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We explore the magnitude of airflow disturbance in mine roadways induced by gas outburst shock waves.
Outburst shock wave propagation in the near-field of the outburst source is established and simulated in three
dimensions using FLUENT. The effects in connected but distal roadways are represented by a simplified one-
dimensional network model and solved by Flowmaster. A Mesh-based Parallel Code Coupling Interface
(MPCCI) is applied to couple the three-dimensional (near source) model and the one-dimensional (distal) model.
The coupled model is verified by theoretical analysis and against observations from a coal and gas outburst
incident comprising 2887 tonnes of coal that occurred in the Jiulishan coal mine, China and general charac-
teristics of outburst events explored. Simulations demonstrate that airflow disturbance induced by outburst shock
waves in the coal mine is principally controlled by the shock wave overpressure and fan pressure provided by the
main fan. Of these, the shock wave overpressure exerts the dominant impact. The larger the shock-wave over-
pressure, the more rapid the decrease of airflow in the roadway branches and the larger the ultimate airflow
decrease. Furthermore, the arrival time of the minimum air flow rate is delayed. When the fan pressure is large,
the ability to resist airflow disturbance is enhanced and the area subject to countercurrent flow is reduced. The
initial air flow rate and the restored air flow rate show less correlation with the shock wave overpressures.
However, they are both significantly affected by the pressure of the main fan. This work presents a novel
approach for the study of airflow disturbance in underground ventilation networks in coal mines caused by coal
and gas outbursts and provides guidance for the design of outburst prevention facilities.

1. Introduction

Airflow at the mining face and in the roadways of underground
mines can be severely disrupted during coal and gas outbursts and may
trigger secondary disasters, such as gas explosions,' ® requiring that
these impacts be defined.” ° Normal ventilation airflow can be disrupted
by the shock waves generated by coal and gas outbursts, potentially
generating countercurrents in the far-field,””® with the potential for
suffocating flows and gas explosions. Studies have explored outburst
mechanisms and preventive measures, via a variety of theoretical
models.”*? These have defined attenuation relations for shock wave
attenuation in the near-field of the outburst source. However, under-
standing of the attenuation of shock wave propagation in the far-field,
distant from the outburst source, remains poorly defined. No effective
method is available to study the influence of outbursts on underground

airflow. An outburst shock wave is known to result from the ejection of a
large amount of pulverized coal carried by gas.'>'* The inertia of the
pulverized coal is significant, with particle-particle collisions consuming
considerable energy and influencing transport. Thus, the role of inertia
in the propagation of shock airflows cannot be neglected in the
near-field of the outburst source.'”>'” However, after the outburst shock
wave has propagated far from the outburst source, the pulverized coal
will gradually settle as the turbulence weakens then abates.'®?° The
pressure gradients for the shock waves vary principally in the propa-
gation direction as do the changes overpressures — enabling transverse
gradients to be ignored and allowing the system to be represented by a
1D model.?! Therefore, the propagation of the outburst shock waves in
the near-field and far-field can be decoupled, and calculated separately.
A 3D model is needed to simulate the complex propagation character-
istics of the shock wave in the near-field, with a 1D model sufficient to
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represent attenuation in the far-field. Thus, the airflow disturbance in
the entire underground mine ventilation network can be obtained
through the coupling between the 3D and the 1D models. The following
establishes a multi-scale coupling model of the propagation character-
istics of the outburst shock wave. The model is verified against the case
of an outburst at the Jiulishan coal mine, Jiaozuo, China and general
characteristics of outburst events explored. This coupling model enables
the feasible range of outcomes of outbursts to be explored, providing
guidance for mitigation and to inform disaster rescue. In addition, the
attenuated shock wave and the delineated region for countercurrent
flow provide the basis for the design (resilience and location) of outburst
prevention facilities together with locations for the siting of outburst
prevention and flow dampers.

2. Multi-scale coupling model for the propagation of outburst
shock waves

The different spatial-dimensionalities and processes in the near-field
outburst zone (3D-inertia-dominated) and subsequent transport in the
mine roadways (1D) enable considerable savings in computation over
full 3D representation. The following separately develops an inertia-
dominated model for the 3D representation of the outburst zone and a
1D model for mine roadways that are linked via a coupling routine.

2.1. 3D model for shock wave attenuation in the near-field

Outburst shock waves are formed when the air within the roadway is
compressed by a high-pressure gas flow.?>?* Based on conservation of
mass, momentum, energy, and mixture components, the governing

equations for the outbursts shock wave are:**
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Jg =T g—g;c represents the gas concentration; Cy represents the specific

heat capacity at constant volume; E, represents the total energy of the
gas flow; J,; represents the gas diffusion flow in the j direction; K rep-
resents the thermal conductivity of the gas flow; P represents the pres-
sure of the mixed gas; gj represents the airflow transporting heat in the j
direction; t represents time; T represents temperature; u; represents the
average velocity of the airflow in the i direction; u; represents the
average velocity of the airflow in the j direction; p represents the density
of the gas; u represents dynamic viscosity of the gas; I' represents the
convection diffusion coefficient of the gas; 7;; represents the shear stress
tensor; and &; represents the Dirac delta function.
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The equations also require a state equation for the solution, here
supplied by the ideal gas law. FLUENT is utilized to evaluate the char-
acteristics of the two-phase gas-solid outburst flows in the near-field
roadways.

The ideal mixture assumption is that the parameters of the high-
pressure mixed flow of gas and pulverized coal in the outburst region
(the outburst chamber) are evenly distributed when the outburst reaches
the critical state (Fig. 1).

At the critical outburst state, the initial conditions of the high-
pressure gas in the outburst chamber are:

P=PMPa,u; =0,T;=300K,V=5%(t=0,0<x <L) (2)

where P; is the gas pressure in the outburst chamber, MPa; u; is the flow
velocity, m/s; T is the temperature, K; and V is the volume fraction of
pulverized coal in the outburst chamber. The outburst chamber is
charged with high-pressure gas as the outburst energy source.

At the critical state of the outburst, the initial properties of the air in
the roadway are:

Pp=0.1MPa, up=0,Tp=300K, Ch=0(¢=0;x>1L) 3

where C is the gas concentration in the roadway.
2.2. 1D network model for shock wave propagation in the far-field

The propagation of the outburst shock wave far from the outburst
source may be simplified from the full three-dimensional simulation in
FLUENT into a one-dimensional form. The Flowmaster code is adopted
for these 1D flows, and significantly shortens the numerical solution
time. In Flowmaster, the compressed high-speed airflow is considered as
one-dimensional transient compressible inviscid flow.

Flowmaster comprises a variety of modeling components and is able
to simulate the propagation of the outburst shock wave in a one-
dimensional pipeline. Typical components are shown in Fig. 2.

The overpressure gradient of the shock wave is typically small,
enabling 1D linearization to be applied to each branch of a roadway far
from the outburst source. Accordingly, a 1D mine ventilation network
model is established using pipeline, flow source, pressure source, corner
and loss elements together with other components provided in Flow-
master. These separately represent the underground roadway, outburst
source, pressure source, corner roadway, and other structures.

2.3. Multi-scale coupling between outburst (3D) and roadway
propagation (1D) models

The propagation and attenuation of the outburst shock wave near the
source is represented by FLUENT in 3D with the 1D Flowmaster pipe
network model representing the branching roadways in the far-field.
These two codes are linked by a multi-scale coupling platform referred
to as the Mesh-based Parallel Code Coupling Interface (MPCCI). This
enables the ensemble numerical analysis of the complete propagation
process of the outburst shock wave to be followed throughout the entire
underground roadway network.

The multi-scale coupling referred to in this paper is the coupling
between the FLUENT and Flowmaster codes. The exchange of pressure

Roof(wall surface)

H Roadway Outlet

Floor(wall surface) >

Fig. 1. Geometric model of an outburst in a straight roadway.



A. Zhou et al. International Journal of Rock Mechanics and Mining Sciences 128 (2020) 104262

P F — :

(a) Pressure source (b) Flow source (c) Straight pipe

4&» <'_‘O
a2

0 A

.

>
'
d) Branch (e) Corner (f) Sudden expansion / (g) Loss element
contraction
Fig. 2. Schematic of components in the Flowmaster code.
magnitudes and mass flow rates in transient coupling may be taken as an corresponds to a surface element to constitute the overall surface of the
example. Nodal flows and nodal pressures are defined in the 1D calcu- unit. The essence of parameter exchange is to make the flow and pres-
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Fig. 3. Procedures for coupling the Flowmaster and FLUENT codes.
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surface pressure of the unit. In the transient initialization exchange,
FLUENT first sends the flow parameters to the Flowmaster code. The two
codes then operate in parallel and perform regular parameter exchanges
after each iteration step. FLUENT sends the flow parameters to the
Flowmaster code, and the Flowmaster code returns the pressure pa-
rameters to FLUENT until both data sets finally reach convergence. The
specific coupling steps are shown in Fig. 3.

3. Case study of shock wave attenuation and airflow disturbance

Coal and gas outburst accidents occur frequently in Chinese coal
mines and are extremely harmful. For the conditions of one specific and
well documented gas outburst incident we apply this model as a veri-
fication exercise. We then apply the coupled simulation model to
explore controls on shock wave attenuation and airflow disturbance in
other generic mine geometries.

3.1. Overview of outburst

A serious outburst accident occurred at the Jiulishan coal mine,
Jiaozuo, Henan province, China early in the morning of August 23,
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2005.%° The volume of the ejected gas at heading face 15051 was 279,
000 m3, the mass of outburst coal was 2887.15 t, and the maximum
airflow reversal reach was more than 800 m. The total intake air flow
rate was 12,643 m>/min and the total return air flow rate was 13,103
m>/min under normal production conditions in the mine. The principal
mining faces were: working face 15011 and heading faces 15051, 15071
and 15061. A 2 x 15 kW auxiliary fan was utilized at heading face 15051
for air supply of 356 m>/min to counter the maximum gas emission rate
of 2.7 m®/min present during normal mining. The fresh air flow rate at
working face 15061 was 20.71 m®/s.

A simplified ventilation network for the mining area in the Jiulishan
coal mine is shown in Fig. 4. The outburst occurred at the heading face
(15051) and principally affected the area between nodes 3 and 8 in the
network model. Branches 17, 18 and 19 are the most readily influenced
by the outburst shock wave, and branches 9 and 14 may also be
involved. In addition, branches 10 and 12 (the air-return entry at
heading face 15061 and at working face 15011) were also r disturbed.

A diagram of the outburst-disturbed area in the mine is simplified by
selecting the major branches between nodes 3 and 8 in the ventilation
network based on heading face 15051, shown in Fig. 5.
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Fig. 4. Ventilation network diagram for the Jiulishan coal mine.
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3.2. Analysis of outburst shock airflows

The outburst is driven by the initial stored energy and consumed by
the general overpressure of the shock wave.

(1) The initial energy of outburst shock airflow

The initial energy of the outburst shock airflow comprises the elastic
energy of the coal and gas expansion energy. The calculations for the
initial energy of outburst shock airflows are:

@ Elastic energy of coal

The elastic energy of the coal body is an important part of the initial
energy for the shock airflow. When calculating the elastic energy of the
coal, not only the self-weight stress of the coal body but also the stress
applied to the coal should be considered. According to the characteris-
tics of the Jiulishan mining area, the stress concentration factor is of the
order of ~2. The depth of the working face (15051) is 416 m. The
principal stresses in the three directions are taken as:

03 80

C18

O
n

C2
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01 =0, =03 =2 x0.025 x 416 = 20.8Mpa 4

According to measurements of the mechanical properties of coal
samples taken from the outburst area, the elastic modulus E is 280 MPa,
the Poisson ratio 4 is 0.3, and the bulk density y is 1.54 t/m°. Thus the
elastic energy of coal per tonne is:

1
Wi=35 (367 —2u x 307) / 1.54=0.602 MJ/t )

@ Expansion energy of free gas per tonne of coal

From the analysis of most outburst cases, the entire outburst process
is largely adiabatic, and the adiabatic coefficient n is approximately
1.25. In general, V.. is ~10% of the gas content in the coal seam. The
measured gas content in the air-return entry at working face 15051 is
22.05 m3/t, and the gas pressure is 0.86 MPa. Thus, the expansion en-
ergy of free gas per tonne of coal is:
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(e]

Gl Aempeol yoel],

C12 v 6

Working face 15011 C11

Cl0 — ~

W

Transportation entry of 15011

13 o $C16

Outburst
/ source

(O%)

GI Aempeol yoei],

[
O
¢

J;

Heading face 15071

oL
10 b () ©

N7

C7

Heading face 15051

12

Air-return
roadway 15

C8

11

Fig. 5. Simplified diagram of the area disturbed by the outburst shock wave in the Jiulishan mine.
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® Expansion energy per tonne of coal induced by gas desorption

The gas content coefficient a is 3.16 m3/(t-MPa%>). The original
ambient pressure P, in the outburst region is 0.1 MPa, and the gas
pressure P, in the coal seam before the outburst is 0.86 MPa. The original
ambient temperature Ty in the outburst roadway is 293 K. Then the
expansion energy per tonne of coal induced by gas desorption is:

n—1
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W= 0 “e) 1| y/P, VP $=0.239 Mi/t
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@ Total initial outburst energy per tonne of coal

The calculations show that the elastic energy of the coal mass per
tonne W; is 0.602 MJ/t; the expansion energy of free gas per tonne of
coal Wy, is 0.476 MJ/t; the expansion energy of gas desorption per tonne
of coal Wa, is 0.239 MJ/t. This contributes a total initial outburst energy
per tonne of coal is:

W=W, + Wy + Wy = 1317 MJ/t 8

The shock airflow both breaks and transports the coal during prop-
agation, consuming the outburst energy. Therefore, the maximum total
initial energy of the outburst per tonne of coal is 1.317 MJ.

(2) Overpressure generated by outburst shock airflow in the roadway

The shock airflow comprises a shock wave and related gas flows,
with the shock waves generated by the outburst continuously attenuated
in the roadway. The attenuation of the outburst shock wave in a straight
roadway is described as:

2p,D? %
P =P 1-2)=Py+6 AL
1=Po + 1 D2 o+ 6W / (AL) )

where the roadway cross section A is 8 m% and the air compression
coefficient k is 1.4, resulting in,
20k +1)°(k—)
= “"=144. 1
o 3k—1 (10
The gas energy per tonne of coal is 1.317 MJ. Then, the shock wave
overpressure AP at different locations in the roadway can be expressed
as:

oW 1.44 x 1.317G

AP=P-Py=""=
AL 8L

= 237.06%Pa (11)
where G represents the outburst intensity (outburst coal mass).

The measured outburst intensity is 2887.15 t according to the acci-
dent investigation, resulting in the shock wave overpressures at different
locations in the outburst roadway as shown in Fig. 6.

It can be seen from Fig. 6 that the outburst shock wave overpressure
monotonically attenuates with distance from the source. The distance
from the outburst source to the working face (15011) is ~600 m, thus
the maximum overpressure generated at the intersection of the air-
return entry and the air-return roadway (15) is 1141 Pa. Furthermore,
the maximum overpressure does not consider the energy consumed in

International Journal of Rock Mechanics and Mining Sciences 128 (2020) 104262

7000

6000

5000

4000

3000

2000

1000
0 L L B
0 100 200

Overpressure(Pa)

T —
300 400 500 600 700 800 900

Distance(m)

Fig. 6. Variation of shock wave overpressure along a roadway.

breakage of the coal, nor energy losses around corners and at bifurcating
roadways. Therefore, the actual overpressure of the shock wave gener-
ated at the intersection of the air-return entry and the air-return
roadway (15) must be far lower than 984 Pa. Airflow reversals at the
working face are determined by two factors. One is the outburst shock
wave overpressure generated at the working face and the second is the
ventilation resistance between the inlet and return sections of the
working face. Only when the shock wave overpressure is greater than
the ventilation resistance of the sections, will the airflows at the working
face be reversed. According to the ventilation resistance measured in the
Jiulishan coal mine in 2002, the ventilation resistance between the inlet
and air-return entries at the working face is 901 Pa. Since the outburst
shock wave overpressure generated in this region is less than 901 Pa, an
airflow reversal will not occur at the working face.

3.3. Numerical simulation and analysis

According to Fig. 4, a coupled model for Fig. 5 is established (Fig. 7).
The outburst chamber is 6 m long and 2 m high in accordance with the
in-situ mining geometry. Since the corner structure at roadway in-
tersections significantly blocks the outburst air flow, an intersection
between the heading face and the air-return roadway, 100 m away from
the outburst source, is selected as the coupling surface for the outburst
zone in the Jiulishan coal mine with the model for near-field response
established using FLUENT and that for the far-field using Flowmaster.
On the coupling surface, FLUENT sends the flow parameters to the
Flowmaster code, and the Flowmaster code returns the pressure pa-
rameters. In the initial coupling stage, an insignificant initial flow rate
will be given in the Flowmaster code as 0.001 m®/s.

Based on the mine ventilation parameters measured under normal
production conditions, the previous data show that the air flow rate at
the working face is 20.71 m3/s, and the ventilation resistance measured
between the supply and the return air entries is 901 Pa.

The ventilation network of the outburst-disturbed area in the Jiu-
lishan coal mine before the outburst is constructed is shown in Fig. 7.
According to the field investigation, the total air pressure in the
simplified model is 2000 Pa. Additionally, the resistance to airflow and
the impact of corners in the roadway is represented by pressure loss
elements by adjusting loss coefficients to achieve realistic ventilation
parameters. In Fig. 7, numerical simulations show that component C11
represents the working face with an air flow rate of 21 m>/s. The dif-
ferential pressure between the intake and return airways at the working
face is 910 Pa. The field measured data show that the air flow rate at the
working face is 20.71 m>/s and the ventilation resistance between the
intake and the air-return entries is 901 Pa. Therefore, it is concluded that
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Fig. 7. Coupled model for the outburst-disturbed area in the Jiulishan mine.

the simulated ventilation model is close to the actual ventilation con-
ditions before the outburst.

3.4. Coupled simulations

The relationship between the overpressure of the shock wave and
distance from the outburst source is obtained through theoretical rep-
resentation of the propagation characteristics of the outburst shock
wave in the straight roadway (Fig. 6).

As shown in Fig. 6, the overpressure of the outburst shock wave is
7000 Pa at the intersection of the heading face and the air-return
roadway (15, which is 100 m away from the outburst source). The
factors affecting outburst intensity remain so complex that it is difficult
to evaluate them at the outburst source. However, it is feasible to define
an equivalent intensity by ensuring that the overpressure at a prescribed
location, remote from the outburst source, matches the known history of
propagation of the shock wave. The following adopts such an equivalent
outburst intensity by adjusting the gas pressure in the outburst chamber
P to realize a peak overpressure at the monitored surface coupled by
MPCCI, is 7000 Pa.

In Fig. 8, the peak pressure monitored at the coupling surface is 7800
Pa — congruent with the overpressure of the outburst. At 0.16s the peak
shock wave pressure arrives, passes the air-return roadway (15) and
then enters the ventilation network. The specific results are shown in
Fig. 9.

In Fig. 9, the temporal and spatial variations of shock wave pressure
in vulnerable roadways are shown. It should be noted that the values of
pressure derived from Flowmaster are the absolute pressure. The shock
wave is divided into two flows after exiting the driving roadway - one
propagating against the steady airflow and the other propagating in the

0.008
0.006
=
[aW)
= 0.004
T
2
4 0.002
—
5
>
& 0.000
-0.002 |
T T T T T T T 1
0.0 0.1 0.2 0.3 0.4

Time(s)

Fig. 8. Variation of overpressure with time at the coupling surface, 100 m away
from the outburst source.

airflow direction. Branch C8 represents the lower section of the closest
air-return roadway to the outburst source with a length of 170 m. The
airflow resistance and propagation attenuation from the coupling sur-
face are small, and the peak overpressure in this roadway is 7500 Pa.
Branch C7 represents excavation roadway 15071, with a length of 60 m
with the peak overpressure in this roadway decreasing to 5200 Pa. In
general, the peak pressures do not change significantly nor does the
arrival time of the peak pressure - due to the short length of the roadway.
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Branch C5 represents the lower section of the track roadway (15), with a
length of 290 m. The peak overpressure has been attenuated to 4600 Pa
at the entrance of the roadway. However, for propagation in the direc-
tion of the airflow, the shock wave enters the main return airway C18
along the upper section of the air-return roadway C16. This then enters

the air-return entry C12 at working face 15011. The overpressure in C16
is attenuated from 6500 Pa to 3500 Pa - much larger than that in C12.
The length of C16 is 400 m, with C12 350 m long, and the coupling
surface ~100 m away from outburst source. Thus, the end of the air-
return entry is more than 800 m away from the source. There the
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arrival time of the peak pressure is delayed to 1.8 s or even 2 s after the
initiation of the outburst and the overpressure at the rightmost end
decreases to 1800 Pa.

The theoretical analysis of overpressure attenuation shows that the
peak overpressure is 7000 Pa at 100 m and is attenuated to 1000 Pa at
800 m. The simulation results show that the peak is 7800 Pa at 100 m
and is attenuated to 2100 Pa at 800 m. Thus, the peak pressure in the
simulations is higher, but the attenuation is slightly smaller than that in
the theoretical analysis. This is principally due to the settling and
accumulation of the coal particles and a resulting increase in the flow
resistance — a feature that is difficult to consider in simulations.
Neglecting the presence of solid phase particles in two-phase outburst
flows leads to a decrease in the propagation resistance, with an atten-
uation smaller than in the simulations. In addition, the attenuation
caused by roadway structures is also difficult to quantify accurately. The
attenuation factors for the roadway structures used in the 1D simula-
tions are also obtained from numerical simulations with FLUENT, with
the factors representing roadways of different lengths being appropri-
ately scaled. In general, the peak overpressures and their attenuations
are similar and the simulations reliable.

As shown in Fig. 10, when the shock wave enters the air-return
roadway (15), the airflow in the roadway is disrupted by the over-
pressure. The key to the airflow reversal is that the overpressure
generated by the outburst shock waves is greater than the ventilation
resistance. Influenced by overpressure in the roadways, the air flow rate
in branches C2, C5, C7 and C12 decrease to different extents. Branches
C2 and C12 are furthest away from the outburst source and the over-
pressure is insufficiently large to cause a reversal. Therefore, the impacts
on these branches are small, and the airflow flow rate is only slightly
attenuated. Branch C2 is 620 m away from the outburst source, and C12
is only 500 m away from the outburst source, thus C12 is disturbed
earlier.

Different from branches C2 and C12, C5 and C7 both experience a
negative air flow rate at 0.54s and 0.75s — resulting in airflow reversals.
C7 is closer to the outburst source, thus the reversal occurs earlier. But
the countercurrent flow rate is only 6.2m%/s, and airflow in C12 is not
reversed, resulting in only a small outburst shock wave overpressure.
This is consistent with the observation that the countercurrent flow re-
gion reached more than 600 m.

4. Analysis of outburst shock wave attenuation and airflow
disturbance

The coal and gas outburst provides energy for shock wave propa-
gation while the initial ventilation pressure in the mine provides

—=—C2

60 ——Cs5
] —a—C7
504 —v—CI2

Air flow rate(m’/s)

-107 Time(s)

Fig. 10. Variation of airflow with time in key roadways (pipes) during
the outburst.
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resistance against propagation. The outburst intensity and mine venti-
lation conditions have a significant influence on shock wave attenuation
and the resulting airflow disturbance in the coal mine. We conduct a
parametric sensitivity study on the resulting in-mine airflows by setting
different shock wave overpressures as the outburst source and fan
pressures as the pressure source. However, the factors affecting the
overpressure of the shock wave at the outburst source is complex, so we
adopt overpressures at the coupling surface 100 m away from the
source. The fan pressure is 2000 Pa for an air flow rate of 20 m3/s,
providing an air velocity of 2.8 m/s at the working face under normal
production conditions. First, the fan pressure is fixed, and the outburst
intensity is changed. The peak overpressure at the coupling surface is
successively decremented between 12000 Pa and 6500 Pa. Then the
outburst intensity is fixed, and the fan pressure is decremented between
2500 Pa and 1500 Pa. The simulations show that when the overpressure
increases to 12000 Pa, countercurrent flow occurs in the air-return entry
(15011). The countercurrent flow region extends to more than 800 m.
Once the outburst intensity decreases to 6500 Pa, the air in heading face
15071 is almost stagnant, but no countercurrent flow occurs. When the
fan pressure decreases to 1500 Pa, the countercurrent flow becomes
more significant, and the initial air flow rate and also the restored air
flow rate, are both slightly reduced. Air flow rate increases significantly,
and airflow is least disrupted by the shock wave when the fan pressure
increases to 2500 Pa — in this condition airflow disturbance is greatly
resisted. In the comparisons, overpressure attenuation in the various
branches is nonintuitive, but airflows change, nonetheless. Sensitive
branches C5, C7 and C12 are selected to compare airflow changes under
different conditions (Fig. 11).

Apparent from Fig. 11 is that airflows are disturbed and in some
cases even reversed in the various roadways. In Fig. 11(a), a counter-
current flow occurs in branch C5, namely the track roadway under the
original outburst conditions (the overpressure at the coupling surface is
7800 Pa; the fan pressure is 2000 Pa). Once the fan pressure is increased
to 2500 Pa, the countercurrent flow disappears from branch C5. The
same result is achieved when the shock wave overpressure is reduced to
6500 Pa. If the fan pressure is maintained at 2000 Pa and the shock wave
overpressure is increased to 12000 Pa, the countercurrent flow reap-
pears and increases sharply. Similar phenomena are observed in Fig. 11
(b) and (c). However, the arrival time of the minimum air flow rate is
delayed with increasing shock wave overpressure. In Fig. 11(c), air-
return entry 15011, represented by branch C12, is nearly 800 m away
from the outburst source. The change of air flow rate in C12 is small with
the fan pressure, but when the shock wave overpressure increases to
12000 Pa, the change in air flow rate is significant with flow reversals
also occurring.

Through these comparisons, it is inferred that airflow disturbance in
generic mines, and in particular in the reference mine, is principally
controlled by the interaction between the shock wave overpressure and
fan pressure provided by the main fan. Of these, the shock wave over-
pressure typically imparts the greater impact. The larger the shock wave
overpressure, the faster the air flow rate in the roadway branches
decrease and the larger the reduced magnitude. Furthermore, the arrival
time of the minimum air flow rate is delayed. When the fan pressure is
large, the ability to resist airflow disturbance in the mine ventilation is
enhanced and the area subject to countercurrent flow is reduced and
ultimately vanishes. Conversely, as the fan pressure is reduced, the air
flow supply in the mine is significantly reduced. The initial air flow rate
and the restored air flow rate show less correlation with the shock wave
overpressures. However, they are both significantly affected by the
pressure of the main fan.

5. Conclusions
This study has explored the coupling of 3D near-field and 1D far-field

network models to represent the transient shock wave dynamics of coal
and gas outbursts. The results have been benchmarked against
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Fig. 11. Comparison of variation in airflow with time in roadways for
different conditions.

theoretical solutions with the coupled models linking 3D inertia-
dominated response with 1D transport in roadways. The complex
coupled model has been benchmarked against a well-documented
outburst incident to explore key mechanisms. A parametric study has
been conducted for a “generic” mine to understand key impacts and
mitigation strategies. The following conclusions are drawn:

(1) Peak overpressures at different locations in the roadway are ob-
tained by using a theoretical representation of outburst shock
wave attenuation. We show that the overpressure generated by
the outburst shock wave is less than 901 Pa, insufficient to reverse
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the airflow at the working face (15011) which is consistent with
the coupled 3D-1D simulations.

Coupled simulations show that when the peak overpressure on
the coupling surface is 7800 Pa, countercurrent flow occurs in
parts of the network, specifically in the lower section of the air-
return roadway 15, in heading face 15071 and the track
roadway, and that the countercurrent flow region reaches more
than 600 m from the outburst source. The modeled overpressures,
pressure attenuation and regions and velocities of countercurrent
flows are in good agreement with the modeled outburst incident.
Airflow disturbance in mines, and in particular in the reference
mine, is principally controlled by the shock wave overpressure
and fan pressure provided by the main fan. Of these, the shock
wave overpressure has the greater impact. The larger the shock
wave overpressure, the faster the air flow rate in the roadway
branches decrease and the larger the reduced magnitude. When
the main fan pressure increases from 2000 Pa to 2500 Pa, the
ability to resist airflow disturbance in the mine ventilation is
enhanced, and the area subject to countercurrent flow is reduced
and ultimately is eliminated. Conversely, as the main fan pressure
is reduced to 1500 Pa, the air flow supply in the coal mine is
significantly reduced, and countercurrent flow is more likely to
occur and over a greater extent in the mine.

The arrival time of the minimum quantity air flow is delayed by
0.5s when the shock wave overpressure increases to 12000 Pa.
The initial air flow rate and the restored air flow rate show less
correlation with the shock wave overpressures. However, they
are both significantly affected by the pressure of the main fan.
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