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Influence of acetylene 
on methane–air explosion 
characteristics in a confined 
chamber
Jinzhang Jia1,2, Jinchao Zhu1,2*, Wenxing Niu3 & Jing Zhang1,2

To study the impact of acetylene on methane explosions, the safe operation of coal mines should 
be ensured. In this paper, a 20 L spherical tank was used to study the explosive characteristics of 
acetylene–methane–air mixture. In addition, the GRI-Mech3.0 mechanism was used to study the 
chemical kinetic mechanism for the mixed gas, and the effect of adding acetylene on the sensitivity 
of methane and the yield of free radicals was analysed. The results show that acetylene can expand 
the scope for methane explosion, lower the lower explosion limit, and increase the risk of explosion. 
Acetylene increases the maximum explosion pressure, laminar combustion rate and maximum 
pressure rise rate for the methane–air mixture while shortening the combustion time. Three 
combustion modes for the acetylene–methane–air mixture were determined: methane-dominated, 
transitional and acetylene-dominated combustion modes. Chemical kinetic analysis for the mixed 
gas shows that as the volume fraction of acetylene increases, the generation rate for key free radicals 
(H*, O* and OH*) gradually increases, thereby increasing the intensity of the explosive reaction. The 
results from this research will help formulate measures to prevent coal mine explosion accidents.

Methane is a widely used energy source and the main component of natural gas and coal mine gas. In coal 
mining, affected by geological conditions, many gases may  accumulate1. These substances mixed with methane 
can lead to an explosion hazard and pose a safety hazard. Therefore, in-depth studies of mixed gas explosions 
should be conducted.

In recent years, scholars have studied the explosive characteristics of mixed combustible gases through experi-
ments. This research has mainly focused on methane and other gases (mainly CO,  H2, alkane gas, olefin gas, and 
other gases). Experiments have obtained the explosion limit, explosion pressure parameters, flame propagation 
characteristics, and laminar burning velocity of mixed  gas2–8. The results have shown that combustible gases 
can result in significant changes in the explosion characteristics of methane. This may be related to the fact that 
enrichment of methane with other gases aggravates the severity of an explosion and should be related to the 
strong nonlinear effects of laminar and turbulent flame  propagation9,10. In addition, this phenomenon can also 
occur in a mixed explosion of coal dust and  methane11,12. Researchers have also conducted inerting experiments 
for mixed gas explosions and studied the flame structure, explosion characteristics, and laminar burning velocity 
of mixed gas explosions. The result is that  N2,  CO2,  NaCO3, water mist, argon, and other substances can inhibit 
gas explosions and reduce the harm caused by  explosions13–17. The above research provides data support for 
preventing gas explosions and reducing the risk of explosions.

With gradual progress in research, scholars have applied chemical mechanism analysis and mathematical 
models based on quantum chemistry to analyse gas explosion mechanisms. Nie et al.18 obtained the main factors 
affecting the chemical kinetics of methane explosions through numerical simulation. Liang and  Zeng19 found 
that water can prolong a gas explosion and reduce the concentrations of H*, O*, and OH*. Raul et al.20 studied 
the internal mechanism of methane oxidation under explosive conditions and found that OH* radicals are the 
critical factor leading to methane explosion. Su et al.21 and Luo et al.22,23 used a monochromator and oscilloscope 
to obtain flame spectrum data and discovered the key process for methane explosion.

Most of the above studies have been concerned with the influence of olefins, alkanes, inert gases, solid parti-
cles, etc. on the explosion of methane. There are relatively few explosion safety data, such as the explosion limit 
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for the mixed explosion of alkyne and methane, the explosion pressure parameters and the laminar combustion 
velocity. According to the experimental results obtained for other mixed gases mixed with methane, the explosion 
hazard for methane-acetylene mixtures is very high, and the explosion phenomenon will release much energy, 
resulting in serious consequences. Simultaneously, spontaneous combustion of coal also produces  acetylene24. 
This may lead to a mixed explosion of methane-acetylene, thereby giving rise to potential safety hazards for 
safe coal mine production. Therefore, it is essential to study the explosion of methane-acetylene-air mixtures.

This paper studies the explosion characteristics of acetylene–methane–air mixtures and the change in explo-
sion limit through experiments, analyses the chemical reaction mechanism of methane-acetylene-air explosions, 
and obtains the change in methane sensitivity and the production of free radicals in explosions.

Experimental equipment and research method
Experimental method. Equipment. In past research, scholars have studied the effects of containers of 
various sizes and shapes on the explosion characteristics and found that the results have reasonable minor de-
viations, so this paper selected a 20 L spherical container for  experiments25. Figure 1 shows the specific experi-
mental equipment used, including a 20 L spherical explosion tank, a data acquisition instrument, electric spark 
generator, vacuum pump, high-pressure gas cylinder, and other parts. The accuracy of the mixed gas system is 
0.1%. The electric spark generator is arranged on the upper part of the tank and consists of a probe and a high-
voltage pulse generator. The ignition position is at the center of the spherical explosive tank, and the ignition 
energy is 1 J. The sampling frequency of the piezoelectric sensor is 5 kHz, with a response time of 0.1 ms and a 
relative error of 0.2%. The dynamic pressure from ignition to 2000 ms can be collected through a data acquisi-
tion instrument and computer. The environmental conditions for the experiment were as follows: temperature 
of 298 K, air pressure of 0.1 MPa, and ambient humidity of 48–59%.

Procedure. The experiment in this paper was divided into two parts. The first part investigated the influence 
of a low concentration of acetylene on the explosion limit of methane, using the volume fraction as the unit; 
the second part of the experiment investigated the acetylene–methane–air mixture explosion characteristics in 
terms of rich combustion, stoichiometric ratio, and oxygen enrichment, using the equivalent ratio as the unit.

In the first part of the experiment, assuming that the lower explosive limit of pure methane tested in the 
experiment was 5.2%, the amount of acetylene gas added was 0%, 0.4%, 0.8%, 1.2%, 1.6%, and 2.0% of the vol-
ume fraction (the addition amount is relative to the methane–air mixed gas). The volume fraction of methane 
decreased from 5.2% until the critical value of explosive and non-explosive mixtures is found, with a decrease of 
0.1% for each step. The lower explosive limit for the mixed gas was the average of the two, and the upper explosive 
limit for the mixed gas was measured in the same way.

The second part of the experiment used four concentration equivalent ratios (0.8, 1, 1.2, 1.4) and six acetylene 
volume ratios (0%, 20%, 40%, 60%, 80%, 100%) to explode the methane-acetylene-air mixture in the test. The 
mixture ratio was calculated using Formulas (1) and (2):

where Vacetylene and Vmethane are the volume fractions of ethylene and methane, respectively. (F/A) is the 
actual ratio of fuel to oxygen in the test sample, and (F/A) Stioch is the stoichiometric fuel/oxygen ratio.

(1)� = (F/A)/(F/A)stioch

(2)X = Vacetylene

/

(Vacetylene + Vmethane)

Figure 1.  Experimental equipment.
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Data specification. This article judges the explosion situation by observing the pressure change. According 
to the American Society for Testing and Materials (ASTM) standards, an explosion occurs when the pressure 
increases by 7% or  more26,27. Each experiment was repeated three times to ensuring accuracy for the experi-
mental results and controllable errors. The experimental data for the pressure parameters were expressed by 
(mean + variance).

Figure 2 shows the pressure change in the container during the explosion: after ignition, the pressure quickly 
reaches its maximum value. When there is no fuel left in the container, the pressure gradually drops. Figure 2 
also illustrates the definition for the maximum explosion pressure Pmax, maximum pressure rise rate (dP/dt) 
max, and combustion duration Tc

28,29.

Simulation details. Chemical reaction mechanism simulation. The chemical reaction mechanism simula-
tion was calculated using the GRI-Mech3.0 reaction mechanism, and the calculation used a closed homogene-
ous 0-D reaction  model30. The reactor was adiabatic. During the reaction, there was no mass or energy exchange 
with the surrounding environment. According to the minimum ignition temperature of methane and the igni-
tion equipment, the initial temperature was set to 1300 K. Moreover, a small part of the mixed gas was heated to 
burn by setting a high-temperature heat source, with the flame rapidly spreading to the surroundings to achieve 
ignition. Table 1 shows the simulation parameters.

Mechanism verification. At present, scholars have established many methane combustion reaction models, 
such as GRI3.0, DRM, USC2.0 and the Hegges mechanism. The reliability of the GRI-Mech3.0 model for the 
description of the chemical kinetic mechanism for methane, ethane, hydrogen and carbon monoxide gas has 
been verified by some  scholars31. Therefore, this paper chose the GRI-Mech3.0 mechanism for simulation of the 
chemical kinetics, but this mechanism is less commonly used in acetylene, and the laminar flame velocity is a key 
parameter for verifying the accuracy of the chemical reaction  mechanism32. To verify the rationality of the GRI 
Mech3.0 mechanism, the calculated laminar flame velocities for methane and acetylene were compared with the 
experimental  results33–36. Figure 3 shows that the calculated values are consistent with the experimental results, 
and the components contained in the acetylene combustion process can be found in the GRI Mech3.0 mecha-
nism. At the same time, the GRI Mech3.0 model has been applied to the combustion of propyne, indicating that 
this mechanism can be used to describe the mixed combustion of acetylene and methane to a certain  extent37,38. 
However, as shown in Fig. 3b, due to the inconsistency of the equipment, some deviations appeared in the rich 

Figure 2.  Typical pressure trajectory during an explosion.

Table 1.  Initial parameters.

Acetylene/vol.% Methane/vol.% Equivalent ratio Temperature/K Pressure/MPa Time/s

0% 100%

0.8, 1, 1.2, 1.4

1300 0.1 0.02

20% 80% 1300 0.1 0.02

40% 60% 1300 0.1 0.02

60% 40% 1300 0.1 0.02

80% 20% 1300 0.1 0.02

100% 0% 1300 0.1 0.02
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combustion state, and the experimental study mainly investigated the effect of acetylene on methane combus-
tion, so the experiment was not designed to operate at the combustion limit of acetylene.

Results and discussion
Explosion limit and explosion risk. The explosion limit for combustible gas is an essential indicator for 
studying the hazards of flammable gas. A mixture of multiple combustible gases inevitably affects the explosion 
limit of methane. In most cases, the explosion limit of methane is not a fixed value. It is related to the initial tem-
perature, pressure, ignition energy, and container  size39. In this paper, the LEL for methane was measured to be 
5.05%, and the upper explosion limit (UEL) was determined to be 14.95%, which is similar to the experimental 
results given in Table 2. This effect is a consequence of the environmental conditions such as relative humidity 
and room temperature.

Figure 4a shows the change in the explosion limit of methane. This figure shows that as the acetylene concen-
tration gradually increases, the UEL and LEL for methane have a downward trend. When the acetylene concen-
tration increases to 2%, the LEL for methane is 1.9%, which decreases by 62.6%. The research in the literature 
reports the same volume fraction for combustible gas  (C2H6,  C3H8,  H2) and influence of the LEL for methane 
as this article. Compared with the experimental results in this article, the LEL for methane under the influence 
of the four gases is  H2 >  C2H6 >  C2H2 >  C3H8

43,44. This result also verified the Le Chatelier principle: for the same 
volume fractions, a gas with a lower LEL will result in the LEL of methane to decrease to a greater extent. The 

Figure 3.  Laminar burning velocity verification [(a) methane, (b) acetylene].

Table 2.  Explosion limit for methane in air at different initial conditions.

Vessel Temperature/K Pressure/MPa Explosion limit/vol.% References

3.4 L glass tube 298 0.1 5.15–16.15 Wang et al.40

20 L spherical 298 0.1 5–15 Zhang and  Ng25

12 L spherical 308 0.1 4.9–15.8 Kondo et al.41

40 L cylindrical 293 0.1 4.65–15.5 Gieras et al.42

Figure 4.  Explosion limit for methane in air [(a) Methane explosion limit change, (b) comparison of calculated 
and experimental values].
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UEL of methane becomes 12.9%, a decrease of 12.2%. The lowering of the UEL is related to the concentration of 
oxygen. Due to the influence of the added gas, the proportion of air decreases, and the added gas will compete 
with methane to consume oxygen. Moreover, it has been found that the LEL of methane decreases more signifi-
cantly relative to the  UEL26,40. The explosion limit range for methane showed a linear upward trend, which was 
13.3% larger than the explosion range for pure methane gas.

Theoretically, the explosion limit for a multicomponent combustible gas mixture can be estimated according 
to the Le Chatelier formula. According to Fig. 4b, the calculated value shows a linear relationship with the amount 
of acetylene added, which is compared with the experimental value. The error between the lower explosion limit 
and the calculated result was negligible. The experimental results obtained for the upper explosion limit and 
the calculated results have a significant error. Because Le Châtelier’s model does not consider the interaction 
between combustible gases, the effect was not apparent at low concentrations, and the effect gradually appeared 
as the gas concentration increased. At the same time, some chemical effects also affected the change in the upper 
explosion  limit45.

Here, yi is the mole fraction of the ith component considering only the combustible species;  LFLi and  UFLi 
are the corresponding LFL and UFL, respectively.

The relative explosion hazard  F46 can be calculated according to the calculation formula (5), which can more 
intuitively indicate the change in the explosion hazard. Figure 5 shows the explosion hazard values for methane 
at different acetylene concentrations. As the concentration of acetylene increases, the frequency of reaction 
and collision of methane increases, the explosion risk for methane increases, and the rate of increase becomes 
increasingly faster. After fitting, it is found that the explosion hazard value has a parabolic relationship with the 
acetylene concentration, and the explosion hazard value for methane is increased by 47.9%.

where U is the upper explosion limit for methane, %; and L is the lower explosion limit for methane, %.
According to the experimental results, other combustible gases will greatly reduce the LEL for methane. In 

most industrial environments, the concentration of methane alarm points is set below 5%. Therefore, when 
encountering similar situations, the monitoring and alarm threshold must be lowered to address potential explo-
sion hazards.

Explosion pressure parameters. The explosion pressure parameter is an important index for studying 
the explosion characteristics of a gas. Figure 6 shows the changing trends for three parameters at different equiv-
alent ratios and various volumes of acetylene–methane mixtures. For pure methane, the maximum value of Pmax 
and (dP/dt)max is approximately Φ = 1.0, and the maximum value for pure acetylene appears at Φ = 1.4. For pure 
methane premixed gas, the minimum combustion time Tc appears at approximately Φ = 1.0, and the minimum 
combustion time Tc for pure acetylene appears at approximately Φ = 1.2. The reason for this phenomenon is 
mainly related to the chemical properties of methane and acetylene. The combustion heat for acetylene (1368 kJ/

(3)LELmix = 1/

n
∑

i=1

yi/LELi

(4)UELmix = 1/

n
∑

i=1

yi/UELi

(5)F =
[

(U · L)0.5 − L
]/

(U · L)0.5

Figure 5.  Explosive risk value of methane in air.
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mol) is greater than that for methane (896 kJ/mol). The Pmax of pure acetylene reaches its maximum value at 
Φ = 1.833, and Pmax reaches its maximum value at approximately Φ = 1.02, which is consistent with this paper’s 
experimental  results47. In addition, as shown in Fig. 6d, the adiabatic pressure of the methane-acetylene mixture 
calculated with the GRI Mech 3.0 model shows a similar trend to that observed in the experimental results. 
However, the two sets of data have certain deviations in size. This difference is attributed to the heat loss in the 
experiment, which results in the experimental value being lower than the ideal  value48.

An analysis of the changes in the pressure parameters shows that as the volume fraction of acetylene increases, 
the values of Pmax and (dP/dt)max gradually increase. The changing trend for the pressure parameters of Pmax 
and (dP/dt)max relative to the volume ratio of acetylene can be divided into three stages: (1) Pmax and (dP/dt)max 
increase slowly when the volume ratio of acetylene is less than 40%. (2) When the volume ratio of acetylene is 
40–80%, Pmax and (dP/dt)max increase sharply. (3) When the volume ratio of acetylene exceeds 80%, the change 
in Pmax slows down, while (dP/dt)max continues to increase significantly. The increase in the volume ratio for 
acetylene also shortens the explosion time. The explosion time decreases exceptionally rapidly in the initial stage, 
and then the rate of decrease gradually slows down.

Moreover, this combustion phenomenon has also been observed in previous studies by other scholars. It is not 
only affected by explosion pressure parameters, but also ignition characteristics and laminar combustion speed 
will affect this combustion behavior, but the volume ratio of the mixed fuel will be different. For example, Qi 
et al.49 and Zhang et al.36 divided the combustion behaviour for premixed methane-hydrogen into three modes. 
Wang et al.40 and Luo et al.48 also found similar laws in the combustion of a mixed gas of methane, ethylene, 
and ethane. Also found similar laws for the combustion of a mixed gas of methane, ethylene, and ethane. From 
the above analysis, in terms of the volume ratio of acetylene, this article divided the combustion behaviour into 
three combustion phases: (A) For the combustion phase, where the volume ratio of acetylene is less than 40%, 
the combustion phase is dominated by methane; (B) the transition phase occurs from 40 to 80% of the volume 
ratio of acetylene; (C) for the stage where the volume fraction of acetylene exceeds 80%, acetylene dominates 
the combustion of the mixed gas.

According to this law, we can apply the combustion behaviour to a broader range of binary mixtures, which 
will more accurately predict the combustion and explosion characteristics of the corresponding proportion of 
the mixture and provide a theoretical basis for preventing multigas explosions.

Laminar burning velocity. The laminar burning velocity (SL) refers to the flat, unstretched flame surface 
velocity relative to the unburned premixed gas under adiabatic conditions. It is one of the crucial parameters 

Figure 6.  Explosion parameters for a methane–acetylene–air mixture [(a) Pmax, (b) (dP/dt)max, (c) Tc, and (d) 
calculated pressure].
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reflecting the combustion characteristics of combustible gas and is essential for analysing and calculating explo-
sion disasters. The laminar burning velocity can be obtained by analysing and calculating the trajectory of the 
spherical flame expansion. It can also be calculated according to the explosion pressure–time  curve50. Formula 
(4) shows the mathematical expression for the model. The literature shows that this model’s laminar burning 
velocity is not much different from the results obtained by other  methods35,51–53. SL was calculated when the 
flame radius is greater than 6 mm to avoid the effects related to spark ignition, so the result can be considered an 
ideal spherical flame propagating  outwards25,54.

where Pmax, P0, and P are the maximum explosion pressure, initial pressure, and actual pressure, respectively; V 
is the explosion chamber volume; γ is the adiabatic index of the unburned gas; and dP/dt is the rate of pressure 
increase.

This paper used this calculation method to calculate the laminar burning velocity of the methane-acetylene 
mixture and compared it with the calculation result obtained from GRI Mech3.0. Figure 7 shows the laminar 
burning velocity of the methane-acetylene-air mixture equivalent to 0.8–1.4 determined using the two calcula-
tion methods. It is derived from Fig. 8 that the laminar burning velocity of the mixture increases as the volume 
percentage of acetylene increases. In the combustion phase dominated by methane, the maximum and minimum 
values for SL correspond to equivalent ratios of 1.0 and 1.4, respectively; during the transition period and the 
combustion phase dominated by acetylene, the SL value with an equivalent ratio of 1.2 gradually exceeds the 
equivalent ratio SL value of 1. The minimum value of SL also changes from an equivalent ratio of 1.4 to 0.8. Com-
paring Fig. 7a with Fig. 7b, it is found that the SL value of Fig. 7a is greater than Fig. 7b. Two factors cause this 
phenomenon. One is that the GRI Mech 3.0 model does not heat loss. The other is that spherical flame method 
does not consider the Markstein length correction and the direction of flame propagation.

Sensitivity analysis. Sensitivity analysis mainly studies the changes in the reaction of the main elements in 
the gaseous mixture combustion process. This paper analyses the sensitivity of methane in detail to further study 
the reaction mechanism of a methane-acetylene-air mixed explosion. Since the magnitude of the sensitivity of 
each reaction is very different, it cannot be fully expressed in the same figure, so the sensitivity value is normal-
ized, and the normalized sensitivity value is obtained, using the formula:

Figure 8 shows that under the conditions of four equivalent ratios, the main reactions that promote methane 
consumption are R38, R53, R156, R155, and R158, and that the reactions that promote methane production are 
R23 and R161. Under different equivalent conditions, the key elements that affect the methane reaction generally 
remain unchanged. Some reactions increase with the equivalent ratio. In some reactions, with a change in the 
equivalence ratio, the sensitivity is reversed, for example, for reactions R98 and R38.

The study also found that the sensitivity coefficient for most reactions decreases with increasing acetylene 
volume fraction. In addition, the volume fraction of acetylene has an undeniable impact on the sensitivity of 
methane. As the volume fraction increases, the sensitivity of some reactions reverses. For example, when the 
volume fraction of acetylene is 40%, the sensitivity of R119 is changed. Moreover, part of the reaction is replaced 
when the volume fraction is 10%, 40%, and 80%. This article believes that the above changes should have a 
specific relationship with the combustion stage. This change can provide theoretical support for studying the 
combustion stage of binary gases.

Effect of acetylene addition on rate of production. Current research for the mechanism of methane 
explosion mainly focuses on the formation of intermediate products and the reaction pathways among O, H, 

(6)SL =
1

Pmax − P0
·
1

3

(

4π

3V

)−1/3

·

(

P0

P

)1/γ

·

[

1−

(

P0

P

)1/γ

·

(

Pmax − P

Pmax − P0

)

]

·
dP

dt

(7)x′ =
x −mean(x)

max(x)−min(x)

Figure 7.  SL value of mixed gas [(a) SL from spherical flame method, (b) SL from GRI Mech 3.0].
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and OH radicals. In the methane explosion process, especially in the induction period of the methane explo-
sion, free radical reactions dominate the chain reaction. The concentration of free radicals also has a significant 
impact on methane explosions. In the study of Luo et al.55 it was found that with the pyrolysis of the fuel, the 
early chain reaction will generate a large number of free radicals at high temperatures. The concentration of free 
radicals shows a steep peak; then, some free radicals are consumed in the chain reaction, and the concentration 
of free radicals is reduced to an absolute value. This article mainly studies the effect of acetylene on free radical 
productivity.

An analysis of the changes in free radical reactions with different equivalent ratios found that the main reac-
tions affecting free radical production and consumption rates (H*, O*, and OH*) are the same. Therefore, this 
article takes an equivalent ratio of 1 as an example and selects several iconic reactions to analyse the free radical 
generation rate changes. Figure 9 shows the changes in the production and consumption rates for H*, O*, and 
OH* for an equivalent ratio of 1. Figure 9 shows that the main element reactions that affect the rate of free radical 
generation and consumption during the explosion reaction of the methane-acetylene mixture are R3, R21, R23, 
R38, R46, R58, R84, R86, R99, R125, and R166. When the rate value is positive, the reaction increases the rate 
of production of free radicals; when the rate value is negative, the reaction promotes free radical consumption. 
Among all the reactions, the most critical reaction that promotes H* radical consumption is R38, which is also 
the most critical reaction to generate O* and OH*.

In addition, free radical productivity is also affected by the three combustion stages. As the proportion of 
acetylene increases, the production rate of the reaction increases and replaces part of the main reaction. When 
methane dominates the combustion, reactions R10 (O +  CH3 <=> H +  CH2O) and R167 (HCO <=> H + CO) 
occupy part of the main position; in the transitional period, reactions R7(O +  CH2 <=> H + HCO) and R126 
(CH +  H2 <=> H +  CH2)replace some reactions; when acetylene dominates the combustion process, reactions 
R28 (O + HCCO <=> H + 2CO), R109, R144  (CH2 +  O2 <=> H + OH + CO), and R290 rise to the main position 
in the reaction. This change verifies the division of the explosion phase of the methane-acetylene-air mixture 
described in the above text.

Overall, when the equivalent ratio is the same, as the volume fraction of acetylene increases, the rate of free 
radical production and consumption gradually increases. This result leads to a gradual increase in the chemical 
reaction rate for the mixed gas and shortens the explosion time for the mixed gas. Simultaneously, the increase 

Figure 8.  Normalized methane sensitivity coefficients for four equivalent ratios [(a) Φ = 0.8, (b) Φ = 1.0, (c) 
Φ = 1.2, (d) Φ = 1.4] during explosion.
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in maximum explosion pressure and laminar flame propagation speed also reflects the increase in productivity 
and consumption rate.

Therefore, according to the change in methane sensitivity and the change trend for free radicals, some meas-
ures can be taken at the molecular level to prevent and control explosion accidents at the initial stage of a gas 
explosion, thereby effectively reducing the explosion risk.

Conclusion
This paper studied the explosion characteristics of methane-acetylene-air mixtures. All experiments were car-
ried out in the same environment. The experimental results included the mixed gas explosion limit, explosion 
pressure parameters, laminar burning velocity. And through sensitivity analysis, the main element reactions that 
affects the gas reaction were obtained. The main conclusions are as follows:

1. The increase in the acetylene volume fraction leads to a gradual decrease in the explosion limit for methane, 
and the lower explosion limit is more obvious to the upper limit. The explosion hazard coefficient for the 
mixed gas shows a parabolic upward trend.

2. Under the four equivalent ratios, as the volume ratio of acetylene increases, the maximum explosion pres-
sure and the maximum explosion rise rate continuously increase, and the explosion reaction time decreases. 
Analysis of the explosion pressure parameters enabled determination of the three combustion stages for the 
methane-acetylene-air mixture.

3. As the volume ratio of acetylene increases, the mixed gas laminar burning velocity increases. When the 
equivalent ratio of pure methane is 1.0, the laminar burning velocity is the largest. The laminar burning 
velocity of pure acetylene is largest when the equivalent ratio is 1.2.

4. Under different equivalence ratio conditions, the main basic reactions that affect methane sensitivity and the 
rate of free radical generation are the same. The sensitivity of some reactions is reversed. Moreover, the most 
important reactions that affect the sensitivity of methane were identified; they help the explosion. Under the 
same equivalent ratio, with an increase in the volume fraction of acetylene, the generation rate and consump-
tion rate of free radicals (H*, O* and OH*) increase at the same time, which increases the reaction rate, and 
a part of the main reaction is replaced.

Figure 9.  Rates of production and consumption of free radicals [(a) H*, (b) O*, (c) OH*].
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Although the current research reached the above conclusions, there are still many shortcomings. In the 
future, we plan to conduct in-depth research into the propagation law for methane-acetylene-air mixtures in 
pipe networks and the explosion mechanism.

Received: 10 May 2021; Accepted: 24 June 2021

References
 1. Li, M., Wang, H., Wang, D., Shao, Z. & He, S. Risk assessment of gas explosion in coal mines based on fuzzy AHP and bayesian 

network. Process Saf. Environ. Prot. 135, 207–218. https:// doi. org/ 10. 1016/j. psep. 2020. 01. 003 (2020).
 2. Deng, J., Cheng, F., Song, Y., Luo, Z. & Zhang, Y. Experimental and simulation studies on the influence of carbon monoxide on 

explosion characteristics of methane. J. Loss Prev. Process Ind. 36, 45–53. https:// doi. org/ 10. 1016/j. jlp. 2015. 05. 002 (2015).
 3. Zhang, S., Ma, H., Huang, X. & Peng, S. Numerical simulation on methane-hydrogen explosion in gas compartment in utility 

tunnel. Process Saf. Environ. Prot. 140, 100–110. https:// doi. org/ 10. 1016/j. psep. 2020. 04. 025 (2020).
 4. Yu, H., Hu, E., Cheng, Y., Zhang, X. & Huang, Z. Experimental and numerical study of laminar premixed dimethyl ether/meth-

ane–air flame. Fuel 136, 37–45. https:// doi. org/ 10. 1016/j. fuel. 2014. 07. 032 (2014).
 5. Miao, H., Ji, M., Jiao, Q., Huang, Q. & Huang, Z. Laminar burning velocity and Markstein length of nitrogen diluted natural gas/

hydrogen/air mixtures at normal, reduced and elevated pressures. Int. J. Hydrogen Energy 34, 3145–3155. https:// doi. org/ 10. 1016/j. 
ijhyd ene. 2009. 01. 059 (2009).

 6. Shen, X., Zhang, B., Zhang, X. & Xiu, G. Explosion characteristics of methane-ethane mixtures in air. J. Loss Prev. Process Ind. 45, 
102–107. https:// doi. org/ 10. 1016/j. jlp. 2016. 11. 012 (2017).

 7. Cammarota, F., Di Benedetto, A., Di Sarli, V., Salzano, E. & Russo, G. Combined effects of initial pressure and turbulence on 
explosions of hydrogen-enriched methane/air mixtures. J. Loss Prev. Process Ind. 22, 607–613. https:// doi. org/ 10. 1016/j. jlp. 2009. 
05. 001 (2009).

 8. Salzano, E., Cammarota, F., Di Benedetto, A. & Di Sarli, V. Explosion behavior of hydrogen–methane/air mixtures. J. Loss Prev. 
Process Ind. 25, 443–447. https:// doi. org/ 10. 1016/j. jlp. 2011. 11. 010 (2012).

 9. Di Sarli, V. & Benedetto, A. D. Laminar burning velocity of hydrogen–methane/air premixed flames. Int. J. Hydrogen Energy 32, 
637–646. https:// doi. org/ 10. 1016/j. ijhyd ene. 2006. 05. 016 (2007).

 10. Di Sarli, V., Di Benedetto, A., Long, E. J. & Hargrave, G. K. Time-Resolved Particle Image Velocimetry of dynamic interactions 
between hydrogen-enriched methane/air premixed flames and toroidal vortex structures. Int. J. Hydrogen Energy 37, 16201–16213. 
https:// doi. org/ 10. 1016/j. ijhyd ene. 2012. 08. 061 (2012).

 11. Niu, Y., Zhang, L. & Shi, B. Experimental study on the explosion–propagation law of coal dust with different moisture contents 
induced by methane explosion. Powder Technol. 361, 507–511. https:// doi. org/ 10. 1016/j. powtec. 2019. 11. 089 (2020).

 12. Ma, D., Qin, B., Gao, Y., Jiang, J. & Feng, B. Study on the explosion characteristics of methane–air with coal dust originating from 
low-temperature oxidation of coal. Fuel https:// doi. org/ 10. 1016/j. fuel. 2019. 116304 (2020).

 13. Di Benedetto, A., Cammarota, F., Di Sarli, V., Salzano, E. & Russo, G. Effect of diluents on rapid phase transition of water induced 
by combustion. AIChE J. 58, 2810–2819. https:// doi. org/ 10. 1002/ aic. 12778 (2012).

 14. Zhang, B., Xiu, G. & Bai, C. Explosion characteristics of argon/nitrogen diluted natural gas–air mixtures. Fuel 124, 125–132. https:// 
doi. org/ 10. 1016/j. fuel. 2014. 01. 090 (2014).

 15. Nie, B., Yang, L. & Wang, J. Experiments and mechanisms of gas explosion suppression with foam ceramics. Combust. Sci. Technol. 
188, 2117–2127. https:// doi. org/ 10. 1080/ 00102 202. 2016. 12181 61 (2016).

 16. Luo, Z., Su, Y., Chen, X. & Zheng, L. Effect of BC powder on hydrogen/methane/air premixed gas deflagration. Fuel https:// doi. 
org/ 10. 1016/j. fuel. 2019. 116095 (2019).

 17. Pei, B. et al. Synergistic inhibition effect on methane/air explosions by  N2-twin-fluid water mist containing sodium chloride addi-
tive. Fuel 253, 361–368. https:// doi. org/ 10. 1016/j. fuel. 2019. 05. 035 (2019).

 18. Nie, B., Yang, L., Ge, B., Wang, J. & Li, X. Chemical kinetic characteristics of methane/air mixture explosion and its affecting fac-
tors. J. Loss Prev. Process Ind. 49, 675–682. https:// doi. org/ 10. 1016/j. jlp. 2017. 02. 021 (2017).

 19. Liang, Y. & Zeng, W. Numerical study of the effect of water addition on gas explosion. J. Hazard Mater. 174, 386–392. https:// doi. 
org/ 10. 1016/j. jhazm at. 2009. 09. 064 (2010).

 20. Raul, Q., Farid, C. & Alan, H. Proposal of a methodology for determining the main chemical reactions involved in methane 
combustion. Energy Fuels 16, 7 (2002).

 21. Su, B., Luo, Z., Wang, T., Xie, C. & Cheng, F. Chemical kinetic behaviors at the chain initiation stage of  CH4/H2/air mixture. J 
Hazard Mater. 403, 123680. https:// doi. org/ 10. 1016/j. jhazm at. 2020. 123680 (2021).

 22. Luo, Z. et al. Thermodynamic effects of the generation of H*/OH*/CH2O* on flammable gas explosion. Fuel https:// doi. org/ 10. 
1016/j. fuel. 2020. 118679 (2020).

 23. Luo, Z. et al. Micromechanism of the initiation of a multiple flammable gas explosion. Energy Fuels 33, 7738–7748. https:// doi. 
org/ 10. 1021/ acs. energ yfuels. 9b004 80 (2019).

 24. Wei, Y., Chang, J., Lian, J. & Liu, T. A coal mine multi-point fiber ethylene gas concentration sensor. Photonic Sens. 5, 67–71. https:// 
doi. org/ 10. 1007/ s13320- 014- 0206-z (2015).

 25. Zhang, B. & Ng, H. D. Explosion behavior of methane–dimethyl ether/air mixtures. Fuel 157, 56–63. https:// doi. org/ 10. 1016/j. 
fuel. 2015. 04. 058 (2015).

 26. Wang, T. et al. Flammability limit behavior of methane with the addition of gaseous fuel at various relative humidities. Process. 
Saf. Environ. Prot 140, 178–189. https:// doi. org/ 10. 1016/j. psep. 2020. 05. 005 (2020).

 27. Su, B., Luo, Z., Wang, T., Zhang, J. & Cheng, F. Experimental and principal component analysis studies on minimum oxygen con-
centration of methane explosion. Int. J. Hydrogen Energy 45, 12225–12235. https:// doi. org/ 10. 1016/j. ijhyd ene. 2020. 02. 133 (2020).

 28. Huzayyin, A. S., Moneib, H. A., Shehatta, M. S. & Attia, A. M. A. Laminar burning velocity and explosion index of LPG–air and 
propane–air mixtures. Fuel 87, 39–57. https:// doi. org/ 10. 1016/j. fuel. 2007. 04. 001 (2008).

 29. Sun, Z.-Y. & Li, G.-X. Turbulence influence on explosion characteristics of stoichiometric and rich hydrogen/air mixtures in a 
spherical closed vessel. Energy Convers. Manag. 149, 526–535. https:// doi. org/ 10. 1016/j. encon man. 2017. 07. 051 (2017).

 30. Luo, Z. et al. Explosion pressure and flame characteristics of CO/CH4/air mixtures at elevated initial temperatures. Fuel https:// 
doi. org/ 10. 1016/j. fuel. 2020. 117377 (2020).

 31. Fischer, M. & Jiang, X. A chemical kinetic modelling study of the combustion of  CH4–CO–H2–CO2 fuel mixtures. Combust. Flame 
167, 274–293. https:// doi. org/ 10. 1016/j. combu stfla me. 2016. 02. 001 (2016).

 32. Hu, X. & Wei, H. Experimental investigation of laminar flame speeds of propane in  O2/CO2 atmosphere and kinetic simulation. 
Fuel https:// doi. org/ 10. 1016/j. fuel. 2020. 117347 (2020).

 33. Rokni, E., Moghaddas, A., Askari, O. & Metghalchi, H. Measurement of laminar burning speeds and investigation of flame stability 
of acetylene  (C2H2)/AIR MIXTUres. J. Energy Resour. Technol. https:// doi. org/ 10. 1115/1. 40283 63 (2015).

 34. Lokachari, N. et al. New experimental insights into acetylene oxidation through novel ignition delay times, laminar burning 
velocities and chemical kinetic modelling. Proc. Combust. Inst. 37, 583–591. https:// doi. org/ 10. 1016/j. proci. 2018. 07. 027 (2019).

https://doi.org/10.1016/j.psep.2020.01.003
https://doi.org/10.1016/j.jlp.2015.05.002
https://doi.org/10.1016/j.psep.2020.04.025
https://doi.org/10.1016/j.fuel.2014.07.032
https://doi.org/10.1016/j.ijhydene.2009.01.059
https://doi.org/10.1016/j.ijhydene.2009.01.059
https://doi.org/10.1016/j.jlp.2016.11.012
https://doi.org/10.1016/j.jlp.2009.05.001
https://doi.org/10.1016/j.jlp.2009.05.001
https://doi.org/10.1016/j.jlp.2011.11.010
https://doi.org/10.1016/j.ijhydene.2006.05.016
https://doi.org/10.1016/j.ijhydene.2012.08.061
https://doi.org/10.1016/j.powtec.2019.11.089
https://doi.org/10.1016/j.fuel.2019.116304
https://doi.org/10.1002/aic.12778
https://doi.org/10.1016/j.fuel.2014.01.090
https://doi.org/10.1016/j.fuel.2014.01.090
https://doi.org/10.1080/00102202.2016.1218161
https://doi.org/10.1016/j.fuel.2019.116095
https://doi.org/10.1016/j.fuel.2019.116095
https://doi.org/10.1016/j.fuel.2019.05.035
https://doi.org/10.1016/j.jlp.2017.02.021
https://doi.org/10.1016/j.jhazmat.2009.09.064
https://doi.org/10.1016/j.jhazmat.2009.09.064
https://doi.org/10.1016/j.jhazmat.2020.123680
https://doi.org/10.1016/j.fuel.2020.118679
https://doi.org/10.1016/j.fuel.2020.118679
https://doi.org/10.1021/acs.energyfuels.9b00480
https://doi.org/10.1021/acs.energyfuels.9b00480
https://doi.org/10.1007/s13320-014-0206-z
https://doi.org/10.1007/s13320-014-0206-z
https://doi.org/10.1016/j.fuel.2015.04.058
https://doi.org/10.1016/j.fuel.2015.04.058
https://doi.org/10.1016/j.psep.2020.05.005
https://doi.org/10.1016/j.ijhydene.2020.02.133
https://doi.org/10.1016/j.fuel.2007.04.001
https://doi.org/10.1016/j.enconman.2017.07.051
https://doi.org/10.1016/j.fuel.2020.117377
https://doi.org/10.1016/j.fuel.2020.117377
https://doi.org/10.1016/j.combustflame.2016.02.001
https://doi.org/10.1016/j.fuel.2020.117347
https://doi.org/10.1115/1.4028363
https://doi.org/10.1016/j.proci.2018.07.027


11

Vol.:(0123456789)

Scientific Reports |        (2021) 11:13895  | https://doi.org/10.1038/s41598-021-93466-4

www.nature.com/scientificreports/

 35. Chen, C., Shu, C., Wu, H., Ho, H. & Ho, S. Ethylene gas explosion analysis under oxygen-enriched atmospheres in a 20-liter 
spherical vessel. J. Loss Prev. Process Ind. 49, 519–524. https:// doi. org/ 10. 1016/j. jlp. 2017. 05. 022 (2017).

 36. Zhang, Y., Huang, Z., Wei, L., Zhang, J. & Law, C. K. Experimental and modeling study on ignition delays of lean mixtures of 
methane, hydrogen, oxygen, and argon at elevated pressures. Combust. Flame 159, 918–931. https:// doi. org/ 10. 1016/j. combu stfla 
me. 2011. 09. 010 (2012).

 37. Petrova, M. & Williams, F. A small detailed chemical-kinetic mechanism for hydrocarbon combustion. Combust. Flame 144, 
526–544. https:// doi. org/ 10. 1016/j. combu stfla me. 2005. 07. 016 (2006).

 38. Tao, H., Wang, H.-Y., Ren, W. & Lin, K. C. Kinetic mechanism for modeling the temperature effect on PAH formation in pyrolysis 
of acetylene. Fuel https:// doi. org/ 10. 1016/j. fuel. 2019. 115796 (2019).

 39. Wang, H., Ge, L., Deng, J., Luo, Z. & Cheng, F. Comparaison of explosion characteristics of ignitable gases in confined space. Int. 
J. Coal Sci. Technol. 34, 6. https:// doi. org/ 10. 13225/j. cnki (2009).

 40. Wang, T. et al. Effects of flammable gases on the explosion characteristics of CH 4 in air. J. Loss Prev. Process Ind. 49, 183–190. 
https:// doi. org/ 10. 1016/j. jlp. 2017. 06. 018 (2017).

 41. Kondo, S., Takizawa, K., Takahashi, A., Tokuhashi, K. & Sekiya, A. A study on flammability limits of fuel mixtures. J. Hazard Mater. 
155, 440–448. https:// doi. org/ 10. 1016/j. jhazm at. 2007. 11. 085 (2008).

 42. Gieras, M., Klemens, R., Rarata, G. & Wolański, P. Determination of explosion parameters of methane–air mixtures in the cham-
ber of 40dm3 at normal and elevated temperature. J. Loss Prev. Process Ind. 19, 263–270. https:// doi. org/ 10. 1016/j. jlp. 2005. 05. 004 
(2006).

 43. Luo, Z. et al. Influence of various other flammable gases in coal mine on explosion limits of methane. CSSJ 25, 7. https:// doi. org/ 
10. 16265/j. cnki. issn1 003- 3033. 2015. 01. 015 (2015).

 44. Luo, Z., Su, B., Wang, T. & Cheng, F. Study on effects of C2H6/C3H8 on explosion limits and chemical kinetics. J. Chem. Ind. Eng. 
(China) 70, 16. https:// doi. org/ 10. 11949/ 0438- 1157. 20190 223 (2019).

 45. Chad, V. M. & Daniel, A. C. Derivation of Le Chatelier’s mixing rule for flammable limits. Process Saf. Prog 19, 6. https:// doi. org/ 
10. 1002/ prs. 68019 0212 (2000).

 46. Shigeo, K., Youkichi, U., Kazuaki, T., Akifumi, T. & Katsumi, T. Prediction of flammability of gases by using F-number analysis. J 
Hazard Mater 82, 16. https:// doi. org/ 10. 1016/ S0304- 3894(00) 00358-7 (2001).

 47. Tan, X. et al. Minimum ignition temperature of carbonaceous dust clouds in air with  CH4/H2/CO below the gas lower explosion 
limit. Fuel https:// doi. org/ 10. 1016/j. fuel. 2019. 116811 (2020).

 48. Luo, Z. et al. Effects of  N2 and  CO2 dilution on the explosion behavior of liquefied petroleum gas (LPG)-air mixtures. J. Hazard 
Mater. 403, 123843. https:// doi. org/ 10. 1016/j. jhazm at. 2020. 123843 (2021).

 49. Qi, S. et al. Effects of concentration, temperature, humidity, and nitrogen inert dilution on the gasoline vapor explosion. J. Hazard 
Mater. 323, 593–601. https:// doi. org/ 10. 1016/j. jhazm at. 2016. 06. 040 (2017).

 50. Lewis, B. & von Elbe, G. Determination of the speed of flames and the temperature distribution in a spherical bomb from time-
pressure explosion records. J. Chem. Phys. 2, 283–290. https:// doi. org/ 10. 1063/1. 17494 64 (1934).

 51. Dahoe, A. E. Laminar burning velocities of hydrogen–air mixtures from closed vessel gas explosions. J. Loss Prev. Process Ind. 18, 
152–166. https:// doi. org/ 10. 1016/j. jlp. 2005. 03. 007 (2005).

 52. Moghaddas, A., Eisazadeh-Far, K. & Metghalchi, H. Laminar burning speed measurement of premixed n-decane/air mixtures 
using spherically expanding flames at high temperatures and pressures. Combust. Flame 159, 1437–1443. https:// doi. org/ 10. 1016/j. 
combu stfla me. 2011. 12. 005 (2012).

 53. Wu, Y., Zheng, Q. & Weng, C. An experimental study on the detonation transmission behaviours in acetylene-oxygen-argon 
mixtures. Energy 143, 554–561. https:// doi. org/ 10. 1016/j. energy. 2017. 11. 019 (2018).

 54. Zhang, B. & Ng, H. D. An experimental investigation of the explosion characteristics of dimethyl ether-air mixtures. Energy 107, 
1–8. https:// doi. org/ 10. 1016/j. energy. 2016. 03. 125 (2016).

 55. Luo, Z. et al. Effects of propane on the flammability limits and chemical kinetics of methane–air explosions. Combust. Sci. Technol. 
192, 1785–1801. https:// doi. org/ 10. 1080/ 00102 202. 2019. 16250 41 (2019).

Acknowledgements
The work was supported by the Liaoning Distinguished Professor Funding Project (Grant No. 551710007007) 
and Natural Science Foundation of Liaoning Province (Grant No. 2019-MS-162). The authors declare that there 
is no conflict of interest regarding the publication of this paper.

Author contributions
J.J.: Formal analysis, Visualization. J.Z.: Conceptualization, methodology, visualization, writing—original draft. 
W.N.: Investigation, resources. J.Z.: Formal analysis, writing—review and editing.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to J.Z.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

https://doi.org/10.1016/j.jlp.2017.05.022
https://doi.org/10.1016/j.combustflame.2011.09.010
https://doi.org/10.1016/j.combustflame.2011.09.010
https://doi.org/10.1016/j.combustflame.2005.07.016
https://doi.org/10.1016/j.fuel.2019.115796
https://doi.org/10.13225/j.cnki
https://doi.org/10.1016/j.jlp.2017.06.018
https://doi.org/10.1016/j.jhazmat.2007.11.085
https://doi.org/10.1016/j.jlp.2005.05.004
https://doi.org/10.16265/j.cnki.issn1003-3033.2015.01.015
https://doi.org/10.16265/j.cnki.issn1003-3033.2015.01.015
https://doi.org/10.11949/0438-1157.20190223
https://doi.org/10.1002/prs.680190212
https://doi.org/10.1002/prs.680190212
https://doi.org/10.1016/S0304-3894(00)00358-7
https://doi.org/10.1016/j.fuel.2019.116811
https://doi.org/10.1016/j.jhazmat.2020.123843
https://doi.org/10.1016/j.jhazmat.2016.06.040
https://doi.org/10.1063/1.1749464
https://doi.org/10.1016/j.jlp.2005.03.007
https://doi.org/10.1016/j.combustflame.2011.12.005
https://doi.org/10.1016/j.combustflame.2011.12.005
https://doi.org/10.1016/j.energy.2017.11.019
https://doi.org/10.1016/j.energy.2016.03.125
https://doi.org/10.1080/00102202.2019.1625041
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Influence of acetylene on methane–air explosion characteristics in a confined chamber
	Experimental equipment and research method
	Experimental method. 
	Equipment. 
	Procedure. 
	Data specification. 

	Simulation details. 
	Chemical reaction mechanism simulation. 
	Mechanism verification. 


	Results and discussion
	Explosion limit and explosion risk. 
	Explosion pressure parameters. 
	Laminar burning velocity. 
	Sensitivity analysis. 
	Effect of acetylene addition on rate of production. 

	Conclusion
	References
	Acknowledgements


