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Abstract—In order to study the effect of different initial 

conditions on gas explosive limits, the gas explosive limits have 

been measured under different initial temperatures 

(50~200℃)coupled with different ignition energies (50~800J). 

Besides, it has been obtained that the change rules of the upper 

and lower limits of gas explosion under the effect of initial 

temperature, ignition energy and the coupling conditions of the 

both. The experimental results show that the coupling 

condition of initial temperature and ignition energy has a great 

influence on the gas explosive limits. With the increase of initial 

temperature and ignition energy, the upper limit of gas 

explosion increases while the lower explosive limit decreases, 

and both its rising and falling trends tend to be gentle. In 

addition, according to the analysis on two-factor multi-level 

variance analysis, it can be seen that both ignition energy and 

initial temperature have a significant effect on the upper and 

lower limits of gas explosion under the coupling conditions. 

Keywords—explosive limits, ignition energy, initial 

temperature, coupling 

I. INTRODUCTION  

As a major component of coal mine gas, methane is 
closely related to coal mine safety production [1]. According 
to statistics, since the founding of the People's Republic of 
China, there have been 26 coal mine accidents involving 
more than 100 deaths, 22 of which were caused by coal mine 
gas explosion [2] resulting in heavy casualties and losses. 
The causes of heavy casualties caused by gas explosion in 
coal mine are not only factors such as poor quality of 
personnel and imperfect management [3] but also 
insufficient understanding of the limits of coal mine gas 
explosion [4,5]. Therefore, study on gas explosive limiting 
system is of great significance to prevent heavy gas 
explosive accidents in coal mine [6].  

There are many factors that affect the gas explosive limits, 
the main researches of which focus on initial temperature [7-
12], initial pressure [13,14], ignition energy [15], humidity 
[16], mixing of explosive gas [17,18], mixing of inert gas 
[19-22], oxygen Content [23], mixing of dust [24-27], water 
mist [28] and so on. 

The methods of prediction and calculation for gas 
explosive limits include stoichiometric concentration 
calculation method [29-33], calculation method based on 
carbon atom atomicity, empirical formula method, and 
calculation method based on thermodynamic negative 
entropy and so on. Some scholars have also studied the upper 
explosive limit [33,34] of low alkanes and olefins under 
high-temperature and high-pressure conditions. All these 
studies have made important contributions to the deep 
understanding of the gas explosive limits. 

II. EXPERIMENTAL EQUIPMENT AND SYSTEM 

Experiment on influence of initial temperature coupled 
with ignition energy on the gas explosive limit has been 
conducted in a test equipment for gas explosive 
characteristics in special environment. The equipment is 
shown in Figure 1. Its main part is an explosive tank with 
a volume of 20L and the explosive tank contains an 
interlayer in which the high temperature heat -conducting 
oil and the built-in electric furnace wire are relied on to 
heat the mixed gas inside the tank to assure that the mixed 
gas is in the ambient temperature required by the test 
before explosion. The temperature range of the test plant 

can be set at 10 ℃  ~ 200 ℃ , which can meet the 

requirement on the initial temperature of 50℃~200℃ in 
this test. 
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The high energy ignition energy generator (shown in 
Fig.2) which provides ignition energy for the test has a 
wide energy range and continuously adjustable energy 
values. The range of the ignition energy is 0.1mJ~ 1000J, 
which can meet the requirement of ignition energy 
50J~800J in this test. 

 

Fig. 1.  Test equipment for gas explosive 

 

Fig. 2.  High energy ignition energy generator characteristics in special 

environment  

As shown in Figure 3, the test system consists of gas 
distribution system, high energy spark ignition system, 
vacuum pumping system, data acquisition system, control 
system, post-processing system, explosive tank and so on. 
The control system uses sequential circuits to control the 
gas distribution system and high energy spark ignition 
system. At the same time, the explosive tank and control 
system are connected to the data acquisition system 
through the wireless monitoring transmitter, and the post-
processing system directly processes the data gathered by 
data acquisition system. The entire system is a digital 
controlled, visualized, high integrated and automatic 
acquired device, and the whole experimental operation 
process is more accurate, convenient and safe. 

 

Fig. 3.  Technical schematic diagram of experimental system 

III.  EXPERIMENTAL SCHEME 

A. Experimental Content 

The test has carried out to messure the explosive limits of 
gas-air mixture under different coupling conditions between 
different initial temperatures and ignition energies. The test 
levels of initial temperature and ignition energy are selected 
as follows: 

Test level of initial temperature: 50℃, 100℃, 150℃, 

200℃； 

Test level of ignition energy: 50J, 100J, 400J, 800J. 

In order to shorten the test waiting time, a special 
temperature is coupled with the different ignition energies 
one by one in test due to the features of test equipment for 
gas explosive characteristics in special environment, such as 
the difficulty in temperature rise and good heat preservation 
effect. Firstly, the test measures the upper explosive limit in 

an ambient temperature of 50°C coupled with the ignition 

energy of 50J, 100J, 400J or 800J, separately. By analogy, 
different upper explosive limits have been tested under the 

conditions of ambient temperature of 100°C, 150°C, 

200°C coupled with different ignition energy, separately.  

In the same way, the different lower explosive limits of 
gas have been tested under conditions of different 
temperatures coupled with different ignition energies. 

B. Procedure 

(1) Calibrate the sensor before the test and connect the 
pressure, temperature sensor and other auxiliary 
equipment with the explosive tank as a whole. Besides, all 
valves should be closed before the test; 

(2) Connect the data acquisition system to the 
computer, turn it on and calibrate it; 

(3) Compound the needed specific concentration of 
gas-air mixture according to the airbag distribution 
method; 

(4) Turn on the high energy ignition energy generator 
and adjust the ignition energy to the desired gear; 

(5) Turn on the vacuum pump to evacuate the tank; 

(6) Inject the configured gas-air mixture into the 
explosion tank; 

(7) Use infrared methane sensors to monitor the gas 
concentration in the tank, and use the data acquisition 

Advances in Engineering Research, volume 176

26



system to monitor the initial pressure, initial temperature 
and other parameters in explosion vessel; 

(8) Turn on the heating system to heat the tank until 
reach the test set temperature; 

(9) Ignition; 

(10) Save the test data, then open the canister bleed 
valve and turn on the vacuum pump to ventilate and 
prepare for the next test. 

IV. EXPERIMENTAL RESULTS AND ANALYSIS 

A. Test results 

The upper and lower limits of gas explosion on initial 
temperature coupled with ignition energy are shown in Table 
1 and Table 2: 

TABLE I.  THE UPPER LIMIT OF GAS EXPLOSION ON INITIAL 

TEMPERATURES COUPLED WITH IGNITION ENERGY (%) 

 50J 100J 400J 800J 

50℃ 16.3 16.5 17.0 17.1 

100℃ 16.8 17.0 17.5 17.6 

150℃ 17.2 17.4 18.0 18.1 

200℃ 17.5 17.7 18.3 18.4 

TABLE II.   THE LOWER LIMIT OF GAS EXPLOSION ON INITIAL 

TEMPERATURES COUPLED WITH IGNITION ENERGY (%) 

 50J 100J 400J 800J 

50℃ 4.90 4.81 4.65 4.59 

100℃ 4.61 4.51 4.37 4.33 

150℃ 4.42 4.32 4.20 4.17 

200℃ 4.25 4.17 4.06 4.02 

 

B. Impact analysis of initial temperature on gas explosive 

limits 

To explore the rules of gas explosive limits as a function 
of initial temperature variation, the test results in Table 1 and 
Table 2 are plotted in the coordinate system with the initial 
temperature as abscissa and the gas explosive limiting 
concentration as the ordinate, and data fitting is performed. 
So, the fitting curves of the upper and lower explosive limits 
varied with different initial temperatures are shown in Figure 
4 and Figure 5, respectively. 

   

Fig. 4. Fitting curve of upper limit of gas explosion on different initial 

temperature 

 

Fig. 5. Fitting curve of lower limit of gas explosion on different initial 

temperature 

As can be seen from Figure 4, with the initial temperature 
gradually increased, the upper limit of gas explosion 
gradually increases too, but its upward trend gradually slows 
down. For example, the upper limiting change rates of gas 
explosion are 0.01%/°C and 0.006%/°C when the ignition 
energy is 50J and the initial temperatures are in the range of 
50 ~ 100 °C and 150~200°C, respectively. The upper limit of 
gas explosion has a similar change when the ignition 
energies are 100J, 400J and 800J respectively. As can be 
seen from Figure 5, with the initial temperature gradually 
increased, the lower limit of gas explosion gradually 
decreases, but its upward trend gradually slows down. For 
example, the lower limiting change rates of gas explosion are 
0.0058%/°C and 0.0034%/°C when the ignition energy is 50J 
and the initial temperatures are within the range of 50 ~ 
100 °C and 150~200°C, respectively. The lower limit of gas 
explosion has a similar change when the ignition energies are 
50J, 100J and 400J respectively. 

Near the upper and lower limits of gas explosion, the 
explosion systems are in the states of fuel-rich and oxygen-
rich, respectively. The increase of initial temperature can 
increase the probability of effective collision of methane 
molecules and oxygen molecules to a certain extent and 
increase the number of activated molecules in those two 
states, so that when the temperature increases, the upper limit 
of gas explosion increases while the lower limit of gas 
explosion decreases. But as the probability of effective 
collision decreases rapidly due to the enhancement of rich or 
oxygen-rich condition, the change rates of the upper and 
lower explosive limits are getting smaller and smaller 
resulting in the curve shapes in Figure 4 and Figure 5. 

The initial temperature is used as an independent variable 
x and the upper limiting concentration of gas explosion is 
used as a function y, then the curve in Figure 4 is in 
accordance with the exponential equation shown in equation 
(1): 

0 1

1

exp( )
x

y y A
t

   (50 200)x  （）

The values of each parameter in equation (1) are shown 
in Table 3. 
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TABLE III.  PARAMETER COMPARISON TABLE 

Ignition 

energy /J 
y0 A1 t1 R2 

50 18.57498 -2.92387 -199.58802 0.99988 

100 18.77498 -2.92387 -199.58802 0.99988 

400 19.74875 -3.42817 -229.68781 0.99248 

800 19.84875 -3.42817 -229.68779 0.99248 

The initial temperature is used as the independent 
variable x and the lower limiting concentration of gas 
explosion is used as a function y, then the curve in Figure 5 
is in accordance with the exponential equation shown in 
Equation (2): 

0
0 1

1

( )
exp( )

x x
y y A

t

 
   (50 200)x  （）

The values of each parameter in equation (2) are shown 
in Table 4. 

TABLE IV.  PARAMETER COMPARISON TABLE 

Ignition 

energy /J 
y0 A1 x0 t1 R2 

30 3.7207 1.1793 50 187.237 0.99952 

100 3.81997 0.99003 50 144.2695 0.99542 

400 3.73732 0.91268 50 144.2695 0.98245 

800 3.5754 1.0146 50 181.80287 0.98578 

C. Impact analysis of ignition energy on gas explosive 

limits 

To explore the rules of gas explosive limits as a function 
of ignition energy variation, the test results in Table 1 and 
Table 2 are plotted in the coordinate system with the ignition 
energy as the abscissa and the gas explosive limiting 
concentration as the ordinate, and data fitting is performed. 
So, the fitting curves of the upper and lower explosive limits 
varied with different ignition energies are shown in Figure 6 
and Figure 7, respectively. 

   

Fig. 6. Fitting curve of upper limit of gas explosion on different ignition 

energy 

 

Fig. 7. Fitting curve of lower limit of gas explosion on different ignition 

energy 

The upper limit of gas explosion has a similar change 
when the ignition energies are 100J, 400J and 800J 
respectively. As can be seen from Figure 5, with the initial 
temperature gradually increased, the lower limit of gas 
explosion gradually decreases, but its upward trend gradually 
slows down. For example, the lower limiting change rates of 
gas explosion are 0.0058%/°C and 0.0034%/°C when the 
ignition energy is 50J and the initial temperatures are within 
the range of 50 ~ 100 °C and 150~200°C, respectively. The 
lower limit of gas explosion has a similar change when the 
ignition energies are 50J, 100J and 400J respectively. 

As can be seen from Figure 6, with the ignition energy 
gradually increased, the upper limit of gas explosion 
gradually increases too, but its upward trend slows down 
gradually. For example, the upper limiting change rates of 
gas explosion are 0.004%/J and 0.00025%/J when the initial 
temperature is 50°C and the ignition energies are within the 
range of 50~100J and 400~800J. The lower limit of gas 
explosion has a similar change when the initial temperatures 

are 100℃, 150℃ and 200℃ respectively. As can be seen 

from Figure 7, with the ignition energy gradually increased, 
the lower limit of gas explosion gradually decreases, but its 
downward trend slows down gradually. For example, the 
lower limiting change rates of gas explosion are 0.0058%/°C 

and 0.0034%/°C when the initial temperature is 50℃and the 

ignition energies are within the range of 50~100J and 
400~800J, respectively. The lower limit of gas explosion has 
a similar change when the initial temperature are 

100℃,150℃ and 200℃ respectively. 

Near the upper and lower limits of gas explosion, the 
explosion systems are in the states of fuel-rich and oxygen-
rich, respectively. The increase of ignition energy can 
increase the probability of effective collision of methane 
molecules and oxygen molecules to a certain extent and 
increase the number of activated molecules in those two 
states, so that when the ignition energy increases, the upper 
limit of gas explosion increases while the lower limit of gas 
explosion decreases. But as the probability of effective 
collision decreases rapidly due to the enhancement of rich or 
oxygen-rich state condition, the change rates of the upper 
and lower explosive limits are getting smaller and smaller 
resulting in the curve shapes in Figure 6 and Figure 7. 

The ignition energy is used as an independent variable x 
and the upper limiting concentration of gas explosion is used 
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as a function y, then the curve in Figure 6 is in accordance 
with the exponential equation shown in equation (3): 

0 1

1

exp( )
x

y y A
t

   (50 800)x  （）

The values of each parameter in equation (3) are shown 
in Table 5. 

TABLE V.  PARAMETER COMPARISON TABLE 

Initial 

temperature /℃ 

y0 A1 t1 R2 

50 17.13473 -0.97234 -217.15127 0.99276 

100 17.63473 -0.97234 -217.15127 0.99276 

150 18.14889 -1.11202 -222.40695 0.98129 

200 18.44889 -1.11202 -222.40695 0.98129 

The ignition energy is used as the independent variable x 
and the lower limiting concentration of gas explosion is used 
as a function y, then the curve in Figure7 is in accordance 
with the exponential equation shown in Equation (4): 

0
0 1

1

( )
exp( )

x x
y y A

t

 
   (50 800)x  （）

The values of each parameter in equation (4) are shown 
in Table 6. 

TABLE VI.  PARAMETER COMPARISON TABLE 

Initial 

temperature /℃ 

y0 A1 x0 t1 R2 

50 4.57526 0.32474 30 249.01854 0.99452 

100 4.32377 0.28623 30 201.18379 0.99442 

150 4.16635 0.25365 30 181.54412 0.98253 

200 4.01288 0.23712 30 219.61183 0.98267 

D. Impact analysis of coupling of ignition energy and initial 

temperature on gas explosive limits 

According to equations (4) and (5), the upper and lower 
explosive limits can be figured out under the condition that 
the initial temperature of 50°C, 100°C, 150°C and 200°C are 
coupled with different ignition energy (50-800J) respectively. 
The data are shown in Table 7 and Table 8:  

TABLE VII.  GAS EXPLOSIVE UPPER LIMIT UNDER TEMPERATURE 

COUPLED WITH IGNITION ENERGY(%) 

 50°C 100°C 150°C 200°C 

50J 16.288 16.788 17.177 17.477 

100 J 16.521 17.021 17.440 17.740 

170 J 16.690 17.190 17.631 17.931 

240 J 16.813 17.313 17.771 18.071 

310 J 16.901 17.401 17.873 18.173 

380 J 16.966 17.466 17.947 18.247 

 50°C 100°C 150°C 200°C 

450 J 17.012 17.512 18.002 18.302 

520 J 17.046 17.546 18.042 18.342 

590 J 17.070 17.570 18.071 18.371 

660 J 17.088 17.588 18.092 18.392 

730 J 17.101 17.601 18.107 18.407 

800 J 17.110 17.610 18.118 18.418 

TABLE VIII.  GAS EXPLOSIVE LOWER LIMIT UNDER TEMPERATURE 

COUPLED WITH IGNITION ENERGY(%) 

 50°C 100°C 150°C 200°C 

50J 4.900 4.610 4.420 4.250 

100 J 4.820 4.526 4.339 4.185 

170 J 4.760 4.466 4.284 4.138 

240 J 4.715 4.425 4.246 4.104 

310 J 4.681 4.395 4.221 4.079 

380 J 4.655 4.374 4.203 4.061 

450 J 4.635 4.359 4.191 4.048 

520 J 4.621 4.349 4.183 4.038 

590 J 4.610 4.341 4.178 4.031 

660 J 4.601 4.336 4.174 4.026 

730 J 4.595 4.333 4.172 4.023 

800 J 4.590 4.330 4.170 4.020 

The data in Table 7 and Table 8 are plotted in a three-
dimensional Cartesian coordinate system with the initial 
temperature, ignition energy and methane explosive limit 
concentration as the coordinate axes, and data fitting is 
performed. The fitting surfaces of upper and lower explosive 
limits are shown in Fig. 8 and Fig. 9. 

 

 

Fig. 8. Surface of gas upper explosive limit on initial temperature coupled 

with ignition 
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Fig. 9. Surface of gas lower explosive limit on energy initial temperature 
coupled with ignition energy 

Used the initial temperature as the independent variable x, 
the ignition energy as the independent variable y and the 
upper concentration of methane explosion as a function z, 
then the surface in Figure 8 is consistent with the exponential 
equation shown in equation (5). 

2 2

0z z ax by cx dy fxy      

200 800x y   （50 ，50 ）（）

The values of each parameter in equation (5) are shown 
in Table 9. 

TABLE IX.  PARAMETER OF FITTING FUNCTION COMPARISON TABLE 

z0 a b c d f R2 

4.2089E

-11 
1 

1.89605E

-14 

1.40425E

-13 

1.72656E

-19 

1.08618E

-15 
1 

Used the initial temperature as the independent variable x, 
the ignition energy as the independent variable y and the 
upper concentration of methane explosion as a function z, 
then the surface in Figure 9 is consistent with the exponential 
equation shown in equation (6). 

2 2

0z z ax by cx dy fxy     

200 800x y   （50 ，50 ）（）

The values of each parameter in equation (6) are shown 
in Table 10. 

TABLE X.  PARAMETER COMPARISON TABLE 

z0 a b c d f R2 

8.34964E

-12 
1 

3.07298E

-15 

3.89129E

-13 

4.18174E

-21 

6.7904E

-16 
1 

As can be seen from Figure 8, with the gradually 
increased of initial temperature and ignition energy, the 
upper limit of gas explosion increases gradually. Besides, the 
upper limit of gas explosive surface is convex and the 
surface becomes more and more gentle, which indicates the 
upward trend gradually becomes slower. As can be seen 
from Figure 9, with the gradually increased of initial 

temperature and ignition energy, the lower limit of gas 
explosion decreases gradually. Besides, the lower limit of 
gas explosive surface is concave and the surface becomes 
more and more gentle, which indicates the downward trend 
gradually becomes slower. 

The change rule of gas explosive limits on initial 
temperature coupled with ignition energy is consistent with 
the change law of gas explosive limits under the influence of 
the single factor, initial temperature or ignition energy. As 
shown in Table 7 and Table 8, the limiting range of gas 

explosion is 14.398% when the initial temperature is 200℃ 

and the ignition energy is 800J, while its limiting range is 

11.388% when the initial temperature is 50 ℃  and the 

ignition energy is 50J. Compared these two conditions, the 
former limiting range of gas explosion value is 26.4% larger 
than the latter one, which shows the difference on coupling 
condition of initial temperature and ignition energy has a 
relatively large impact on the gas explosive limit. 

E. Analysis on the two-factor of gas explosive limits 

In order to investigate whether the initial temperature and 
ignition energy have a significant influence on gas explosive 
limits, the analysis of two-factor multi-level variance has 
been performed on the data of gas explosive limits (i.e. the 
data in Table 1 and Table 2) under different combinations of 
initial temperature and ignition energy levels. The analyze 
results are shown in Table 11 and Table 12.  

TABLE XI.  TWO-FACTOR VARIANCE ANALYSIS ON EXPLOSIVE UPPER 

LIMIT 

Resource SS df MS F 
P-

value 
conclusion 

ignition 

energy 
3.57 3 1.19 1071 

8.31E

-12 

extremely 

significant 

initial 

temperature 
2.06 3 0.686667 618 

9.77E

-11 

extremely 

significant 

error 0.01 9 0.001111    

total 5.64 15     

TABLE XII.  TWO-FACTOR VARIANCE ANALYSIS ON EXPLOSIVE LOWER 

LIMIT 

Resource SS df MS F 
P-

value 

conclusio

n 

ignition 

energy 
0.830225 3 0.276742 881.6549 

1.99E

-11 

extremely 

significant 

initial 

temperature 
0.180725 3 0.060242 191.9204 

1.79E

-08 

extremely 

significant 

error 0.002825 9 0.000314    

total 1.013775 15        

 

As can be seen from the data in Table 11and Table 12, 
under the coupling condition of the initial temperature and 
ignition energy, both initial temperature and ignition energy 
have extremely significant effects on the upper and lower 
limits of the gas explosion.  
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V. CONCLUSION 

(1) It is obtained that the variation of the upper and lower 
limits of gas explosion under the influence of initial 
temperature, ignition energy and the coupling condition of 
those two factors. 

(2) The coupling condition of initial temperature and 
ignition energy has a great influence on the gas explosive 
limit. With the increase of initial temperature and ignition 
energy, the upper limit of gas explosion increases and the 
lower explosive limit decreases, and its rising and falling 
trends tend to be gentle. 

(3) Under the coupling condition of initial temperature 
and ignition energy, both those two factors have extremely 
significant effects on the upper and lower limits of the gas 
explosion. 
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