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ABSTRACT: Low-oxygen (oxygen concentration below 18.5%) phenomena often occur in the top coal caving working face of
ultrathick coal seams, posing a serious threat to the safety of workers. The characteristics of oxygen consumption and gas production
at low-constant temperature and the corresponding functional group evolution of residual coal in goaf were studied by temperature-
programmed and infrared spectrum experiments. The influence of different factors on the emission of low-oxygen gases was studied
through numerical calculation. The results show that low-temperature oxygen consumption and gas production occurred when the
coal was about 40 °C. When the temperature was constant, the oxygen consumption and gas production rate increased with the
extension of time. In the early stage of coal oxidation, the aliphatic C−H components were attacked by oxygen molecules and
reacted with them. The asymmetric methyl and methylene groups were more likely to oxidize and produce carbonyl compounds.
With the increase of nitrogen injection, the overall width of the oxidation zone (oxygen concentration was defined as 10−18%)
narrowed, and the range of the oxidation zone moved forward from the depth of the goaf. The oxygen concentration in the air return
corner decreased gradually, and the low-oxygen area in the air return corner expanded gradually. The distance between the low-
oxygen area of the working face and the air intake corner was gradually shortened. With the increase of air intake, the width of the
oxidation zone increased and moved to the depth of goaf, and the degree of low oxygen in the air return corner increased. The
research results are of great significance for the understanding and prevention of the low-oxygen phenomenon in ultrathick coal
seams.

1. INTRODUCTION
China is one of the major coal mining countries in the world.
Compared with other countries, China’s coal resources are
widely distributed, with significant differences in geological
conditions and more complex mining conditions.1 Among
them, spontaneous combustion,2 methane,3−5 dust,6 roof,7 and
water disasters8 are the main challenges faced by China’s coal
resource extraction. Due to the limitation of mining height, the
exploitation of ultrathick coal seams has always been a
worldwide problem. With the continuous development of
mining technology around the world, fully mechanized top
coal caving technology has been widely used in the exploitation
of ultrathick coal seams. Although this technology can
significantly improve the mining efficiency in ultrathick coal
seams, it brings some new problems, such as excessive coal

waste, serious air leakage in goaf, and harmful gas emission in
the air return corner. In recent years, the outflow of low oxygen
and other harmful gases from the air return corner of the top
coal caving working face in the ultrathick coal seams has
become more and more serious, which has seriously threatened
the safety of workers. In general, when the oxygen
concentration is below 18.5%, personnel’s work ability
decreases and breathing begins to be difficult. In addition, in
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order to effectively inhibit the spontaneous combustion of
residual coal in the goaf, nitrogen will be injected during the
mining process.9,10 The “technical specifications for nitrogen
fire prevention and extinguishing in coal mines” stipulate that
the oxygen concentration in the working face during nitrogen
injection should not be less than 18.5%. In summary, the
phenomenon when the oxygen concentration of the working
face is less than 18.5% is defined as a low-oxygen phenomenon.

In order to deal with the low-oxygen phenomenon in the air
return corner of the top coal caving working face, a series of
studies have been carried out, and it is found that the studies
are mainly focused on revealing the cause mechanism. Wang et
al.11 thought that oxygen consumption by spontaneous
combustion of a large amount of residual coal was the main
cause of the low-oxygen phenomenon. Gulawani et al.12 found
that air leakage in the goaf was the main reason for the
accumulation and exceeding of low-oxygen gases in the air
return corner of the working face. Wasilewski13 found that
mine air pressure varied synchronously with surface atmos-
pheric pressure and that atmospheric pressure fluctuations
were the main power source for low-oxygen gas spillage. Lolon
et al.14 found that the amount of low-oxygen gases emitted
from the goaf was controlled by the decreased rate of
atmospheric pressure. Lolon et al.15 pointed out that it was
the “breathing” effect of the “expansion−contraction” of the
goaf that led to the influx of low-oxygen gases into the working
face. Chen et al.16 thought coal seams located in the CO2−N2
zone provided intrinsic low-oxygen gases, nitrogen injection
into the goaf provided extrinsic low-oxygen gases, and
ventilation and atmospheric pressure changes provided the
power for low-oxygen gas emission.

Summarizing and analyzing the current research status, it
can be concluded that there is no unified understanding of the
mechanism of low-oxygen causation, and spontaneous
combustion in goaf is often considered to be the most
common causative factor.11−16 However, in recent years, it has

been often found that low oxygen and high carbon monoxide
often appear in the air return corner of the working face, but
there are no high temperature points and other obvious signs
of spontaneous combustion in the goaf. Therefore, the authors
propose the following hypothesis: the ultrathick coal seam has
already begun to undergo a slow coal oxygen reaction in an
environment close to room temperature. Although the reaction
is slow, due to the thickness of the coal seam, it will also
consume a large amount of oxygen and produce a large
amount of carbon monoxide. In addition, although many
scholars have carried out research on different factors of low-
oxygen gas emission, there are still shortcomings that the
research factor is single12−15 and the research conclusion is
qualitative.11,16 Therefore, there is a lack of systematic research
on the low-oxygen phenomenon in the top coal caving working
face of the ultrathick coal seam, and the research should focus
on both the oxygen consumption mechanism of residual coal at
low temperatures (even room temperature) and the emission
law of low-oxygen gases under different influencing factors.

2. ENGINEERING BACKGROUND
Madaotou coal Mine is located in Zuoyun County, Shanxi
Province, China, in the south of the Datong coal field. The
mine industrial square is approximately 45 km east of Datong
City and 15 km west of Zuoyun County. The geographic
location is in the east longitude: 112°37′01″−112°51′03″ and
north latitude: 39°46′48″−39°53′25″. The length of the
coalfield is about 20.087 km from east to west and 12.575
km from north to south, with an authorized mining area of
about 197.8132 km2. The ventilation method of the mine is a
hybrid, and the ventilation method is mechanical extraction.
The 8105 top coal caving working face mainly mines the 5(3-
5)# coal seam, with a burial depth of 300−460 m, an average
inclination angle of 3°, a strike length of 2,288 m, a dip length
of 220 m, a total thickness of 5.76−22.98 m, and an average

Figure 1. Mining and ventilation system diagram of the 8105 top coal caving working face.

Table 1. O2 Concentration at Different Locations in the Air Return Corner of the 8105 Working Face

production status height O2/% N2/% CO/% CH4/% CO2/% C2H6/%

coal cutting 2.5 m 18.43 78.86 0.000524 0.00517 2.71 0.000813
1.5 m 19.07 78.12 0.000465 0.009281 2.82 -
0.8 m 17.56 79.33 0.001936 0.008125 2.98 0.001455

top coal caving 2.5 m 16.5 78.59 0.001628 0.00813 4.96 0.000794
1.5 m 16.13 78.77 0.001231 0.000465 5.17 0.001185
0.8 m 16.96 79.44 0.00025 0.00193 3.66 0.001576

equipment maintenance 2.5 m 18.54 78.26 0.001165 0.00162 2.85 0.000698
1.5 m 19.13 78.47 0.001547 0.00123 2.43 -
0.8 m 19.66 78.14 0.00169 0.001822 2.29 0.000324
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coal thickness of 17.8 m. The mechanical coal cutting height of
the 8105 working face is 3.9 m, the top coal caving height is
13.9 m, and the thickness of the residual coal is about 1.78 m.

The mining and ventilation system diagram of the 8105 top
coal caving working face is shown in Figure 1. During the
production of the 8105 working face in three states, that is,
coal cutting, top coal caving, and equipment maintenance, the
oxygen concentrations monitored at different locations in the
air return corner are shown in Table 1. The oxygen
concentration monitoring points were arranged near the air
return corner, 1.5 m away from the coal wall of the air return
roadway, with heights of 2.5 m, 1.5 m and 0.8 m, respectively.
As can be seen from Table 1, there was a serious low-oxygen
area near the working face during the production process of
the 8105 working face in the Madaotou coal mine, and the
composition of gas emitted from the air return corner of
different working processes was significantly different, which
posed a great threat to the safe production of the working face.

3. RESEARCH METHODS
3.1. Low-Constant Temperature Oxygen Consump-

tion Program Heating Experiments. The low-temperature
oxygen consumption and gas production experiments of coal
left in the mining area were carried out by using a programmed
temperature-raising box and gas chromatography coupling
equipment (as shown in Figure 2).17,18 The experimental coal
samples were taken from the freshly exposed coal wall of the
8105 top coal caving working face of the Madaotou mine,
wrapped in plastic wrap, transported back to the laboratory,
and crushed in a vacuum environment. The properties of the
coal sample are shown in Table 2.

The specific experimental steps were as follows: (1) Screen
out fresh coal samples with a particle size of 6−10 mm. (2)
Load 800 g of coal samples into the sample tank and check the
air tightness of the system. (3) Pass dry air for 5 min before the
start of the experiments to discharge the impurity gas in the
coal sample tank and the gas adsorbed on the surface of the
coal sample. (4) Calibrate the gas chromatograph. (5) Increase
the temperature in the program heating box to 30 °C, 40 °C,
50 °C, 60 °C, 70 °C in turn. (6) Inject dry air with a flow rate

of 22 mL/min into the program heating box after it reached
the set temperature. The time after 2 min of air injection was
taken as the start time of every experiment. (7) Maintain each
set temperature for 120 min and use the gas chromatograph to
test the mixed gas at the outlet of the coal sample tank every 15
min. (8) Repeat each experiment three times to ensure
accuracy. (9) Analyze the experimental results and master the
characteristics of oxygen consumption and gas production of
residual coal at low temperatures.

3.2. Low-Constant Temperature Oxygen Consump-
tion Infrared Spectroscopy Experiments. The experimen-
tal research on the evolution of micro functional groups during
the low-temperature oxygen consumption process of the
residual coal in goaf was conducted by using an in situ Fourier
infrared spectrometer (as shown in Figure 3).19−21

The specific experimental steps were as follows: (1) Screen
out fresh coal samples with a particle size of 100−120 mesh.
(2) Open the in situ Fourier transform infrared spectrometer
analysis software, set the spectral scanning range to 4000−500
cm−1, resolution to 2 cm−1, scanning frequency to 64 times/s,
and the unit of in situ spectral absorption intensity to
Kubelka−Munk. (3) Bake KBr powder under an incandescent
lamp for about 10 min, then load KBr into a sample cell, adjust
the background light intensity to maximum, measure the
background spectrum of the infrared spectrum, remove the
sample cell, and pour out the KBr powder after the test is
completed. (4) Put the prepared coal samples into the sample
cell and measure the infrared absorption spectrum of the
residual coal. (5) Increase the temperature in the reaction tank
of the infrared spectrometer to 30 °C, 40 °C, 50 °C, 60 °C,
and 70 °C in turn. (6) Inject dry air with a flow rate of 22 mL/
min into the reaction tank after it reached the set temperature.
The time after 2 min of air injection was taken as the start time
of every experiment. (7) Maintain each set temperature for 120

Figure 2. Programmed temperature-raising box and gas chromatography coupling equipment.

Table 2. Properties of the Coal Sample

proximate analysis (wt %) ultimate analysis (wt %, daf)

Mad Aad Vad C H O N S

6.54 9.73 27.36 78.45 4.02 1.02 1.45 15.16

Figure 3. In situ Fourier transform infrared spectrometer.
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min, and test the infrared absorption spectrum of the coal
samples at the 30th, 60th, and 120th minutes of the same
constant temperature. (8) Repeat each experiment three times
to ensure accuracy. (9) Analysis the experimental results and
master the evolution law of micro functional groups during the
heating and oxidation processes of the residual coal in the goaf.

3.3. Numerical Simulation of the Influence of
Different Factors on Low-Oxygen Gas Emission. At
present, numerical calculation is the main tool for studying the
gas migration process in large-scale mining areas.22−27 Taking
the 8105 working face of the Madaotou mine as the
engineering background, Fluent3D numerical calculation
software was used to establish a numerical calculation model
of the flow field in the working face of extra-thick spontaneous
combustion coal seams. On this basis, the effects of nitrogen
injection in the goaf and air intake in working face on the
distribution of oxygen concentration in the mining area were
studied. The numerical calculation physical model of the 8105
working face is shown in Figure 4. The ventilation method of
the working face was U-type ventilation, the air intake was
2100 m3/min, and the oxygen concentration in the air intake
roadway was 0.21. The amount of residual coal in the goaf was
determined by setting the oxygen consumption height, which
was 1.78 m (Tables 3 and 4).

The coal and rock in the goaf are affected by the mining of
the working face, forming a free accumulation porous medium
area in the goaf. The movement of fluid in the goaf conforms
to the theory of porous medium seepage. The motion of fluid
in the goaf satisfies the mass and momentum conservation
equations of a porous medium. The mass conservation
equation in the porous medium is

+ =
t

v S( ) ( )f f m (1)

where γ is the porosity of porous media, m−3; ρf is the mass
density of the fluid, kg/m3; ∇ is the Hamiltonian operator; v is
the flow velocity of fluid in the porous medium, m/s; Sm is the
gas mass source term, kg/m3·s−1.

The momentum conservation equation in the porous
medium is

+ · = + · + +
t

v v v p g S( ) ( ) ( )f f f

(2)

where is the viscous stress tensor; p is gas pressure, Pa; S is
the additional momentum loss source term during air flow
migration in the porous medium. For the isotropic porous
medium:28

= + | |i
k
jjj y

{
zzzS v C v v

1
2i i2 f (3)

where μ is the dynamic viscosity coefficient of the fluid, kg/m·
s−1; α is the permeability; and C2 is the coefficient of inertial
resistance. According to Blake−Kozeny’s derivation idea, the
empirical formula for nonlinear flow condition is defined as28

= D n
n150(1 )

m
2 3

2 (4)

=C
D

n
n

3.5 (1 )
2

m
3 (5)

where Dm is the average particle size of the falling rock in the
goaf; and n is the porosity.

The oxygen diffusion equation is

+ · = · + +
÷

t
Y vY J R S( ) ( )i i i i i (6)

Figure 4. Schematic diagram of the geometric model.

Table 3. Main Parameters of the Calculation Model

no. model part geometric dimensions

1 air intake roadway length 20 m × width 5.1 m × height 3.9 m
2 air return roadway length 20 m × width 5.1 m × height 3.9 m
3 working face length 220 m × width 6.1 m × height 3.9 m
4 caving zone length 300 m × width 220 m × height 20 m
5 fracture zone length 300 m × width 220 m × height 80 m
6 nitrogen injection

port
diameter 0.3 m

Table 4. Boundary Conditions and Parameter Settings

category boundary condition

inlet velocity inlet
outlet free outflow
workface, roadway, and goaf wall

surfaces
non slip wall surface

porosity of porous medium in
goaf

use UDF to import porosity function

O2 consumption source term in
goaf

set according to experimental and actual
conditions

viscous and inertial resistance use PROFILE macro definition
nitrogen injection port velocity inlet
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where Yi is the oxygen mass fraction; Ri is the net rate of
oxygen chemical reaction generation, kg/m3·s−1; Si is the
oxygen generation rate, kg/m3·s−1;

÷
Ji is the diffusion flux of

oxygen given by Fick’s law, which in the turbulence model is
expressed as

= +
÷ i

k
jjjjjj

y
{
zzzzzzJ D

S
Y D

T
Ti i

t

c
i i,m T,

t (7)

where Di,m is the mass diffusion coefficient of oxygen; DT,i is
the thermal diffusion coefficient of component oxygen; Sct

is
the turbulent Schmidt number.

The distribution function of goaf porosity is as follows:

=

=
+ · + · <

+ · + ·

l
m
ooooooo

n
ooooooo

n n n n

y l

y
l

0.2e 0.1 (e 0.1) 0.99
2

0.2e 0.1 (e 0.1) 0.99
2

x y z

y z

y z

0.0223 0.15

0.0223 0.15(220 )

(8)

where nx, ny, and nz are the porosity along the dip length (y-
axis), along the strike length (x-axis), and along the height of
the goaf (z-axis) respectively; l is the total length of the
working face. The distribution of porosity in the goaf is shown
in Figure 5.

4. RESULTS AND DISCUSSION
4.1. Characteristics of Oxygen Consumption and Gas

Production of Residual Coal at Low-Constant Temper-
ature. Figure 6 shows the changes of the oxygen concentration
in the low-constant temperature process. The O2 consumption
rate can be obtained by the change of O2 concentration in the
coal sample tank in Figure 2, and the calculation is given in eq
9.17

=v T
v c

n SL

c

c
( )

(1 )
lnO

g O
i

O
i

O
o2

2 2

2 (9)

where v T( )O2
is the O2 consumption rate (mol/(cm3·s)), vg is

the experimental supply air volume (mL/s), cO
i

2
is the O2

concentration at the inlet of coal sample tank (mol/cm3), cO
o

2
is

the O2 concentration at the outlet of coal sample tank (mol/
cm3), n is the porosity of the experimental coal sample, S is the
cross-sectional area of the coal sample tank (cm2), L is the
length of the air inlet and outlet of the coal sample tank (cm).

Combined with the O2 concentration in Figure 6 and eq 9, the
rate of consumption of O2 in the experiments can be obtained
as shown in Figure 7.

As shown in Figures 6 and 7, during the low-constant
temperature process, with the extension of residence time, the
oxygen concentration in the mixed gas at the outlet of the coal
sample tank decreased and the oxygen consumption rate
increased. When the constant temperature was 30 and 35 °C,
the oxygen concentration and oxygen consumption rate did
not change significantly with the extension of residence time.
When the constant temperature was 40 °C, there was a
significant change in oxygen concentration and oxygen
consumption rate after staying for 90 min. When the constant
temperature was 45 °C, there was a significant change in
oxygen concentration and oxygen consumption rate after
staying for 75 min. When the constant temperature was 50 and
55 °C, the oxygen concentration and oxygen consumption rate
began to show significant changes after staying for 60 min.
When the constant temperature was 60 and 65 °C, there was a
significant change in oxygen concentration and oxygen
consumption rate after staying for 30 min. When the constant
temperature was 70 °C, there were significant changes in
oxygen concentration and oxygen consumption rate at the
beginning of the constant temperature.

Figure 5. Distribution of the porosity in the goaf.

Figure 6. Variation law of the O2 concentration.

Figure 7. Variation law of the O2 consumption rate.
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Figures 8 and 9 show the changes of CO generation and
CO2 generation in the low-constant temperature process,

respectively. As shown in Figures 8 and 9, in the process of
constant temperature, with the extension of time, the
production of CO and CO2 showed an overall rising trend.
The above results can be scientifically explained by the active
sites proposed by Li et al.29−31 The original coal sample
contains a small number of active sites, and at the same time,
the low-temperature pyrolysis process of coal produces a large
number of active sites, which can react with oxygen at low
temperatures (even room temperature) to produce CO and
CO2. Under constant temperature conditions, with an
extension of time, the number of active sites continues to
increase, resulting in an increase in the generation of CO and
CO2. Wang et al.32 also believed that the low-temperature
oxidation process of coal involves multiple steps: adsorbing
oxygen on the pore surface to form unstable coal oxygen
intermediates, decomposing unstable solid coal oxygen
intermediates to form gas and stable solid products, and
thermal decomposition of stable composite products to form
active sites. Active sites can scientifically reveal the results.

The difference in constant temperature affected the time of
abrupt change in CO and CO2 production. With the increase

of constant temperature, the abrupt change in time of CO and
CO2 production was advanced. When the constant temper-
ature was lower than 40 °C, the amount of CO and CO2
generation did not change significantly with time, the amount
of generation was also relatively low, and there was a rising
trend after 100 min. When the constant temperature was
higher than 40 °C, the constant temperature time had a great
influence on the CO and CO2 production, and the CO and
CO2 production increased linearly with the extension of the
constant temperature time. The above results showed that
when a large amount of residual coals remains in the oxidation
zone (oxidation zone is defined as the goaf area with an oxygen
concentration of 10−18%) for a long time, low-temperature
oxidation consumes a large amount of oxygen and produces
CO and CO2 gases.

4.2. Evolution of Functional Groups during Oxygen
Consumption and Gas Production of Residual Coal at
Low-Constant Temperature. Figure 10 shows the infrared

absorption spectrum of coal under different constant temper-
ature conditions. As shown in Figure 10, the infrared spectrum
of raw coal mainly contains five vibration ranges, namely, the
hydroxyl stretching vibration range (3750−3200 cm−1),
aromatic and aliphatic C−H stretching vibration range
(3000−2800 cm−1), CO2 stretching vibration range (2400−
2300 cm−1), C�O compound stretching vibration range
(1800−1500 cm−1), and alcohol, phenolic, and ether
stretching vibration range (1200−1000 cm−1). These micro
functional groups affect the oxygen consumption character-
istics of the original residual coal. The absorption peak
positions of different functional groups were determined by
calculating the second-order derivative of the original infrared
spectral data, and the absorption peak areas of different
functional groups were calculated by using the deconvolution
peak fitting method.33,34 Since there are many figures in the
processing process, this paper takes raw coal as an example to
demonstrate the second-order derivative and peak fitting
process of the infrared spectrum (as shown in Figures 11 and
12, respectively). Research has shown that aliphatic C−H and
aromatic C�O play a very important role in coal oxidation,35

so the analysis of the microstructure of coal samples in this
study is mainly based on these two types of functional groups.

Figure 8. Variation law of the CO concentration.

Figure 9. Variation law of the CO2 concentration.

Figure 10. Infrared absorption spectrum of coal under different
constant temperature conditions.
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The variation of the absorption vibration peak area of
aliphatic C−H components in the process of low-constant
temperature is shown in Figure 13. As shown in Figure 13, the
peak area of aliphatic C−H components of coal samples
generally decreased with the extension of the constant
temperature time. The above results are basically consistent
with previous studies.36 When the thermostatic temperature
was 40 °C, the duration of the constant temperature had little
effect on the peak area of the aliphatic C−H component.
When the thermostatic temperature was 50 °C, the effect
began to be obvious. When the thermostatic temperature was
70 °C, the effect was the greatest. The above results show that
when the temperature reached a certain value, the coal oxygen
reaction became more intense and the coal oxidation degree
became higher with the increase of the coal sample oxidation
time. With the increase of constant temperature, the peak area
of aliphatic C−H components decreased and the conversion
rate of C−H components increased. This is because in the
early stage of oxidation, the aliphatic C−H components were

attacked by oxygen molecules and reacted with them.35,36

When the temperature was low, the peak area of the C−H
component decreased relatively gently and the conversion rate
was relatively low. With the increase of temperature, the
decreasing trend of the C−H component peak area decreased,
indicating that the conversion rate increased. With the increase
of temperature, the peak area changes of asymmetric methyl
and methylene groups were more pronounced than those of
alkane C−H and symmetric methyl and methylene groups,
which indicated that during the heating process of coal
samples, asymmetric methyl and methylene groups were more
likely to combine with oxygen molecules to undergo oxidation
reactions, while alkane C−H and symmetric methyl and
methylene groups were more stable and less susceptible to
oxidation reactions caused by oxygen molecules.33 The
conversion rate of methyl was lower than that of methylene,
indicating that the oxidation of methylene was greater than
that of methyl during the heating process.

Figure 11. Second-order derivative analysis of the infrared absorption spectrum (raw coal).

Figure 12. Peak fitting of the infrared absorption spectrum (raw coal).
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The major absorption vibrational peaks in the 1800−1500
cm−1 absorption vibrational interval of coal samples were
aromatic ketones, quinones, acids, aldehydes, lipids, aromatic
C�C and carboxylate ions. Because the peak area of aromatic
C�C did not change much during heating process, the main
analysis was focused on the peak area changes of C�O
compounds.35,37 The variation of the absorption vibration peak
area of C�O compounds during the constant temperature
process is shown in Figure 14. As shown in Figure 14, except
for aromatic acids, quinones, and ketones, which first increased
and then decreased with the increase and extension of
temperature and time, the other aromatic C�O compounds
showed a continuous increasing trend with the increase and
extension of temperature and time. The above phenomenon
shows that at the low temperature stage of 40−70 °C, the
aromatic C�O compounds in coal begin to transform
continuously, which is basically consistent with the conclusion
obtained by Li et al.29−31 and Wu et al.38 that the above
functional groups may change at room temperature. The peak
areas of aromatic acids, quinones, and ketones showed a
significant decrease with the extension of the constant
temperature at 40 °C, indicating that these three types of

compounds could be easily decomposed at the early stage of
coal oxidation. During the coal oxidation process, CO and CO2
gases were mainly decomposed by aromatic ketones, aromatic
quinones, and aromatic acid compounds. When the temper-
ature was below 50 °C, the generation of these three types of
compounds was less than the decomposition amount, and
when the temperature was above 50 °C, it was greater than the
decomposition amount. Zhang et al.35 pointed out that active
oxygenated species are the precursors for CO and CO2
emissions during low-temperature coal oxidation and divided
the active oxygenated species in the coal matrix into two
categories: one is the original oxygen-containing functional
groups in coal, and the other is the oxygen-containing
complexes formed on the surface of coal by the attack of
oxygen on active sites. The research results of this paper are
consistent with the views of Zhang et al.

4.3. Influence of Nitrogen Injection Amount on
Oxygen Concentration of Mining Space. At present,
nitrogen injection in goaf is the most commonly used fire
prevention and extinguishing technology in the top coal caving
working face of ultrathick coal seams.39−41 Nitrogen injection
can significantly change the oxygen concentration in the gob

Figure 13. Variation of the absorption vibration peak area of aliphatic C−H components.

Figure 14. Variation of the absorption vibration peak area of aromatic C�O compounds.
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and has a significant impact on the low-oxygen phenomenon in
the working face. Therefore, it is necessary to conduct a
systematic study on the influence of a single factor of nitrogen
injection on the oxygen concentration of the mining space.
Two nitrogen injection ports were set up in the model, and
their locations were 35 m and 65 m in the goaf on the side of
the air intake roadway. The diameter of the nitrogen injection
tube was 0.3 m. Four comparison programs were set up in this
study: (I) the nitrogen injection port speeds were 0 m/s and 0
m/s respectively; (II) the nitrogen injection port speeds were
1.57 m/s and 4.32m/s respectively, and the nitrogen injection
volume was 1500 m3/h; (III) the nitrogen injection rates were
2.07 and 4.79 m/s, respectively, and the nitrogen injection
volume was 1745 m3/h; (IV) the nitrogen injection port

speeds were 2.36 m/s and 5.11 m/s, respectively, and the
nitrogen injection volume was 1900 m3/h.

Figure 15 shows the distribution of the oxygen concen-
tration in the goaf under four different nitrogen injection
programs. As shown in Figure 15, when the air intake was
constant, the difference in the oxidation zone between nitrogen
injection and non-nitrogen injection in the goaf was very
obvious. With the increase of nitrogen injection, the width of
oxidation zone narrowed and the range of oxidation zone
moved forward from the deep part of the goaf. When there was
no nitrogen injection in the goaf, the width of the oxidation
zone narrowed from the side of the air intake roadway to the
side of the air return roadway, and the width of the oxidation
zone decreased from 70 m to 20 m, and the location of the

Figure 15. (a−d) O2 concentration in the goaf under different N2 injection programs (z = 2.4 m).

Figure 16. (a−d) O2 concentration in the working face under different N2 injection programs (z = 2.4 m).
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oxidation zone moved forward from the deep part of the goaf.
When nitrogen was injected into the goaf, the width of the
oxidation zone decreased first, then increased, and then
decreased from one side of the air intake roadway to the
other side of the air return roadway. When the nitrogen
injection volume was 1500 m3/h, the width of the oxidation
zone was 50 m. When the nitrogen injection volume was 1745
m3/h, the width of the oxidation zone was 47 m. When the
nitrogen injection volume was 1900 m3/h, the width of the
oxidation zone was 40 m. With the increase of nitrogen
injection, the oxidation zone in the goaf moved forward to the
working face. The above results indicated that with the
increase of nitrogen injection, the inerting effect of residual
coal spontaneous combustion in the goaf gradually enhanced.

Figure 16 shows the distribution of oxygen concentration in
the working face under four different nitrogen injection
programs. As shown in Figure 16, when the air intake volume
was constant, the oxygen concentration in the air return
roadway was generally lower than that in the air intake
roadway. The oxygen concentration in the working face
showed a continuously decreasing trend from the air intake
corner to the air return corner. With the increase of nitrogen
injection, the oxygen concentration in the air return corner
gradually decreased and the low-oxygen area gradually
expanded. With the increase of nitrogen injection, the distance
between the low-oxygen area and the air intake corner of the
working face was gradually shortened.

According to the research results, there is a connection
between nitrogen injection and the low-oxygen phenomenon.
Nitrogen injection can effectively compress the width of the
oxidation zone in the goaf, and the compression effect
increases with the increase of nitrogen injection amount;
however, nitrogen injection will inevitably lead to a large
amount of low-oxygen gas influx into the air return corner of
the working face. In order to achieve the control of coal
spontaneous combustion and low-oxygen composite disasters,
the following balance method can be adopted in actual
production: when t = Lx/ν > T, there is a risk of spontaneous
combustion in the goaf; when t = Lx/ν = T, there is a risk of
critical value of spontaneous combustion in the goaf; when t =
Lx/ν < T, there is no risk of spontaneous combustion in the
goaf; where t is the time that the residual coal in the goaf stays
within the oxidation zone, d. Lx is the width of the oxidation
zone in the goaf under different nitrogen injection conditions,
m; ν is the advancing speed of the working face, m/d; and T is
the shortest spontaneous combustion time of the coal seam, d.
In the actual production process, v and T remain constant, and
Lx keeps shrinking with the increase in nitrogen injection.
When t = Lx/ν = T, that is, Lx = ν·T is the maximum allowed
width of the oxidation zone, and the corresponding nitrogen
injection amount is the critical value that takes into balance
between spontaneous combustion and low-oxygen prevention.

4.4. Influence of Air Intake Volume on Oxygen
Concentration of Mining Space. The air intake of the

Figure 17. (a−c) O2 concentration in the goaf under different ventilation programs (z = 2.4m).
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working face provides the driving force for gas migration in the
mining space and has a significant influence on the emission of
low-oxygen gases in the top coal caving working face of
ultrathick coal seams.42,43 Therefore, it is necessary to conduct
a systematic study on the influence of a single factor of air
intake volume on the oxygen concentration of the mining
space. In this study, the parameters of nitrogen injection
remain unchanged. Two nitrogen injection ports were located
35 and 65 m away from the goaf in the side of the air intake
roadway. The diameter of the nitrogen injection pipe was 0.3
m. The nitrogen injection port speeds were 1.57 and 4.32 m/s,
respectively. The nitrogen injection volume was 1500 m3/h.
Three comparison programs were set up in this study: (I) the
air intake velocity was 1.59 m/s, and volume was 1900 m3/
min; (II) the air intake velocity was 1.76 m/s, and the volume
was 2100 m3/min; (III) the air intake velocity was 1.93 m/s,
and the volume was 2300 m3/min.

Figure 17 shows the distribution of the oxygen concen-
tration in the goaf under three different air intake volume
programs. As shown in Figure 17, when the air intake volume
was 1900 m3/min, 2100 m3/min, and 2300 m3/min, the
maximum width of the oxidation zone was 45 m, 47 m, and 50
m, respectively. With the increase of air intake volume, the
width of the oxidation zone in the goaf increased, and the
contour line with an oxygen concentration of 0.1 moved
toward the deep part of the goaf.

Figure 18 shows the distribution of the oxygen concen-
tration in the working face under the three different air intake
volume programs. As shown in Figure 18, with the increase in
air intake volume, the oxygen concentration in most areas of
the air return roadway increased. When the air intake volume
was 2300 m3/min, the oxygen concentration in the air return
roadway was basically the same as that in the air intake
roadway. However, with the increase of air intake volume, the
degree of low oxygen in the air return corner gradually
intensified. When the air intake volume was 1900 m3/min and
2100 m3/min, the decrease of oxygen concentration occurred
at about 30 m from the air intake corner, which was because
the smaller air intake volume could not effectively dilute the
high concentration of nitrogen leaking into the working face
from the goaf.

According to the research results, there is also a connection
between ventilation and the low-oxygen phenomenon.
Increasing the air volume can dilute the gas in the roadway
but increase the emission of low-oxygen gases in the goaf. In
actual production, the optimal ventilation volume should be
determined through reasonable experiments in the early stage,
according to the actual situation of the mine.

5. CONCLUSIONS
Using a temperature-raising box and gas chromatography
coupling equipment, the characteristics and mechanism of low
temperature oxygen consumption of residual coal in goaf were
obtained. The raw residual coal in goaf consumed a large
amount of oxygen near 40 °C, accompanied by the generation
of CO and CO2. When the temperature was constant, the rates
of oxygen consumption and gas production of residual coal
increased gradually with time. In the low-temperature oxygen
consumption process of residual coal, asymmetric methyl and
methylene were more likely to undergo an oxidation reaction
and generate carbonyl-containing compounds. The CO and
CO2 gases in the oxidation process of residual coal were mainly
generated by the decomposition of aromatic ketones, aromatic
quinones, and aromatic acids, and the generation of these three
types of compounds was less than the amount of
decomposition when the temperature was lower than 50 °C,
and the generation was more than the amount of
decomposition when the temperature was higher than 50 °C.

Using Fluent3D numerical calculation software, we obtained
the influence of different factors on the emission of low-oxygen
gases in goaf. With the increase of nitrogen injection, the
overall width of oxidation zone narrowed and the range of
oxidation zone moved forward from the depth of the goaf. The
oxygen concentration in the air return corner decreased
gradually, and the low-oxygen area in the air return corner
expanded gradually. The distance between the low-oxygen area
of the working face and the air intake corner was gradually
shortened. With the increase of air intake volume, the width of
oxidation zone in the goaf increased and moved to the depth of
the goaf. The oxygen concentration in the roadway increased,
but the low-oxygen degree in the air return corner increased. In
order to reduce the risk of low-oxygen in the top coal caving
working face of ultrathick coal seams, the nitrogen injection
amount should be reasonably set and the optimal air intake
volume should be determined.

The causes of low oxygen in the top coal caving working face
of ultrathick coal seams are mainly divided into two categories:
the existence of low-oxygen concentration gas and the
emission power of low-oxygen concentration gas. Low-oxygen
gas can be provided by the large-scale, long-term, low-
temperature oxygen consumption of residual coal, and nitrogen
injection further aggravates the low-oxygen phenomenon.
Ventilation makes low-oxygen gases in the goaf to continuously
gush out to the working face, which has an important influence
on the distribution of the low-oxygen area.

Figure 18. (a−c) O2 concentration in the working face under different ventilation programs (z = 2.4 m).
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