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Abstract: Explosion chambers are crucial to the technology used to prevent coal mine gas explosions.
Investigating the shock wave propagation law at various coal mine tunnel cross-sections helps
ensure mine safety. A self-built, highly explosive experimental setup was used to conduct empirical
research on straight tubes, eight sizes of single-stage explosion chambers, and multi-stage tandem
explosion chambers. Ansys Fluent numerical simulation software constructed five different tandem
explosion chamber models. The wave dissipation efficiency of various types of explosion chambers
was calculated, the propagation law and process of shock waves across multiple explosion chambers
were examined, and the best size and type of explosion chambers were summarized to increase
the wave dissipation efficiency of single-stage explosion chambers. Gun silencers inspired these
models. The findings indicate that the three-stage tandem explosion chamber is the best diffusion
tandem combination form, the 60° silencer-type explosion chamber is the best single-stage explosion
chamber modification program, and the 500 mm x 500 mm x 200 mm explosion chamber is the best
single-stage explosion chamber.

Keywords: explosion chamber; wave-absorbing structure; explosion shock wave; explosion suppression

1. Introduction

Gas explosion shock waves in coal mine tunnels significantly harm workers and
mining equipment [1-3]. The gas explosion shock wave suppression technology used
in coal mines has relied chiefly on explosion-proof rock powder and explosion-proof
water bags for a very long period. The explosion-proof rock powder sheds and the water
sheets are one-time solutions that cannot withstand repeated explosions. Recently, we’ve
created a diffusion chamber wave attenuation technique [4,5]. We continue to call it an
“explosion chamber” since the varied cross-sections of coal mine tunnels are comparable to
the structure used in civil air defense engineering. It is challenging to renovate the existing
explosion chamber due to the constrained subterranean area in coal mines. To ensure coal
mine safety, it is essential to investigate the explosion chamber’s ideal size design and
suitable structural shape.

Nowadays, the following three categories serve as the primary divisions for the
explosion chamber wave dissipation efficiency optimization design, with the first category
adopting absorbent materials to absorb the blast shock wave energy. The second type is the
dispersion of indoor-laying explosion suppression powder, which is accomplished by the
explosion suppression powder physically and chemically absorbing the explosive shock
wave energy. The third category, the active blast isolation device, which relies on advanced
sensors to collect the explosion information to initiate the blast isolation system, is presently
more common for usage in blast isolation devices to limit blast shock wave energy.
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The first category focuses on wave-absorbing materials research. Through pendulum
impact experiments and numerical simulations, Shi et al. [6] investigated the mechanical re-
sponse of a human defense wall sprayed with POZD material. Iqbal et al.’s [7] experimental
investigation of the mechanical behavior of polyurea-sprayed masonry walls under blast
loads revealed that energy absorption improves with coating thickness and that polyurea
composites with a thickness of 6 mm can tolerate higher pressures. By conducting this
experiment, Grigory Bivol et al. [8] investigated the suppressing impact of polyurethane
foam with various pore sizes on blast waves.

The second category, which relates to explosive suppression powder, is often broken
down into solid explosive suppressants, liquid explosive suppressants, and gas explosive
suppressants. The authors [9] investigated the effects of rock powder, water, and ABC
dry powder on the explosion shock wave through experimental studies on solid explosive
suppressants. Via a vertical combustion tube, Zhao et al. [10] examined the deflagration
of methane, coal dust, and ABC dry powder. Through experimentation, Li et al. [11]
analyzed the CO, and ultrafine ABC dry powder explosion suppression method. Through
experimental quantification, Song et al. [12] investigated the impact of sedimentary rock
powder volume on explosion overpressure, temperature, and flame velocity. Fan et al. [13]
examined the NaHCQO3 fire extinguisher powder’s explosion suppression mechanism using
numerical calculations and experimentation. According to Liu et al.’s [14] investigation
into the effects of spray pressure and temperature on water mist suppression, a water
mist at 20 °C had the best result. Pei et al. [15] conducted Ny-biofluid acceptable water
mist explosion suppression tests using a self-built experimental apparatus. In a numerical
simulation study conducted by Cao et al. [16], the heat transfer process between an ultrafine
water mist and the explosion flame and the mechanism of ultrafine water mist-induced
explosion inhibition were examined. According to Lu et al.’s [17] experimental investigation
of nitrogen’s impact on blast shock wave suppression in horizontal pipes, 0.2 MPa of
nitrogen may successfully halt the blast shock wave’s propagation.

The third category, active and passive explosion-proof devices, are the two primary
categories of explosion-proof equipment. With an active blast isolator, Jiang et al. [18] inves-
tigated the effects of nitrogen and ABC dry powder on blast suppression. Yang [19] used
an active visualization experimental platform to confirm the inhibition effect of methane-
oxidizing bacteria on blast shock waves. The study of good blast suppression structure
knots on the development of new blast suppression technology and the improvement of
the existing blast suppression technology is of great significance as the overall structure of
the explosion chamber is not easily destroyed and can effectively resist multiple explosive
shock waves.

Experimental research on eight single diffusion chamber sizes and four different
series of diffusion chamber kinds confirmed the wave attenuation effect of series diffusion
chambers. The propagation law and process of shock waves in various diffusion chambers
were examined, and the ideal size and type of diffusion chamber were summarized. The
wave attenuation effects of nine different types of diffusion chamber structures were
verified through numerical simulation, and the wave attenuation efficiency of various types
of diffusion chambers was calculated.

2. Program and System for Explosive Testing
2.1. Test Systems

A highly explosive experimental apparatus with a self-built pipe of 36,000 mm long
and 200 mm in diameter was used. The testing system comprises the gas distribution,
piping, igniting, and data-collecting subsystems. Figure 1a displays the practical system’s
schematic diagram, and Figure 1b shows the system’s photographs. The pipe subsystem
comprises a steel pipe with a 200 mm inner diameter and a 10 mm wall thickness that is
separated into a detonation pipe, connecting pipe, and propagation pipe. The propagation
tube is 20,000 mm long, the connection tube is 2000 mm, and the detonation tube is
11,000 mm long. The air compressor, vacuum pump, methane gas cylinder, circulation
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pump, and electronic pressure gauge comprise the bulk of the gas distribution subsystem.
The major components of the ignition subsystem are the electrode, power source, electric
fuse, and ignition controller. Most of the data collection system members are pressure
sensors, high-speed data-gathering equipment, and data processing software. For the trials,
99.9% pure high-quality methane gas was employed. The pressure sensor range is 0-3 MPa,
the accuracy level is 0.5% FS, and the ignition energy may be up to 10 J. In the explosive
tube, methane and air are combined, and a diaphragm cuts off the connecting line.
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Figure 1. Physical and schematic representations of the experimental system.

The vastness of coal mine underground tunnels makes prototype experiments expen-
sive and safety concerns prevalent. As a result, scaling experiments are widely used for
researching gas explosions in coal mines [20], as demonstrated by this paper.

2.2. Test Systems
2.2.1. Program for Testing Straight Tubes and Single-Stage Explosion Chambers

The straight tube test is intended to be contrasted with the explosion chamber test,
with the sensor’s location remaining constant between the two tests.

According to the construction and support specifications, the explosion chamber’s
length and breadth should not exceed four times the roadway’s diameter. As a result, the
length, width, and height of this experiment were custom-made for explosion chambers in
the following sizes: 300 mm x 300 mm x 200 mm (3-3), 300 mm x 500 mm x 200 mm (3-5),
300 mm x 800 mm x 200 mm (3-8), 500 mm x 300 mm x 200 mm (5-3), 500 mm x 500 mm
x 200 mm (5-5), 800 mm x 300 mm x 200 mm (8-3), 800 mm x 500 mm x 200 mm (8-5),
and eight other sizes. To increase the viability of the numerical simulations, experimental
investigations were used to validate them, and based on these studies, more research was
conducted. Figure 2 depicts the explosion chamber model’s schematic diagram, while
Figure 3 depicts the chamber.
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Figure 2. Schematic illustration of the explosion chamber model.

300

Figure 3. Physical model of the explosion chamber.

2.2.2. Test Procedure for a Multi-Stage Series Explosion Chamber

Existing research suggests that the explosion chamber construction may contribute
in some way to eliminating shock waves. To increase the wave attenuation efficiency, we
must undertake an experimental study on the wave attenuation impact of several explosion
chambers in series. The series explosion chamber test is an exploratory test due to the
constraints of the test environment. The restricted number of explosion chamber models led
to the selection of various-sized explosion chamber combinations for experimental testing.
The explosion chamber structures with dimensions of 500 mm x 500 mm x 200 mm and
500 mm x 800 mm x 200 mm have apparent effects on reducing the shock wave of a
methane explosion, and 300 mm x 500 mm x 200 mm have sound effects on lowering
the explosion flame velocity, according to the previous research findings of our research
group [5]. As a result, experiments using multiple explosion chamber series 55-35 and
58-35-55 were carried out. Figure 4 displays the schematic design and images of the
multi-stage series explosion chamber test.

2.2.3. Test Procedure

After the straight pipe methane explosion experiment, the eight explosion chambers
were individually tested experimentally. The pressure sensors were mounted at the places
indicated in Table 1 and labeled P1 and P2.

Table 1. Location of the pressure sensor.

Pressure Sensor Placement of the Measuring Points

Pressure sensor P1 132m
Pressure sensor P2 142 m
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Schematic Object pictures

(a) The 55-35 explosion chamber in series

o o

(b) The 58-35-55 explosion chamber in series
Figure 4. Multiple-stage series explosion chamber.

Setting up a pressure sensor before and after the diffusion chamber is necessary to
track the variations in shock wave pressure. The variations in shock wave pressure before
and after the diffusion chamber can then be used to assess the effectiveness of the diffusion
chamber. When methane concentration reaches 9.5%, the explosive power is at its peak. As
a result, a 9.5% methane concentration was chosen for this article. Below is the particular
experimental protocol:

(1) Initiate all test systems and commission all equipment for everyday use.

(2) Putin the diaphragm, then gasket it.

(3) Launch the gas distribution system and set the gas concentration to 9.5 percent.

(4) Turn on the circulation pump, which will circulate the gas flow within the explosion
chamber for 20 min to guarantee homogeneity.

(5) Test the real-time collection mode of the collection system.

(6) Make the ignition subsystem operational so that the ignition may work.

(7) Preserve data.

3. Analyzing Numerical Simulations
3.1. Models in Geometry
3.1.1. Single-Stage Explosion Chamber Geometric Model

The indoor plane should be square or rectangular, and the diffusion chamber should
be poured entirely with reinforced concrete. Currently, the diffusion chamber is primarily
square. The 5-5 (500 mm x 500 mm x 200 mm) explosion chamber is the subject of
investigation for experimental tandem numerical simulation in this work. Figure 5 depicts
a 500 mm x 500 mm x 200 mm explosion chamber model.

[
L |

Figure 5. Model of a 500 mm x 500 mm X 200 mm explosion chamber.
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3.1.2. Multi-Stage Tandem Explosion Chamber Geometric Model

Multi-stage explosion chambers were designed in sequence and based on the 5-5
(500 mm x 500 mm x 200 mm) explosion chamber, as illustrated in Figure 6. Tandem
explosion chamber versions with two, three, four, and five stages each were constructed.

[ L I
I [ 1] |

(a) Model of the two-stage 5-5 explosion chamber series.

N e D
I I S N S |

(b) Model of the three-stage 5-5 explosion chamber series.
| I L L L

I 1 1 [ 1 [

(c) Model of the four-stage 5-5 explosion chamber series.
I L L] L L l

| 1 1 [ 1 |
(d) Model of the five-section 5-5 explosion chamber series.

Figure 6. Model of the 5-5 multi-Stage explosion chamber series.

3.1.3. Silencer-Type Explosion Chamber Geometric Model

Existing human defense project space is constrained, making it challenging to build
numerous explosion chambers, which means only current explosion chambers can be
improved. To increase the protection potential of human defense projects, it is crucial to
optimize the design of the wave dissipation impact of a single-stage explosion chamber and
increase the wave dissipation capacity of a single-stage explosion chamber. Figure 7 depicts
the gun’s silencer construction. The wave elimination plate and the silencer structure’s
changing cross-section can potentially damper acoustic waves. As a result of quick pressure
changes, shock waves are pulsed sound waves from an aerodynamic standpoint. Therefore,
silencers are excellent at reducing sound waves. This paper attempts to construct a wave
dissipation plate similar to the design of the silencer in the explosion chamber, drawing
inspiration from the “silencer” structure of the gun. By varying the angle of the plate, it
aims to determine the ideal angle of the wave dissipation effect, and thus make it easier
to transform the explosion chamber currently used for the human defense project. Nine
distinct explosion chamber models with wave elimination plate angles of 30°, 45°, 60°, 75°,
90°,105°, 120°, 135°, and 150° were constructed; the angles are represented schematically
in Figure 8 and the models are explained in Figure 9.

Figure 7. Silencer architecture.
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Figure 9. Wave attenuation structural model at various angles.

3.2. Models in Mathematics

Methane explosion is a quick and intricate process brought on by chemical reactions
and turbulent motion. The numerical simulations were carried out with the following
presumptions in mind:

(1) Suppose that the methane explosion is a process of ideal gas expansion that has
been heated;

(2) Disregard the radiative exotherm of the blast shock wave during the propagation
process and the flow—solid coupling effect between the inner wall and the shock wave
by assuming that the pipe and explosion chamber walls are adiabatic and that no heat
exchange occurs;

(3) Assume that the methane is at rest before ignition, obeys Moore’s law, and is well
mixed with air when it bursts;

(4) Suppose the Mach bar is a plane surge parallel to the inside wall.

The reaction is the most complete when the volume percentage of methane in the air
reaches 9.5. As a result, 9.5% of the volume of the methane-air premixed gas chosen for
the numerical simulation contains methane. This work uses a two-step reaction model
with high accuracy, and this model has the properties of high precision and high reliability
to increase the reliability and accuracy of the simulation results. The reaction process is
as follows:

CHy + 0O, - H,O+Qy @D

CO+0;, - CO, +Q, )
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(1) An equation for the combustion reaction

The model’s characteristics for the methane-air response are the volumetric reaction,
rigid chemical solver, diffusion energy source, complete multicomponent diffusion, and
thermal diffusion. Here is the Arrhenius rate equation:

_A7b _Ea
k =AT exp< RT )’ @)

where T is the absolute temperature; b is the temperature index; A is the finger front factor,
mol/(m?s); k is the response rate parameter, mol/(m?>s); the reaction activation energy is
known as E,, ] /mol; the molar gas constant is R, 8.3144 ]/ (mol-K).

(2) Energy equation

%
5(0E) + V[ (pE+p)| = vlkeffVT—§hj1j+ (kegy -4 ) | +8u+Q

2

E=h-F+15 , 4)
T

hj = Jr,, CpdT

kef=k~|-kt

where E indicates the total energy of the fluid, which is the sum of internal energy, kinetic
energy, and potential energy, ] /kg; h stands for enthalpy, ]/ kg; kg = 298.15K; h; is enthalpy
of component j, J/kg; J; is the diffusion flux of component j, K¢ is the effective thermal
conductivity coefficient, W/(m K), k; is the turbulent thermal conductivity coefficient,
W/(m K); S, stands for the volumetric heat source term, and Q for the exchange of mass,
momentum, and energy between the liquid droplet and the continuous gas phase.

(8) k-¢ equation

dk 0 u
pa:a_&[<u+a_;)]+Gk+Gb_ps_YM' (5)
de u \ dk € 2
O3 [(u-l— U—;) a_xl] ClaE(Gk + CseGp) — CZEPE/ (6)

where Y} is the fluctuation caused by the diffusion of the compressible turbulent transition,
J; Gy is the turbulent kinetic energy owing to the laminar velocity gradient, J; G, is the
turbulent kinetic energy related to the buoyancy effect, J.

3.3. Dividing a Grid

The sparsity of the mesh division impacts whether the explosion shock wave front can
be correctly captured since the methane explosion itself is a quick reaction process. The
numerical model in this article features a finer mesh division of the explosion chamber
structure in order to more properly represent the shock wave propagation mechanism
in the explosion chamber. Grid units are 0.05 m in the explosion chamber and 0.005 m
elsewhere. Figure 10 depicts the schematic grid division diagram.

Figure 10. Schematic grid divider diagram.
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3.4. Initial Circumstances, Boundary Conditions, and Monitoring Points

This study uses the finite volume method, which partitions the computational space
into several dispersed finite control volumes. We ensure that a limited control volume
surrounds each grid point, and we integrate the parameters needed to solve the differential
equations for each finite control volume to produce a set of discrete equations.

This study uses the finite volume method, which partitions the computational space
into several dispersed limited control volumes. We ensure that a finite control volume
surrounds each grid point, and we integrate the parameters needed to solve the differential
equations for each small control volume to produce a set of discrete equations. Steger—
Warming is utilized to create the physical quantities in differential formats; the WENO
format is used for discretization in the spatial dimension; and the LU-SSOR approach
is used for discretization in the temporal dimension. The beginning conditions are the
gas combination’s pressure, temperature, and velocity. The walls of the pipe and cavity
are adiabatic, and no-slip is present. We set the monitoring points at 200 mm before and
after the explosion chamber because the peak overpressure before and after the explosion
chamber is a crucial criterion to measure the effect of explosion chamber dissipation. The
multi-stage explosion chamber monitoring points are set before the first explosion chamber
and after the last explosion chamber.

4. Analysis and Results of Experimental and Numerical Simulation
4.1. Wave Elimination Effect and Analysis in a Single-Stage Explosion Chamber
4.1.1. Study of the Straight Pipe Test

The peak shock wave overpressure represents the maximum damage pressure, es-
tablishing the peak shock wave overpressure suppression rate as & = PP The straight
tube experiment controls the explosion chamber test, and Figure 11 depicts the peak shock
wave overpressure versus time. The peak P1 sensor overpressure is 0.2738 MPa, and the
peak P2 sensor overpressure is 0.3138 MPa. As a result, the peak shock wave overpressure
suppression rate is a = —14.61%.

0.35

straight pipes Pl
straight pipes P2
0.30 [

0.25

Peak overpressure of shock wave (MPa)

1 1 1 1 1
0.12 0.14 0. 16 0.18 0.20 0.22 0.24
Time (s)

Figure 11. Relationship between shock wave overpressure and time in straight pipes.

4.1.2. Results of a Single-Stage Explosion Chamber Test

The shock wave rejection rates for various explosion chamber diameters are shown
in Table 2. Figure 12 plots the shock wave rejection rate against the explosion chamber’s
length and breadth. As shown in Table 2, the peak shock wave overpressure has been
suppressed by the 5-5, 5-8, and 8-5 explosion chambers, while it has been augmented by
the 3-3, 3-5, 3-8, 5-3, and 8-3 explosion chambers. According to our group’s previous
research findings, the shock wave suppression rate is influenced by both the length and
width of the explosion chamber. Table 2 and Figure 12 show that 5-5, 5-8, and 8-5 have
strong shock wave suppression effects.
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Table 2. Different-sized explosion chambers” inhibition rates.

Cavity Structure Size (Length x Width x Height) Explosion Su(zgnesswn Rate

—19.55%
—16.91%

300 mm x 300 mm x 200 mm (3-3)

300 mm x 500 mm x 200 mm (3-5)

300 mm x 800 mm x 200 mm (3-8) —14.69%
500 mm x 300 mm x 200 mm (5-3) —26.91%
500 mm x 500 mm x 200 mm (5-5) 21.48%
500 mm x 800 mm x 200 mm (5-8) 45.27%
800 mm x 300 mm x 200 mm (8-3) —32.60%
800 mm x 500 mm x 200 mm (8-5) 28.73%

[CHERLRS woissaxdduns woTSOTAXY

Figure 12. Connection between explosion chamber length and breadth and shock wave suppres-
sion rate.

Shock waves are often suppressed at 21.48%, 45.27%, and 28.73% by 500 mm X
500 mm x 200 mm, 500 mm x 800 mm x 200 mm, and 800 mm x 500 mm x 200 mm
diffusion chambers, respectively. Other-sized diffusion chambers also strengthen the shock
wave. Utilizing a diffusion chamber that measures 500 mm x 500 mm x 200 mm by
the size specifications of civil air defense engineering design is advised. The numerical
simulation findings indicate that the formation of a reverse shock wave at the outflow is
the principal method by which waves in a 500 mm x 500 mm x 200 mm diffusion chamber
are attenuated. The reverse shock wave and the forward shock wave cancel each other to
play a part in wave attenuation.

4.1.3. Analyzing the Dependability of Numerical Simulations

Error analysis is a crucial tool for the reliability analysis of numerical simulation,
which confirms the reliability of numerical simulation by comparing the results of the
numerical simulation with the results of the experiments, thereby providing a foundation
for the more in-depth investigation of numerical simulation. The experimental data are
discontinuous and unpredictable since different surroundings impact the explosion shock
wave. Using the 55 explosion chamber as an example, a set of experimental data was
chosen to calibrate the numerical simulation parameters, and several numerical simulation
studies were carried out on this premise.

The explosion rapidly releases large amounts of energy and is more challenging to
quantify. A 20% difference between the findings of the numerical simulation and the exper-
iments is acceptable for engineering applications. As seen in Figure 13, which uses the peak
shock wave overpressure at position P1 as an example, Figure 13a compares experimental
and numerical simulation findings. The experimental result for P1 is 0.1611 MPa, whereas
the numerical simulation result is 0.1573 MPa, resulting in a 3.42% error. Figure 13b com-
pares the findings from experimental and numerical simulations of the peak shock wave



Fire 2023, 6, 371

11 0f 22

overpressure at position P2. The practical result for P2 is equivalent to 0.1525 MPa, whereas
the result from the latter is 0.1489 MPa, resulting in a 2.36% error. The numerical simulation
findings are regarded as credible since the error analysis reveals that the mistakes of the P1
and P2 measurement locations are less than 20%. Later, a more thorough investigation will
be conducted using this numerical simulation parameter.

5-5 Experimental data P2

5-5 Experimental data PL .
at 0.16 5-5 Numerical simulation data P2

5-5 Numerical simulation data P1

0.08 0.08 -

0.06 - 5108 -

0.04 0.04 [

0.02 0.02

0.00-*’“—1 0.00
1 1 1 1 1

0.00 0.01 0.02 0.03 0.04 0. 00 0.01 0. 02 0.03 0.04
Time (s) Time (s)

(a) P1 monitoring point (b) P2 monitoring point

Peak overpressure of shock wave (MPa)
Peak overpressure of shock wave (MPa)

Figure 13. Comparison of simulations and experiments.

4.1.4. Study of the Single-Stage Explosion Chamber’s Single-Stage Shock Wave
Propagation Mechanism

Figure 14 depicts the explosion shock wave’s progression through the 5-5 explosion
chamber. Numerical simulations are used to examine the dissipation joints in the 5-5
explosion chamber. Figure 14 illustrates the division of the blast shock wave into the
following processes as it propagates through the 5-5 explosion chamber:

(1) Before entering the explosion chamber, the blast shock wave travels as a plane wave,
as shown in Figure 14a.

(2) The shock wave enters the explosion chamber as seen in Figure 14b, the cross-section
abruptly rises, and the plane wave changes into a spherical wave.

(3) Asshown in Figure 14c, the spherical wave encounters the wall inside the explosion
chamber and is reflected and superimposed. The high-pressure area of the shock
wave is shifted to both sides of the explosion chamber, and a sparse wave is generated
at the center of the explosion chamber structure. The shock wave is then reflected and
superimposed on the wall inside the explosion chamber several times to form Mach
reflection, resulting in the overpressure concern.

(4) As seen in Figure 14d, when the shock wave propagates to the exit of the explosion
chamber, the section suddenly decreases. The overpressure area on both sides of the
wall inside the explosion chamber encounters the obstruction of the inner wall at the
exit, causing the emission superposition again and weakening the shock wave. In
contrast, the reflected shock wave with higher pressure gradually forms at the inner
wall of the exit of the explosion chamber.

(5) As seen in Figure 14e, the combined effect of the overpressure zone’s reflection and
superposition on both sides of the explosion chamber wall causes a reverse shock
wave at the chamber’s exit. The reverse shock wave and the forward shock wave
cancel each other out, reducing the shock wave’s energy.

(6) The forward and backward shock waves cancel one another to generate a shock
wave-canceling plane in the middle of the explosion chamber, as shown in Figure 14f.

(7) As seen in Figure 14g, the combined impact of offset, reflection, and superposition
considerably reduces the shock wave.
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Figure 14. Explosion shock wave propagation in a 5-5 explosion chamber.

4.2. Wave Elimination Effect and Analysis for Multi-Stage Tandem Explosion Chambers
4.2.1. Results of Tests in a Multi-Stage Tandem Explosion Chamber

The test results for the multi-stage tandem explosion chamber are displayed in
Figure 15. In the 55-35 two-section tandem explosion chamber depicted in Figure 15a,
the peak overpressure at the P1 measurement point was 0.3278 MPa. The peak overpres-
sure at the P2 measurement point was 0.1976 MPa, with an explosive suppression rate of
39.72%. The peak overpressure at the P1 measurement point is 0.2844 MPa, the peak over-
pressure at the P2 measurement point is 0.1326 MPa, and the explosion suppression rate is
53.37% for the 58-35-55 three-stage tandem explosion chamber depicted in Figure 15b. The
55 explosion chamber, for instance, has a peak overpressure suppression rate of 21.48%.
Peak overpressure suppression rates increased for the 58-35-55 three-stage tandem explo-
sion chamber by 31.89% compared to the 55 single-stage explosion chamber, the 58-35-35
two-stage tandem explosion chamber by 18.72% compared to the 55 single-stage explosion
chamber, and the 55-35 two-stage tandem explosion chamber by 13.65% compared to the
55-35 two-stage tandem explosion chamber.

4.2.2. Multi-Stage Tandem Explosion Chamber Numerical Simulation Analysis

In total, 55 tandem two-, three-, four-, and five-segment explosion chambers were
subjected to numerical simulations. Figure 16 displays the outcomes of measurement
locations P1 and P2 in the numerical simulation. For the two-stage tandem explosion
chamber, the shock wave overpressure suppression rate was 35.3176%; for the three-stage
tandem explosion chamber, 43.337%; for the four-stage tandem explosion chamber, 43.199%;
and for the five-stage tandem explosion chamber, 45.589%.
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Figure 15. Multi-stage series explosion chamber test results. (a) Chamber with two-stage series
diffusion (55-35); (b) chamber with three-stage series diffusion (58-35-55).
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Figure 16. Results of multi-stage explosion chamber series connection from numerical simulation.
(a) Chamber with two-stage series diffusion; (b) chamber with three-stage series diffusion; (c) chamber
with four-stage series diffusion; (d) chamber with five-stage series diffusion.

The link between the shock wave overpressure rejection rate and the number of series
stages is seen in Figure 17 and is stated as follows.

p o(3:8289-0798862) (7)

where « is the shock wave overpressure peak rejection rate, and f3 is the number of
explosion chambers.
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Figure 17. Connection between the number of series explosion chambers and the inhibition rate.

According to Figure 17, the shock wave overpressure peak suppression rate of the
two-section tandem and three-section explosion chamber increases more quickly, indicating
that they can produce a better wave elimination effect. The shock wave overpressure peak
suppression rate of the four-section and five-section tandem explosion chambers changes
less than that of the three-section.

Overall, it has been demonstrated through studies that the peak suppression rates
of shock wave overpressure in the 58-35-55 three-stage series diffusion chamber and the
55-35 two-stage series diffusion chamber are both 39.72% and 53.37%, respectively. When
compared to the 55 single-stage diffusion chamber, the 55-35 two-stage series diffusion
chamber’s overpressure peak suppression rate has increased by 18.72%. Comparing the
58-35-55 three-stage series diffusion chamber to the 55 single-stage diffusion chamber,
the rate of overpressure peak suppression has increased by 31.89%. In comparison to
the 55-35 two-stage series diffusion chamber, the overpressure peak suppression rate in
the 58-35-55 three-stage series diffusion chamber is raised by 13.65%. The overpressure
peak suppression rates in the second, third, fourth, and fifth stage diffusion chambers
are 35.3176%, 43.3371%, 43.1995%, and 45.5897%, respectively, according to the numerical
modeling of multi-stage series diffusion chambers based on 500 mm x 500 mm x 200 mm.
Each diffusion chamber in a series has a propagation law for shock waves that is comparable
to a single-stage diffusion chamber. The shock wave’s energy has been greatly reduced
by the time it reaches the fourth and fifth diffusion chambers, which causes the peak
suppression rate of shock wave overpressure in the four- and five-section series diffusion
chambers to rise more slowly. The shock wave’s energy has been greatly reduced by the
time it reaches the fourth and fifth diffusion chambers, which causes the peak suppression
rate of shock wave overpressure in the four- and five-section series diffusion chambers to
rise more slowly.

4.2.3. Study of the Multi-Stage Tandem Explosion Chamber’s Shock Wave
Propagation Mechanism

(1) Tandem explosion chamber with two sections

Figure 18 depicts the blast shock wave’s progression inside the two-section tandem
explosion chamber. As seen in Figure 18a, the shock wave enters the first explosion
chamber and propagates as a spherical wave. It is reflected and superimposed as it strikes
the explosion chamber wall, creating a high-pressure concentration zone. As seen in
Figure 18b, a reverse shock wave develops at the inner wall of the shock wave exit, and
the attenuated shock wave then enters the second explosion chamber. As illustrated in
Figure 18c, the shock wave attenuated by the first explosion chamber enters the second
explosion chamber, where the shock wave propagation mechanism is more like that of the
first explosion chamber.
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(a) The shock wave enters the first chamber of diffusion.
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Figure 18. Process of a two-stage series explosion chamber’s shock wave propagation.

(2) Tandem explosion chamber with two sections

The shock wave’s progression through the multilayer explosion chamber is seen in
Figure 19. Three-stage tandem explosion chambers are shown in Figure 19a, four-stage
tandem explosion chambers are shown in Figure 19b, and a five-stage tandem explosion
chamber is shown in Figure 19c. As illustrated in Figure 19, each single-stage explo-
sion chamber inside the multi-stage tandem explosion chamber has a wave dissipation
mechanism comparable to that of the single-stage cavity, and each portion of the explo-
sion chamber can help dissipate the shock waves progressively. All subsequent diffusion
chambers were unable to sufficiently attenuate the shock wave since the shock wave had
already been greatly reduced by the first three diffusion chambers. Thus, employing a
three-section explosion chamber structure is advised while building or renovating human

defense projects.

L |

i

(c) Chamber with five-stage series diffusion
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Figure 19. Process of a multi-stage series explosion chamber’s shock wave propagation.
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4.3. Wave Elimination Effect and Study of Silencer-Type Explosion Chambers
4.3.1. Numerical Simulation Analysis of Silencer-Type Explosion Chamber

Due to building space restrictions, it is not possible to construct numerous explosion
chambers in the restoration of existing human defense projects. As a result, the best possible
design of the existing explosion chambers is crucial for enhancing the protection capacity.
Since the silencer can cancel out sound waves, its structure serves as a guide for creating
the explosion chamber’s ideal design. The outcomes of the numerical simulation of the
explosion chamber for nine wave elimination plate angles are displayed in Figure 20. The
link between the shock wave overpressure peak rejection rate and the wave elimination
plate’s angle is seen in Figure 21. Figures 20 and 21 demonstrate that the wave elimination
plate’s impact at 60° is the best, with an inhibition rate of 35.85%, while its effect at 90° is
the poorest, with an inhibition rate of —5.45%. The various wave elimination plate angles
significantly impact the rate of explosion suppression. The law is consistent with the form
of the segmentation function. The fitting equations for the different curves were created by
using the following equations to fit the parts:

« = 0.39816 + 11.8333, 0 < 60°
n = —2.43390 + 181.8861, 60° < 0 < 75° (8)
a = 022270 —21.1774, 6 > 75°

where o is the shock wave overpressure peak rejection rate and 0 is the wave elimination
plate angle.
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Figure 20. Results of numerical simulations of several explosion chambers of the muffler type.
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Figure 21. Connection between the angle of the shock wave damping plate and the peak suppression
rate of the shock wave overpressure.

The silencing plate’s angle significantly influences the explosion chamber’s wave
attenuation effect. The simulation results show that the 60° wave attenuation plate has the
best wave attenuation effect, with a 14.37% increase over the original explosion chamber.

4.3.2. Study of Silencer-Type Explosion Chamber’s Shock Wave Propagation Process

Figure 21 illustrates that the wave attenuation effect of a 60° mulffler explosion chamber
is the best, while a 90° muffler explosion chamber has the poorest wave attenuation effect.
Hence, using the 60° and 90° explosion chambers as examples, the shock wave propagation
process and the wave attenuation mechanism of the muffler-type explosion chamber are
presented. Figure 22 illustrates how the explosion shock wave propagates after entering
the explosion chamber at 60°. It passes through essentially the following stages:

(1) Asseenin Figure 22a, the shock wave from the explosion enters the explosion chamber
and spreads as a spherical wave with an edge angle of about 60°.

(2) As seen in Figure 22b, spherical waves hit the first set of the wave-absorbing plates’
barrier and undergo reflection superposition, creating Mach reflection, an area of high
pressure on one side of the wave-absorbing plate, and a reverse shock wave. Sparse
waveforms in the center of the spherical wave when the shock waves are propagating
forward and backward cancel each other out.

(8) As seen in Figure 22c, whenever a spherical wave strikes a collection of wave-
absorbing plates, it will reflect, stack, and create a region of high pressure at the
wave-absorbing scale, creating a shock wave that reverses propagation and cancels
out the shock wave that propagates forward. The cross-section suddenly shrinks
when the shock wave reaches the explosion chamber’s outlet. The overpressure zones
on both sides of the chamber wall collide with the inner wall barrier at the outlet,
causing the emission superposition to happen once more and the shock wave to
weaken again.

(4) Asseen in Figure 22d, the inner wall at the explosion chamber’s outflow produces a
high-pressure reverse shock wave. As the reverse shock wave hits the obstruction on
the other side of the muffler plate, it is reflected and superimposed again, causing the
shock wave to lose strength at the corner where it exits progressively.

(5) Asseenin Figure 22e, the shock wave experiences complicated emission superposition
at the exit to create a reverse shock wave. This reverse shock wave cancels out the
front shock wave, causing the shock wave to dwindle progressively.

(6) The energy of the backward propagating shock wave is rather considerable, as seen
in Figure 22e. The reverse shock wave continues to move in the opposite direction
after the forward shock wave cancels it out, creating a sparse wave at the outlet. The
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Figure 22. Process of shock wave propagation in a 60° muffler explosion chamber.

According to Figure 23, the explosion shock wave propagates via the following stages

after entering the 90° muffler explosion chamber:

)

@
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©)
(6)

As seen in Figure 23a, once the shock wave enters the explosion chamber as a spherical
wave, it collides with the wave-absorbing plate, creating a region of high pressure
and energy in which an overpressure concentration occurs.

As seen in Figure 23b, a sparse wave is created in the explosion chamber’s center, and
the spherical wave and reverse shock wave combine to form Mach reflections in the
complex reflection superposition. This causes several high-pressure concentration
areas on the explosion chamber wall and causes the wave to propagate forward.

As seen in Figure 23c, the cross-section rapidly contracts, and, at the exit, the over-
pressure zones on each side of the explosion chamber wall come together with the
inner wall’s barrier to produce a high-pressure concentration zone. In the small area
created by the mutffler plate and the explosion chamber wall, the shock wave expe-
riences complicated emission superposition to create Mach reflection, progressively
propagating towards the explosion chamber outlet.

As seen in Figure 23d, when shock waves from both sides congregate at the explo-
sion chamber’s exit, they are obstructed by the edges of the silencing plate. After
complicated emission stacking takes place, a forward shock wave is created.

The superposition of two forward shock waves creates an overpressure concentration
zone at the outflow, as seen in Figure 23e.

As seen in Figure 23f, the forward propagating shock wave forms a spherical wave at
the exit and continues to propagate, and the inner wall once more attenuates the shock
wave. Positive shock waves are created at the door due to the simultaneous action
of the explosion chamber structure and muffler plate, which has a poor attenuating
impact on the waves.



Fire 2023, 6, 371 19 of 22

(a) Process of Shock Wave (b) Process of Shock Wave 2.019e+005

: 1.901e+005
Propagation 1 Propagation 2 1.7840+005

- | °ﬂ OH ‘,ﬂ : [;é 1.666e+005

1.313e+005

| - b
a % N 1.195e+005

1.077e+005
9.595e+004

I L | Fs418e+004
SRR [g 5 7.2416+004
: 6.064e+004
(c) Process of Shock Wave (d) Process of Shock Wave g:gggg:ggi

Propagation 3 Propagation 4 l 2.532e+004

— el

A

1.355e+004
1.773e+003

&ﬂoﬂo] | ?H@H e A [Pa]-1.000e+oo4
geEne | g
T T L —
(e) Process of Shock Wave (f) Process of Shock Wave
Propagation 5 Propagation 6

Figure 23. Process of shock wave propagation in a 90° muffler explosion chamber.

Figure 24 depicts the shock wave propagation mechanism in an explosion chamber
at 30°, 45°, 75°, 105°, 120°, 135° and 150°. The wave attenuation process in the 30° and
45° explosion chambers is comparable to that in the 60° explosion chamber, and the wave
attenuation result is good in both. The 105°, 120°, 135°, and 150° explosion chambers
have low wave attenuation effects, and the wave propagation mechanism is comparable to
that of the 90° explosion chamber. Two primary factors, in general, influence how wave
attenuation works:

(1) The wave attenuation effect of 30°, 45°, and 60° sound attenuation plates is good
because they can direct the shock wave at the exit to generate a reverse shock wave,
which can cancel out the original shock wave. A positive shock wave is created at the
outlet of the sound attenuation plates of 75°, 90°, 105°, 120°, 135°, and 150° to some
extent. This positive shock wave is superimposed on the initial positive shock wave
and increases its power, resulting in inadequate wave attenuation.

(2) The impact results in the formation of overpressure concentration zones on both sides
of the explosion chamber wall due to the silencing plates at 75°, 90°, 105°, 120°, 135°,
and 150°. After coming into contact with the outlet’s inner wall’s barrier and going
through a complicated reflection superposition, the overpressure concentration zone
keeps moving ahead and eventually becomes a high-energy shock wave. Positive
shock waves are less likely to arise when silencing plates with 30°, 45°, and 60° angles
are used to prevent the development of high-energy overpressure concentration zones
on each side of the explosion chamber wall.



Fire 2023, 6, 371

20 of 22

150° (a7)

150° b7) 150° (c7) 150° (d7)

Figure 24. Process of shock wave propagation in an explosion chamber of the multi-angle muf-

fler type.

In conclusion, numerical simulations of muffler-type diffusion chambers at various
angles reveal that the 30°, 45°, and 60° muffler diffusion chambers exhibit better wave
attenuation effects, whereas the 75°, 90°, 105°, 120°, 135°, and 150° muffler diffusion
chambers exhibit poorer wave attenuation effects. The best wave attenuation among them
is achieved by the 60° muffler diffusion chamber, while the maximum wave attenuation is
achieved by the 90° mulffler diffusion chamber. The shock wave overpressure is suppressed
to a maximum of 35.85% in the 60° muffler diffusion chamber and to a maximum of
—5.45% in the 90° muffler diffusion chamber. A piecewise function describes the link
between the angle of the silencing plates and the rate of explosion suppression. The 30°,
45°, and 60° muffler diffusion chambers go through complex reflection and superposition
to create reverse shock waves, which cancel out each other with forward shock waves
to produce a good wave attenuation effect, according to the analysis of the shock wave
propagation process.
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5. Conclusions

This article examines the propagation law and procedure of shock waves in various
diffusion chambers, estimates the wave attenuation impact of different diffusion chamber
types using numerical simulations and experimentation, and describes the ideal diffusion
chamber size and style. The following are the primary conclusions:

(1) The diffusion chamber with dimensions of 500 mm x 500 mm x 200 mm effectively
weakens shock waves. It uses a complicated reflection superposition technique to
attenuate waves, creating a reverse shock wave at the exit. The role of the reverse and
forward shock waves is to cancel one another and attenuate the wave.

(2) The suppression rate of the overpressure peak increased in the 55-35 series diffu-
sion chamber by 18.72% compared to the 55 single-stage diffusion chamber, in the
58-35-55 three-stage series diffusion chamber by 31.89%, and in the 58-35-55 three-
stage series diffusion chamber by 13.65% compared to the 55-35 two-stage series
diffusion chamber.

(3) After passing through a three-stage series diffusion chamber, the shock wave’s peak
overpressure was dramatically lowered. Considering the building size and cost,
it is advised to employ a three-stage series diffusion chamber in civil air defense
engineering construction.

(4) Analysis of the shock wave propagation mechanism shows that the complicated
reflection and superposition in the 30°, 45°, and 60° mulffler diffusion chambers create
reverse shock waves, which cancel out forward shock waves and have an excellent
attenuating effect. Therefore, it is advised to utilize a 60° mulffler diffusion chamber
to remodel civil air defense engineering.
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