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Abstract: A self-built gas explosion testing platform was used to explore the quenching effect of flame-
retardant polyurethane foam on a gas explosion. The effect of the foam’s filling position and length
on the explosion suppression performance was explored. The results demonstrate that polyurethane
foam exhibits an excellent flame-quenching performance, with a minimum of a 5 cm length of
porous material being sufficient to completely quench the flame during propagation. Furthermore,
the attenuation function of this porous material on the pressure wave is insignificantly affected by
the change in ignition energy. Compared with the explosive state of the empty pipeline, the best
suppression effect is obtained when the polyurethane foam is 20 cm in length with a filling position
at 1.8 m, and the maximum explosion pressure and maximum rise rate are attenuated by 86.2% and
84.7%, respectively. This work has practical significance for the application of porous materials in
explosion suppression and explosion-proof technologies in the chemical industrial processing and oil
(gas) storage fields.

Keywords: polyurethane foam; flame retardant; explosion suppression; explosion flame velocity;
explosion overpressure

1. Introduction

With the development of society, the energy demand continues to increase. Natural gas,
liquefied petroleum gas, and other flammable gases have been widely used in industrial
processes and residential life. However, accidents caused by natural gas and petroleum gas
leakages have also occurred frequently [1,2]. Flammable gases may have high explosion
risks and hazards during their storage, transportation, and use. The ignition sources that
may cause explosions are hot sources, electrical ignition, mechanically generated sparks,
chemical ignition, and others, and these ignition sources with different energies are prone
to trigger fire or explosion accidents [3,4]. Fire and explosion accidents have had serious
consequences. Pipelines are an important gas transportation facility [5]. Effectiveness in
suppressing the propagation of explosions and in attenuating explosion overpressure in
pipelines is important, and it provides references for the application of porous materials in
the field of process safety [6].

Scholars have made considerable progress in the field of gas explosion suppression
technology. A large number of studies have focused on the use of inert gas [7-10], ultrafine
water mist [11,12], and powder inhibitors [13-15] to suppress and mitigate gas explosions.
Previous work explored the impact of various materials on the suppression of methane
explosions. Yang et al. [16] explored the suppression mechanism of inertia isolation with
inert gas for explosion flame propagation in pipelines. They proposed a solution of injecting
the inert gas at multiple locations in the pipeline. This method inhibits ignition and
flame propagation throughout the pipeline. Zhang et al. [17] analyzed the suppression
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effect of nitrogen (N7) and argon (Ar) on the explosion characteristics of dimethyl ether—
air, and they noticed that N, dilution is more effective than Ar in reducing the laminar
burning velocity. NaCl is found to enhance the suppression effect of ultrafine water mist
on methane explosions, reducing flame propagation velocity and explosion pressure [18].
Yang et al. [19] indicated that ultrafine water mist containing a methanotroph-inorganic
salt had a suppression effect on a methane explosion. Different materials, including
NH4H,PO,4/red mud composite powder, AI(OH)3, and Mg(OH), powder, were tested for
their abilities to suppress methane explosions [20-22].

In addjition to the aforementioned explosion suppression technologies, porous media
have been employed for explosion protection in fuel and oil storage tanks. Porous media,
such as wire mesh [23], metal foam [24-27], and non-metal foam [28-30], have been inves-
tigated for explosion protection in fuel and oil storage tanks. To explore the quenching
mechanism of porous media on a gaseous deflagration, researchers designed porous media
with different geometric parameters and found that smaller pore sizes enhanced the flame
quenching performance [31]. Zhuang et al. [32] studied the suppression of different porous
materials on the explosion of flammable gases, and they proved that the thickness and
pore size of the porous material had a marked influence on the explosion overpressure
and intensity.

Porous materials are widely used in the field of explosion protection because they have
many advantages, such as a three-dimensional structure, uniform pore size distribution,
and high porosity, resulting in a high specific surface area. They have a suppressive impact
on the chemical reactions of gas explosions. Traditional porous metal materials have
several defects, such as easy oxidation, complicated installation, and replacement, and easy
generation of metal chips. Polyurethane foam was introduced as a potential material for
explosion protection due to its low density, easy installation, and controllable pore size.
Herein, we report on the suppression effects of flame-retardant polyurethane foam on the
explosion of flammable gas in pipelines.

2. Materials and Methods
2.1. Experimental Apparatus

The experimental setup (illustrated in Figure 1) includes a gas distribution system,
data acquisition system, ignition device, and a horizontal pipeline with pressure sensors
and ion probes. The high-speed camera uses an acquisition rate of 3000 frames/s. The
ends of the pipe are closed. The ignition device adopts an electronic ignition method. The
distance between the two electrodes is 3 mm, and the ignition duration is 40 ms. The
ignition electrode is located 10 cm away from the front end of the pipe. The ignition
energies are set as 100 mJ, 1], 10 J, and 20 J. The horizontal pipeline comprises three-section
circular pipes with a diameter of 60 mm and a length of 2 m. The cross-section of the visual
window is a rectangle with a side length of 60 mm and a length of 500 mm. The accuracy
of the CYG508 miniature pressure sensor is 0.5% FS, and the maximum measuring range
is 2 MPa. Figure 1 demonstrates the layout of the pressure sensor and ion probe on the
pipeline. Three pressure sensors were placed at 1.2, 2.5, and 5.1 m away from the ignition
source. Two ion probes were installed at 3.7 and 5.7 m away from the ignition source. The
experimental material is flame-retardant polyurethane foam (FRPU-PN) with a pore size
of 20 PPI and a diameter of 58 mm. It was provided by Dongguan Yangshui Industrial
Co., Ltd. (Dongguan, China) The materials were fixed at 1.8 and 4.3 m away from the
ignition source, and the material’s filling lengths are 5, 10, 15, and 20 cm.
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Figure 1. Explosion experimental platform.

2.2. Experimental Procedure

acquisition
device

The concentration of methane in the air mixture is 9.5 vol%, according to its equivalent
ratio. The first step of the experiment was to check the airtightness of the pipeline. After
ensuring excellent airtightness, the second step was to use a vacuum pump to suck air
from the pipeline, resulting in a vacuum state within the pipeline. The third step was
to introduce the methane-air mixture to the sealed pipeline. Then, the explosion was
triggered by the ignition device. The data acquisition system was used to record the flame
propagation and explosion overpressure characteristic data under different conditions of

filling length, ignition energy, and filling position.

2.3. Experimental Measurements

This work employed a STA6000 synchronous thermal analyzer (PerkinElmer, Waltham,
MA, USA) for thermogravimetric analysis (TGA) to assess the thermal stability of the
materials. The experimental parameters were set as follows: air atmosphere, heating rate
of 20 °C/min, and a temperature range of 50-800 °C. The surface and cross-sectional
morphology and structure of the samples were observed using a JSM-IT300 scanning
electron microscope (SEM) (JEOL, Tokyo, Japan). Additionally, the limiting oxygen index
(LOI) value of samples was measured using an AOI LOI apparatus (Motis Fire Technology
Co., Ltd., Suzhou, China), according to ASTM D2863 standard [33].

3. Results and Discussion
3.1. Explosion Flame Propagation Characteristics

3.1.1. Explosion Flame Propagation Characteristics of an Empty Pipeline

Methane-air mixtures are ignited under various conditions, and the effects on the flame
propagation velocity and explosion overpressure are studied. Figure 2 shows the pressure
curve obtained from the 2# pressure sensor and the corresponding flame propagation
images of the methane-air premixed gas explosion in a closed pipeline in the absence of
porous material. The arrival time of the pressure wave is earlier than that of the flame front,
which indicates that the pressure wave velocity is faster than the flame front propagation
velocity. The explosion overpressure does not reach its maximum value until the flame
is quenched. According to the above analysis, it is proven that the flame propagation is
closely related to the pressure wave propagation.
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Figure 2. Pressure versus time curve (ignition energy: 20 J).

The change in flame morphology is ascribed to the combined effects of the pressure
wave and flame propagation velocity changes [34,35]. Figure 3 illustrates the flame propa-
gation images in an empty pipeline with different ignition energies, i.e.,20],10J,5], and
17J. These flame structures exhibit some differences, but also have certain similarities when
the flame passes through the visual window. When the flame front appears in the visual
window, the flame structure is relatively regular, but there is no obvious contour structure.
The reflection of turbulence causes the flame structure to be irregular and oscillated while
propagating in the middle of the visual window, and the flame front is stretched into a wave
or jagged shape [36]. Figure 3 points out that the flame propagation velocity is affected by
the ignition energy.

Ocm 10cm 20cm 30cm 40cm 50cm Ocm 10cm 20cm 30cm 40cm 50cm
1 1 1 1 1 [] 1 1 1 1 1 ]

Figure 3. Flame propagation images under empty pipeline conditions.

Figure 4 shows the flame propagation velocities under different positions and different
ignition energies. The flame propagation velocity is the average value between the visual
window and the ion probe, and between each ion probe. Under the same ignition conditions,
the flame propagation velocity along the horizontal direction shows an initial increased
tendency and then decreases [37,38]. Taking the flame propagation process of 100 mJ
ignition energy as an example, the flame front moves slowly at the initial explosion stage.
It takes 375 ms for the flame propagation to reach the position of the visible window,
and the flame propagation velocity is 125 m/s at the visual window. As the explosion
develops along the horizontal direction of the pipeline, the movement velocity of the flame
front gradually accelerates, and the velocity is 185.7 m/s when the flame front reaches the
position of the 1# ion probe. When the flame front approaches the closed end of the pipe,
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a reverse flow is generated and the propagation velocity decreases, and accordingly, the
effect of heat loss increases, which further decreases the propagation velocity. The flame
propagation velocity is 18.3 m/s at the 2# ion probe position. For different ignition energy
conditions, it can be observed that the flame propagation velocity has a smaller range in
the case of a higher ignition energy [39].
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Figure 4. Flame propagation velocity under different ignition energies.

3.1.2. Explosion Flame Propagation Characteristics after Filling Material

The polyurethane foam was evaluated for its flammability according to the limiting oxygen
index (LOI). As depicted in Table 1, the polyurethane foam possesses an LOI value of 25.8%.

Table 1. LOI tests for the polyurethane foam.

Sample LOI (%)
polyurethane foam 25.8%

Flame-retardant polyurethane foam is examined for its ability to suppress explosions
in pipelines under different conditions. Figure 5 shows the flame propagation velocity in
the pipeline when the filling position is 4.3 m away from the ignition source, and the flame
propagation velocity at the 1# ion probe becomes lower due to the blocking action of this
material. The ion current curve of the 2# ion probe indicates that the value of the ion current
does not change while filling the porous material, which proves that the porous material can
completely quench the flame on one side of this material. The high specific surface area of the
porous material and its three-dimensional framework can quickly absorb the heat carried by
the flame entering the tortuous narrow channel, and quickly reduce its temperature until the
flame is quenched. The above analysis shows that the changes in ignition energy and filling
length have a great influence on the flame propagation velocity and flame structure, and they
affect the explosion suppression performance of porous materials.
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Figure 5. Flame propagation velocity after filling material: (a) different ignition energies (filling
length: 20 cm); (b) different filling lengths (ignition energy: 20 J).

3.2. Explosion Overpressure Dynamics with Filling Material
3.2.1. The Influence of Different Ignition Energies on the Explosion Overpressure

The maximum explosion overpressure is an important evaluation indicator for the
hazards of a gas explosion. The positions of the porous material are located at 1.8 and
4.3 m away from the ignition source, and they have a significant suppression effect on the
premixed gas explosion under different ignition energy conditions when the filling length
is 20 cm. Figure 6 shows the pressure variation curves of the sensors at three different
positions of the pipeline, where the porous material is at 1.8 m. The pressure curve of the
1# sensor shows that when the ignition energy is 100 m], the pressure begins to rise after
400 ms, gradually rises to the maximum value, and then gradually decreases. The whole
curve is smooth and symmetrical. The explosion flame is quenched while passing through
the porous material-filling area. The explosion fails to propagate along the pipeline. Thus,
the pressure peak value decreases significantly while the pressure wave passes through
the material. The pressure curve is tortuous and oscillates at the position of the 2# sensor.
The overpressure continues to decay when the pressure wave propagates to the end of the
pipeline. As the ignition energy becomes larger, there are more activated molecules per unit
volume, and they can collide more effectively, so the mixed gas can be completely reacted
in a shorter time, releasing much more energy. The pressure peak value also gradually
increases, and the arrival time for the overpressure peak appears earlier. Compared with
the explosion pressure curve in an empty pipeline, the maximum overpressure at the end
of the pipeline is attenuated from 0.20 MPa to 0.03 MPa.
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Figure 6. Explosion overpressure under different ignition energy conditions (filling position: 1.8 m):
(a) 1# pressure sensor; (b) 2# pressure sensor; (c) 3# pressure sensor.

The maximum overpressure rise rate represents the maximum acceleration capability
of a certain explosion field at a certain point. Figure 7 shows that the maximum overpressure
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rise rate is significantly suppressed, while the location of the porous material is filled at
1.8 m. Compared with the empty pipeline explosion, the suppression effect of this porous
material is obvious, and the maximum rise rate decays by 84.7%. The gradient of ignition
energy set in the tests is relatively small; thus, the difference between the maximum
explosion overpressure and maximum rise rate for each ignition energy is relatively non-
significant, and the change law is not obvious.
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Figure 7. Maximum explosion overpressure and maximum rise rate of explosion overpressure under
different ignition energy conditions (filling position: 1.8 m): (a) Pmax; (b) (dp/dt) max.

Figure 8 and Table 2 indicate that the pressure suppression effect of the material filling
at the 4.3 m position is obvious. @ Compared with the working condition at
1.8 m, the suppression effect is insufficient. When the distance of porous material from the
ignition source is 1.8 m, the material can restrain the maximum overpressure rise rate to
2 MPa/s, and the maximum explosion pressure value is below 0.05 MPa. The maximum
overpressure rise rate at 4 m is 6 MPa/s, and the maximum explosion overpressure value is
below 0.125 MPa. Under the same filling length and ignition energy conditions, when the
material is filled at 4.3 m, the characteristic values of explosive overpressure are higher than
those of the material filled at 1.8 m. The above analysis confirms that the filling position
of the porous material significantly influences the suppression effect on the explosion
overpressure. While the ignition energy gradually increases, the attenuation effect of the
porous material on the maximum explosion pressure and maximum rise rate at the same
position is still significant.
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Figure 8. Explosion overpressure under different ignition energy conditions (filling position: 4.3 m):
(a) 1# pressure sensor; (b) 2# pressure sensor; (c) 3# pressure sensor.
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Table 2. Maximum explosion overpressure and maximum rise rate of explosion overpressure under
different ignition energy conditions (filling position: 4.3 m).

Maximum Explosion Maximum Rise Rate of

Igmtlon Overpressure (MPa) Explosion Overpressure (MPa/s)
nergy
1# 2# 3# 1# 2# 3#
20] 0.3787 0.1089 0.1029 16.0195 3.2988 3.1626
10] 0.3735 0.0944 0.0909 16.8995 3.2410 2.7247
5] 0.3804 0.1013 0.1009 16.4790 3.1139 2.9709
1] 0.3715 0.0925 0.0908 16.1989 3.4488 2.9447
100 mJ 0.3825 0.0944 0.0955 17.2573 4.3074 2.8957

3.2.2. The Influence of Different Filling Lengths on Explosive Overpressure

The filling length of porous material has a significant impact on the pressure in the
middle and start of pipeline, and changing the length has an unmarked effect on the
pressure at the end of the pipeline. As shown in Figure 9, when the material is filled at
1.8 m, the explosion in the pipeline is not developed due to the material’s restrictions on the
explosion. The explosion overpressure curve in the front of the pipeline is very low, and it
is smooth, which indicates that the filling material has little influence on the pressure wave
in this area. Due to the high flow resistance of porous materials and the “consumption” of
pressure waves by their pores, the maximum explosion overpressure decreases to below
0.06 MPa when the pressure waves pass through the material-filling area, and it shows that
the filling length of this material has a significant impact on the pressure in the middle
of the pipeline. While the pressure wave reaches the end of the pipeline, the effect of the
filling lengths on the pressure peak becomes smaller. Figure 10 indicates that the porous
material has great suppression performance and can suppress the pressure wave of the
premixed gas explosion from further propagation. When the material filling length is
20 cm, the attenuation effect of the porous medium on the pressure wave is the most
obvious at the end of the pipeline, and the maximum explosion pressure and maximum
rise rate are attenuated by 86.2% and 84.7%, respectively.
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Figure 9. Explosion overpressure under different filling lengths (filling position: 1.8 m):

(a) 1# pressure sensor; (b) 2# pressure sensor; (c) 3# pressure sensor.
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Figure 10. Maximum explosion overpressure and maximum rise rate of explosion overpressure
under different filling lengths (filling position: 1.8 m): (a) Pmax; (b) (dp/dt) max.
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Figure 11 graphically describes the pressure curve while the material is filled at
4.3 m. Its suppression effect on the explosion overpressure is similar to that of the filled
material at 1.8 m. Compared with the pressure curve in Figure 9, the maximum explosion
overpressure values at the middle and end of the pipeline are approximately 0.1 MPa,
indicating that its suppression effect is weaker than that at 1.8 m. Table 3 shows that the
explosion overpressure and its rising rate are suppressed. While this material is filled at
4.3 m, the porous medium has the greatest impact on the pressure wave in the middle of
the pipeline, and the maximum explosion pressure and maximum rise rate are attenuated
by 51.5% and 65.6%, respectively.
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Figure 11. Explosion overpressure under different filling lengths (filling position: 4.3 m):
(a) 1# pressure sensor; (b) 2# pressure sensor; (c) 3# pressure sensor.

Table 3. Maximum explosion overpressure and maximum rise rate of explosion overpressure under
different filling lengths (filling position: 4.3 m).

Maximum Explosion Maximum Rise Rate of
Filling Length Overpressure (MPa) Explosion Overpressure (MPa/s)
1# 2# 3# 1# 2# 3#
Empty pipeline 0.5541 0.2232 0.2030 14.9187 6.6706 6.0854
5cm 0.3453 0.1005 0.0984 13.3321 2.1285 3.4076
10 cm 0.3481 0.1025 0.0943 14.1356 2.3228 2.9677
15 cm 0.3788 0.1117 0.1012 16.3142 3.2885 3.4068
20 cm 0.3787 0.1089 0.1029 16.0195 2.2988 3.1626

3.3. The Suppression Mechanism of Porous Materials in Gas Explosions

To further explore the thermal stability of the polyurethane foam, a thermogravimetric
test was conducted on the sample in an air atmosphere with a heating rate of 20 °C/min.
Figure 12 illustrates the thermogravimetric analysis (TGA) and differential thermogravi-
metric (DTG) curves of the polyurethane foam. The relative thermal stability of the sample
is evaluated based on typical decomposition temperatures. According to the analysis of
the TGA curve (Figure 12a), the polyurethane decomposition process can be divided into
two stages. During the initial decomposition stage (240—400 °C), the polybasic alcohols
in the sample undergo oxidation, resulting in the formation of CO, CO,, and H,O, which
leads to a substantial mass loss of approximately 70%. In the second thermal decomposition
stage (510-620 °C), the remaining chain segments within the sample continue decompos-
ing, and there is a decline in the mass loss rate, where the polyurethane foam loses about
only 10 wt% [40,41]. This experiment shows that the polyurethane foam in this work has
considerable thermal stability.
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Figure 12. (a) TGA and (b) DTG curves of polyurethane foam in air atmosphere.

The study suggests that polyurethane foam’s three-dimensional structure and high
porosity contribute to the flame quenching and attenuation of pressure waves in gas ex-
plosions. The experimental results also prove that the polyurethane foam successfully
extinguishes the flame in the pipeline. Figure 13 depicts digital photographs and scan-
ning electron microscopy (SEM) images of the polyurethane foam. The SEM image of
the polyurethane foam (Figure 13b) demonstrates its three-dimensional pore structure,
uniformly distributed pores, high porosity, and high specific surface area. These structural
characteristics grant the material significant advantages in flame retardancy and explosion
suppression, playing a crucial role in inhibiting methane-air premixed gas explosions. Its
three-dimensional network structure, upon encountering an explosion flame, forces the
flame to fragment into smaller flames. The high surface area of this porous material ensures
that the explosion flame can make sufficient contact with the material when it propagates
into the pore spaces, which enables the explosion flame to transfer more heat to the pore
structure [42,43] and reduce the temperature of the flame. The combustion reaction cannot
propagate to the unreacted area, and the flame is extinguished [44-46].

Figure 13. (a) Digital photos and (b,c) SEM images of polyurethane foam.

In addition to flame quenching, porous media also have a significant attenuation
effect on pressure waves. The regularly distributed pore structure effectively divides,
reflects, and scatters pressure waves, and the internal network pore skeleton undergoes
elastic deformation to consume the energy of the pressure wave. It leads to continuously
consumed pressure-wave energy [47,48] and reduces the maximum explosive overpressure
at the back of the material.
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4. Conclusions

Explosion suppression experiments using polyurethane foam were conducted in a
closed pipeline with methane-air premixed gas. Experimental results revealed the effective
quenching of flame propagation by the pore structure of polyurethane foam when the
explosion flame passes through small pores. The study investigated the impact of different
ignition energies and foam filling methods on flame propagation, explosion overpressure,
and pressure rise rate. With a filling length of 20 cm and a filling position at 1.8 m, the
polyurethane foam demonstrated significant suppression effects, reducing the maximum
explosion pressure and maximum rise rate by 86.2% and 84.7%, respectively. The flame-
retardant polyurethane foam, characterized by low density and uniform pores, holds
promise for explosion-proof applications in oil and gas storage tanks at petrol stations.

This research aims to mitigate the damage caused by explosions of flammable gases
and to prevent the escalation of fire and explosion incidents, holding profound significance
for the prevention and control of fire and explosion disasters related to flammable gases.
Due to the complexity of the explosion suppression mechanism of porous materials and lim-
ited research depth, there are still several shortcomings in this research work, necessitating
further research processes:

(1) We need to explore the evolution behavior of the flow field during the process of
inhibiting premixed gas explosions using porous materials, in order to conduct a more
in-depth study of the inhibition mechanism of porous polyurethane composites.

(2) We need to investigate the inhibitory effects of a porous polyurethane composite
on explosions of different hazardous materials, such as hydrogen gas and oil-gas
mixtures. Simultaneously, by adding various flame retardants, we can broaden the
applicable scenarios of porous polyurethane composites to meet a wider range of
functional requirements.

Author Contributions: Conceptualization and investigation, C.L. and G.Z.; methodology, C.L., G.Z.
and B.Y,; software, C.L.; data curation, C.L.; formal analysis, G.Z. and C.L.; resources, B.Y.; project
administration, B.Y.; writing—original draft preparation, C.L.; writing—review and editing, C.L. and
B.Y.; supervision, B.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program of
China (2023YFC3008802), the Safety Production Special Fund Technology Project of Hubei Province
(8]ZX20230910), and the National Innovation and Entrepreneurship Training Program for College
Students (S202310497001).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: The authors would like to thank Weijia Zhang and Jinghan Zhang for their help
in the experiments and manuscript revision.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Ji,J; Tong, Q.; Khan, F; Dadashzadeh, M.; Abbassi, R. Risk-Based Domino Effect Analysis for Fire and Explosion Accidents
Considering Uncertainty in Processing Facilities. Ind. Eng. Chem. Res. 2018, 57, 3990-4006. [CrossRef]

2. Muhammad Niazi, U.; Shakir Nasif, M.; Muhammad, M.; Khan, F. Investigating Vapour Cloud Explosion Dynamic Fatality Risk
on Offshore Platforms by Using a Grid-Based Framework. Processes 2020, 8, 685. [CrossRef]

3. Addai, D.E; Aljaroudi, A.; Abbas, Z.; Amyotte, P.; Addo, A.; Krause, U. Investigation of the explosion severity of multiphase
hybrid mixtures. Process Saf. Prog. 2020, 39, €12139. [CrossRef]

4. Gopalaswami, N.; Liu, Y.; Laboureur, D.M.; Zhang, B.; Mannan, M.S. Experimental study on propane jet fire hazards: Comparison
of main geometrical features with empirical models. ]. Loss Prev. Process Ind. 2016, 41, 365-375. [CrossRef]

5. Ferrara, G.; Di Benedetto, A.; Salzano, E.; Russo, G. CFD analysis of gas explosions vented through relief pipes. J. Hazard. Mater.
2006, 137, 654-665. [CrossRef] [PubMed]


https://doi.org/10.1021/acs.iecr.8b00103
https://doi.org/10.3390/pr8060685
https://doi.org/10.1002/prs.12139
https://doi.org/10.1016/j.jlp.2016.02.003
https://doi.org/10.1016/j.jhazmat.2006.03.037
https://www.ncbi.nlm.nih.gov/pubmed/16675106

Materials 2023, 16, 7602 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Bivol, G.Y.; Golovastov, S.V.; Golub, V.V. Investigation of hydrogen-air and acetylene-air flame propagation through porous
media using infrared visualisation. Process Saf. Environ. Prot. 2022, 163, 368-383. [CrossRef]

Abdelkhalik, A.; Askar, E.; Markus, D.; Brandes, E.; El-sayed, I.; Hassan, M.; Nour, M.; Stolz, T. Explosion regions of propane,
isopropanol, acetone, and methyl acetate/inert gas/air mixtures. J. Loss Prev. Process Ind. 2016, 43, 669-675. [CrossRef]
Abdelkhalik, A.; Askar, E.; Markus, D.; Stolz, T.; Brandes, E.; Zakel, S. Explosion regions of 1,3-dioxolane/nitrous oxide and
1,3-dioxolane/air with different inert gases—Experimental data and numerical modelling. J. Loss Prev. Process Ind. 2021, 71, 104496.
[CrossRef]

Azatyan, V.; Prokopenko, V.; Abramov, S. Using Small Impurities of Inert Gases to Prevent the Combustion of Methane from
Transitioning to an Explosion. Russ. J. Phys. Chem. A 2021, 95, 1327-1330. [CrossRef]

Mitu, M.; Prodan, M.; Giurcan, V.; Razus, D.; Oancea, D. Influence of inert gas addition on propagation indices of methane-air
deflagrations. Process Saf. Environ. Prot. 2016, 102, 513-522. [CrossRef]

Ingram, J.M.; Averill, A.F,; Battersby, P.; Holborn, P.G.; Nolan, P.F. Suppression of hydrogen/oxygen/nitrogen explosions by fine
water mist containing sodium hydroxide additive. Int. ]. Hydrogen Energy 2013, 38, 8002-8010. [CrossRef]

Li, Y,; Zhu, P; Qin, W.X.; Wang, X.; Xu, H. Experimental study on suppression of methane explosion with ultra-fine water mist.
Fire Saf. Sci. 2010, 19, 51-59.

Dounia, O.; Vermorel, O.; Poinsot, T. Theoretical analysis and simulation of methane/air flame inhibition by sodium bicarbonate
particles. Combust. Flame 2018, 193, 313-326. [CrossRef]

Huang, C.; Chen, X.; Yuan, B.; Zhang, H.; Dai, H.; He, S.; Zhang, Y.; Niu, Y.; Shen, S. Suppression of wood dust explosion by
ultrafine magnesium hydroxide. J. Hazard. Mater. 2019, 378, 120723. [CrossRef] [PubMed]

Wang, Y.; Feng, H.; Zhang, Y.; Lin, C.; Zheng, L.; Ji, W.; Han, X. Suppression Effects of Hydroxy Acid Modified Montmorillonite
Powders on Methane Explosions. Energies 2019, 12, 4068. [CrossRef]

Yang, H.-N; Lin, Y.-J.; Liu, C.-H.; Chin, M.-G.; Wang, C.-C.; Tsai, H.-Y.; Chen, J.-R. Suppression of flame propagation in a long
duct by inertia isolation with inert gases. J. Loss Prev. Process Ind. 2019, 59, 23-34. [CrossRef]

Zhang, B; Shen, X.; Pang, L. Effects of argon/nitrogen dilution on explosion and combustion characteristics of dimethyl ether—air
mixtures. Fuel 2015, 159, 646—652. [CrossRef]

Cao, X; Ren, J.; Zhou, Y.; Wang, Q.; Gao, X.; Bi, M. Suppression of methane/air explosion by ultrafine water mist containing
sodium chloride additive. J. Hazard. Mater. 2015, 285, 311-318. [CrossRef]

Yang, K.; Yue, C.; Xing, Z.; Ji, H.; Hao, Y.; Wu, ].; Jiang, J. Study on the Improvement of Methane Explosion Inhibition Effect by
Ultrafine Water Mist Containing Methanotroph-inorganic Salt. Combust. Sci. Technol. 2022, 194, 2325-2348. [CrossRef]

Sato, Y.; Okada, K.; Tokudome, K.; Matsunaga, T. Development of the testing method for mixing explosion hazards of pyrophoric
substances. Sci. Technol. Energetic Mater. 2012, 73, 161-168.

Wang, Q.; Jiang, X.; Deng, J.; Luo, Z.; Wang, Q.; Shen, Z.; Shu, C.-M.; Peng, B.; Yu, C. Analysis of the effectiveness of
Mg(OH)2/NH4H2PO4 composite dry powder in suppressing methane explosion. Powder Technol. 2023, 417, 118255. [CrossRef]
Zhang, Y.; Yan, W,; Meng, X.; Zheng, L.; Gao, J. The Suppression Characteristics of NH4H2PO4/Red Mud Composite Powders on
Methane Explosion. Appl. Sci. 2018, 8, 1433. [CrossRef]

Li, J.; Wu, C.; Hao, H.; Su, Y. Experimental and numerical study on steel wire mesh reinforced concrete slab under contact
explosion. Mater. Des. 2017, 116, 77-91. [CrossRef]

Ni, S.; Zhao, D.; Cai, T.; Cao, F. Energy conversion efficiency improvement studies on unconventional premixed micro-combustors
partially inserted with porous medium. Fuel Process. Technol. 2021, 215, 106774. [CrossRef]

Rabiei, A.; Amoafo-Yeboah, N.; Huseboe, E.; Scemama, C. A Study on Thermal Properties of Composite Metal Foams for
Applications in Tank Cars Carrying Hazardous Materials. In Metal-Matrix Composites; Springer: Cham, Switzerland, 2022;
pp. 367-379.

Reutter, O.; Sauerhering, J.; Fend, T.; Pitz-Paal, R.; Angel, S. Characterization of Heat and Momentum Transfer in Sintered Metal
Foams. Adv. Eng. Mater. 2008, 10, 812-815. [CrossRef]

Zalosh, R. Deflagration suppression using expanded metal mesh and polymer foams. J. Loss Prev. Process Ind. 2007, 20, 659-663.
[CrossRef]

Ichino, H.; Beppu, M.; Williamson, E.B.; Haraguchi, N. Effects of EPS density on blast mitigation performance in underground
protective structures. Int. J. Impact Eng. 2022, 164, 104189. [CrossRef]

Singh, A.; Ramimoghadam, D.; Mirabedini, A. The use of polydopamine coatings for timber protection against the fire: A critical
review and feasibility analysis. Prog. Org. Coat. 2023, 175, 107359. [CrossRef]

Venkataramana, K.; Singh, R.K.; Deb, A.; Bhasin, V.; Vaze, K.K.; Kushwaha, H.S. Blast Protection of Infrastructure with Fluid
Filled Cellular Polymer Foam. Procedia Eng. 2017, 173, 547-554. [CrossRef]

Dats, E.; Miroshnicnenko, T.; Kirdyashkin, A.; Maznoy, A. Influence of heat conductivity and pore size of porous materials on the
efficiency of cylindrical radiative burners with filtrational gas combustion. J. Phys. Conf. Ser. 2018, 1115, 042023. [CrossRef]
Zhuang, C.; Wang, Z.; Zhang, K.; Lu, Y.; Shao, J.; Dou, Z. Explosion suppression of porous materials in a pipe-connected spherical
vessel. J. Loss Prev. Process Ind. 2020, 65, 104106. [CrossRef]

Sivriev, C.; Zabski, L. Flame retarded rigid polyurethane foams by chemical modification with phosphorus- and nitrogen-
containing polyols. Eur. Polym. J. 1994, 30, 509-514. [CrossRef]


https://doi.org/10.1016/j.psep.2022.05.038
https://doi.org/10.1016/j.jlp.2016.04.001
https://doi.org/10.1016/j.jlp.2021.104496
https://doi.org/10.1134/S0036024421070062
https://doi.org/10.1016/j.psep.2016.05.007
https://doi.org/10.1016/j.ijhydene.2013.04.048
https://doi.org/10.1016/j.combustflame.2018.03.033
https://doi.org/10.1016/j.jhazmat.2019.05.116
https://www.ncbi.nlm.nih.gov/pubmed/31216501
https://doi.org/10.3390/en12214068
https://doi.org/10.1016/j.jlp.2019.03.002
https://doi.org/10.1016/j.fuel.2015.07.019
https://doi.org/10.1016/j.jhazmat.2014.11.016
https://doi.org/10.1080/00102202.2020.1867545
https://doi.org/10.1016/j.powtec.2023.118255
https://doi.org/10.3390/app8091433
https://doi.org/10.1016/j.matdes.2016.11.098
https://doi.org/10.1016/j.fuproc.2021.106774
https://doi.org/10.1002/adem.200800095
https://doi.org/10.1016/j.jlp.2007.04.039
https://doi.org/10.1016/j.ijimpeng.2022.104189
https://doi.org/10.1016/j.porgcoat.2022.107359
https://doi.org/10.1016/j.proeng.2016.12.088
https://doi.org/10.1088/1742-6596/1115/4/042023
https://doi.org/10.1016/j.jlp.2020.104106
https://doi.org/10.1016/0014-3057(94)90053-1

Materials 2023, 16, 7602 13 of 13

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.
48.

Cao, W,; Liu, Y.; Chen, R;; Li, W.; Zhang, Y.; Xu, S.; Cao, X.; Huang, Q.; Tan, Y. Pressure release characteristics of premixed
hydrogen-air mixtures in an explosion venting device with a duct. Int. |. Hydrogen Energy 2021, 46, 8810-8819. [CrossRef]
Kundu, S.K,; Zanganeh, J.; Eschebach, D.; Mahinpey, N.; Moghtaderi, B. Explosion characteristics of methane-air mixtures in a
spherical vessel connected with a duct. Process Saf. Environ. Prot. 2017, 111, 85-93. [CrossRef]

Renard, P.H.; Thévenin, D.; Rolon, J.C.; Candel, S. Dynamics of flame/vortex interactions. Prog. Energy Combust. Sci. 2000,
26, 225-282. [CrossRef]

Huang, C.; Chen, X,; Liu, L.; Zhang, H.; Yuan, B.; Li, Y. The influence of opening shape of obstacles on explosion characteristics of
premixed methane-air with concentration gradients. Process Saf. Environ. Prot. 2021, 150, 305-313. [CrossRef]

Kang, T.; Kyritsis, D. Theoretical investigation of flame propagation through compositionally stratified methane-air mixtures.
Combust. Theory Model. 2009, 13, 705-719. [CrossRef]

Ajrash Al-Zuraiji, M.; Zanganeh, J.; Moghtaderi, B. The Influences of the Initial Ignition Energy on Methane Explosion in a Flame
Deflagration Tube. Energy Fuels 2017, 31, 6422-6434. [CrossRef]

Filip, D.; Macocinschi, D.; Vlad, S. Thermogravimetric study for polyurethane materials for biomedical applications. Compos. Part
B Eng. 2011, 42, 1474-1479. [CrossRef]

Patel, J.; Soni, PK.; Sinha, V. A novelty finish prepared from polyurethane of biomaterial base. J. Polym. Mater. 2001, 18, 103-109.
Bivol, G.Y.; Golovastov, S.V. Suppression of hydrogen—air detonation using porous materials in the channels of different cross
section. Int. |. Hydrogen Energy 2021, 46, 13471-13483. [CrossRef]

Kokorin, S.; Sosnov, E.; Malygin, A. Study of High-Porous Silica Surface by Atomic Force Microscopy. Neutron Tech. . Surf.
Investig.-X-Ray Synchro. 2008, 2, 696—698. [CrossRef]

Ballossier, Y.; Virot, F.; Melguizo-Gavilanes, J. Strange wave formation and detonation onset in narrow channels. J. Loss Prev.
Process Ind. 2021, 72, 104535. [CrossRef]

Kellenberger, M.; Ciccarelli, G. Advancements on the propagation mechanism of a detonation wave in an obstructed channel.
Combust. Flame 2018, 191, 195-209. [CrossRef]

Lv, X;; Yu,J; Hou, Y;; Yu, X;; Lei, M; Zhan, X.; Yan, X. The quenching and attenuation of hydrogen-air detonation after passing
across capillaries. Fuel 2022, 324, 124535. [CrossRef]

Krapivnik, N.; Goldshtein, V. Existence of Pressure Driven Wave. Russ. |. Phys. Chem. B 2010, 4, 574-579. [CrossRef]

Mogi, T.; Matsunaga, T.; Dobashi, R. Propagation of blast waves from a bursting vessel with internal hydrogen-air deflagration.
Int. J. Hydrogen Energy 2017, 42, 7683-7690. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.ijhydene.2020.12.052
https://doi.org/10.1016/j.psep.2017.06.014
https://doi.org/10.1016/S0360-1285(00)00002-2
https://doi.org/10.1016/j.psep.2021.04.028
https://doi.org/10.1080/13647830903093765
https://doi.org/10.1021/acs.energyfuels.6b03375
https://doi.org/10.1016/j.compositesb.2011.04.050
https://doi.org/10.1016/j.ijhydene.2021.01.052
https://doi.org/10.1134/S1027451008050054
https://doi.org/10.1016/j.jlp.2021.104535
https://doi.org/10.1016/j.combustflame.2017.12.023
https://doi.org/10.1016/j.fuel.2022.124535
https://doi.org/10.1134/S199079311004007X
https://doi.org/10.1016/j.ijhydene.2016.06.106

	Introduction 
	Materials and Methods 
	Experimental Apparatus 
	Experimental Procedure 
	Experimental Measurements 

	Results and Discussion 
	Explosion Flame Propagation Characteristics 
	Explosion Flame Propagation Characteristics of an Empty Pipeline 
	Explosion Flame Propagation Characteristics after Filling Material 

	Explosion Overpressure Dynamics with Filling Material 
	The Influence of Different Ignition Energies on the Explosion Overpressure 
	The Influence of Different Filling Lengths on Explosive Overpressure 

	The Suppression Mechanism of Porous Materials in Gas Explosions 

	Conclusions 
	References

