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a Department of Construction and Manufacturing Engineering, Polytechnic School of Engineering of Gijón, University of Oviedo, Gijón, Asturias, Spain 
b Department of Mining Exploitation and Prospecting, School of Mining, Energy and Materials Engineering of Oviedo, University of Oviedo, Oviedo, Asturias, Spain 
c Department of Energy, School of Mining, Energy and Materials Engineering of Oviedo, University of Oviedo, Oviedo, Asturias, Spain   

A R T I C L E  I N F O   

Keywords: 
Methane–air mixtures 
Explosion characteristics 
Experimental study 
Pressure characteristics 
Environmental conditions 

A B S T R A C T   

The combination of methane – air can cause potentially explosive mixtures, which in contact with an energy 
source can ignite, resulting not only in the destruction of infrastructure but also in the death of people. This paper 
studies the ignition of different methane–air mixtures as a function of the type of mixture (methane–air, 
methane–nitrogen–oxygen), the kind of atmosphere (homogeneous, stratified) and the environmental conditions 
(initial temperature, pressure, and humidity). For this purpose, the Rock Dynamics research group of the Uni-
versity of Oviedo has designed and manufactured an explosive chamber, quasi-spherical in shape, instrumented 
with dynamic pressure sensors and accelerometers. With the results obtained after a laboratory-scale experi-
mental campaign, pressure-concentration graphs were plotted, obtaining the explosion limits of the different 
mixtures. Higher oxygen concentrations (O2) have therefore been found to increase the upper explosive limit of 
mixtures. However, increasing methane (CH4) concentrations lead to different behaviours, depending on the type 
of mixture. The kind of atmosphere does not seem to affect the recorded pressures, as they are similar for ho-
mogeneous and stratified atmospheres. Finally, initial pressures above atmospheric lead to higher detonation 
pressures, while a high initial humidity content decreases the likelihood of explosion.   

1. Introduction 

Methane–air mixtures are potentially explosive mixtures, which 
have caused numerous accidents, sometimes involving human casu-
alties. Traditionally, these accidents have been associated with under-
ground coal mining (Kundu et al., 2016). However, these mixtures have 
also caused devastating accidents in civil underground infrastructures, 
industrial and even commercial environments (Sezer et al., 2017). 

In modern cities, the subsoil is filled with gas, electricity, and water 
distribution networks, as well as drainage systems. Methane leakage in 
gas pipelines is a common problem worldwide (Lelieveld et al., 2005) 
(Alvarez et al., 2012) (Jackson et al., 2014), causing an explosion ac-
cident if the concentration of the leaked methane is within the flam-
mability limit and an ignition source exists (Rangel, 2014), (Li et al., 
2019). 

Many studies analyse the explosiveness of the methane–air mixture 

as a function of methane concentration (Gharagheizi, 2008), ventilation 
conditions (Solberg et al., 1981), obstacles (Johansen and Ciccarelli, 
2009) or ignition conditions (Lewis and Elbe, 1987), (Kindracki et al., 
2007) (Rocourt et al., 2014). Therefore, it can be said that the explo-
siveness of the mixture depends on multiple factors (Xu et al., 2020), 
including environmental conditions. 

High (20–200 ◦C) and ultra-high temperatures (900–1,200 ◦C) in-
crease the explosion limits by shifting the upper explosive limit and the 
lower explosive limit to higher and lower values, respectively (Gieras 
et al., 2006) (Li et al., 2021). The same situation occurs at high pressures 
(Vanderstraeten et al., 1997) (Goethals et al., 1999) (Huang et al., 
2019). However, when both conditions coexist in the same time space, a 
reduction of the explosion limits occurs (Van den Schoor and Ver-
plaetsen, 2007) (Van den Schoor et al., 2008) (Kondo et al., 2011). 

However, humidity also influences the limits of the explosion. In 
2016, (Li et al., 2016) conducted an experimental campaign in which 
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explosions were carried out in a chamber with a volume of 0.02 m3 with 
different humidity contents. They found that an increase in the relative 
humidity of the mixture slightly influenced the explosion limits: the 
lower limit increased by 2.2% while the upper limit decreased by 2.1%. 
This study showed that humidity variation affects the explosive range of 
methane-air mixtures, although more slightly than the effect produced 
by changing the ignition energy, the initial pressure or the initial tem-
perature of the mixture. 

The lack of knowledge about the influence that different environ-
mental factors (temperature, pressure, humidity content) have on the 
explosion limits of methane–air mixtures makes it necessary to investi-
gate them to deepen our understanding and, thus, prevent explosions 
that can later become detonations producing numerous accidents in 
underground structures (Ajrash et al., 2016) (Pan et al., 2017). 

In this paper, the ignition of explosive methane atmospheres has 
been carried out. The end is to analyse the influence of the type of 
mixture, the type of atmosphere and the environmental conditions on 
the explosivity of these mixtures. For this purpose, an experimental 
campaign is carried out in a quasi-spherical chamber of 0.04 m3, the 
parameters of analysis being the maximum pressure of each explosion, 
the rate of pressure rise, and the acceleration of the shock waves. 

2. Methodology 

As previously said, the laboratory – scale experimental campaign is 
conducted in a quasi – spherical chamber designed and manufactured by 
the DinRock Research Group of the University of Oviedo. The chamber 
(Fig. 1) consists of two 8 mm thick steel caps welded together through a 
central ring. It has eight threaded sleeves to attach the instrumentation 
that are located on the sphere, in radial positions at 90◦ angles to each 
other. In addition, a 12 mm thick, bulletproof, rounded safety glass with 
a diameter of 165 mm is installed in the upper cap. 

The pressures reached in the explosion are recorded with the help of 
four EPXH-P3 type pressure sensors. These sensors are attached to the 
ignition chamber by threading them through the sleeves. Two types of 
sensors have been used depending on the measurement range (Table 1), 
although both of them collect 50,000 data per second (Fig. 2). 

The accelerations on the ignition chamber due to the explosions are 
recorded with triaxle accelerometers of the KS813B type. These accel-
erometers measure accelerations in the three directions of space, with a 
measurement limit of ±55 g, and they are also located in sleeves of the 
chamber. 

Initially, K-type thermocouples were placed to measure the tem-
perature inside the ignition chamber. However, when analyzing the 
temperature data in the first tests, it was found that the response of these 
sensors was very slow with respect to the explosion process. Since the 
temperatures initially recorded by the temperature sensor coincided 
with that of the weather station used for the relative humidity mea-
surement, it was decided to use this station to determine the initial 
temperatures. 

In the ignition chamber, a 60 × 60 × 25 mm, 3800 rpm, 2.40 W fan is 
installed. In this way, when the objective is to test explosive mixtures in 
homogeneous atmospheres, the fan is turned on for 2 min, after which it 
is stopped and the ignition process begins. Because of the velocity of the 
fan is not very high, according to (Willacy, S. 2008), the effect of the 
turbulence has not been considered. On the other hand, when the 
objective is to test in heterogeneous atmospheres, the injected gases are 
left to stratify by themselves according to their molecular weight, during 
different rest periods (15 min, 30 min, 1 h and 2 h). 

At last, recordings of the ignition and explosion are made using a 
Kodak SR500 high-speed camera, which can record 500 images per 
second. 

Once all the measure elements are mounted in the ignition chamber, 
the gases are injected inside it by means of a BRONKHORST gas flow-
meter, model F–201CV–20K-AGD-22-E with an accuracy equal to 
±0,5% RD (reading) plus ±0,1%FS (full scale) to then be mixed with the 

fan. 
The ignition of the explosive mixtures is performed at a specific 

point, by increasing the temperature of a steel wire with a length of 120 
mm, a diameter of 0.4 mm and a melting temperature of 1535 ◦C. The 
increase of the temperature is obtained with electric current with an 

Fig. 1. Views and dimensions (in mm) of the ignition chamber.  

Table 1 
Technical characteristics of the EPXH-P3 pressure sensors (range 7.0 and 3.5 
MPa).  

Measurement range 7.00 MPa 3.50 MPa 

Maximum burst pressure 14.00 MPa 7.00 MPa 
Resonant frequency 200 kHz 150 kHz 
Thermal sensitivity shift ±1.5 full scale ±1.5 full scale 
Excitation 10 V DC 10 V DC 
Impedance in 1200 Ω 1200 Ω 
Impedance out 350 Ω 350 Ω 
Maximum operating temperature 1650 ◦C 1650 ◦C 
Zero offset ±10 mV typical ±10 mV typical 
Type of pressure measurement Relative Relative  
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adjustable voltage source of 12 V and 8 A (Joule dissipation). The 
temperature reached, once the electric current is applied, is measured 
using a Keller pyrometer with a temperature range of 600 to 2,500 ◦C, 
being its uncertainty of ±0.02 ◦C. 

Once the entire equipment is attached, the tests are carried out by 
varying the explosive mixture, the type of atmosphere, the initial tem-
perature, the initial pressure, and the atmospheric humidity. All of them 
are carried out with initial pressure equal to the atmospheric pressure, 
with the exception of the tests that analyse the influence of the initial 
pressure.  

1. Explosive mixture. Two types of explosive mixtures are analysed: 
methane-air mixtures and methane-nitrogen-oxygen mixtures. In the 
first case, the methane concentration is varied. In the second case, 
both methane and oxygen concentrations are varied. The objective is 
to study so-called depleted atmospheres with oxygen percentages 
between 17% and 20%, which may exist in certain areas of the mine, 
normal atmospheres with 21% oxygen and enriched atmospheres 
with 22% oxygen.  

2. Type of atmosphere. Two types of atmosphere are tested inside the 
ignition chamber, the homogeneous atmosphere and the stratified 
atmosphere. In the first case, homogenisation is achieved by the use 
of fans once the gas mixture is introduced into the chamber (Willacy, 
2008). The homogenisation process lasts for 2 min, which is the time 
necessary for all the gases to mix well. In the second case, stratified 
atmosphere, the fan is switched off after 2 min and the mixture is left 
to settle so that the gases are stratified. All tests were timed in order 
to eliminate the variable of time dependent stratification (5 min) 
with ignitions in periods of 15 min, 30 min, 1 h and 2 h (Willacy 
et al., 2007), (Kang and Kyritsis, 2005), (Whitehouse et al., 1996). 
Besides, to check the stratification, verification tests were carried 
out. In them, the methane concentration was measured with the use 
of methanometers as a function of height once the fan was switched 
off. From these verification tests it was observed that for mixtures 
with 13% of methane and after 2 h, the concentration of methane 
decreased from values around 12.5% in the vicinity of the injection 
to values around 5.9% in the most remote areas.  

3. Initial temperature. Tests are carried out with methane-air mixtures, 
with a methane concentration of 9%, for chamber temperatures 
ranging from 2 ◦C to 22 ◦C. These temperatures are achieved by 
placing the chamber, for 8 h, in the freezer to lower its initial tem-
perature or by using a thermal blanket to raise the initial temperature 
of the chamber.  

4. Initial pressure. In this case, and unlike in the rest of the tests with 
initial pressure equal to the atmospheric pressure, the tests are 
conducted at initial pressures above and below atmospheric pres-
sure. For tests above atmospheric pressure, the reference pressure is 
the pressure generated when the mixture is introduced into the 
ignition chamber, and the chamber is not opened when the mixture is 
homogeneous inside. For tests below atmospheric pressure, a vac-
uum machine is used to lower the pressure to 0.06 MPa inside the 
ignition chamber.  

5. Atmospheric humidity. The relative humidity is measured relative to 
the air by means of a weather station. It is placed inside the ignition 
chamber before the test is carried out. The value of the humidity in 
those cases that the humidity is not varied is around 60% ± 0.1%. In 
the tests that analyse the variation of humidity, the interior of the 
ignition chamber is sprayed with water until the desired humidity is 
reached, or, on the contrary, the humidity is reduced by drying the 
chamber. Tests have been carried out for methane-air mixtures with 
5, 9 and 10% methane and for methane-nitrogen-oxygen mixtures 
with 21% O2. 

In total, 180 tests were executed. Of these, 161 (89.4%) were suc-
cessful, while the remaining 19 (10.6%) were unsuccessful, either 
because ignition of the mixture did not occur or because ignition did 
occur but combustion did not progress (Table 2). 

Fig. 2. Schematic diagram of the equipment designed for testing and control of input and output parameters.  

Table 2 
Summary of tests carried out and explosions achieved.  

Tests Total 
tests 

Explosion 
(%) 

No explosion 
(%) 

Methane–air 12 83.3 16.7 
Methane–nitrogen-oxygen (17% 

O2) 
13 69.2 30.6 

Methane–nitrogen–oxygen (19% 
O2) 

13 84.6 15.4 

Methane–nitrogen–oxygen (20% 
O2) 

15 93.3 6.7 

Methane–nitrogen–oxygen (21% 
O2) 

18 83.3 16.7 

Methane–nitrogen–oxygen (22% 
O2) 

19 19 – 

Stratified atmosphere 23 91.3 8.7 
Influence of initial pressure 12 100 – 
Influence of initial temperature 26 100 – 
Influence of humidity 29 82.8 17.2 
Total 180 89.4 10.6  
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3. Discussion 

The results obtained after the experimental campaign are analysed 
and discussed below. In all tests, the same ignition energy was used. 

3.1. Influence of explosive mixture composition 

To analyse the influence of the composition of the explosive mixture, 
the explosion limits and the maximum pressures reached are evaluated, 
as well as the evolution of pressure and acceleration over time. 

3.1.1. Explosion limits and maximum pressures 
More than 113 tests have been carried out, varying the composition 

of the explosive mixture. Fig. 3 shows the maximum pressures recorded 
in these tests that are in line with those reported in published studies for 
with off-stoichiometric methane-air mixtures and with small discrep-
ancies for stoichiometric methane-air mixtures (Cashdollar and Hertz-
berg, 1985), (Dahoe and de Goey, 2003). 

From Fig. 3, the ignition of a methane-air mixture is achieved for 
methane concentrations in the range between 4.5 and 12.0%. This in-
dicates that the likelihood of ignition decreases significantly for 
methane concentrations below 4.5% or above 12.0%. With this mixture, 
the maximum pressure reached is 1.80 MPa for a methane concentration 
between 8.0 and 9.0%. 

For a mixture with 17.0% oxygen, the range of concentrations most 
likely to generate explosions is between 4.5 and 13.0%. However, the 
pressure trend suggests that for lower or higher concentrations, the 
likelihood of ignition is residual. Moreover, with this oxygen concen-
tration, the highest pressure reached is 1.90 MPa, for a methane con-
centration of 9.0%. 

A comparison of the explosion limits of this mixture with the limits 
obtained for the methane–air mixture shows that there is an increase in 
the upper explosive limit, despite the lower oxygen concentration in the 
air. This is justified by the presence of other compounds in the air, 
mainly water vapour, since the specific heat at constant volume of water 
vapour is much higher than that of nitrogen (Shen et al., 2016). 

When the oxygen concentration is increased to 19.0%, the explosion 
limits are between 4.5 and 14.5% methane, i.e., the upper explosive 
limit is increased by 1.5%. Again, the maximum pressures (2.00 MPa) 
are obtained for a methane concentration of 9.0%. In this case, the 
average value of the maximum pressure recorded by the four sensors is 
1.95 MPa. 

20.0% oxygen causes an increase of the explosion limits to between 

4.5 and 15.0%. With this mixture, a maximum pressure of 2.10 MPa is 
recorded for methane concentrations between 9.0 and 10.0%. 

By increasing the concentration of oxygen to 21.0%, it has been 
observed that the trend established for the previous cases is maintained. 
Thus, the upper explosive limit increases to 17.5% and the maximum 
pressure recorded was 2.30 MPa for methane concentrations of 10.0%. 

For an oxygen concentration of 22.0%, the lower explosive limit 
increases from 4.5 to 5.0%, while the upper explosive limit hardly differs 
from the 17.5% obtained with 21.0% oxygen mixtures. In this case, 
methane concentrations in the 10.0 and 12.0% range give the highest 
pressures, with values close to 2.40 MPa. 

Table 3 lists the maximum explosion limits determined for each 
composition evaluated, as well as the maximum pressures recorded. The 
lower explosive limits are practically the same for all mixtures. On the 
other hand, the upper limits increase as more oxygen is added, thus 
increasing the explosion limits. On the other hand, methane contents 
higher than 8.0%, together with an increase in the concentration of 
oxygen, lead to an increase in the maximum pressures reached. 

3.1.2. Pressure and acceleration evolution 
The pressure evolution during the course of a test reflects that there 

is an increase in pressure over time. Initially, the rate of pressure rise is 
smooth (dP/dt1) since the dominant factor is the temperature that in-
creases due to combustion. At the inflection point of the curve, the 

Fig. 3. Pressures generated in the different tested explosive mixtures.  

Table 3 
Explosivity limits and maximum pressures for methane–air and meth-
ane–nitrogen–oxygen mixtures.  

Mixture Explosion 
limits 

Stoichiometric 
combustion 

Maximum 
pressure 

LEL 
(%) 

UEL 
(%) 

%-vol 
CH4 

%-vol 
CH4 

P (MPa) 
±0.15 

Methane–air 4.0 12.5 9.5 8.0 1.86 
Methane–nitrogen–oxygen 

(17% O2) 
4.5 13.5 7.8 9.0 1.98 

Methane–nitrogen–oxygen 
(19% O2) 

4.5 14.5 8.7 9.0 1.97 

Methane–nitrogen–oxygen 
(20% O2) 

4.5 16.0 9.1 9.0 2.25 

Methane–nitrogen–oxygen 
(21% O2) 

4.5 17.5 9.5 10.0 2.35 

Methane–nitrogen–oxygen 
(22% O2) 

4.5 18.0 9.9 11.0 2.40  
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change in slope is greater (dP/dt2). In this case, not only the tempera-
ture increases but also the turbulence phenomena associated with the 
reflections of the pressure waves appears (Fig. 4) (Willacy, 2008), until 
the maximum pressure is reached. From this point on, the temperature 
decreases and, with it, the pressure. 

However, in methane-nitrogen-oxygen mixtures with varying oxy-
gen concentrations, it is observed that anomalies or instabilities appear 
at the change of pressure with time (Fig. 5) for the four pressure sensors 
(S1, S2, S3, S4) used during the test. This effect is similar to that which 
occurs in the combustion of gasoline engines, when the fraction furthest 
away from the ignition source self-ignites. Thus, in this farthest area, 
before the flame front arrives, a temperature increase occurs because of 
the compression of the still unburned gases by the pressure wave. The 
temperature rise over 600 ◦C, resulting from this compression could be 
sufficient to generate self-ignition in this area (Robinson and Smith, 
1984), (Zhang et al., 2014a). 

Table 4 shows the maximum accelerations recorded in the tests for 
methane–air mixtures and methane–nitrogen–oxygen mixtures. From 
the table, it can be deduced that, for mixtures with different concen-
trations of oxygen, the maximum accelerations are above 8.0 m/s2, a 
value much higher than the 2.0 m/s2 obtained for a methane–air 
mixture. Moreover, the maximum accelerations coincide with the 
change of slope and not with the maximum pressure, which indicates 
self-ignition without detonation. 

Fig. 5 shows the existence of two rates of pressure rise dP/dt1 and 
dP/dt2. Although most of the published studies work with a global value 
dP/dt (Cashdollar and Hertzberg, 1985), (Dahoe and de Goey, 2003), it 
is necessary to analyse the two rates for mixtures with different oxygen 
percentages and concentrations of methane. The calculus of the two 
rates of pressure rise has been made according to Zhang et al. (2014b). 

The dP/dt1max (Fig. 6) shows the highest values close to 30.00 MPa/ 
s, for methane concentrations of 10.0% and oxygen concentrations of 
22.0%. For each mixture, the maximum values of dP/dt1 correspond to 
the maximum pressure values increasing the value with the increase of 
the percentage of oxygen with the exception of the mixture with 19.0% 
oxygen. 

The dP/dt2max study (Fig. 7) shows a similar behaviour to dP/ 
dt1max, including the anomalous behaviour of the mixture with 19.0% 
oxygen, which has the highest value of dP/dt2max of 55.50 MPa/s 
(Table 5). From the figure, it is noticed that for methane-air mixtures 
and stoichiometric compositions good agreement exists between the 
values obtained with those reported by (Dahoe and de Goey, 2003). 

3.2. Influence of the type of atmosphere 

Fig. 8 shows the pressures obtained in tests with methane–air mix-
tures in stratified atmosphere and homogeneous atmosphere, with 
methane concentrations between 4 and 12.0%. It shows that there are 
hardly any differences in the pressures recorded in both environmental 
conditions, in concordance with published works (Tamanini, F., 2000), 
(Willacy, S.K., 2008). 

A similar behaviour is shown by the maximum accelerations recor-
ded in the accelerometers during the tests. Both in homogeneous at-
mospheres and in stratified atmospheres, 1.5 m/s2 are not exceeded, a 
value obtained for a mixture with 8.0% methane. 

As for the rates of pressure rise, it is observed that dP/dt1max has 
similar values for both types of atmospheres, while dP/dt2max is 
notably higher in stratified atmospheres (Fig. 9). 

The tests conducted for methane–nitrogen–oxygen mixtures, with 
oxygen concentrations between 20.0 and 22.0%, give the same results as 
those obtained with methane–air mixtures. No influence is observed on 
the explosion pressures obtained when working with homogeneous at-
mospheres or stratified atmospheres. 

3.3. Influence of initial temperature 

For the analysis of the influence of the initial temperature on the 
explosion, 26 tests were performed in methane–air atmospheres with 
different proportions of methane and in three temperature ranges: from 
8.0 to 9.0 ◦C, from 15.0 to 16.0 ◦C and from 22.0 to 22.5 ◦C. The results 

Fig. 4. Recording of one explosion with a Kodak SR500 high-speed camera.  

Fig. 5. Pressure evolution and acceleration for a methane–nitrogen–oxygen 
mixture with 17% oxygen and 9% methane. 

Table 4 
Maximum accelerations for each of the tested mixtures.  

Mixture % CH4 a (m/s2) ±3 m/s2 

Methane–air 8 2 
Methane–nitrogen–oxygen (17% O2) 8 8 
Methane–nitrogen–oxygen (19% O2) 10 18 
Methane–nitrogen–oxygen (20% O2) 5 13 
Methane–nitrogen–oxygen (21% O2) 11 85 
Methane–nitrogen–oxygen (22% O2) 10 283  
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(Fig. 10) show that the initial temperature of the mixture hardly in-
fluences the lower explosive limit, around 4.0%, while it slightly lowers 
the upper explosive limit. 

Fig. 10 also shows that in mixtures with a methane concentration 

higher than 8.0%, the maximum explosion pressure decreases slightly 
with increasing temperature. To verify this relationship, a new battery of 
6 tests was carried out with an air-methane mixture, keeping the 
methane concentration at 9.0% and varying the temperatures between 
2.0 and 22.0 ◦C. The results shown in Table 6 reflect a decrease in 
pressure as the initial temperature increases, although of small magni-
tude. This behaviour may be the effect of the decrease in density when 
the temperature increases. Although, the initial temperature of the 
mixture is not considered to be decisive for the effects of the explosion, 
at least in the range analysed, in concordance with (Gieras et al., 2006). 

3.4. Influence of initial pressure 

Both inside a mine and inside a tunnel, the pressure may vary, mainly 
due to ventilation and the external atmospheric pressure itself. There-
fore, the influence that the variation of the initial pressure, in relative 
terms with respect to the ambient pressure, of the mixture has on the 
explosion parameters is analysed. Thus, tests are carried out with initial 
pressures above and below atmospheric pressure, with methane-air 
mixtures and methane-nitrogen-air mixtures, with oxygen 

Fig. 6. dP/dt1max evolution for each of the tested explosive mixtures.  

Fig. 7. dP/dt2max evolution for each of the tested explosive mixtures.  

Table 5 
Rates of pressure rise for each of the tested explosive mixtures.  

Mixture % 
CH4 

dP/dt1 (MPa/s) 
±0.15 MPa/s 

dP/dt2 (MPa/s) 
±0.15 MPa/s 

Methane–air 8.0 11.74 27.42 
Methane–nitrogen–oxygen 

(17% O2) 
9.0 14.50 30.80 

Methane–nitrogen–oxygen 
(19% O2) 

10.0 27.40 55.50 

Methane–nitrogen–oxygen 
(20% O2) 

9.0 19.39 33.02 

Methane–nitrogen–oxygen 
(21% O2) 

10.0 27.41 51.70 

Methane–nitrogen–oxygen 
(22% O2) 

10.0 29.07 47.50  
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concentrations of 20, 21 and 22%. In all cases, the methane percentages 
coincide with those that caused the maximum explosion pressures in the 
previously described tests. 

Fig. 11 shows the results of the tests. It is observed that the maximum 
explosion pressure in the explosion chamber increases as the initial 
pressure of the mixture rises. Thus, for every 0.01 MPa increase in initial 
pressure, the maximum explosion pressure rises by about 0.20 MPa. 

This is due to the effect of the initial pressure on the density of the 
mixture:  

• With initial pressures lower than atmospheric pressure, the density 
of the mixture is lower. As the initial pressure increases, the density 
decreases and therefore a greater amount of mixture is introduced 
into the ignition chamber, which allows higher maximum pressures 
to be reached.  

• With initial pressures greater than atmospheric pressure, the same 
behavior is observed, although in this case the increase in pressure is 
smoothed out. 

Therefore, it can be established that the initial pressure of the 
mixture has influence over the rate of pressure rise that will be bigger for 

initial pressures lower than the atmospheric one. 

3.5. Influence of air humidity 

Another parameter that, a priori, seems to be important in charac-
terizing an explosion is humidity. In order to assess its influence, tests 
have been carried out with methane-air mixtures, with different degrees 
of humidity and methane concentrations. 

Fig. 12 shows graphically the maximum pressure values achieved for 
mixtures with varying methane concentrations at diverse humidity 
conditions. It should be noted that only the results of those tests where 
explosions have occurred have been plotted. From the figure, it can be 
seen that, as the percentage of methane increases, the percentage of 
humidity at which the mixture is no longer explosive decreases. It is 95% 
for 10% methane, 88% for 11% methane or 58% for 12% methane. This 
is due to the high specific heat of water (1.39 kJ/kgK), which “absorbs” 
much of the available heat of combustion in heating up. On the other 
hand, a small decrease of the maximum explosion pressure is observed 
with increasing humidity. 

Fig. 8. Maximum explosion pressures of methane–air mixtures, with and without stratification.  

Fig. 9. Rates of pressure rise with and without stratification of mixtures.  
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4. Conclusions 

It is deduced from the study conducted that:  

• The pressure-concentration graphs make it possible to obtain the 
explosion limits, understanding these as the extremes of the explo-
sion limits, outside of which the likelihood of ignition is marginal.  

• The lower explosive limits for methane–air mixtures are similar to 
those for methane–nitrogen–oxygen mixtures, including oxygen- 
depleted mixtures, and are around 4%.  

• The upper explosive limits increase with increasing oxygen content, 
from 12% for a methane–air mixture, to 17.5% for a meth-
ane–nitrogen–oxygen mixture with 22% oxygen. 

• For a methane–air mixture, maximum explosion pressures are ob-
tained near the stoichiometric mixture, i.e., around 8% methane. 
Above this value, the maximum pressures measured in tests with this 

type of mixture are lower than the pressures obtained in tests with 
methane–nitrogen–oxygen mixtures, including oxygen-depleted 
mixtures. This difference is due to the fact that, in methane–air 
mixtures, gases other than nitrogen and oxygen are present.  

• For methane-air mixtures, with concentrations of methane above 
10%, the presence of other gases, mainly water vapour, causes an 
oxygen deficit and hinders the reaction, by thermal and chemical 
effect. For low methane concentrations, the presence of other gases 
does not seem to be relevant, as there is an excess of oxygen.  

• The influence of humidity is significant on the explosion limits. Thus, 
as the concentration of methane increases, the mixture is no longer 
explosive at lower humidity values. In addition, as the humidity in-
creases, the maximum explosion pressure decreases slightly.  

• For methane–nitrogen–oxygen mixtures and methane contents 
above 8%, an increase in the oxygen concentration leads to an 
increment in the maximum explosion pressure. 

Fig. 10. Maximum explosion pressures for different initial temperatures of the methane-air mixture.  

Table 6 
Maximum explosion pressures versus initial temperature in methane–air mixture with 9% of methane concentration.  

Temperature (◦C)/±0.1 ◦C 2.0 8.3 9.2 14.5 15.2 18.1 18.9 21.8 22.1 

Pressure (MPa)/±0.15 MPa 1.75 1.65 1.80 1.65 1.68 1.52 1.52 1.49 1.50  

Fig. 11. Maximum explosion pressures, varying the initial pressure.  
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• No significant differences in the pressures recorded in tests with 
stratified and homogeneous atmospheres are detected. However, it is 
observed that the second section of the pressure-time curve, is higher 
in the stratified mixture.  

• The explosion pressure increases as the initial pressure of the 
explosive mixture rises, so that for every 0.01 MPa increase in at-
mospheric pressure, the maximum explosion pressure rises in the 
order of 0.2 MPa.  

• The initial temperature of the mixture does not influence the lower 
explosive limit, while it slightly lowers the upper explosive limit. On 
the other hand, with methane concentrations above 7%, an increase 
in the initial temperature causes a small decrease in the maximum 
explosion pressure. 
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Lelieveld, J., Lechtenböhmer, S., Assonov, S.S., Brenninkmeijer, C.A., Dienst, C., 
Fischedick, M., Hanke, T., 2005. Low methane leakage from gas pipeles. Nature 434 
(7035), 841–842. https://doi.org/10.1038/434841a. 

Lewis, B., Elbe, G.V., 1987. Combustion, Flames and Explosions of Gases, third ed. 
Academic Press. https://doi.org/10.1016/C2013-0-12402-6. 

Li, P., Huang, P., Liu, Z., Du, B., Li, M., 2019. Experimental study on vented explosion 
overpressure of methane/air mixtures in manhole. J. Hazard Mater. 374 (April), 
349–355. https://doi.org/10.1016/j.jhazmat.2019.04.046. 

Li, R., Meng, X., Si, R., 2016. Experimental studies on the effect of humidity on methane 
explosion characteristic in confined spaces. Iccte 1273–1278. https://doi.org/ 
10.2991/iccte-16.2016.223. 

Li, X., Chen, H., Li, H., Chen, J., 2021. Change law of lower limit of gas explosion at ultra- 
high temperatures. ACS Omega 6 (50), 35112–35123. https://doi.org/10.1021/ 
acsomega.1c05942. 

Pan, R., Xiao, Z., Yu, M., 2017. The characteristics of methane combustion suppression 
by water mist and its engineering applications. Energies 10 (10). https://doi.org/ 
10.3390/en10101566. 

Rangel, E., 2014. Explosion risk in underground networks: measures for preventing 
manhole explosion events. IEEE Ind. Appl. Mag. 20 (5), 58–63. https://doi.org/ 
10.1109/MIAS.2013.2288390. 

Fig. 12. Maximum explosion pressures at different humidity values.  

M.-B. Prendes-Gero et al.                                                                                                                                                                                                                     

https://doi.org/10.1016/j.firesaf.2016.02.007
https://doi.org/10.1016/j.firesaf.2016.02.007
https://doi.org/10.1073/pnas.1202407109
https://doi.org/10.1073/pnas.1202407109
https://doi.org/10.1063/1.1138295
https://doi.org/10.1016/S0950-4230(03)00073-1
https://doi.org/10.1021/ef800375b
https://doi.org/10.1016/j.jlp.2005.05.004
https://doi.org/10.1016/j.jlp.2005.05.004
https://doi.org/10.1016/s0304-3894(99)00164-8
https://doi.org/10.1016/s0304-3894(99)00164-8
https://doi.org/10.1016/j.energy.2019.07.170
https://doi.org/10.1021/es404474x
https://doi.org/10.1016/j.combustflame.2008.07.010
https://doi.org/10.1080/00102200500240836
https://doi.org/10.1080/00102200500240836
https://doi.org/10.1016/j.jlp.2007.05.010
https://doi.org/10.1016/j.jlp.2007.05.010
https://doi.org/10.1016/j.jhazmat.2011.01.037
https://doi.org/10.1016/j.jlp.2016.02.004
https://doi.org/10.1016/j.jlp.2016.02.004
https://doi.org/10.1038/434841a
https://doi.org/10.1016/C2013-0-12402-6
https://doi.org/10.1016/j.jhazmat.2019.04.046
https://doi.org/10.2991/iccte-16.2016.223
https://doi.org/10.2991/iccte-16.2016.223
https://doi.org/10.1021/acsomega.1c05942
https://doi.org/10.1021/acsomega.1c05942
https://doi.org/10.3390/en10101566
https://doi.org/10.3390/en10101566
https://doi.org/10.1109/MIAS.2013.2288390
https://doi.org/10.1109/MIAS.2013.2288390


Journal of Loss Prevention in the Process Industries 80 (2022) 104878

10

Robinson, C., Smith, D.B., 1984. The auto-ignition temperature of methane. J. Hazard 
Mater. 8 (3), 199–203. https://doi.org/10.1016/0304-3894(84)85001-3. 

Rocourt, X., Awamat, S., Sochet, I., Jallais, S., 2014. Vented hydrogen-air deflagration in 
a small enclosed volume. Int. J. Hydrogen Energy 39 (35), 20462–20466. https:// 
doi.org/10.1016/j.ijhydene.2014.03.233. 

Sezer, H., Kronz, F., Akkerman, V., Rangwala, A.S., 2017. Methane-induced explosions in 
vented enclosures. J. Loss Prev. Process. Ind. 48, 199–206. https://doi.org/10.1016/ 
j.jlp.2017.04.009. 

Shen, X., Zhang, B., Zhang, X., Wu, S., 2016. Explosion behaviors of mixtures of methane 
and air with saturated water vapor. Fuel 177, 15–18. https://doi.org/10.1016/j. 
fuel.2016.02.095. 

Solberg, D.M., Pappas, J.A., Skramstad, E., 1981. Observations of flame instabilities in 
large scale vented gas explosions. In: Symposium (International) on Combustion, 18, 
pp. 1607–1614. https://doi.org/10.1016/S0082-0784(81)80164-6, 1.  

Tamanini, F., 2000. Partial-volume deflagration - characteristics of explosions in layered 
fuel/air mixtures. In: 3rd International Seminar on Fire and Explosions Hazards of 
Substances. Windermere, UK.  

Van den Schoor, F., Verplaetsen, F., 2007. The upper flammability limit of methane/ 
hydrogen/air mixtures at elevated pressures and temperatures. Int. J. Hydrogen 
Energy 32 (13), 2548–2552. https://doi.org/10.1016/j.ijhydene.2006.10.053. 

Van den Schoor, F., Verplaetsen, F., Berghmans, J., 2008. Calculation of the upper 
flammability limit of methane/hydrogen/air mixtures at elevated pressures and 
temperatures. Int. J. Hydrogen Energy 33 (4), 1399–1406. https://doi.org/10.1016/ 
j.ijhydene.2008.01.002. 

Vanderstraeten, B., Berghmans, J., Tuerlinckx, D., Smit, B., Van’t Oost, E., Vliegen, S., 
1997. Experimental study of the pressure and temperature dependence on the upper 
flammability limit of methane/air mixtures. J. Hazard Mater. 56 (3), 237–246. 
https://doi.org/10.1016/S0304-3894(97)00045-9. 

Whitehouse, D.R., Greig, D.R., Koroll, G.W., 1996. Combustion of stratified hydrogen-air 
mixtures in the 10.7 m3 combustion test facility cylinder. Nucl. Eng. Des. 166 (3–1), 
453–462. https://doi.org/10.1016/S0029-5493(96)01261-7. 

Willacy, S.K., Phylaktou, H.N., Andrews, G.E., Ferrara, G., 2007. Stratified propane–air 
explosions in a duct vented geometry: effect of concentration, ignition and injection 
position. Process Saf. Environ. Protect. 85 (2), 153–161. https://doi.org/10.1205/ 
psep06020. 

Willacy, S.K., 2008. Homogeneous and stratified vented gas explosions. In: Energy and 
Resources Research Institute School of Process, Environment and Materials 
Engineering University of Leeds. University of Leeds, p. 283. PhD thesis.  

Xu, Y., Huang, Y., Ma, G., 2020. A review on effects of different factors on gas explosions 
in underground structures. Undergr. Space 5 (4), 298–314. https://doi.org/10.1016/ 
j.undsp.2019.05.002. 

Zhang, B., Bai, C., Xiu, G., Liu, Q., Gong, G., 2014a. Explosion and flame characteristics 
of methane/air mixtures in a large-scale vessel. Process Saf. Prog. 33 (4), 362–368. 
https://doi.org/10.1002/prs.11670. 

Zhang, Q., Ma, Q., Zhang, B., 2014b. Approach determining maximum rate of pressure 
rise for dust explosion. J. Loss Prev. Process. Ind. 29, 8–12. https://doi.org/10.1016/ 
j.jlp.2013.12.002. 

M.-B. Prendes-Gero et al.                                                                                                                                                                                                                     

https://doi.org/10.1016/0304-3894(84)85001-3
https://doi.org/10.1016/j.ijhydene.2014.03.233
https://doi.org/10.1016/j.ijhydene.2014.03.233
https://doi.org/10.1016/j.jlp.2017.04.009
https://doi.org/10.1016/j.jlp.2017.04.009
https://doi.org/10.1016/j.fuel.2016.02.095
https://doi.org/10.1016/j.fuel.2016.02.095
https://doi.org/10.1016/S0082-0784(81)80164-6
http://refhub.elsevier.com/S0950-4230(22)00154-1/sref27
http://refhub.elsevier.com/S0950-4230(22)00154-1/sref27
http://refhub.elsevier.com/S0950-4230(22)00154-1/sref27
https://doi.org/10.1016/j.ijhydene.2006.10.053
https://doi.org/10.1016/j.ijhydene.2008.01.002
https://doi.org/10.1016/j.ijhydene.2008.01.002
https://doi.org/10.1016/S0304-3894(97)00045-9
https://doi.org/10.1016/S0029-5493(96)01261-7
https://doi.org/10.1205/psep06020
https://doi.org/10.1205/psep06020
http://refhub.elsevier.com/S0950-4230(22)00154-1/sref33
http://refhub.elsevier.com/S0950-4230(22)00154-1/sref33
http://refhub.elsevier.com/S0950-4230(22)00154-1/sref33
https://doi.org/10.1016/j.undsp.2019.05.002
https://doi.org/10.1016/j.undsp.2019.05.002
https://doi.org/10.1002/prs.11670
https://doi.org/10.1016/j.jlp.2013.12.002
https://doi.org/10.1016/j.jlp.2013.12.002

	Experimental study of the characteristics of explosions generated by methane mixtures, as a function of the type of atmosph ...
	1 Introduction
	2 Methodology
	3 Discussion
	3.1 Influence of explosive mixture composition
	3.1.1 Explosion limits and maximum pressures
	3.1.2 Pressure and acceleration evolution

	3.2 Influence of the type of atmosphere
	3.3 Influence of initial temperature
	3.4 Influence of initial pressure
	3.5 Influence of air humidity

	4 Conclusions
	Author statement
	Declaration of competing interest
	Data availability
	References


