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The factor of combustion and explosion remains one of the main constraints on
coal mining and management. To clarify the impact of structural properties on the
consequences of gas explosion disasters during coal mining, this article conducts a
study on the impact of the elastic modulus of structures on gas explosion disasters.
The research results indicate that in the case where structures with high elastic
modulus must exist, the elastic modulus of the structure has minimal impact on the
structure during the early stage of flame development. The area of flame front and
the degree of deflagration also decrease with the increase of elastic modulus, but
the disturbance degree of air-flow and flame in the pipe increases with the increase
of elastic modulus. The peak flame velocity at elastic modulus of 0.7 GPa and
2.8 GPa increased by 3.56% and 7.47% compared to elastic modulus of 0.18 GPa,
respectively. The upstream overpressure peak increased by 24.63% and 42.52%.
The downstream overpressure peak increased by 11.19% and 20.62%. The peak
values of flame velocity and overpressure increase with the increase of elastic mod-
ulus, while the explosion intensity and pressure rise rate increase with the increase
of elastic modulus. The explosion intensity index at elastic modulus 2.8 GPa is ap-
proximately 1.45 times that at elastic modulus 0.18 GPa. Therefore, it is necessary
to choose structures with smaller elastic modulus as much as possible to achieve
the best fire and explosion suppression effect.

Key words: coal mine roadway, structures, elastic modulus, explosion disaster,
explosion proof facilities

Introduction

Coal mines, as the world’s main industrial energy source, are still one of the main
factors restricting coal mining and management due to combustion and explosion [1]. To reduce
the losses caused by explosion accidents during coal mining, domestic and foreign researchers
have explored the characteristics of gas combustion and explosion, and developed barrier and
explosion suppression technologies and facilities in coal mine tunnels [2-4].

Due to the fact that methane is the main component of gas, a large number of scholars
have studied the impact of a single rigid structure on methane combustion and explosion, Wen
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et al.[5]. Duan et al. [6] has studied that in the pipe-line with a length of 100 cm, the maximum
attenuation amplitude of foam ceramics to the peak overpressure can reach 28.6%, and when
the installation position of foam ceramics is 40 cm away from the ignition end, its suppression
effect is better. The research results of Cao et al. [7] show that when the double-layer metal
foam has different pore structures (LP-SP model) from large to small, the suppression efficien-
cy of explosion overpressure can reach more than 60%, which is 2-3 times of the pore structure
(SP-LP model) from small to large. Long et al. [8] found that the thickness of foam copper
was positively correlated with the oscillation frequency and amplitude of overpressure and the
suppression effect of overpressure peak. Huang et al. [9] concluded that the square shape of the
structure has the most significant impact on flame propagation and explosion evolution.

As researchers gradually focus on the impact of the properties of explosion-proof struc-
tures on methane combustion and explosion flames and overpressure, flexible structures are also
gradually being applied in explosion-proof scenarios. Yuan et al. [10] and He et al. [11] found that
the maximum explosion overpressure and pressure rise rate of a 10 cm long loofah can be reduced
by 73.90% and 71.12% compared to the unfilled one. Yu et al. [12] obtained that although the
flame velocity peak value under polyurethane sponge under the same blocking rate increased with
the increase of blocking rate of the structure, the velocity peak value and overpressure peak value
of lighter carbon plate still decreased, which inhibited the Helmholtz oscillation characteristics of
pressure. At the same time, researchers have found that if the rigid and aforementioned flexible
structures can not achieve isolation and explosion suppression effects, it will lead to higher risk
consequences, which brings new problems to the safety of coal mine tunnels [13].

In addition, explosion-proof structures with different elastic moduli often coexist in
actual explosion scenarios, and there is currently very little research on the risk of combustion
and explosion under the mixed conditions of the two types of explosion-proof structures. There-
fore, conducting research on the impact of gas combustion and explosion disasters under struc-
tures with different elastic moduli is of great significance for the lay-out of explosion-proof
facilities in the coal mining industry, and also provides theoretical reference for further im-
provement in the field of combustion and explosion prevention.

Experimental set-up
Experimental platform

The system consists by a methane gas cylinder, an explosion shock tube, a pressure
sensor, a shock wave tester, a high speed camera Phantom V710L, and related pressure and
flame data acquisition software in fig. 1. Among them, methane gas cylinder (purity 99%) and
explosion shock tube (10 cm? x 10 cm?® x 100 cm?), shock wave tester (with two acquisition

F

Figure 1. Structure materials; (a) polyurethane sponge, (b) EPE pearl foam,
and (c) carbon fiber board
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channels), high speed camera, ignition switch and igniter, mass-flow meter (with a range of
0-5 Lpm). The pressure collection system consists of pressure collection software Tytest Date
Veiw and a testing host, set as a single collection, with a sampling time of 200 ms, a negative
delay of 10 ms, and a sampling frequency of 50 kHz. As shown in fig. 2, P1 and P2 are the
upstream and downstream pressure detection points, respectively. The PCC flame acquisition
software is from PCC 3.6 version, with a collection frequency of 2000 fps and a resolution of
1280 x 240 pixels, exposure time 490 ps. The exposure index is 3200. The strength of materials
performance parameters of the three structures are shown in tab. 1. To ensure the rigor of the
experiment, all three materials were soaked with flame retardants and tested for flame retardan-
cy. The selection of the elastic modulus of the structure is based on previous research, and the
order of the elastic modulus is Polyurethane sponge < EPE pearl foam < Carbon fiber board.

Impact tester ﬁ
; PC

Sensor PJ Sensor P2 Vent

alve ;
Mass
flowmeter [ Explosion shock tube
! 2
X Hi’gihrspeed
= = camera
=| Electrocircuit
El D Gas pipeline
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Figure 2. Experimental platform

Table 1. Materials characteristic

Materials Polyurethane sponge EPE pearl foam Carbon fiber board
Blocking rate 0.4 0.4 0.4
Density [gem™] 0.41 0.95 1.43
Thickness [cm] 1 1 1
Elastic modulu [GPa] 0.18 0.7 2.8
Testing process

A large number of studies have shown that the peak of overpressure during combus-
tion and explosion first increases and then decreases with the increase of methane concen-
tration, and reaches its maximum at 9.5% methane concentration. As the blocking rate of the
structure increases, it increases first and then decreases, and reaches the maximum value when
the blocking rate is 0.4 [8]. The distance between polyurethane sponge and light carbon plate
was investigated, and it was found that the turbulence degree was the highest when the distance
between structures was 10 cm. Therefore, the distance between obstacles was 10 cm, the block-
ing rate of structures was 0.4, and the methane concentration was 9.5%. The volume fraction of
methane was calculated by eqgs. (1) and (2):

1-@
P 0, +3.76N, - CO, +2H,0 + 7.52N, +

CH, + x0, +3.76N, (1)
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According to the pre-experimental results and relevant data representation, connect
each device as shown in fig. 2 and conduct the experiment according to tab. 2. Inject air through
the air compressor and check the airtightness of the device. Install each group in the desig-
nated position according to the experimental condition table. Repeat the inspection of the ex-
perimental device and fill it with methane air premixed gas with a volume fraction of 9.5%
methane. After eight minutes of ventilation using the 4-fold volume method, and let it stand for
1 minute, ignition is carried out and pressure and flame data are collected. Reinlet the air and
open the tail ball valve to exhaust the exhaust gas. Repeat each experiment at least three times
to ensure the accuracy of the experiment.

Table 2. Experimental conditions

Conditions ter]irlla\:rr;tﬁfele[r‘l’tC] CH, [%] Structure arrangement (40 cm: 50 cm)
(a) Carbon fiber board : Polyurethane sponge
(b) 12 9.5 Carbon fiber board: EPE pearl foam
(c) Carbon fiber board : Carbon fiber board

Analysis of experimental results
Effect of elastic modulus of structures on methane explosion flame

Figure 3 selects flames at the same time to clearly reveal the changes in the structure
of gas explosion flames under three combinations of elastic modulus structures. The three com-
binations of structures have minimal impact on the early development stage of gas explosion
flames, and the flames have all undergone spherical and finger shaped stages. The time required
for the flame to develop to the first structure in Conditions (a)-(c) is 44.5 ms, 46 ms, and 46 ms,
respectively. The time for the flame to develop to the second structure was 47.5 ms, 49 ms, and
49 ms, respectively. The delay in flame propagation time is attributed to the more frequent dis-
turbance of structures with lower elastic modulus during the combustion and explosion process.
In addition, an increase in elastic modulus can induce pressure and shock waves to tilt the entire
structure. When the elastic modulus of the structure increases to a certain scale, the impact of
flame and pressure does not cause deformation and tilting of the structure. The coupling effect
of the structure causes flame instability, with wrinkles and vortices appearing at the flame front.
At the same time, the flame front area and propagation efficiency decrease with the increase of
elastic modulus (50.5~53 ms).

The disturbance of the structure itself and its disturbance to the gas intensify the tur-
bulence of the air-flow in the burned area, while the rapidly turbulent gas forms a deflagration
phenomenon due to the influence of high pressure and high temperature ignition sources [14].
This is because the disturbance of the structure enhances the thermal diffusion and convection
efficiency caused by combustion from the burned zone to the unburned zone, providing support
conditions for the occurrence of deflagration. The strength of the deflagration phenomenon is
closely related to the elastic modulus of the structure, which also leads to the lowest degree of
deflagration under Condition (c), but severe turbulence is clearly visible, with the greatest risk
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Condition (b) : Condition (c)

20.0 ms Condition (a)

Figure 3. The influence of the elastic modulus of the structure on
the flame evolution process

and uncertainty of deflagration disasters [15, 16] . This also indicates that in situations where
structures must exist, such arrangements should be avoided as much as possible to reduce the
consequences of gas explosion disasters.

Effect of elastic modulus on flarme velocity

Select a time step of 5 ms and calculate the flame velocity according to eq. (1) as
shown in fig. 4. The 75 is the termination time when the flame tip appears, 7 is the initial time
when the flame tip appears:

AL 3

The times of flame velocity peak in fig. 4 are 50 ms, 55 ms, and 55 ms, respectively,
which is consistent with the time taken for the flame to reach the first and second structures. The
flame velocity image better reflects the change process of flame velocity, and the acceleration

mechanism of structures with different elastic moduli before reaching the peak flame velocity
is also inconsistent. Observing the gray box, it can be seen that the slope of the two point line
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Figure 4. Flame front propagation speed
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connecting flame velocity in working Condition (a) to working Condition (b) and then to work-
ing Condition (c) increases, and the induced velocity peak is the smallest in working Condition
(a), The maximum flame velocities of Condition (b) and Condition (c) increased by 3.56% and
7.47%, respectively, compared to Condition (a), indicating that the acceleration mechanism
of flame propagation becomes stronger with the increase of elastic modulus. This is because
the flexible structures in working Conditions (a) and (b), under the action of combustion and
explosion flames and high pressure, the curl of the structure and its own fine porous structure
attenuate some shock waves and energy [17].

Analysis of explosion overpressure effects on
structures with different elastic modulus

The elastic modulus of a structure represents its ability to resist damage such as ten-
sion and bending, and the degree of damage to the structure can be expressed in terms of explo-
sion strength. The value of explosion strength (explosion strength index) is equal to the product
of the peak explosion overpressure and its pressure rise rate. Figure 5 shows the pressure time
history curves under three working conditions. The pressure rise rate and explosion intensity in-
dex calculated based on the peak overpressure are shown in fig. 6. Based on figs. 5 and 6, it can
be seen that the evolution trend of the pressure curve is generally similar, with the maximum
explosion pressure still appearing downstream. However, the pressure in the upstream region
of Condition (b) and Condition (c) increased by 24.63% and 42.52%, respectively compared
to Condition (a). For the downstream region, the pressure increased by 11.19% and 20.62%,
respectively, indicating that with the increase of elastic modulus, the peak pressure collected for
both upstream and downstream increased.
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Figure 5. Pressure time history curve under various operating conditions
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Secondly, due to the disturbance of the structure itself and the disturbance of the air-
flow and flames, the combustion efficiency is increased to a certain extent [17]. The heat gener-
ated by combustion diffuses and propagates in multiple directions and positions, coupled with
the interaction between sound and pressure, the shock wave undergoes multiple reciprocating
impacts, resulting in an oscillating attenuation trend of the decrease in pressure after reaching
the peak overpressure, known as the Helmholtz oscillation characteristic, which can be clearly
seen. The pressure time history curve of working Condition (a) is smoother than that of working
Condition (c), and this oscillation phenomenon becomes more significant as the elastic mod-
ulus increases [18, 19]. In the presence of a structure, when the elastic modulus is small, the
structure can not only achieve a coupling mechanism for pressure attenuation, but also avoid
multiple reciprocating impact injuries caused by pressure shock waves.

In the comparison of upstream and downstream pressure rise rates under the same
working condition, it can be concluded that the rate of rise of downstream detonation pressure is
higher than that of upstream. In the same pressure collection area, as the elastic modulus of the
structure increases, the rate of pressure rise also gradually increases. The comparison of the ex-
plosion intensity index is also consistent with the pressure rise rate, both of which indicate that
the explosion intensity generated downstream is the highest and the degree of damage caused is
also the greatest. The explosion intensity index of working Condition (c) is the maximum, and
the explosion intensity index of working condition (a) is the minimum. The explosion inten-
sity value of working Condition (c) is about 1.45 times that of working Condition (a). Further
indicates that in the construction work of gas explosion prevention and control facilities, it is
necessary to avoid the coexistence of structures with higher elastic modulus as much as possi-
ble, and structures with lower elastic modulus should be selected to form explosion prevention
and control facilities.

Revealing the influence mechanism
of elastic modulus structures

The impact of shock waves and flames causes different degrees of tilting and local de-
formation of structures with different elastic moduli. Figure 7 clearly reveals the process of the
structure being subjected to the action of flames and shock waves. In fig. 7(a), due to the small
elastic modulus of the structure, the local and overall resistance to deformation is extremely
weak. The impact of shock waves on the structure results in local left and local right irregular
distortion of the entire structure [12]. Secondly, there are varying degrees of unevenness on the
left and right surfaces of the structure. The structure is impacted by flames, and some small
flames enter the pores inside the structure to undergo quenching effect [5], absorbing some of
the heat brought by the flames [20], resulting in the lowest flame velocity and overpressure
peak formed under this elastic modulus of the structure. In fig. 7(b), the local irregular distor-
tion phenomenon and the degree of unevenness on the surface of the structure will gradually
decrease, and the ability of the structure to resist shock waves will be strengthened due to the
increase in elastic modulus. However, due to the high density of the structure, the small pores
weaken the ability of the flame to penetrate the surface of the structure, and quenching will
occur in a very short time after penetration [21]. The elastic modulus of the structure in is
already fully resistant to local and overall deformation, and small flames will completely lose
the possibility of penetrating the surface of the structure from fig. 7(c). Due to the continuous
disturbance of heat and shock waves generated by combustion and explosion accumulation, the
flame velocity and overpressure peak under operating conditions are the maximum.
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Figure 7. Impact mechanism of structures with different elastic modulus

Conclusions

In this paper, three structures (Polyurethane sponge, EPE pearl foam, Carbon fiber

board) are used to study the impact of different elastic modulus structure combinations on gas
combustion and explosion disasters under the condition that structures with large elastic modu-
lus must exist. The conclusions are as follows.

The elastic modulus of the structure has minimal impact on the structure during the early
stage of flame development. The area of the flame front and the degree of deflagration also
decrease with the increase of the elastic modulus. However, the disturbance degree of the
air-flow and flame in the pipe increases with the increase of the elastic modulus, which also
increases the risk and uncertainty of gas explosion disasters.
The peak flame velocity at elastic modulus of 0.7 GPa and 2.8 GPa is higher than that at
elastic modulus of 0.18 GPa. The energy absorption and wave suppression effect of flexible
structures hinders the propagation of flames, and the peak flame velocity increases with
the increase of elastic modulus. The peak flame velocity at elastic modulus of 0.7 GPa and
2.8 GPa increases by 3.56% and 7.47% compared to elastic modulus of 0.18 GPa.
The peak value of explosion overpressure increases with the increase of elastic mod-
ulus. Compared with the peak value of explosion overpressure under elastic modulus of
0.18 GPa, the elastic modulus of 0.7 GPa and 2.8 GPa increased by 24.63% and 42.52% in
the upstream region, and 11.19% and 20.62% in the downstream region, respectively.
The explosion intensity and pressure rise rate increase with the increase of elastic modulus.
The gas explosion intensity index under elastic modulus of 2.8 GPa is about 1.45 times that
under elastic modulus of 0.18 GPa. The small elastic modulus of the structure can suppress
the Helmholtz oscillation characteristics of pressure, effectively reducing the reciprocating
impact of shock waves and overpressure.

In summary, in situations where structures with higher elastic modulus must exist, it

is advisable to choose structures with lower elastic modulus to form explosion-proof facilities
together to ensure the safety of industrial sites.
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