front propagates to the unburned gas vortex, it is drawn into it
and coupled with the unburned gas vortex to form a turbulent
flame, further increasing the flame propagation speed. As the
angle of pipeline turning increases, the turbulence effect caused
by pipeline turning gradually strengthens, which further
increases the velocity of the explosion flame front after the
pipeline turning point.

4. CONCLUSIONS
This account delves into the overpressure and flame
propagation characteristics of gas explosion shock waves in
turning pipelines. Through experimental design and data
analysis, the following main conclusions are drawn:
(1) In a turning pipeline, the overpressure of the explosion

shock wave significantly increases with an increase in the
pipeline turning angle. The effect of pipeline corners on shock
waves is manifested as a dual effect of excitation and
suppression. However, in this study, the excitation effect
dominates, leading to an increase in the overpressure values
with increasing corners. In addition, the reflection of shock
waves and turbulence effects at the corners of pipelines have a
significant impact on the distribution of overpressure.
(2) The pressure data from the measuring points before and

after the turn indicate that the pressure slowly increases during
the initial stage of the explosion and then quickly reaches its
peak, and a negative pressure area appears after reaching its
peak. The pressure fluctuation at the measuring point behind
the pipeline corner is more complex, showing more stepped
small fluctuations, which are attributed to the complex
reflection and eddy current effects at the corner.
(3) In the initial stage of flame propagation, the flame

morphologies are similar at different turning angles. However,
as the flame enters the corner area, the flame structure
undergoes significant changes. When the corner is small, the
flame advances toward the outer wall of the corner. When the
corner increases, a flame blank area appears near the outer wall
of the corner, and the blank area expands with the increase of
the corner.
(4) The increase in the turning angle significantly promotes

the increase in the velocity of the explosion flame front. This is
due to the enhanced turbulence effect at the corners of the
pipeline, which increases the contact area between the flame

and unburned gas, thereby improving the combustion reaction
rate and the flame propagation speed.
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