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ABSTRACT: In order to effectively prevent and control the spontaneous combustion of 

residual coal in the goaf and reduce the waste of nitrogen caused by the setting of nitrogen 

injection position depending on experience, 1303 fully mechanized coal caving face of Jinniu 

Mine is taken as a research object, By deploying bundle tube monitoring system in the inlet air 

side and return air side of the goaf, the change of gas concentration in the goaf is continuously 

measured, and the distribution area for spontaneous combustion three-zone in the goaf is 

divided. Based on the division standard of the spontaneous combustion three-zone in the goaf, 

Based on the "three zones" division standard of spontaneous combustion in goaf, COMSOL 

Multiphysics5.3 software is applied. The results show that, with the gradual deepening of the 

nitrogen injection position into the goaf, the impact on the lower limit of the oxidation-

combustion zone becomes significant, while the impact on the upper limit of the oxidation-

combustion zone is not obvious. The width of the oxidation-combustion zone decreases first 

and then gradually increases. Numerical calculation suggests that the optimal nitrogen 

injection position is 40 m from the roof cutting line, and the width of the oxidation-combustion 

zone is 28 m. Based on the simulation analysis results, nitrogen injection controlling measures 

have been adopted for the spontaneous combustion of residual coal in the mine of 1303 fully 

mechanized coal caving face, and coal self-ignition in the goaf has been successfully settled. 

KEYWORDS ： fully mechanized top-coal caving face; goaf; oxidized spontaneous 

combustion zone; numerical simulation; fire prevention and control with nitrogen injection 

 

INTRODUCTION 

Coal mine fire is a major disaster that affects the safety of mines. Among them, 85% of the 

total number of fires in the mine is accounted for by the spontaneous combustion of coal from 

the goaf[1-3]. The extensive application of fully mechanized top caving technology, while 

improving the production efficiency of mines and the speed of advancement of the working 
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surface, but has also led to problems such as increased leakage intensity of goaf and excessive 

residual coal, which increases the probability[4-7]of spontaneous combustion of coal in the goaf. 

To prevent spontaneous combustion of coal in goaf, spontaneous combustion of the coal seam 

is used to prevent and extinguish fires in the goaf by injecting nitrogen technology in the 

process of mining. Domestic and foreign scholars have done a lot of research on nitrogen 

injection and fire prevention in goaf. Krishna et al[8] used CFD technology to study the change 

of flow field and designed the nitrogen injection fire-fighting and extinguishing scheme in goaf. 

Li Zongxiang et al[9]combined the finite element numerical method with the computer graphics 

technology to simulate the change process of the nitrogen injection and the boundary of the 

nitrogen injection control area and obtained the negative exponential relationship between the 

nitrogen injection amount and the boundary of the nitrogen injection control area. Liu Jian et 

al[10] adopted the Fluent numerical method to optimize the nitrogen injection plan. The 

reasonable matching of nitrogen injection amount, location of nitrogen injection, and air 

volume in goaf area were obtained. Zhu Hongqing et al[11] studied the law of spontaneous 

combustion and temperature rise and the effect of nitrogen injection and fire prevention through 

the Fluent software. The above literature only focused on nitrogen injection and fire prevention 

principles and nitrogen injection process, but the effects of coal oxidation and gas emission in 

goaf were not considered. For this reason, this paper carries out the experimental research on 

the 1303 fully mechanized caving face of Jinniu coal mine, and the field measurement was 

carried out to divide the "three-zone" distribution area of spontaneous combustion in the goaf, 

and the simulation study of the changes of the spontaneous combustion "three-zone" 

distribution area with the nitrogen injection position through the leakage flow field and oxygen 

concentration field in the goaf was carried out by using the COMSOL Multiphysics5.3 software. 

The influence of nitrogen injection location on the width of the oxidation spontaneous 

combustion zone was analyzed, and the most suitable location of nitrogen injection is 

optimized. Based on the results of the simulation analysis, it is of great significance to guide 

the implementation of the nitrogen injection scheme in the field and change nitrogen injection 

position and nitrogen injection only by the experience setting. 

 

Analysis of the "three zones" of Spontaneous Combustion in Goaf 

 

Overview of 1303 fully mechanized caving mining face 

1303 fully mechanized coal caving face in Jinniu coal mine is located in the one mining area 

of the 1030 level 9+10+11# coal seam. The working face is from the concentrated return 

airflow tunnel in the east, the west to the boundary of the well field, the 1305 working face in 

the south, and the 1301 working face in the north. The design length of the working face is 

906.6 m, the length of the slope is 90 m, the coal seam thickness is 5.24 m~7.30 m, and the 

average thickness is 6.17 m. adopting fully mechanized top coal caving mining technology, all 
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the caving methods are used to control the roof of the goaf. The mining height of the working 

face is 2.9 m, the top coal caving height is 3.3 m, and the ratio of mining and discharging is 

1:1.13. The coal seams are well developed and contain 1 to 4 layers of clips. The clips are 

mainly thin-bedded mudstones with little change in thickness. The dip angle of the coal seam 

is 8°~14°, with an average of 10°. The exploited coal seam belongs to the type II spontaneous 

combustion coal seam. The spontaneous combustion period is 21 to 55 days, and the coal dust 

explosion index is 45.79%, which is explosive. 

 

Field monitoring of "three-zone" of Spontaneous Combustion in Goaf 

According to the basic characteristics of the 1303 fully mechanized caving face, the tube 

monitoring system is laid in the intake and return air lanes, and the GC-2010 gas 

chromatograph provided by Jinniu coal mine is used to measure the content of all kinds of 

gases in the goaf with the changing rule of the fully mechanized caving face. Measuring points 

are arranged at the same time in the intake and return air tunnels. The mutual distance between 

the measuring points is 20 m, and there are 3 points on each side. The specific layout scheme 

is shown in Figure 1. 

 

Due to the collapse of the roof of the goaf, it is easy to damage the probe of the measuring 

point. To prevent the huge impact on the beam tube from the roof falling and the top coal, and 

the seamless steel tube is used to protect the beam tube when the measurement site is arranged. 

The tube cable and the temperature measuring wire is fixed into the casing together, and the 

temperature wire is reserved for a certain length to prevent the fracture of the temperature wire 

caused by the tension, and the connection between the sleeves is firmly connected with the 

quick joint. A temperature sensor and a sampling head are installed at each measuring point, 

and the sampling head is connected with the beam tube, and the temperature sensor is connected 

with the temperature measuring wire. Using the time of more than two months, the temperature 

and gas in the goaf of 1303 fully mechanized caving face are measured, and the curve of the 

oxygen concentration with the advancing degree of the working face is obtained, as shown in 

Figure 2. The measurement point 6 is not monitored because the beam tube is blocked, and the 

overall monitoring results are ideal. Because the air leakage velocity is the vector, the field 

measurement is very difficult. Therefore, it adopts the standard [12-15] of 8%~18%, which is 

widely used in China at present. The spontaneous combustion zone of the intake air side is 

52~109m, and the air backside spontaneous combustion zone. The range is 40~92m. 
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Fig.1 Layout of beam tube and temperature sensor 
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Fig.2 Change curves of oxygen concentration with working face advancing 

Calculation model and Solution Conditions 

Geometric model 

According to the data and actual field measurement of 1303 fully mechanized coal caving face 

in Jinniu coal mine, the height of the goaf is far less than the plane size. The two-dimensional 

model is superior to the three-dimensional model in the accuracy and calculation time, and the 

two-dimensional geometric model of the goaf is established, as shown in Figure 3. The length 

of the working face is 90m and the width is 7m; the length of the goaf length GL is dynamically 

changed and the width is 90m; the boundary W1 is the air inlet of the air entry lane, the width 

is 3m, the W2 is the return air inlet of the return air lane, and the width is 3m, the W3, W4, W7 

is the non-acquired solid coal wall in the working face, W5 is the outside protection coal wall 
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of the inlet lane, W6 is the outer protective coal wall of the return air lane. G1 is the boundary 

of the goaf of the return air lane. G2 is the boundary of the goaf of the intake airflow tunnel, 

and the G3 of the roof pressure stability area is used to calculate the edge of the area. 
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Fig.3 Geometric model of goaf 

Mathematical model 

Since the establishment of the fluid motion equations must satisfy the basic fluid flow law, 

when the gas is flowing in the deep part of the goaf at a low velocity, if the gas is set to be 

incompressible, it can be regarded as the steady problem of the two-dimensional laminar flow. 

In this case, the energy exchange is not to be considered. Therefore, the flow of the air in the 

goaf is only needed to meet the momentum conservation equation and the continuity equation 

[16]. Assuming that the goaf is fully caving and the top and bottom are not gas-permeable, the 

following control equation can be obtained: 
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 In the formula, u and v are velocity components in the direction of x and y respectively,m/s;

 is the density of the air in the mine, kg/m3; t is gas flow time, s; P is the pressure on the 

fluidmicroelement, Pa;  is air viscosity coefficient of the goaf, kg/(m·s); Sx and Sy are model 
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related source items.  

The source terms of the porous medium model include two parts: the viscous loss term and the 

momentum loss term[17]. When the fluid moves in porous media, the loss of momentum causes 

the pressure gradient to decrease, and the loss of pressure gradient is proportional to the rate of 

a fluid. In a simple homogeneous porous medium: 
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In the formula, α0 is the permeability coefficient of the porous medium;βis the coefficient of 

inertia resistance; H is the roof caving height, m; Qx and Qy respectively indicate the air leakage 

intensity in two directions of x and y, (m3/m2·s)；k is absolute permeability, m2; c is the mass 

concentration of oxygen, kg/m3; D is the diffusion coefficient of oxygen in the coal, m3/s; W 

is the oxygen consumption remittance of coal, mol/(m3·s). 

To make the mathematical model more suitable for the actual situation in the field, the influence 

of residual coal oxidation and gas emission on the oxygen concentration in goaf is considered, 

and a model of an oxygen consumption remittance in goaf is constructed: 
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In the formula, W(O2) is the oxidative oxygen consumption of coal, mol/(m3·s); W(c) is the 

equivalent oxygen consumption intensity, considering the dilution effect of gas emission in 

goaf, mol/（m3·s）; W(CH4) is the amount of gas emission from the goaf, mol/（m3·s）;γ0 is 

the undetermined coefficient of coal oxygen consumption rate, mol/（m3·s）; c0 is the oxygen 

concentration in the new airflow; H1 is the thickness of coal remains, m; n is the porosity; α1 is 

the recovery rate of the working face; k1 is a loose coefficient; M1 is the thickness of the upper 

non - recoverable coal seam, m; kp is the coefficient of compaction; 
 0

pk is initial bulging 

coefficient; M is mining height, m. 
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Boundary conditions and calculation parameter settings 

When selecting the main calculation conditions and parameters, it is necessary to follow the 

actual conditions in the field. The entrance boundary of the air entry lane is set as the velocity 

entrance, the airflow is vertically entered into the entry lane of the intake airflow tunnel, the 

nitrogen injection port is set as the velocity entrance, and the nitrogen concentration is 97%. 

The oxygen concentration is 3%, the exit boundary of the goaf is set as free export; the 

boundary between the working surface and the goaf area is set as the internal condition, and 

the rest of the surface is set as a wall boundary with a larger seepage resistance. All the walls 

are non-slip boundary conditions, and the standard wall function method is applied to the 

near wall of the working surface. 

Wall boundary： 0E                                                (12)  

Working surface boundary：  
22

1E R q l d                             (13) 

In the formula：E is the pressure energy loss of fluid，J；R1 is ventilation resistance，q is the 

average air volume of the working surface，m3/min；l is the length of the working face，m；

d is the distance from the intake to the inlet side，m. 

The actual measurement of airflow temperature in the intake airflow tunnel is 18.6℃, the actual 

wind speed of the working surface is 1.62m/s, the average mine air density is  =1.225kg/m3, 

the air viscosity coefficient at room temperature is  =1.7894×10-5kg/(m·s), diffusion 
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coefficient of the gas is D=2.88×10-5m3/s, The looseness coefficient is set to be 1.5. The 

porosity of the goaf can be obtained from the empirical formula [18] based on the actual situation 

of the roof falling and bulging. 
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The permeability of the goaf is calculated by porous medium Carman formula [19-20]: 

 2
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k m


                                           (15) 

In the formula: x is the distance from the working surface of the goaf, m. Dm is the average 

particle size, m. 

Determination of Nitrogen Injection amount in Goaf 

Before the numerical simulation is carried out, the required nitrogen injection amount is 

determined according to the actual production conditions and previous experience of the 1303 

fully mechanized caving face. The method used this time is to calculate the required amount 

of nitrogen injection based on the oxygen concentration in the oxidation spontaneous 

combustion zone. The principle of the amount of nitrogen required for the design of the goaf 

according to the oxygen concentration of the oxidized spontaneous combustion zone is to 

dilute the original oxygen concentration in the oxidation temperature rising zone to the 

https://www.eajournals.org/


International Journal of Coal, Geology and Mining Research 

Vol.3, No.1, pp.46-69, 2021 

                 Published by European Centre for Research Training and Development UK 

55 

ECRTD-UK https://www.eajournals.org/ 

 

 

oxygen concentration value that meets the inserting requirement, and at this time the amount 

of nitrogen injection can be calculated by the following form:    

 
1

60
2

21
0






CC

CC
kQQ

N

N
                                       （16） 

In the formula: QN is nitrogen injection, m3·h-1. K is an additional coefficient, which takes 

1.3. Q0 is the amount of air leakage in the oxidizing rising temperature zone, which takes 3.66 

m3·h-1. C1 is the average oxygen concentration in the oxidizing rising temperature zone, take 

15% according to experience. CN is the concentration of nitrogen injection, take 97%. C2 is the 

concentration of oxygen when the goaf reaches the fire protection requirement, which is 8%. 

The nitrogen injection amount was calculated to be QN=400 m3·h-1 by substitution formula (16). 

NUMERICAL SIMULATION RESULTS AND ANALYSIS 

Numerical Simulation Results  

The range of nitrogen diffusion and migration in the goaf will change because of the different 

positions of nitrogen injection, resulting in changes in the distribution area of the "three-zone" 

in the goaf. To determine the best position of nitrogen injection, When the nitrogen injection 

amount is 400 m3·h-1, the distribution of "three-zone" of spontaneous combustion in goaf is 

numerically simulated under the conditions of 10, 20, 30, 40, 50, 60, and 70 m spacing between 

the position of nitrogen injection and the cut-off line. Considering that the flow field parameters 
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of the numerical simulation method are easy to obtain, and have a certain degree of reliability, 

combined with the characteristics of large gas emission in the goaf of the 1303 fully 

mechanized caving face, the method is adopted to determine the two classification indexes of 

the flow velocity and oxygen concentration in the comprehensive goaf, and the three-band 

distribution is more close to the actual [5,16], That is to say, the isolating lines of wind speed 0. 

004 m·s-1 and oxygen concentration 8% are determined as the upper and lower limits of the 

oxidation temperature rising zone. 

The distribution range of the "three-zone" of spontaneous combustion in goaf under different 

nitrogen injection positions is obtained by numerical simulation is shown in Figure 4. The red 

arrow indicates the direction of the flow field, the green line indicates the streamline of the 

goaf, the red line indicates the equivalent line of the air leakage rate of 0.004 m. s-1, and the 

black line indicates the equivalent line of the oxygen concentration of 8%. It can be seen that 

if the location of nitrogen injection is changed, the spontaneous combustion zone of goaf will 

also have a different distribution trend. With the movement of the nitrogen injection into the 

deep goaf, the main influence is the oxygen concentration 8% equivalent line, while the 

variation trend of the air leakage velocity of 0.004 m·s-1 is not obvious. 
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a: Injection nitrogen position from the cut top line 10m          b: Injection nitrogen 

position from the cut top line 20m 
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c: Injection nitrogen position from the cut top line 30m         d: Injection nitrogen 

position from the cut top line 40m 
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e: Injection nitrogen position from the cut top line 50m       f: Injection nitrogen position 

from the cut top line 60m 
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g: Injection nitrogen position from the cut top line 70m 

Fig.4 Goaf oxidized zone distribution under different injection nitrogen position 

Analysis of Numerical Simulation Results 

The width of the oxidized spontaneous combustion zone in the goaf under the condition of the 

continuous change of the nitrogen injection position can be obtained by graph 4, as shown in 

Table 1. It can be seen that the upper limit of the oxidation spontaneous combustion zone is not 

significantly affected by the position of the nitrogen injection port, and the lower boundary 

limit of the oxidation spontaneous combustion zone is more significantly affected by the 

position of the nitrogen injection port. With the location of the nitrogen injection moving away 

from the cutting line, the width of the oxidized spontaneous combustion zone in the goaf began 

to shrink, but then gradually increased. Under the conditions of the distance between the 

injection port and the cutting line is 10, 20, 30, 40, 50, 60, 70 m, the width of the corresponding 

oxidation spontaneous combustion zone is 44, 35, 32, 28, 26, 28, and 30.6, respectively. The 

width of the oxidation spontaneous combustion zone is reduced to 75 %、60 %、55 %、48 %、
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45 %、48 %、53 % under the condition of non-nitrogen injection, indicating that the nitrogen 

injection measures in the goaf can effectively reduce the width of the oxidation spontaneous 

combustion zone. 

Tab.1 Distribution of oxidized spontaneous combustion zone in goaf with different nitrogen 

injection position 

Position of nitrogen injection

（Distance from crest line） 

/m 

Starting position of 

oxidation zone /m 

Termination position of 

oxidation zone /m 

width /m 

10 46.5 90.5 44 

20 46 81 35 

30 45.5 77.5 32 

40 44 72 28 

50 44 70 26 

60 44.5 72.5 28 

70 46 76.6 30.6 

Because the location parameters of nitrogen injection will affect the nitrogen injection effect 
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and economic cost, it is necessary to optimize the optimal nitrogen injection amount based on 

actual production conditions and numerical simulation results. According to Table 1, the 

relationship between the width of the oxidized spontaneous combustion zone and the position 

of the nitrogen injection port is plotted using Origin software, as shown in Figure 5. It is known 

from the diagram that the width of the oxidation spontaneous combustion zone gradually 

diminishing as the position of the nitrogen injection hole becomes deeper and deeper in the 

goaf, but the width of the oxidation spontaneous combustion zone begins to increase when the 

spacing of the nitrogen injection port and the cut top line exceeds 50 m. This is because it is 

close to the asphyxiated zone in the goaf when the nitrogen injection port is buried in the goaf 

too deep. The oxygen concentration in the shallower position of the goaf cannot play a very 

good dilution inserting effect, and the effect of nitrogen injection pressure has greatly limited 

on the effect of nitrogen injection, so the optimum nitrogen injection position of the goaf should 

be between the 40~50 m of the distance working face and taking 40 m as the most suitable 

nitrogen injection position.  
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Fig.5 Goaf oxidized zone width with injection nitrogen position change 

Application and effect Analysis of Nitrogen Injection Control measures 

After consultation with the minerals, according to the numerical simulation results, the nitrogen 

injection pipeline is embedded inside the goaf of the 1303 fully mechanized caving face, the 

distance between the nitrogen injection port and the top cut line is 40m, and the nitrogen 

injection amount is 400m3/h. The nitrogen source equipment uses the underground mobile 

molecular sieve nitrogen device, the model number is DT-400, the 4-inch iron pipe is selected 

as the nitrogen injection pipeline, the nitrogen injection method is mainly for nitrogen injection 

in the embedded pipe, and the nitrogen injection line is shown in Figure 6. 
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Fig.6 1303 fully mechanized top coal caving face goaf nitrogen injection circuit 

After 30 days of nitrogen injection, the gas in the goaf was collected by the existing beam tube 

monitoring system, and the effect of nitrogen injection on the gas concentration in the goaf was 

analyzed. The oxygen concentration in the goaf after nitrogen injection was changed as shown 

in Figure 7. It can be seen from Figure 7 that the width of the oxidation spontaneous combustion 

zone in the goaf is reduced before nitrogen injection, the width of the oxidation spontaneous 

combustion zone of the 1# point is 30m, the width of the oxidation spontaneous combustion 

zone of the 2# point is 29m, the width of the oxidation spontaneous combustion zone of the 3# 

point is 32m, and the field measured result is consistent with the maximum width 28m of the 

simulated oxidation spontaneous combustion zone, which verifies the reliability of the 

numerical simulation results. 
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Fig.7 Change of oxygen concentration at each measuring point 

To further verify the inerting effect of nitrogen injection on the goaf, considering the dynamic 

changes of "three-zone" during the mining process of working face, the method of combining 

two indexes of air leakage velocity and oxygen concentration is used to divide the "three zones" 

in the goaf after nitrogen injection. Because the leakage velocity cannot be measured in the 

field, the generally available type is used to estimate the air leakage speed: 

2

2

2

2

1

2

( )( )
( )

ln( )

o i i

i i

o

o i

o

v T d d
Q d

c
c

c






                          (17) 

In the formula, Q(di) is the speed of air leakage at di in goaf, cm3/(s.cm2).
2
( )ov T is oxygen mass 

fraction 21%, Oxygen consumption rate of coal body temperature T, mol/(s.cm3). di, di+1 is the 

distance between any two points of the goaf from the working face, m.
2oc is oxygen 

concentration in the airflow of the intake tunnel, mol/cm3. The air leakage velocity calculated 

by the measured goaf oxygen concentration and formula (15) are used to divide the "three 
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zones" distribution of spontaneous combustion: the width of the spontaneous combustion zone 

of the air inlet is 33m, and the width of the spontaneous combustion zone of the return air side 

is 27m. The three-zone of spontaneous combustion divided by the oxygen concentration and 

the numerical calculation of the air leakage velocity are in agreement with the numerical 

simulation, which shows that the optimum nitrogen injection parameters determined by the 

numerical simulation can meet the requirements of the field application. 

Based on the consideration of prevention and control of spontaneous combustion in goaf, there 

is a minimum value for the recovery rate of the working face. The spontaneous combustion 

zone of the goaf is wider before the nitrogen injection measures are taken, and the actual 

recovery speed of 2.5 m/d cannot ensure the safe recovery of the working face. The parameters 

of nitrogen injection are optimized by numerical simulation, and the width of the oxidation 

spontaneous combustion zone is shortened significantly. The width of the spontaneous 

combustion zone of the air inlet is shortened by 42%, the width of the spontaneous combustion 

zone of the return air side is shortened by 48%, and it is satisfied according to the safe recovery 

speed. 

Lv                                    (18) 

In the formula, V is the recovery speed of the working face, m/d.  is the natural ignition 

period, days. L is the width of the oxidized spontaneous combustion zone, m. The minimum 

recovery rate is 1.6 m/d under the condition of nitrogen injection, so the working face under 
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the current mining speed is in a safe state. As of January 2018, the 1303 fully mechanized coal 

caving face had been successfully pushed forward for over 600 meters, and no spontaneous 

combustion of coal remained in goaf. This indicates that the nitrogen injection control measures 

for the spontaneous combustion of residual coal in the goaf of 1303 fully mechanized coal 

caving face are effective according to the numerical simulation results. 

CONCLUSION 

By measuring the changing trend of the oxygen concentration with the working surface, the 

"three zones" area of spontaneous combustion in the goaf area of the 1303 fully mechanized 

coal caving face of Jinniu coal mine is divided, and the distance from the working face of the 

goaf to the working face is 52~109 m, and the range of the return side from 40 to 92 m from 

the working face is the oxidation spontaneous combustion zone. 

COMSOL software was used to simulate the change law of the "three zones" distribution of 

spontaneous combustion in goaf under nitrogen injection. It was found that the upper limit of 

the oxidation spontaneous combustion zone is not significantly affected by the position of 

nitrogen injection as the position of nitrogen injection position moves to the deep goaf, and the 

lower boundary limit of the oxidation spontaneous combustion zone is significantly affected 

by the position of nitrogen injection. The width of the oxidation spontaneous combustion zone 

begins to shrink and then increases. 
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Combining the actual production status of the working face and the simulation results, the 

nitrogen injection position parameters were optimized. When the nitrogen injection flow rate 

was 400m3·h-1, it was found that when the nitrogen injection port was appropriately extended 

to the rear of the cutting line 40m, oxygen was diluted and inserted. The gob area has the best 

effect, and the width of the oxidation spontaneous combustion belt is shortened by about 30 m. 

According to the results of the simulation analysis, nitrogen injection measures were taken in 

the goaf of the 1303 fully mechanized caving face. Field practice showed that the spontaneous 

combustion of the remaining coal in goaf has been effectively prevented. 

Abbreviation 

CFD: Computational Fluid Dynamics 

GC-2010: model of the gas Chromatograph Model 

DT-400: 
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