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a0  Attenuation rate in the tendency direction
a1  Attenuation rate in the srike direction
b0, b1  Adjusting parameters
C  Mass concentration
D  Diffusivity (m2s−1)
E  Activation energy (kJ/mol)
−→g   Vector of gravity (ms−2)
H  Height (m)
K  Coefficient of rock dilatation
Kp,max  Initial caving coefficient
Kp,min  Coefficient of bulk increase
k  Permeability (m2)
k0  Base permeability (m2)
L  Length (m)
ṁ  Mass generation rate (kg/m3s)
P  Pressure (N/m2)
R  Ideal gas constant
S  Source term
T  Temperature (K)
t  Time (s)
u  Velocity vector
u, v, w  Velocity components (m/s)
W  Width (m)
x, y, z  Spatial coordinates

Greek symbols
α  Reaction constant
ε  Adjusting parameter
ξ  Porosity
μ  Dynamic viscosity [kg/(m s)]
ρ  Density of the gas mixture (kg/m3)

Subscripts
i  Gas component

Abstract To prevent coal spontaneous combustion in 
mines, it is paramount to understand O2 gas distribution under 
condition of inert gas injection into goaf. In this study, the 
goaf was modeled as a 3-D porous medium based on stress 
distribution. The variation of O2 distribution influenced by 
CO2 or N2 injection was simulated based on the multi-com-
ponent gases transport and the Navier–Stokes equations using 
Fluent. The numerical results without inert gas injection were 
compared with field measurements to validate the simula-
tion model. Simulations with inert gas injection show that 
CO2 gas mainly accumulates at the goaf floor level; however, 
a notable portion of N2 gas moves upward. The evolution of 
the spontaneous combustion risky zone with continuous inert 
gas injection can be classified into three phases: slow inerting 
phase, rapid accelerating inerting phase, and stable inerting 
phase. The asphyxia zone with CO2 injection is about 1.25–
2.4 times larger than that with N2 injection. The efficacy of 
preventing and putting out mine fires is strongly related with 
the inert gas injecting position. Ideal injections are located in 
the oxidation zone or the transitional zone between oxidation 
zone and heat dissipation zone.
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1 Introduction

Coal spontaneous combustion is a serious issue that threat-
ens the development of coal industry worldwide [1]. 
Among China’s state-owned collieries, 56 % of the mines 
have been jeopardized by spontaneous combustion; and the 
combustion incidents in these mines account for 90–94 % 
of all coalmine fires [2]. Goaf is one of the most vulnerable 
places for coal spontaneous combustion.

Spontaneous combustion of coal occurs through a very 
complex process involving thermal [3], hydraulic [4], 
chemical and mechanical aspects [5]. Coal oxidation [1, 
5] is the root cause of spontaneous combustion. Therefore, 
spontaneous combustion of coal underground is closely 
related to the distribution of oxygen gas in goaf [6]. Some 
researchers believe that there exists a critical O2 concentra-
tion (depending on rank of coal) for supporting coal spon-
taneous combustion; i.e., if there were no or not enough 
O2 gas, coal spontaneous combustion would not happen. 
Therefore, it is desirable to reduce O2 concentration in 
order to prevent coal fire in goaf. To this end, there are two 
common approaches: one is to reduce air leakage into goaf 
from workface [7]; and the other is injection of inert gas 
into goaf to dilute oxygen [8]. The inert gases used in coal 
goaf are mainly nitrogen [9] and carbon dioxide [10].

However, little is known of critical parameters such as 
the optimal and economical positions and time in injecting 
CO2 or N2 gas. The influence scope with injection of CO2 
or N2 in goaf is quantitatively undetermined. Meanwhile, 
little is known about the difference of the effects on the 
coal spontaneous combustion area and the O2 concentration 
during injection of inert gas. As a matter of fact, improper 
position of injection may increase the likelihood of mine 
fires.

Since goaf is human inaccessible, it is hardly possible 
to collect sufficient field data in goaf at the current experi-
mental conditions. Instead, CFD modeling approach was 
commonly adopted to study these issues [1, 8, 9, 11]. CFD 
simulation is a promising approach to gain deep insight into 
the goaf flow field and to analyze temporally and spatially 
the effects of air leakage from workface or injection of 
inert gas on O2 gas distribution. Liang et al. [12] proposed 
a 2-D porous medium model for goaf and simulated the gas 
flow field. Li et al. [9] analyzed N2 gas injection parameters 
and the airflow field status and O2 concentration distribu-
tion in goaf. Shao et al. [8] presented a steady-state model 
and estimated the effect of injecting CO2 gas on oxygen 
concentration. Zhang et al. [10] revealed some variations 
of the oxidized zone and the asphyxia zone with injection 
of CO2 gas. Che et al. [13] studied the coupling law of 
mixed gas in 3-D goaf. Yuan and Smith [14] conducted a 
3-D simulation of spontaneous heating in a large-scale coal 
chamber in a forced ventilation system. Nevertheless, very 

few studies are available about the difference between CO2 
and N2 injections into goaf. The O2 concentration with CO2 
or N2 injection varies as time develops. The relationship 
between the positions of injection and the efficacy of pre-
venting and putting out mine fires is unclear. More studies 
are needed to optimize the injection of inert gas.

In this paper, we developed a 3-D CFD model to study 
gases transport with injection of inert gas into mine goaf. 
The goaf simulated a field experiment. The coupling 
between chemical reactions in the coal seam and O2 gas 
transport through adjacent rocks was taken into account. 
The distributions of O2, CO2 or N2 gases in the goaf were 
obtained. We also discussed the inerting effect due to the 
location of perfusion pipeline’s exports. The results were 
used to evaluate the hazard of coal spontaneous combus-
tion in specific areas of the goaf under condition of inert 
gas injection. These data would be useful for prevention of 
coal spontaneous combustion and lay a foundation on the 
fulfillment of inert gas injection for coal fire controlling.

2  Field measurement

Figure 1 shows the schematic diagram of our field experi-
ment conducted in 3418 workface in Liangbaosi coal mine 
in China, which is a complex mechanical coal mining 
workface with fully mechanized top coal caving technol-
ogy. The mining elevation varies from −607.1 to −871.6 m 
level. The length and width of the coal seam are 2113 and 
100 m, respectively. The slope angle of the coal seam var-
ies from 4° to 15°, with an average angle of 9°. The thick-
ness of the coal seam is between 1.3 and 9.2 m, with an 
average thickness of 6.35 m. The air quantity of mining 
workface is 768 m3/min, and the ventilation system is a 
“U” type model.

To investigate the effect of proactive inertization in goaf, 
it is very important to characterize the initial O2 gas pat-
tern. This involves a detailed monitoring of the gas distri-
bution behind the workface. To this end, four gas sampling 
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Fig. 1  Schematic diagram of field experiment
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pipelines were installed in the goaf and their entry positions 
are marked as #1 to #4 in Fig. 1. The distance of the four 
measuring pipelines from the air return-side is about 1, 
34, 67 and 99 m, respectively. We collected the gas from 
the measuring pipelines through a bundle pipeline system. 
To avoid the destruction of the bundle pipeline by caving 
rocks, steel pipes were used to protect the bundle pipelines. 
The gas samples were analyzed using a KSS-200 chroma-
tograph. This device can be used to analyze the following 
gases (molar concentration ranges): O2 (0–25 %); N2 (70–
98 %); CO, C2H4, C2H6, and C2H2 (0–50 %); and CH4 and 
CO2 (0–80 %). It has an accuracy ≤1 ppm and a relative 
error ≤1.5 %.

3  Mathematical models

Figure 2 shows the goaf model employed in the present 
numerical simulation, adapted from the conditions in field 
measurement described above. The model goaf is 150 m 
long, 100 m wide, and 40 m high. The coal seam angle 
is 0° and the strike angle is 9°. The cross section size of 
both the workface and laneway is 4 m × 4 m. The length 
of the laneway is 16 m. The coordinate origin is located 
at the junction of the workface and the goaf on the intake-
side. Inert gas injection was considered from one of the six 
injection ports from either the air intake or return side and 
located in the heat dissipation zone (l1 = 12 m), the oxida-
tion zone (l3 = 60 m), and the transitional zone (l2 = 36 m) 
between the heat dissipation zone and the oxidation zone, 
respectively.

The air leakage mainly consisting of N2 and O2 gases 
seeps into the goaf from the workface under the mine venti-
lation pressure. Meanwhile, residual coal desorbs methane 
and it is also oxidized by O2 slowly in the goaf. Sponta-
neous combustion of coal occurs when sufficient O2 gas is 
available and the heat that is produced by the low-temper-
ature oxidation reaction of coal with O2 is not adequately 
dissipated by conduction or convection, resulting in a net 
temperature increase in the coal mass. Under conditions 

that favor a high heating rate, the coal attains thermal runa-
way and then a fire ensues.

Coal desorbs methane and its self-ignition also con-
sumes O2, leading to variance of gases distribution. The 
species mass conservation equation under incompressible 
flow condition is:

where ρ is the density of the gas mixture, Ci and Di are the 
mass concentration and diffusion coefficient of the gas spe-
cies, ξ is porosity, Si is the source term, t represents time, u 
is velocity vector. Subscripts 1 to 4 represent N2, CO2, O2 
and CH4 gas in order. In the present study, S1 = S2 = 0 eve-
rywhere, S3 = S4 = 0 in the laneway, and in the goaf S3 and 
S4 are described by [14]:

where A is the pro-factor, decided by the species of coal 
and the test methods; α is a constant, varying from 0.5 to 
1.0; E is the activation energy, varying between 12 and 
95 kJ/mol depending on coal species; R is the ideal gas 
constant; T is the absolute temperature; and ṁ4 is the CH4 
gas mass generation rate per unit volume measured by field 
experiment.

We assume that the mine goaf is an isotropic porous 
medium. Since the gas mixture could be assumed as New-
tonian fluid, the vector form of the momentum conserva-
tion equations in the porous goaf is [13, 15] 

where P is the pressure, µ is the dynamic viscosity of the 
gas mixture, �g is the vector of gravity, and k is the perme-
ability of the goaf.

The pressure gradient and concentration gradient drive 
the gases seep into the goaf. When the gas transfers in 
goaf, it is hindered with the viscous resistance and iner-
tia resistance. All these factors are highly associated with 
the permeability distribution of the goaf. Qian and Li 
[16] illustrated a function between the goaf permeability 
and the surrounding rock stress, which is an exponential 
distribution at the strike direction. According to the Car-
man–Konzeny equation, permeability can be described 
as:

(1)ξ
∂(ρCi)

∂t
+ ρ∇ · (Ciu) = ξρ∇ · [Di∇(Ci)]+ Si i = 1, 2, 3, 4

(2)S3 = −ACα
3 e

− E
RT

(3)S4 = ṁ4

(4)

ρ

ξ

(

∂u

∂t
+ (u · ∇)u

)

= −∇ · P +
µ

ξ
·

(

∇2
u

)

+ ρ�g−
µ

k
u

(5)k =
k0

0.241
·

ξ3

(1− ξ)2

Fig. 2  The goaf model used in simulation
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where k0 is the base permeability of the broken rock at the 
maximum porosity and it was taken as 1 × 10−3 m2, which 
places it the “open jointed rock” range according to Hoek 
and Bray [17].

Overlying rocks tend to subside because of overburden 
pressure and mechanical failure induced by volume losses 
of coal seam. Since both the hydraulic system and the sur-
rounding rock support the overlying rocks, the porosity 
of goaf decreases initially and then increases at the strike 
direction. In general, the porosity is smaller in the middle 
of the goaf because the caving rock is in compaction; and it 
is larger in the zone near the intake and return airways. The 
porosity also decreases with the z-level rising. Some 2-D 
goaf porosity models were established in previous studies 
[18–22]. In this paper, we optimized the porosity model 
and introduced a 3-D porosity model as

At the air outlet of the laneway:

In the case with N2 injection, the injection inlet: 

In the case with CO2 injection, the injection inlet:

In Which, vair is the air velocity calculated by the airflow 
rate and cross section size of laneway. vN2

 and vCO2
 are the 

velocities of inert N2 and CO2 gas injection, respectively, 
calculated by injection rate and cross section size of the 
injection port.p0 is the pressure around the mine goaf. The 
return airway is set as a free outflow condition.

The simulation model was meshed using unstructured 
grids. Several mesh sizes were considered. We found that 
a grid system containing 595,854 nodes and 3,402,152 ele-
ments could give satisfactory convergent results and this 

(8)

C1 = 0.77

u = vair
C3 = 0.23

v = w = 0

C2 = C4 = 0

(9)P = p0

(10)u = vN2
C1 = 1

v = w = 0 C2 = C3 = C4 = 0

(11)
u = vCO2

C2 = 1

v = w = 0 C1 = C3 = C4 = 0

Fig. 3  3-D mapping of goaf porosity used in simulation

(6)ξ =

{

1−
[

Kp,min +
(

Kp,max − Kp,min

)

× exp
[

−a1(y + b1)

(

1− e−εa0(x+b0)
)]]−1

}

×

(

1−
z

H

)

where Kp,max is the initial caving coefficient of bulk 
increase and its value is 1.6; Kp,min is the coefficient of 
bulk increase in compaction and its value is 1.1; a0 and a1 
are the attenuation rate in the tendency and strike direction, 
respectively, and their values are 0.0368 and 0.268; ε1 is 
the adjusting parameter and its value is 0.233 [19]; b0 and 
b1 are the adjusting parameters in the strike direction and 
at the tendency, and their values are 0.8 and 15; H is the 
height of goaf. The porosity distribution for the goaf in the 
present study is shown in Fig. 3.

The boundary conditions for the simulation model were 
established based on the field experimental conditions and 
are described below. Compared with goaf, the porosity and 
permeability of coal seam around the goaf are very small, 
so it could be assumed as solid wall. Thus, at all boundary 
walls of the goaf and the laneway:

At the fresh air inlet of the laneway:

(7)u = 0, Ci = 0

grid size was adopted for simulations thereafter. For the 
solution to converge easily, the mesh around the inert gas 
inlet was refined.

The commercial software package, FLUENT (ANSYS 
14.5), was used in the present simulations. The spe-
cies transport model is actually a built-in model in FLU-
ENT. Meanwhile, the secondary development of FLUENT 
was carried out with User Defined Function (UDF). The 
porosity profile and inertia resistance were defined with 
“DEFINE_PROFIL”. The oxygen consumption rate was 
defined with “DEFINE_SOURCE”. Then the UDF was 
combined with FLUENT. The convergence of all the vari-
ables was that their residuals are <10−3 [15, 23].

4  Results and discussion

Figure 4 displays the measured O2 gas molar concentra-
tion distributions at the four measuring pipelines in the field 
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experiment. There was no injection of inert gas. From Fig. 4, 
it is seen that the O2 gas concentration decreases as distance 
(x value) increases. Since the air leakage flows into the goaf 
under the mine ventilation pressure, the farther the loca-
tion is away from the workface, the weaker the air leakage 
flow is. Meanwhile, the residual coal desorbs methane and 
coal oxidation consumes oxygen; all these factors decrease 
O2 concentration with increasing x distance. It is observed 
that O2 concentration is a little bit higher on air return-side 
(measuring pipeline #1) and intake-side (measuring pipeline 

#4) than the middle parts (measuring pipelines #2 and #3). 
The reason is that there are substantial structural fractures 
in the caving rocks. So the porosity is larger and the vicious 
resistance is smaller in the area near the four boundaries of 
the goaf. And the air quantity of the air leakage ingress on 
both sides is larger. In the middle of the goaf, the overly-
ing rocks are in the cantilever beam structure. The overlying 
rocks would cave in a short time period and then the caving 
rocks would be compacted by mine pressure. The vacuity 
between rocks is little, which hinders the air seepage in the 
goaf. Further, the chemical reaction also consumes oxygen, 
resulting in further O2 dips in the goaf middle.

Usually the goaf can be demarcated into three zones 
according to O2 concentration level: heat dissipation zone 
(O2 > 15 %), oxidation zone (15 % > O2 > 5 %) and the 
asphyxia zone (O2 < 5 %). In the asphyxia zone, especially 
when O2 concentration is below the level of 3 %, coal 
oxidation stops [24, 25]. Because the flow of air leakage 
is very weak, no enough oxygen is available for constant 
coal oxidation and spontaneous combustion wouldn’t hap-
pen. That is to say, if the asphyxia zone were larger, the risk 
of coal spontaneous combustion would be lower. Oxidation 
zone is the area where the coal spontaneous combustion 
mostly happens based on the data we obtained from field 
experiment. The scope of the oxidation zone is from 36–52 
to 90–114 m behind the workface.
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Fig. 4  O2 distributions from field measurement

Fig. 5  Comparison of O2 molar 
concentration distributions 
between field measurements 
and simulations. a Measuring 
pipeline 1, b measuring pipeline 
2, c measuring pipeline 3,  
d measuring pipeline 4
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To validate our simulation model, we compared the 
simulation results without inert gas injection with the field 
measurement data in Fig. 5, in which the comparison is 
shown for each measuring pipeline. The simulation was set 
in similar conditions as in the field experiment. For exam-
ple, the airflow rate is at 768 m3/min and the O2 molar con-
centration in the airflow is 20.95 % (equals to mass concen-
tration at 23 %). It is found that the simulation results have 
a good consistency with the experimental data. The chang-
ing trend of the simulation data is the same as the experi-
mental measurement.

The validated numerical model is then used for exten-
sive parametric studies involving inert gas injection, for 

which experimental study is difficult. For all the simula-
tions thereafter, we kept the same airflow conditions speci-
fied before. The volume flow rate of CO2 or N2 injection is 
720 m3/h.

Figures 6 and 7 show the cloud pictures of CO2 and 
N2 molar concentrations, respectively, with correspond-
ing inert gas injection. Figure 8 compares O2 molar con-
centration distributions in sections 1, 10 and 20 m away 
from the intake-side with or without inert gas injection. 
From Fig. 6, it is found that CO2 concentration reduces as 
the goaf z-level rises. The reason is that CO2 gas is heavier 
than other gases. Therefore, CO2 accumulated in the zone 
near the goaf floor. The region where CO2 concentration 

Fig. 6  Cloud pictures of CO2 
molar concentration at different 
z-levels with CO2 injection 
36 m behind the workface

1m above the floor 4 m above the floor

8 m above the floor 12 m above the floor

Fig. 7  Cloud pictures of N2 
molar concentration at different 
z-levels with N2 injection from 
36 m behind the workface

12m above the floor8m above the floor

4m above the floor1m above the floor
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is above 10 % is about 49.6–67.2 % of the whole goaf 
volume. Analysis of the results in Fig. 8 shows that CO2 
injection has a major influence on O2 distribution from 
the floor (z = 0) of the goaf up to 12 m above the floor. 
Beyond that, CO2 injection seems to play little role on the 
O2 distribution. Meanwhile, CO2 is difficult to mix with 
air. It stratifies in the goaf and forms a zone in which O2 is 
below 3 % or even no oxygen, decreasing the area of spon-
taneous combustion zone and the spontaneous combustion 
dangerousness.

From Fig. 7, it is seen that the location around the N2 
injection entrance has a N2 concentration >97 %. N2 con-
centration is still over 97 % when it is 8–12 m above the 
floor of the goaf. It indicates that N2 gas flows up in the 
goaf. Since the density of N2 is less than that of the air, 
the buoyancy has a major influence on the N2 gas distri-
bution. Analysis of the results in Fig. 8 also shows nitro-
gen flows to the workface with rising z. The location where 
oxidation zone starts is about 32, 26, 16 and 12 m away 
from to the workface when z = 1, 4, 8 and 12 m, respec-
tively. It is obvious that a portion of nitrogen seeps to the 
fractured zone and moves to the workface at the top of the 
goaf because of the gravity and ventilation pressure, which 
weakens the dilution effect on the oxygen at the goaf floor.

The accumulation of nitrogen and carbon dioxide is 
quite different because of their different physicochemi-
cal properties. Since the density of CO2 is 1.5 times as 
the density of air, CO2 accumulates usually at the ground 
level. Therefore, CO2 injection dilutes the O2 concentra-
tion significantly and decreases the area of the spontaneous 
combustion zone. Meanwhile, the N2 dilutes the O2 around 
the inert gas injection port zone and a large portion of N2 
diffuses to the fractured zone, which reduces the effect on 
diluting oxygen.

Figures 9 and 10 show the time development of O2 
molar concentration distribution at the ground level with 
continuous CO2 and N2 injection, respectively. It is found 
that CO2 or N2 injection changes the oxygen distribution of 
the goaf. Inert gas injection dilutes the oxygen and reduces 
the oxygen concentration. O2 concentration in the zone 
near the inert gas injection position decreases sharply in the 
first 4 h, and then the area influenced by inert gas becomes 
larger gradually. The O2 distribution becomes stable 16 h 
after.

During the process of inert gas injection, the area of 
spontaneous combustion dangerous zone (incl. heat dissi-
pation zone and oxidation zone) also reduces, as shown in 
Fig. 11. Since CO2 is heavy, injection of CO2 is more pro-
found in reducing the spontaneous combustion risky zone 
than N2 gas. The time evolution of the spontaneous com-
bustion dangerous zone at the ground level can be classified 
into three phases: Phase I: slow inerting phase (t < 2 h); 
Phase II: rapid accelerating inerting phase (2 h < t < 20 h); 
and Phase III: stable inerting phase (t > 20 h). In phase I, 
CO2 accumulates around the injection port. The area dan-
gerous zone decreases slowly and shows level changes with 
time. Nitrogen injection showed similar phenomena in this 
phase. In phase II, CO2 seeps and drives the gas mixture to 
diffuse in the goaf, O2 concentration dips sharply. The area 
changing rate of the dangerous zone with CO2 injection 
shows a negative exponential relationship with time. On 
the other side, the rate with N2 injection is smaller because 
a portion of the nitrogen seeps to the fractured zone. The 
rate of the dangerous zone with N2 injection shows a nega-
tive linear relationship. CO2 and N2 injection would reduce 
the area of the spontaneous combustion dangerous zone 
in 12 and 20 h, respectively. Therefore, CO2 decreases 
the oxygen concentration and the area of the spontaneous 

20m away from the intake-side
(with N2 injection)

10m away from the intake-side
(with N2 injection)

1m away from the intake-side
(with N2 injection)

20m away from the intake-side
(with CO2 injection)

10m away from the intake-side
(with CO2 injection)

1m away from the intake-side
(with CO2 injection)

20m away from the intake-side
(w/o inert gas injection)

10m away from the intake-side 
(w/o inert gas injection)

1m away from the intake-side
(w/o inert gas injection)

Fig. 8  O2 distributions in x–z cross-sections of y = 1, 10 and 20 m, respectively
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combustion dangerous zone in a short time, much faster 
than the injection of nitrogen. In phase III, the injected 
inert gas reaches a new gas equilibrium with the original 
gases in the goaf. Spontaneous combustion dangerous zone 
decreases slowly or keeps steady. Therefore, the time of the 
slow inerting phase and rapid accelerating inerting phase 
can be justified as a reasonable time for injecting inert gas.

The location effect of inert gas injection was investi-
gated and shown in Figs. 12 and 13 for CO2 and N2 injec-
tion, respectively. The injection was considered at 12, 36 
and 60 m behind the workface from each the intake-side 

or return-side, respectively; altogether there are 6 different 
locations. From Fig. 12, we can see that when CO2 injec-
tion is located at 12 m behind the workface, the area of the 
oxidation is not obviously influenced. This is because air-
leakage speed is larger when inert gas is injected at 12 m 
behind the workface. So the air leakage carries away the 
CO2 gas to the workface, little inert gas remains in the 
goaf. Similar patterns can be found with N2 injection at 
12 m behind the workface as shown in Fig. 13.

The effect on O2 distribution in the goaf is almost same 
when the inert gas injection location is 36 and 60 m behind 

4 hour0 hour 8 hour

12 hour 16 hour 20 hour

Fig. 9  Time development of O2 distribution at the goaf floor level with CO2 injection

20 hour16 hour12 hour

8 hour4 hour0 hour

Fig. 10  Time development of O2 distribution at the goaf floor level with N2 injection
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the workface. These positions are far from the workface 
and the air leakage speed is lower, which reduces the loss 
of inert gas. The inert gas seeps into the goaf and decreases 
the oxygen concentration. So O2 concentration drops to less 
than the critical oxygen concentration or even <1 %. The 
inert gas dilutes the oxygen concentration significantly and 
decreases the area of the spontaneous combustion danger-
ous area. That is to say, the injection locations of 36 and 
60 m behind the workface have higher inerting effect. Com-
paring between CO2 and N2 injection, the influence scope of 
oxidation zone is smaller with N2 nitrogen at same location.

Comparisons of O2 distributions at different measuring 
pipelines simulated with/without inert gas injection are 

presented in Fig. 14. The distance that the oxygen concen-
tration decreases down to 5 % with N2 injection is about 
48–80 m behind the workface; while it is about 10–80 m 
with CO2 injection, which is about 2.2 times more than 
the nitrogen injection. Meanwhile, the effecting distance 
with CO2 injection is about 66.7 m in the tendency direc-
tion, and it is <33.3 m with N2 injection. The influencing 
scope with CO2 injection is deeper. CO2 dilutes oxygen in 
the zone between workface and injecting port. N2 injection 
only decreases the oxygen concentration in the zone around 
the injecting port.

Figure 15 compares the areas of the spontaneous 
combustion dangerous zone and the asphyxia zone with 
CO2 or N2 injection. The area that oxygen concentration 
decreases to below 5 % with CO2 injection for 20 h is 
about 1.25–2.4 times larger than that with N2 injection. 
The area of the combustion spontaneous zone when the 
injecting CO2 port is located at the return-side is about 
1.14–1.18 times larger than that located at the intake-
side. And it is about 1.06–1.13 times with N2 injection. 
Since the ventilation pressure can hinder the seepage of 
carbon dioxide and nitrogen, injecting inert gas on the 
intake-side is better than on the return-side. Meanwhile, 
the area of the combustion spontaneous dangerous zone 
when the inert gas entrance is 60 m behind the workface 
on the intake-side is 1.10 and 1.26 times than those 36 m 
behind the workface. It seems that the inerting effect is 
better when the injection entrance is 60 m behind the 
workface.
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Fig. 11  Reduction of spontaneous combustion dangerous zone with 
CO2 or N2 injection

60 m in the return-side36 m in the return-side12 m in the return-side

60 m in the intake-side36 m in the intake-side12 m in the intake-side

Fig. 12  Comparison of O2 distributions at the floor level with different CO2 injection locations: 12, 36 or 60 m behind workface on the intake-
side or return-side
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5  Conclusions

This paper proposed a new 3-D porous model for mine goaf 
based on stress status. Simulations based on this model 
were carried out and compared with field experiment in the 
case without inert gas injection. The numerical results are 
in good consistency with the experimental data. This vali-
dated the porous model as well as the numerical coding.

The focus of this study is the numerical investigation of 
the effects of inert gas injection. The results demonstrated 
the accumulation mechanism of injected inert gas CO2 or 
N2. It is found that CO2 gas accumulates at the ground level 
of the goaf because of gravity. On the other side, a large 
portion of N2 gas seeps up in the goaf and moves to a zone 
near the workface. The results also show that the evolu-
tion of the spontaneous combustion dangerous zone during 
inert gas injection could be classified into three phases: the 
slow inerting phase, in which the dangerous zone decreases 
slowly and shows the level change with time; the rapid 
accelerating phase, in which the rate of the area of the dan-
gerous zone with carbon dioxide injection shows a nega-
tive exponential relationship with time, while it shows a 
negative linear relationship with nitrogen injection; and the 
stable inerting phase, in which the spontaneous combustion 
dangerous zone decreases slowly or keeps steady.

The study shows that the effect on reducing O2 concen-
tration via injecting CO2 is better than N2 injection. The 
distance, which is about 66.7 m at the tendency, that the 
oxygen concentration is decreased down to below 5 % with 

60 m in the return-side36 m in the return-side12 m in the return-side

60 m in the intake-side36 m in the intake-side12 m in the intake-side

Fig. 13  Comparison of O2 distributions at the floor level with different N2 injection locations: 12, 36 or 60 m behind workface on the intake-
side or return-side
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Fig. 14  Comparison of O2 distributions along three measuring pipe-
lines simulated with and without inert gas injection
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CO2 injection is about twice that of N2 injection. And the 
area of the asphyxia zone after injecting CO2 20 h is about 
1.25–2.4 times larger than N2 injection.

Through this study, a better inert gas injection location 
in the goaf is suggested at the oxidation zone or the transi-
tional zone between the heat dissipation zone and oxidation 
zone. The optimal time of injecting inert gas is the time 
of the slow inerting phase and rapid accelerating inerting 
phase. The area of the combustion spontaneous zone when 
the injection is located in the return airway is about 1.06–
1.18 times larger than that located on the intake-side of the 
goaf.

In future studies, temperature-dependence of proper-
ties and more complicated chemical reactions in combina-
tion with the energy equation should be taken into account 
to study more complicated situations in coal spontaneous 
combustion.
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