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ABSTRACT

To control the gas accumulation and spontaneous combustion in goafs of coal mines, many measures such as airflow volume at the working
face, gas extraction, and nitrogen injection in goafs have been taken. However, the principles of these measures contradict when controlling
two hazards simultaneously. It is necessary to understand how the flow field in goafs is influenced by these measures. In this study, a mathe-
matical model of the flow field in a goaf behind a u-type mechanized working face is established using the theory of porous media. The flow
field in a goaf with the risk of gas accidents and spontaneous combustion was analyzed for different controlling measures. Taking the Daxing
coal mine in Liaoning Province as an example, the main parameters, such as airflow volume, gas extraction, and nitrogen injection, were
optimized based on the simulation results. These results are of great significance for the coupled control of gas accumulation and spontaneous

combustion in goafs of coal mines.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0004243

I. INTRODUCTION

Disasters with gas accumulation and fire coupled together in
goafs can easily occur' ~ because of poor handling of the relationship
between fire prevention and gas disasters, which is a prerequisite for
preventing goaf disasters. A high caving space in thick coal seams is
created by fully mechanized caving mining, resulting in more coal left
in the goaf. High-intensity mining increases the intensity of gas des-
orption and emission, which requires a relatively large airflow at the
working face, thus increasing the air leakage from the working face to
the goaf, which increases the risk of spontaneous combustion in the
goaf. Hence, the goaf is subject to the dual pressure of spontaneous
combustion and gas accidents. This phenomenon is widespread in
China, namely, the gas explosion in the goaf of the Babao coal mine
in 2013, gas explosion in the goaf of the Tangyang coal mine in 2018,
and fire in the goaf of the Qilianta coal mine in 2011. Therefore, the
coupling mechanism and prevention of the spontaneous combus-
tion and gas disasters in a goaf are still some of the major issues.

Correctly handling the relationship between fire prevention and gas
disasters is a prerequisite for preventing goaf disasters."

For controlling gas accumulation and spontaneous combustion
simultaneously in a goaf, multiple measures, such as gas extraction,
grouting, nitrogen injection, and air adjustment, have to be adopted
together. However, the principles and methods of gas accumulation
and spontaneous combustion prevention are inconsistent for two
reasons: (1) gas extraction increases the air leakage in a goaf™* and
(2) although the width of the oxidation zone in a goaf is decreased
by reducing the airflow volume at the working face, the possibil-
ity of gas accumulation is increased, which could result in excessive
gas concentrations at the working face or the upper corner.”” To
avoid these problems in a goaf, a series of studies have been car-
ried out. A number of influencing factors, including airflow,” ! the
advancement of the working face,* '* gas extraction,'” ' and nitro-
gen injection, """ have been studied for controlling gas distribution
and spontaneous combustion. As a result, a series of comprehen-
sive measures for coal fire and gas accumulation prevention in a
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goaf have been proposed.”’ > However, these scientific and effective
methods for controlling spontaneous combustion and gas disasters
in a goaf still lack theoretical guidance.” ** An investigation of the
coupled control of gas accumulation and spontaneous combustion
in goafs of coal mines is of great importance and could provide a
theoretical basis and technical support for controlling gas disasters
and spontaneous combustion in coal mines.

Il. PERMEABILITY ANALYSIS AND EQUATION
FOR THE FLOW OF A GOAF

A. Governing equations for the goaf flow field

A goaf is a porous medium, and gas flows in the pores of the
goaf. It is assumed that seepage, diffusion, and chemical reactions
in a goaf are in steady-state, and the Soret and Dufour effects are
ignored. The governing equations that describe the motion of the
fluid flow in a goaf include a set of the Navier-Stokes equations, con-
tinuity equations, and any additional conservation equations, such
as those for energy or species concentrations,”* **

op O
St STG(P”:) =Sm,

) 0 &P

&(P“i) + g(P“i“j) T T

OT 8 W
i’{ +pgj + Fi,

T oT
Cei +nUgVi67xi = QS +Ag87i2 + 6x]

ot

i—f = D,div(gradC) — VigradC + V (),

where p is the density (kg/ m?), t is the time (s), u is the velocity (m/s),
Sw is the gas source, including nitrogen and oxygen (kg/m” s), P is
the static pressure (Pa), 7 is the stress tensor (N/m?), pg F is the grav-
ity and external body force (N), F includes the source attached to the
model, such as porous media settings, V; is the velocity components
in the x, y, and z directions (m/s), C. is the effective heat capacity for
the porous media (I/m3 °C), A, is the equivalent thermal conductiv-
ity for the porous media (W/m °C), g5 and A are the total equivalent
heat capacity and thermal conductivity of the solid in the porous
media, respectively, oy and A are the total equivalent heat capacity
and thermal conductivity of the gas in the porous media, respec-
tively, n is the porosity, Qs is the heat release from the oxidation
of lost coal in the goaf (J/m? s), C is the component concentra-
tion, D, is the diffusion coefficient of oxygen in the medium, (mz/ s),
and V(t) is the gas consumption or production volume for a gas
concentration C.

B. Physical model

This paper takes 702 working faces of the Daxing Coal Mine
in Liaoning TieFa Co. Ltd. as the research object. In the work-
ing face, the fully mechanized caving mining technology and a
U type ventilation system are adopted. The relative gas emission
volume is 24.46 m*/t. Spontaneous combustion easily takes place
in the goaf where the shortest period is about 20 days. C;Ha
and C;H, were often detected in the goaf even if many mea-
sures were used. To control the gas and spontaneous combustion
in the goaf simultaneously, these measuring parameters should be

scitation.org/journal/adv

optimized. The computational domain of the goaf is 300 x 150
x 100 m’, and the inclination angle of the working face is 15°
(Fig. 1).

C. Permeability coefficient

Permeability is defined as follows:”” '

KP(X’J’) = Kp,min + (Kp,max - Kp,min)

x exp(—a1d1(1 —[5%"0))(51 <1). @)

Here, ap and a; are the attenuation volumes from the wall and work-
ing face, respectively; Ky, max is the initial coefficient of the bulk;
dp and d; are the attenuation volumes from point (x, y) to the
wall and working face, respectively (mfl); Kp,min is the compacted
coefficient of the bulk; &; is the adjustment factor for controlling
the distribution of the “O” model; and K}, is the coefficient of the
bulk.

D. Temperature field of the goaf

The thermodynamic process in a goaf is very complex. The
quantity of heat transferred via the roof, floor, and tunnels’ sides
cannot be measured. Moreover, the size of the rocks in a goaf is
nonuniform. It is also difficult to describe the heat loss due to spon-
taneous combustion. The heat balance equation can be established

. . 32,33
based on the energy conservation equation as follows:

ST 8T oT I’T 9T
Ce—+nog(Vx—x+Vy—y):Qs+)Le(%+a—yz), (3)

where C. is the effective heat capacity of the porous media,
Ce = nog + (1 — n)os (J/m* °C); A, is the equivalent thermal con-
ductivity of the porous media, A, = ndg + (1 — n)As (W/m°C);
os and As are the equivalent multi-lumped heat capacity and
thermal conductivity of the solid in the porous media, respec-
tively; o, and Ay are the equivalent multi-lumped heat capacity
and thermal conductivity of the gas in the porous media, respec-
tively; n is the porosity; V and V, are the filtration flow (m/s);
and Qs is the oxidation heat release from the goaf residual coal
(J/m? s).

E. Oxygen consumption in the goaf

Coal samples from the working face of the Daxing coal mine
were obtained in accordance with the sampling rules of coal

FIG. 1. Gob model.
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FIG. 2. Variation in the oxygen concentration during coal oxidation.

spontaneous combustion testing. The test conditions were as fol-
lows: (1) the sample particle size is less than 2 cm, (2) the test tem-
perature is 22 °C, (3) the volume of the reaction device is 5850 ml,
(4) the sample weight is 3 kg, (5) the volume of air contained in the
reaction device is 3542 ml, and (6) the pressure is 1.01 MPa. The
device is completely sealed, and the monitoring time is 432 h. The
experimental results are shown in Fig. 2.
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The oxygen concentration curve can be fitted by the following
equation:

c(1)=19.32214- 0016521 w

The oxygen consumption volume constant can be determined from
the following equation:

Yo =¢co- Vo - Ao =19.32214 x 3.542 x 10_3 x 0.016 52
=1.13x10"° mol/(m3 s). (5)

Oxygen consumption is related to oxygen concentration, envi-
ronmental temperature, particle size of the coal, air leak intensity,
and stone volume.”*” The relationship between oxygen consump-
tion and these factors can be derived as follows:

wi(0,) = aOCOZe"°T[1 -m ln(% + C)][l A 1)]/1000, (6)

where w;(O3) is the coal oxygen consumption volume (kg/m3 s); &o,
a1, by, and f are the undetermined coefficients, Cy is the oxygen con-
centration (kg/m3); T is the temperature (°C); D is the coal size; d” is
the referenced size; C and B; are the regression parameters; Q is the
air leak intensity (m®/m? s); and ¢ is the stone volume.

Because the gas is being used as a diluent, the decrease in the
oxygen concentration can be expressed by the equivalent oxygen
consumption volume. The equivalent oxygen consumption volume
can be given by the following equation:

0.0224n - wg - Co,
n+0.0112w,

w2(02) = /1000. ?)

FIG. 3. Gas concentration distribution in the goaf with an airflow of 300 m®/min.
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FIG. 4. Gas concentration distribution in the goaf with an airflow of 1400 m*/min.

Here, w,(03) is the equivalent volume of oxygen consumption
(kg/m® s), Co, is the oxygen concentration before gas emission
(kg/m?), n is the porosity, and wg is the gas emission intensity
(kg/m3 s).

The oxygen consumption in the goaf can be given by the
following expression:

W(Oz)=W1(02)+W2(Oz)~ (8)

F. Gas emission in the Daxing mine

The gas flows into the pores of the goaf. The relative gas emis-
sion volume of the working face is 24. 46 m*/t. The distribution of
gas emission intensity in a unit area of the goaf can be described by
the following equation:”’

W(xy) =A-y-qr[BiMi(1—ar) +Ba(1 - a) (M= M;y)] -7,
)

where x is the coordinate along the strike direction from the working
face in the goaf (m), and v is the advancing speed of the working face
per day (m/d).

The average thickness of the coal seam in the Daxing coal mine
is 5.1 m, the coefficient of recovery is 30%, the height of the shearer
cutting is 3 m, the relative gas emission volume is 24.46 m>/t, the
mining speed per day is 3 m, and the density of the coal is 1.46 t/m’.
The gas emission intensity per unit area can thus be simplified as
follows:

0.025x

W(x,y) =0.925¢(" mol/(m*s). (10)

G. Boundary conditions

The velocity inlet is selected as the air intake airway. The tem-
perature is 293 K, oxygen volume fraction is 21%, nitrogen volume
fraction is 79%, and absolute pressure is 101 325 Pa at the air intake.
The outflow is selected for the return airway. The gasflow is assumed
to be a laminar flow in the roof and the floor of the goaf and a tur-
bulent flow in the goaf. The permeability of the porous media is
given by Eq. (2). The gravity of the gas is considered because an evi-
dent floating phenomenon, induced by the density difference, will
occur.

Ill. ANALYSIS OF RESULTS

A. Effect of the airflow at the working face on the gas
migration in the goaf

A “U”-type ventilation is used in the Daxing coal mine. The
gas concentration distribution in the goaf was obtained under dif-
ferent airflow conditions of 300 m’/min, 400 m*/min, 500 m’/min,
600 m*/min, 700 m’/min, 800 m*/min, 1000 m*/min, 1200 m’/min,
1400 m’/min, 1500 m’/min, 1600 m’/min, 1800 m’/min,
2000 m*/min, 2400 m’/min, 2800 m*/min, and 3000 m’/min. It can
be concluded that the shape of gas concentration distribution basi-
cally remains consistent with increasing airflow, but the gas is blown
deeper into the goaf. In addition, the gas concentration is higher at
the side of the air intake airway in the goaf than at the side of the
return airway due to the buoyancy of the gas. However, when the
air leakage increases in the goaf, the gas exhausted from the goaf
increases, and the gas concentration in the upper corner exceeds the
acceptable limit. These results also demonstrate that it is impossi-
ble to solve the problem of excessively high gas concentration in the
upper corner of a u-type ventilation system by increasing the airflow
at the working face (Figs. 3 and 4).

The gas concentration distribution moves backward as a whole
in the goaf with an increase in the airflow at the working face. The
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FIG. 5. Relationship between the position of the isoline corresponding to a gas
concentration of 5% and the airflow volume.
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FIG. 7. Gas concentration distributions before and after surface drilling drainage with an airflow of 1000 m®/min: (a) gas concentration in the goaf before extraction and (b)
gas concentration in the goaf after extraction.
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FIG. 8. Oxygen concentration distributions before and after surface drilling drainage with an airflow volume of 1000 m®/minP: (a) oxygen concentration in the goaf before
extraction and (b) oxygen concentration in the goaf after extraction.
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(b)

FIG. 9. Surface drilling model: (a) stereogram and (b) meshing.

position of the isoline corresponding to a gas concentration of 5%
moves backward exponentially with the increase in the airflow at
the working face (Fig. 5). Although the tendency is the same in
the inclined direction, the magnitude of the increase varies. The
closer the distance to the air intake airway, the greater will be the

ARTICLE scitation.org/journall/adv

magnitude of the increase. This is beneficial for restraining gas
emission out of the goaf.

B. Relationship between the oxidation zone width
and airflow

The air leakage intensity into the goaf, oxidation zone width in
the goaf, and gas emission intensity from the goaf all increase with an
increase in the airflow at the working face. The wider the oxidation
zone width, the longer it takes to change from the oxidation zone to
the suffocation zone. If this time exceeds the period of coal sponta-
neous combustion, the fire risk in the goaf will increase. Reasonable
determination of the airflow at the working face can improve the
ability of the ventilation system to prevent fires in the goaf.

The relationship between the airflow and oxidation zone width
in the goaf was investigated in the Daxing coal mine. The shape of
the oxidation zone does not change when the airflow at the work-
ing face increases. The results also indicate that the relationship
between the oxidation zone width and the airflow at the working
face is a quadratic function. However, when the airflow is less than
500 m*/min, the oxidation zone width has a simple linear relation-
ship with the airflow at the center of the side of the return airway in
the incline direction. The change in the oxidation zone width also
has a quadratic relationship with the airflow (Fig. 6).

C. Influence of the surface borehole drainage on gas
migration and spontaneous combustion

Surface borehole drainage is mainly adopted compared with
non-extraction. After gas extraction, the gas concentration in the

02 Mass Fraction
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FIG. 10. Oxygen and gas concentration distribution for an extraction volume of 13.5 m®/min with drilling at borehole no. 1: (a) oxygen concentration distribution and (b) gas

concentration distribution.
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FIG. 11. Oxygen and gas concentration distribution for an extraction volume of 54 m*/min with drilling at borehole no. 1: (a) oxygen concentration distribution and (b) gas

concentration distribution.

goaf changes evidently. The high-concentration gas position moves
backward, and the gas concentration on both sides of the goaf is
lower after extraction (in Fig. 7). However, the gas extraction also
causes a slower oxygen concentration gradient and increases the
width of the oxidation zone (in Fig. 8).

To consider the influence of the position of the borehole on
spontaneous combustion and gas concentration distribution, five
boreholes are located at distances of 23 m, 123 m, 223 m, 323 m,
and 423 m from the open-cut hole in the strike direction, denoted
with nos. 1, 2, 3, 4, and 5, respectively (Fig. 9). Borehole no. 5 is
located near the corner of the working face, which can reduce the
gas concentration in the goaf at the back of the upper corner and
prevent the upper corner gas concentration from exceeding accept-
able limits. Borehole no. 1 is located near the open-cut hole, which
is necessary for the best extraction effect. The extraction scheme
is designed as follows: extraction at borehole no. 1 alone; borehole
nos. 1 and 2 together; borehole nos. 1 and 3 together; borehole nos.
1 and 4 together; borehole nos. 1 and 5 together; borehole nos.
1, 2, and 5 together; and borehole nos. 1, 4, and 5 together. The
extraction volume is 6. 75 m>/min, 13. 5 m®/min, 27 m*/min, and
54 m®/min.

The simulation results show that the width of the oxidation
zone near the return airway initially changes when the extraction
volume increases to 13.5 m*/min during extraction at only borehole
no. 1 ( Fig. 10). The oxidation zone width exceeds 100 m when the
extraction volume increases to 54 m’>/min (in Fig. 11). The vari-
ation in the oxidation zone width is shown in Fig. 12 at 40 m,
80 m, and 120 m from the side of the air intake airway under dif-
ferent gas extraction volumes. The oxidation zone width increases
with an increase in gas extraction volume, but it does not increase

significantly when the extraction volume is less than 15 m®/min.
However, the oxidation zone width increases sharply when the
extraction volume exceeds 27 m*/min. Thus, when the extraction
volume is in the range of 13. 5 m*/min to 27 m*/min, by making the
oxidation zone width change little, the gas extraction volume should
be as small as possible.

A gas extraction volume of 27 m?/min is applied to investigate
the influence of the borehole locations on the effect of gas extrac-
tion. Using borehole nos. 1 and 2 for gas extraction simultaneously

120
—#— 40m away from the air intake airway in the incline direction
—®— 80m away (rom the air intake airway in the incline direction
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FIG. 12. Change in the oxidation zone width with drilling at borehole no. 1.
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FIG. 13. Oxygen and gas concentration distribution for an extraction volume of 27 m®/min with drilling at borehole nos. 1 and 2: (a) oxygen concentration distribution and (b)
gas concentration distribution.
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FIG. 14. Oxygen and gas concentration distribution for an extraction volume of 27 m*/min with drilling at borehole nos. 1, 2, and 5: (a) oxygen concentration distribution and
(b) gas concentration distribution.
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is beneficial for reducing the gas depth in the goaf, but the gas
concentration still exceeds the specified value in the upper corner
(Fig. 13). When borehole nos. 1, 2, and 5 are used simultaneously,
not only does the gas concentration deep in the goaf decreases but
the gas concentration in the upper corner also decreases dramatically
(Fig. 14).

D. Optimal values for airflow volume, nitrogen
injection, and gas extraction

Gas extraction and nitrogen injection are the most effective
methods for preventing fires and gas disasters in a goaf. To inves-
tigate gas migration and spontaneous combustion under the condi-
tions of simultaneous gas extraction and nitrogen injection in the
goaf, borehole nos. 1, 2, and 5 are used for gas extraction; the loca-
tion of nitrogen injection is 30 m from the working face, at which
the airflow volume is 1000 m®/min.

The simulation results are shown in Fig. 15 for the conditions
of gas extraction and nitrogen injection. Gas extraction increases the

ARTICLE scitation.org/journall/adv

air leakage. The flow field is changed, and the oxidation zone width is
reduced near the location of the nitrogen injection. However, nitro-
gen injection has little effect on the oxidation zone width near the
center of the goaf and at the side of the return airway in the incline
direction of the goaf. Thus, a narrow range from the center of the
goaf to the side of the return airway becomes the main area for the
occurrence of spontaneous combustion.

With borehole nos. 1, 2, and 5 used for gas extraction simul-
taneously, the airflow volume is set to 500 m’/min, 1000 m*/min,
1600 m*/min, 2000 m*/min, 2800 m®/min, and 3000 m*/min; the gas
extraction volume is set to 13. 5 m>/min, 27 m*>/min, and 54 m>/min.
It is shown in Figs. 16 and 17 that the width of the oxidation zone
increases linearly with an increase in airflow volume and has a
quadratic relationship with the gas extraction volume.

To investigate the comprehensive influence of the nitrogen
injection location, nitrogen injection volume, and airflow volume,
the nitrogen injection volume is varied to 600 m*/h, 1200 m*/h, and
1800 m*/h. The nitrogen injection location is set at 10 m, 20 m, 30 m,
and 40 m from the working face at the side of the air intake airway.
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FIG. 15. Gas, oxygen distribution, and temperature field under the condition of drilling drainage combined with nitrogen injection: (a) gas concentration distribution, (b) oxygen

concentration distribution and (c) temperature field.
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TABLE I. Optimal values under conditions of different control measures.

Airflow Nitrogen Nitrogen Gas extraction
volume injection injection volume
No. (m’/min) volume (m®/h) location (m) (m*/min)
1 500 720 20 13.5
2 1000 1200 30 13.5
3 1600 1200 30 27
4 2000 1800 30 27

The airflow volume is 1000 m*/min, 1600 m>/min, 2000 m>/min,
and 2800 m’/min at the working face. The gas extraction volume is
set to 13.5 m’/min, 27 m*/min, and 54 m*/min.

Figure 18 shows a significant influence on the oxidation zone
width when the nitrogen injection location is 10 m from the work-
ing face. The oxidation zone width decreases when the nitrogen
injection rate reaches 1400-1600 m’/h. However, when the nitrogen
injection volume exceeds 1600 m?>/h, the amplitude of the decrease
is reduced.

Through a large number of numerical simulations, the opti-
mal values under the conditions of different control measures are
determined for the Daxing coal mine and are listed in Table I.

IV. CONCLUSION

Computational fluid dynamics technology is used to calculate
the optimal value of parameters related to fire and gas prevention
measures. It is helpful for mine managers to understand the char-
acteristics of goaf flow clearly and to determine the best design plan
that can support management decisions. This study is based on sim-
ulations, considering the actual situation of the Daxing Mine in
Liaoning Province. The following conclusions can be drawn:

The shape of the gas concentration distribution remains basi-
cally consistent in the goaf with an increase in airflow volume at the
working face. The gas concentration distribution as a whole moves
toward the depth of the goaf, and the gas concentration near the
working face in the goaf decreases markedly. The gas concentration
does not evidently decrease in the upper corner with an increase in
airflow volume at the working face. Thus, it is impossible to solve
the gas problem in the upper corner with a u-type ventilation by
increasing the airflow volume.

The optimal values of comprehensive parameters such as air-
flow volume, gas extraction volume, and nitrogen injection volume
and location are analyzed for the Daxing coal mine. The nitro-
gen injection location, nitrogen injection volume, and gas extrac-
tion volume under different airflow volumes are optimized. With
an increase in airflow volume, the nitrogen injection volume should
gradually increase, and the location of the nitrogen injection can be
increased to 30 m. The gas extraction volume should remain within
the range of 13.5-27 m’/min.
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