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Inert gas fire prevention and extinguishing are used tech-
nologies in goaf (Su et al. 2017; Liu et al. 2020; Fang et al. 
2022; Ming et al. 2022). Nitrogen (N2) and Carbon dioxide 
(CO2) have stable chemical properties and are commonly 
used gases in goaf to suppress the spontaneous combustion 
of residual coal. The earliest case of using CO2 to prevent 
and extinguish fires was in the Clackmanan coal mine in 
Scotland in 1851, while N2 was first used to extinguish mine 
fires in 1949 (Fang 2021). After injecting inert gas into the 
goaf, it can significantly reduce the oxygen concentration 
and carry away heat, effectively reducing the range of coal 
spontaneous combustion danger areas in the goaf (Yuan and 
Smith. 2014; Liu et al. 2016; Zhang et al., 2019). However, 
effectiveness is the primary consideration for decision-mak-
ers in determining which gas to use.

In recent years, some scholars have extensively stud-
ied the flame retardancy of N2 and CO2. Wu et al. (2018) 
and Lei et al. (2020) conducted experiments on inert gas 
suppression during open-flame coal combustion in con-
fined spaces. They found that CO2 has a better ability to 
extinguish open-flame coal combustion. Jiang et al. (2014) 
studied the apparent activation energy after introducing 
air, N2-air mixture gas, and CO2-air mixture gas and found 

1 Introduction

Most of China’s coal mines belong to underground mining, 
and after coal is extracted, a goaf will be formed behind 
the working face. Coal spontaneous combustion in goaf 
areas is one of the common disasters in coal mines in China, 
accounting for over 60% of the total number of coal mine 
fires (Wang et al. 2021a, b, c). The spontaneous combustion 
of coal in goaf not only generates a large amount of toxic 
and harmful gases (Song et al. 2014; Wang et al. 2021a, b) 
but also induces various thermal disasters (Zhao et al. 2022; 
Xu et al. 2022; Xu et al. 2022; Zeng et al. 2022).
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Abstract
To test the effectiveness of N2 and CO2 in preventing coal from spontaneously combusting, researchers used an adiabatic 
oxidation apparatus to conduct an experiment with different temperature starting points. Non-adsorbed helium (He) was 
used as a reference gas, and coal and oxygen concentration temperature variations were analyzed after inerting. The results 
showed that He had the best cooling effect, N2 was second, and CO2 was the worst. At 70℃ and 110℃, the impact of 
different gases on reducing oxygen concentration and the cooling effect was the same. However, at the starting tempera-
ture of 150℃, CO2 was less effective in lowering oxygen concentration at the later stage than He and N2. N2 and CO2 
can prolong the flame retardation time of inert gas and reduce oxygen displacement with an initial temperature increase. 
When the starting temperature is the same, N2 injection cools coal samples and replaces oxygen more effectively than CO2 
injection. The flame retardancy of inert gas is the combined result of the cooling effect of inert gas and the replacement 
of oxygen. These findings are essential for using inert flame retardant technology in the goaf.
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that CO2 has a better inhibitory effect on coal spontaneous 
combustion. Smith and Glasser (2005) studied the impact 
of various factors on the low-temperature oxidation rate 
of coal, and the results showed that N2 concentration can 
reduce the oxidation reaction rate of coal. Zhu et al. (2014a) 
carefully studied the changes in oxygen consumption rate 
under different CO2-N2-O2 mixed gas conditions through 
temperature-programmed experiments. They found that as 
the concentration of N2 and CO2 increased, the oxygen con-
sumption rate of coal samples gradually decreased. These 
studies have shown that N2 and CO2 have good flame retar-
dancy, and almost all believe CO2 has better flame retar-
dancy. However, there is still a process of environmental 
heat dissipation during comparing the two.

Adiabatic oxidation experiment is an essential means to 
study the spontaneous combustion characteristics of coal 
(Beamish et al. 2000; Beamish 2005; Tan et al. 2013; Zhu 
et al. 2014b; Arisoy et al. 2017; Wang et. 2018; Zhang et 
al. 2020). When the adiabatic oxidation method is used to 
study the spontaneous combustion process of coal, a certain 
amount of coal sample is first supplied with oxygen to heat 
itself. Then the tiny heat generated by the oxidation of the 
coal sample in the coal sample tank is retained through the 
adiabatic devices such as Cryogenic storage dewar, insu-
lating asbestos, and thermostat to realize the self-heating 
process of the coal sample until the temperature rises. Spon-
taneous combustion occurs (Tan et al. 2013). The adiabatic 
oxidation method can reflect the oxidation heat release char-
acteristics of coal itself and avoid the influence of exter-
nal heat sources (Li et al. 2019). Therefore, using adiabatic 
conditions to cool the oxidized crushed coal can accurately 
compare the flame retardancy of inert gas, as heat exchange 
only occurs between inert gas and coal.

This article compares the flame retardancy of N2 and 
CO2 on oxidized and heated crushed coal under adiabatic 
oxidation conditions to eliminate the influence of external 
heat exchange. The experiment involves heating the coal 

sample to a specific temperature through self-heating under 
adiabatic conditions and then injecting it with the same inert 
gas flow rate to observe the difference in flame retardancy 
between the two gases during the low-temperature oxida-
tion stage of coal. The aim is to provide theoretical guidance 
for using inert gas to prevent spontaneous coal combustion.

2 Experimental equipment and process

2.1 Experimental setup

The experimental device adopts a coal low-temperature 
adiabatic oxidation experimental device, which mainly 
includes a gas supply system, a vacuum pumping system, 
a temperature and flow control system, a reaction system, 
and a constant temperature box, as shown in Fig. 1. The gas 
supply system can provide four types of high-pressure gases 
(O2, N2, CO2, and He) with constant flow rate and tempera-
ture for the experiment; The vacuum system can pre extract 
oxygen from the coal sample tank to avoid oxidation of the 
coal sample during the drying process; The temperature and 
flow control system mainly controls temperature and flow; 
The reaction system primarily consists of a coal sample 
tank, which can accommodate approximately 200 g of coal 
samples; The incubator is mainly composed of a constant 
temperature chamber and copper coils. During the adiabatic 
oxidation experiment, the temperature in the constant tem-
perature chamber follows the temperature in the coal sample 
tank and remains consistent with the temperature in the coal 
sample tank, with an error of ± 0.1 ~ 0.2 ℃; The copper coil 
is about 6 m long and can ensure that the imported gas is 
preheated in the constant temperature chamber. After enter-
ing the coal sample tank, the gas temperature is consistent 
with the coal temperature and will not take away the coal 
temperature.

Fig. 1 Experimental device for low-temperature adiabatic oxidation of 
coal
Note 1- Pressure reducing valve; 2- Pressure stabilizing valve; 3- Pres-
sure gauge; 4-6-way valve; 5- Inlet mixing chamber; 6- Temperature 

and flow control system; 7- Thermostat; 8-Copper coil; 9- Heater; 10- 
Fan; 11- Air outlet pipeline; 12- Thermocouple; 13- Temperature mea-
surement line; 14- Coal sample; 15- Coal sample tank; 16- Gas outlet 
mixing chamber
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2.2 Experimental process

After the experimental coal samples were removed from 
the coal seam, they were wrapped with cling film and trans-
ported to the laboratory. Coal samples with particle sizes 
of 3 ~ 5 mm were prepared according to (GB474-2008 
Preparation Methods of Coal Samples). Nine sets of parallel 
experiments were conducted with the coal low-temperature 
adiabatic oxidation experimental apparatus, and the experi-
mental steps were:

(1) Weigh the prepared 200 g coal sample into the jar and 
then load the coal sample jar into the experimental system.

(2) Close the inlet valve after checking the gas tightness 
of the device, turn on the vacuum pump, and carry out vacu-
uming. The time of evacuation is 2 h.

(3) After turning off the vacuum pump, open the valve of 
the high-pressure N2 bottle, and pass N2 into the coal sample 
tank at the maximum flow rate (300ml/ min) on the adiabatic 
oxidation device, and after a certain period when the coal 
sample tank is no longer under negative pressure, open the 
valve of the outlet and monitor the oxygen concentration.

(4) When the oxygen concentration at the outlet is zero, 
set the temperature rise program to warm up the coal sam-
ple. After heating up, gradually reduce the N2 flow rate to 
150ml/min and dry the coal sample at 105℃ for 15 h (Tan 
et al. 2013; Zhu et al. 2014b).

(5) After the drying is completed, the temperature is set 
to manual mode to keep the temperature of the coal sample 
tank at 40℃ for 20 min. The N2 is replaced with oxygen, the 
oxygen flow rate is 60ml/min, the temperature is set to auto-
matic tracking mode, and the coal sample tank coal sample 
starts to undergo a self-heating reaction.

(6) After the temperature of the coal body in the coal 
sample tank increases, when the temperature reaches 70 °C, 
110 and 150 °C, respectively, immediately inject N2 for 
flame retardation until the temperature drops to 30 °C;

(7) Repeat steps (1) ~ (6) for the flame retardant experi-
ments of CO2 and He, respectively.

3 Results and discussion

3.1 Temperature changes of coal samples after 
inert gas injection

The temperature changes of each group of experiments are 
shown in Fig. 2. From Fig. 2, and it can be observed that 
the maximum heating time for each group of experiments 
does not exceed 70 h. During the self-heating phase, there 
were some differences in the warming curves for different 
target temperatures, but the overall error was small, which 
indicates that the experiments were reproducible. In the 

cooling stage, with the injection of inert gas, the tempera-
ture of the coal sample tank showed a trend of first briefly 
increasing and then continuously decreasing. Overall, the 
cooling curves of the inert gas flame retardant experiment at 
different temperature stages were different, while the higher 
the target temperature, the longer the flame retardant time 
required under the same inert gas injection flow rate.

3.2 Changes in oxygen concentration after inert gas 
injection

The curve of the outlet oxygen concentration with time dur-
ing the cooling stage after injecting three types of inert gas 
is shown in Fig. 3.

It is easy to analyze from Fig. 3:
(1) Regardless of the gas type, the outlet oxygen change 

curve at an initial temperature of 150 ℃ was always below 
110 ℃, and the oxygen change curve at an initial tempera-
ture of 70 ℃ was at the top. However, during the initial 
cooling stage in Fig. 3a, the oxygen concentration change 
curve with an initial temperature of 70 ℃ was located 
below 110 ℃, which the discreteness of the instrument may 
cause. The position relationship of the oxygen concentra-
tion change curve at the outlet after inert injection at three 
initial temperatures was jointly determined by the coal oxi-
dation rate of coal and the residual amount of oxygen in the 
coal sample tank. According to the Arrhenius formula, the 
higher the temperature, the faster the reaction rate of coal, 
which means that the oxygen consumption of coal is greater 
simultaneously. After insertion, the remaining oxygen in the 
coal sample tank was the highest at an initial temperature 
of 70 ℃, followed by 110 ℃, and the lowest at 150 ℃. 
These two factors determine the positional relationship of 
the oxygen concentration curve with time at three different 
initial temperatures.

(2) Comparing the temperature changes of the same gas at 
different initial temperatures, it was found that the positional 
relationship of the curves corresponding to He, N2, and CO2 
is different. Among them, after He injection (Fig. 3a), the 
position relationship of the three curves was almost equidis-
tant during the approximately vertical decrease in oxygen 
concentration. The three-position relationships of the other 
two gases were relatively similar: the curves corresponding 
to the initial temperature of 70 ℃ and 110 ℃ almost over-
lap, and the curves corresponding to the initial temperature 
of 150 ℃ had noticeable spacing. The corresponding rela-
tionship between the three curves indicated that as the initial 
temperature increases, the concentration of outlet oxygen 
is determined by the rate of oxygen consumption, which 
means that the rate at which N2 and CO2 displace oxygen 
from the coal is lower than the rate at which oxygen is con-
sumed during the high-temperature stage. Therefore, under 
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3.3 Flame retardant efficiency

3.3.1 Temperature and oxygen concentration decreases at 
the same initial temperature

The cooling and outlet oxygen concentrations of different 
inert gases under the same initial temperature conditions are 
shown in Fig. 4.

From Fig. 4, it can be observed that:
(1) The longest time required for each group of experi-

ments to cool down to 30℃ is inconsistent with the longest 
time for oxygen to drop to 1%. The cooling time and the Fall 
time of oxygen concentration are shown in Table 1. For He, 

high-temperature conditions, increasing the flow rate of N2 
or CO2 accelerates the dilution of oxygen concentration in 
coal pores and replaces adsorbed oxygen. Only by reducing 
the oxygen concentration in the coal at a rate more signifi-
cant than the oxygen consumption rate can further heating 
the coal be avoided.

Fig. 2 Temperature changes of 
different inert gas flame retardant 
experiments
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(2) The main reason for the temperature drop was the 
convective heat dissipation of the gas. In the temperature 
curve variation chart, the CO2 cooling curve was above N2, 
while He was below N2. This indicated that during the same 
period of temperature decrease, He had the best cooling 
effect, followed by N2, and CO2 was the weakest.

(3) The adsorption of N2 and CO2 by coal occurs at low 
temperatures. The cooling curves of N2 and CO2 were close 
to each other (Fig. 4a, c, and 4 f). This was caused by the 
fact that the specific heat capacity of He was the largest, 
and the difference between N2 and CO2 was not much, so 
the convective heat dissipation ability was strong under 
the condition of the same flow rate. He is a nonabsorbable 
gas; N2 and CO2 are adsorbable gases, and the adsorption 
of N2 and CO2 produced by coal increased after the coal 
temperature was lowered. When the temperature dropped 
to about 50℃, the slope of the cooling curves for N2 and 
CO2 significantly decreased due to the decrease in outlet 

when the temperature drops from 70℃ to 30℃, the concen-
tration of oxygen at the outlet was 34%, indicating that He 
has a more robust cooling ability than the ability to replace 
oxygen; For the other two gases, when the temperature 
drops to 30℃, the outlet concentration was already less than 
3%, indicating that at 70℃, the cooling ability of N2 and 
CO2 was equivalent to the ability to replace oxygen. When 
the initial temperature was 110℃, the temperature decrease 
was the same as the time of oxygen concentration decrease, 
indicating that the cooling and oxygen displacement abili-
ties of these three inert gases were equivalent. When the 
initial temperature was 150℃, the time when the oxygen 
concentration dropped to 3% was longer than the time when 
the temperature dropped. This was because after a certain 
degree of coal oxidation, the coal structure became looser 
(Zhu et al. 2023), and the difficulty of oxygen replacement 
increased.

Fig. 3 Changes of outlet oxygen concentration during inert gas injection
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in the temperature decrease curve was due to the displace-
ment of a large amount of free oxygen, and the adsorbed 
state oxygen maintains coal self-heating.

(4) There were two reasons for the decrease in oxygen 
concentration in coal: firstly, it participated in the coal 
oxygen reaction; Secondly, it was the replacement of the 
injected gas. Under the same initial temperature, the posi-
tion relationship of the oxygen decline curve corresponding 
to He, N2, and CO2 is different. At initial temperatures of 
70 and 110 °C (Figs. 4a, b, c, and d), the rate of decrease 
of oxygen after injection of He was the fastest, followed by 
N2, while CO2 was the smallest. When the initial tempera-
ture was at 150℃ and dropped from 150℃ to about 50℃, 
the corresponding oxygen concentration decrease curves of 
the three coincide; however, in Figs. 4e f, the carbon diox-
ide was lower than the oxygen concentration in the nitrogen 
group at temperatures down to about 50 °C. Still, the carbon 

flow caused by adsorption, resulting in a reduction of the 
convective heat dissipation intensity of N2 and CO2. While 
reducing the initial temperature to about 50 ℃, the cool-
ing curves of N2 and CO2 became closer, indicating that the 
higher the initial temperature, the smaller the difference in 
the extinguishing ability of N2 and CO2 gases with the same 
flow rate. However, in the later cooling stage, the convec-
tive heat dissipation intensity differed due to differences in 
gas adsorption performance, and the positions of the two 
cooling curves were separated. For He, the inflection point 

Table 1 Total cooling time and total oxygen drop time
Gas Type 70 ℃ 110 ℃ 150 ℃
He (93, 220) (175, 171) (217, 103)
N2 (320, 312) (289, 294) (357, 281)
CO2 (406, 541) (403, 438) (393, 151)
Note: In (a, b), a is the cooling time, min, and b is the time to replace 
oxygen, min

Fig. 4 The temperature change of 
the coal sample and the change of 
the outlet oxygen concentration
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3.3.3 Relative displacement efficiency

The process of injecting inert gas into the coal sample tank 
is accompanied by the outflow of oxygen, i.e., the replace-
ment of oxygen. The oxygen replacement process is an 
exchange process of substances. Therefore, to measure the 
ability of different inert gases to replace oxygen, the relative 
replacement rate is defined as follows:

ηr =
VO2

Vg
× 100% (1)

Where: VO2is the amount of oxygen replaced by inert gas 
per unit time, L; Vg is the amount of inert gas injected per 
unit time, L. Assuming a constant outlet gas flow rate, the 
amount of inert gas injected per unit of time and the amount 
of oxygen replaced by inert gas can be solved according to 
the defined Eq. (2):

Vd =
∫ t

0
Qtctdt  (2)

Where: t is the time, s; Vd is the replacement volume of gas, 
L; Qt is the flow rate of outlet gas at moment t, L/s; ct is 
the volume fraction of outlet gas, %. The amount of inert 
gas injected and the amount of oxygen replaced by inert gas 
during inert injection calculated according to Eq. (2) are 
shown in Table 2.

The replacement efficiencies of the three inert gases with 
increasing temperature are shown in Fig. 6. In Fig. 6, the 
replacement rate curves of He, N2, and CO2 are “convex”, 
and the replacement efficiency of the two gases decreases 
as the initial temperature increases. Therefore, the overall 

dioxide group was higher than the oxygen concentration in 
the nitrogen group. It was likely that some of the carbon 
dioxide was absorbed by the coal body, resulting in less 
oxygen being displaced and the coal body sustaining oxy-
gen heat production.

3.3.2 Cooling rate

The time required for the initial temperature to drop to 50℃ 
was relatively short, and the time necessary for 50℃ to drop 
to 30℃was rather long. There was a significant difference 
in the cooling rate between the two. Therefore, the cooling 
rates of different inert gases should be studied in stages. The 
cooling rate refers to the amount of temperature decrease 
per unit time. The curves of the cooling rates of the three 
inert gases as a function of temperature are shown in Fig. 5, 
calculated at a boundary temperature of 50℃.

In Fig. 5, during the cooling period, He showed the high-
est cooling rate, followed by N2, and CO2 was the smallest., 
which indicated that He works best in the inert gas flame 
retardant process. From the initial temperature down to 
the 50℃ process (Fig. 5a), the cooling rate of N2 and CO2 
changed similarly. With the initial temperature increases, 
the cooling rate increases, which was mainly inert gas at 
high temperatures is not easy to be adsorbed by the coal 
body, the gas flow to carry out the heat. In Fig. 5b, the spe-
cific heat capacity of N2 was slightly larger than that of CO2, 
and the amount of CO2 adsorbed by the coal body exceeded 
that of nitrogen at a lower temperature. Not only that, in 
the adsorption process, the heat of the adsorption of CO2 by 
the coal body was greater than the heat of the adsorption of 
nitrogen (Zhou et al. 2020). Therefore, the cooling rate of 
N2 was faster than that of CO2.

Table 2 The total amounts of inert gas injected and oxygen replaced by inert gas
Gas 70 ℃ 110 ℃ 150 ℃

VO2 (L) Vg (L) ηr (%) VO2 (L) Vg (L) ηr (%) VO2/L Vg (L) ηr (%)

He 1.62 13.93 11.63 1.04 10.26 5.26% 0.38 6.76 5.62
N2 1.75 19.45 9.00 1.61 18.97 8.49% 0.45 10.13 4.42
CO2 2.17 33.60 6.46 2.07 32.69 6.33% 0.45 10.67 4.22

Fig. 5 Change of cooling rate 
with temperature. a Cool down 
from the initial temperature to 
50 °C. b Cool down from 50 °C 
to 30 °C
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Where: ηz is the flame retardant efficiency, %; ηT is the 
cooling efficiency, which is approximately equal to the nor-
malized value of the average cooling rate; ηr is the relative 
replacement rate; %; α is the weighting factor.

Since the flame retardant effect of inert gas is dependent 
on the amount of cooling and the decrease in oxygen con-
centration per unit of time, the weighting factor of the cool-
ing efficiency is defined as

α =
tr

(tr + tT)  (4)

Where: tT is the total cooling time, min; tr is the oxygen 
replacement time, min. whereupon from Table 2, the weight-
ing factor α is

trend shows a better displacement effect, followed by N2, 
and CO2 is the worst.

3.3.4 Flame retardant efficiency

Inert gas in the flame retardant process has two character-
istics, one is the use of convection heat dissipation cooling, 
and the other is to displace the oxygen in the coal body to 
reduce the oxygen concentration, to achieve the purpose of 
flame retardant. It can be seen that the flame retardant effi-
ciency of the inert gas is the result of the coupling of the two 
efficiencies. Therefore, the flame retardant efficiency in the 
process of defining the flame retardant of inert gas is

ηz = αηT + (1 − α)ηr  (3)

Fig. 6 Change of relative replacement rate with temperature
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is the average cooling rate of i at this temperature starting 
point of j, °C/min. Thus, the cooling efficiency is

ηT =




0.52 0.47 0.55
0.31 0.41 0.44
0.27 0.38 0.42



 (7)

The trends of flame retardant efficiency of He, N2, and CO2 
at different initial temperatures with the initial temperature 
are shown in Fig. 7.

Figure 7 shows that the flame retardant efficiency of He 
is the best, followed by N2, while CO2 is the weakest. With 
the increase of the initial temperature, the flame retardant 
efficiency of He decreases almost linearly. At the same time, 
N2 and CO2 show a trend of increasing and then decreas-
ing due to the adsorption effect. This outcome suggests that 
during the flame retardant process, helium, a non-adsorbed 

α =




0.70 0.49 0.32
0.46 0.50 0.44
0.61 0.52 0.28



 (5)

Since the average cooling rate change is nonlinear, increases 
with the initial temperature, and is not comparable, the non-
linear increasing function normalization model (6) is con-
sidered to normalize the average cooling rate to the [0,1] 
interval.

ηT =

√√√√
xij√∑i
i=0xij

2  (6)

Where: i denotes the gas, as He, N2, CO2; jdenotes different 
temperature starting points, as 70 °C, 110 °C, 150 °C; xij 

Fig. 7 Flame retardant efficiency changes with temperature
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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://creativecommons.
org/licenses/by/4.0/.
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gas with a high specific heat capacity of 5.1930kJ/g K at 
20℃, primarily contributes to convective heat dissipation 
to enhance flame retardancy. In comparison, nitrogen (with 
a specific heat capacity of 1.04kJ/g K at 20℃) and car-
bon dioxide (with a particular heat capacity of 0.84kJ/g K 
at 20℃) have lower specific heat capacities. The sizes are 
close to each other, so the difference in their flame and the 
difference in displacement capacity mainly causes retardant 
efficiencies.

4 Conclusions

(1) Injecting He, N2, and CO2 gases at different initial tem-
peratures resulted in three cooling curves. Higher initial 
temperatures required longer cooling time to reach 30 °C. 
He had the best cooling effect, followed by N2 and CO2.

(2) The trend of oxygen at the outlet is determined by 
the consumption of oxygen and the replacement of oxy-
gen by inert gas. By analyzing the oxygen replacement, it 
was found that the relative replacement rate of N2 and CO2 
increased with the increase in temperature, and the relative 
replacement rate of N2 was larger than that of CO2.

(3) The flame retardant efficiency of different inert gases 
was obtained by combining the cooling rate and displace-
ment efficiency of inert gases at different initial temperature 
stages. Comparing the flame retardant efficiencies of differ-
ent inert gases, the results showed that the flame retardant 
efficiency of inert gases is dominated by the convective heat 
dissipation ability of inert gases and the ability to displace 
the amount of oxygen in the coal body.
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