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rate and magnitude of gas desorption and its contribution to the resulting energetics. The model involves
a fragmenting ejection of the outburst from an overpressurized coal that retreats omnidirectionally from
a point and develops a deepening crater. This model is applied to represents both experiments and in situ
observations. These results indicate that the outburst is initially driven by free gas before desorbing gas
rate exceeds this free gas liberation rate early into the outburst (at ~17 s in our model). The cumula-
tive mass of desorbed gas only exceeds the free gas later into the event at approximately double this
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Contribution of desorption gas duration (at ~29s in our model). During the outburst, ~55 % of the expansion energy is contributed
Quantitative study by desorbing gas. Using the initial gas emission rates for both non-tectonic and tectonic coals defines a
Outburst two-phase flow power-law relationship between the initial gas desorption rate and the desorption gas contribution (~14

%-92 %), indicating that the desorbing gas plays a decisive role in outburst development. Furthermore,
taking the gas emission model as a boundary conditions for numerical simulations, the gas pressure
potential energy (GPPE) released in the first millisecond at the maximum gas emission rate is derived
to characterize its effects on the dynamic characteristics of the outburst two-phase flow. The maximum
energy release intensity considering gas desorption is ~5 times that without gas desorption for non-
tectonic coal. For tectonic (mylonitized) coals the energy release is a further ~4 times greater than that
of non-tectonic coals. This paper presents a novel quantitative study defining the role of gas desorption
in outbursts and contributes to the understanding of causal mechanisms and precursory phenomena
preceding catastrophic outbursts.
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1. Introduction within a very short time - potentially causing serious casualties and
economic loss (Chen et al.,2012). The attributes of the phenomenon
Coal and gas outbursts are one of the major hazards in under- are typified by the following aspects (Lama and Bodziony, 1998; Li

ground coal mining and greatly restrict the safe recovery of the et al.,, 2015; Sun et al., 2018; Fu et al., 2020):
resource (Diaz Aguado and Gonzalez Nicieza, 2007; Karacan et al.,
2011; Zhang et al., 2020). Outbursts are a dynamic phenomenon in
which a mixture of coal and gas are ejected into the working space
I The gas-solid mixture is ejected at high-speed and compresses
the air in the roadway and forms a shock wave. At the wave-
front, the physical characteristics (gas density, pressure and

* Corresponding authors at: School of Emergency Management and Safety Engi- solids concentration) of the medium change drastically and this
neering, China University of Mining and Technology (Beijing), Beijing, 100083, . rees
China. has severe consequences to personnel, equipment and facilities.
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(K. Wang). moving coal mass impacts and buries equipment and personnel.

https://doi.org/10.1016/j.psep.2021.04.042
0957-5820/© 2021 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.


https://doi.org/10.1016/j.psep.2021.04.042
http://www.sciencedirect.com/science/journal/09575820
http://www.elsevier.com/locate/psep
http://crossmark.crossref.org/dialog/?doi=10.1016/j.psep.2021.04.042&domain=pdf
mailto:mzhang_cumt@163.com
mailto:safety226@126.com
https://doi.org/10.1016/j.psep.2021.04.042

A.Zhouetal.

Simultaneously, the large volume of gas at high-concentrations
may result in the suffocation of personnel and gas overrun.

IIl The shock-wave airflow entrains a large mass of gas into the
ventilation network. Not only will a dynamic gas pressure be
generated in inclined roadways, but also the gas concentration
in the affected area may exceed the explosive limit and result in
a secondary gas explosion.

Coal and gas outbursts are a process of violent energy release
resulting the propelling of the mixture at a high speed and
potentially resulting in serious damage (An et al., 2019; Rudakov
and Sobolev, 2019). It is generally accepted that outbursts result
from the combined action of gas, in-situ stress and coal strength
(Beamish and Crosdale, 1998; Liu et al., 2018). Quantitative anal-
ysis of the ejected coal mass and the released gas shows that the
energy provided by the gas is 1-3 orders of magnitude greater than
that provided by the in-situ stress through stored strain energy.
Additionally, in the development of outbursts, the coal seam is
destroyed, and the in-situ stresses are substantially released. There-
fore, the energy for this stage must be mainly derived from the gas
in the coal mass (Wang et al.,2019). According to process-following
experiments, the temperature drop in the outburst chamber is
~2°C(Nieetal.,2019)and only ~0.3 °Cin simulated roadways (Sun
etal.,2018). The major energy is not from the internal energy of gas.
Thus, it is clear that the energy consumed in gas expansion repre-
sents a significant energy source in the development stage (Guan
et al., 2009; Zhao et al., 2017) and can therefore not be neglected.

The gas reservoir within the coal seam includes both free and
adsorbed gas. As outbursts evolve, coal spallation retreats rapidly
within an outburst crater (Tu et al., 2018). Under the joint action
of gas pressure gradient and collision, coal pulverization is further
intensified. At the same time, the free gas in the pore and frac-
ture space and desorbing gas in the coal matrix are released to
provide energy to sustain the development of the outburst (Zhao
et al.,, 2019). Of course, gas desorption takes a finite time, and a
typical outburst lasts only for tens of seconds, during which time
the desorbed gas participates in the propagation of the outburst
as a two-phase flow (Zhi and Elsworth, 2016). Simulated experi-
ments with CO, and N, (Jin et al., 2018) show that the eff ;ect of
gas desorption may increase total energy by 1.30~2.43 times - the
contribution of the energy provided by gas desorption may be of the
order of ~56 %. The energy involved in outbursts with CO; is ~5.8
times larger than the energy involved in outbursts with air, which
is mainly due to the different gas adsorption capacity (Cao et al.,
2019). However, to make such a contribution (Zhao et al., 2016),
rapid desorption must occur from small particles with critical par-
ticle sizes (TCPS) defined for the Zhongliangshan outburst defined
as of the order of ~117 wm. Numerical simulations (Zhou et al.,
2018) have defined the propagation characteristics for outbursts
based on gas desorption - derived from experiments with coal par-
ticles of various sizes. These studies reveal that coal pulverization
significantly accelerates gas desorption rate and that gas desorp-
tion plays an important role in the development and sustaining of
outbursts. However, prior studies mostly analyze the contribution
of desorbing gas from the perspective of energy, or obtain empirical
gas release laws from desorption tests, rather than accurately and
directly quantifying the gas emission from the outburst.

We develop an understanding of gas emission (inclusive of both
free and desorbed gas) based on a theoretical model of coal-gas
outbursts to define the contribution of desorbing gas and its effects
on the outburst-driven two-phase flow. This model is then applied
against quantitative measurements from tests at the Zhongliang-
shan mine. Though this model, the scope of the disaster can be
predicted more accurately, providing guidance for the design of
outburst prevention equipment and emergency rescue. Moreover,
this study provides a quantitative method to characterize the con-
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tribution and role of desorbed gas in outbursts, improving causal
mechanisms of catastrophic outbursts.

2. Theoretical calculation of gas emission rate in outbursts

High-pressure gas accumulated in the coal seam is released once
an outburst initiates. Not all of the gas is released immediately to
participate in the outburst, as the dynamic phenomenon lasts for
tens of seconds, and the gas desorption takes a finite amount of
time - requiring that this delay is quantified to determine whether
desorbing gas may indeed make a significant contribution.

2.1. Analysis of gas sources in outbursts

At current mining depths in China, the gas content within the
coal seam is generally within 15~ 40 m3/t (Hu and Wen, 2013).
Accident statistics show that gas emissions per ton of coal are
higher than the coal seam gas contents in most coal and gas out-
burst accidents and may reach up to ten times the coal seam gas
content in some cases. For example, on August 23, 2005, a catas-
trophic coal-gas outburst occurred in the Jiulishan coal mine (Wang
and Zhou, 2014), in which the mass of coal entrained in the outburst
was 2887.15 t while the outburst gas volume reached 279,000 m3
(i.e. ~97 m3/t). Thus, the gas emission per ton of coal was much
higher than the maximum in situ gas content of 33.19m3/t in the
mining coal seam. Clearly, the gas emission is sourced not only from
the ejected coal, but also from the coal mass around the outburst
crater.

In the formation of outburst crater, coal fragments are contin-
uously stripped from the crater-intact-coal boundary and the coal
and rock mass around the hole are exposed to continued deforma-
tion under the action of the original rock stress, impact dynamics
and gas seepage, causing damage or even fracture (Cao et al., 2020).
Due to the anticipated increase in porosity and permeability in
the damaged coal mass, a large amount of gas will desorb and be
rapidly liberated (Fedorchenko and Fedorov, 2012). The outburst
intensity and the geological conditions local to the outburst con-
trol the increase in the permeability of the coal mass around the
outburst crater. This is why gas emissions per ton of coal increase
exponentially relative to original gas content during the outburst
- proportionally to the crater wall area. Therefore, the gas emitted
during and after the outburst are sourced both from the coal ejected
during the outburst and the freshly exposed face around the out-
burst crater. Thus, gas emission rates may be recorded as g and q5,
respectively (Fig. 1). Then the total gas emission rate q during the
outburst can be expressed as,

d=q1+q2+9s3 (1)

where ¢q; and g, represent gas emission rates from the ejected
coal and the outburst crater wall, m3/s; g3 is the gas emission rate
from coal face under normal conditions, m3/s. g3 is generally much
smaller than q; and g3, and can be neglected.

2.2. Emission rate of gas from the outburst coal

Key from the foregoing is the necessary to establish a physi-
cal model to relate the gas emission from the ejected coal with
the amount of coal ejected and its timing during and after the
outburst. Outburst craters usually present special shapes, such as
pear-shaped, the shape of an inverted bottle and ellipsoidal (Sun
et al., 2012; Fisne and Esen, 2014). For convenience, simplicity of
calculation and to add generality to the model, we assume an ellip-
soidal outburst crater.

During the outburst, the gas emission rate of the ejected coal
will change with the increase of the ejected coal volume. Thus, we
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Fig. 1. Schematic diagram of gas emission sources during outbursts.

/

<

SN

NN

tj v
SUSARRAIN AN
3
&
|

K

Fig. 2. Cross sectional view of an idealized evolving outburst crater.

analyze how the volume of the outburst crater changes with the
advance of the outburst. It is assumed that the duration of the out-
burst is tg, and that the outburst crater gradually develops from
a small ellipsoid to a larger but self-similar ellipsoid within time
to. The crater evolves from and to a single ellipsoid with a major
axis radius of a; and minor axis radii of by and c; (Fig. 2). It is fur-
ther assumed that the outburst crater is formed at a constant speed
along the major axis direction from the leftmost end of the axis.
Thus, the average speed of formation is 2a;/ ty. At a certain time t
(t<tg) during the duration of the outburst, the position x where the
rim of the outburst crater reaches can be expressed as Eq. (2).

x:T—al. (2)

At t=0, the length of the major axis of the outburst hole is 0O;
while at t=ty, it is a;. So the change in the mass of ejected coal dM
can be written as Eq. (3).

2
am = hicip (2 - %) dx = 8maibici1p <t f)

a? t2 to
2
dt:62/1<t—t) dt 3)
tg to

where p is the density of the coal, t/m3, and M is the outburst inten-
sity at time t, defined as a mass of coal entrained in the outburst.

It is assumed that for the mass of coal ejected, dM, all the free
gas in the pores is released instantly and the adsorbed gas is contin-
uously desorbed. When the outburst develops to time t, coal with a
total mass of M (t) is thrown out, but gas is emitted at different rates
from the coal mass M(t). For the a mass of coal dM(1) ejected from
T (T <t) to T+dt, the gas desorption rate g, is expressed through a
Winter model as:

Gad = V1 t=Kn (4)

where v; is the initial gas desorption rate from the coal with the rate
in the first one second adopted, cm3/ (g- s); K;, is the attenuation
coefficient, obtained as

Kn

K1V (5)

+00
Qcon =11 +/ qaqdt =
1

where Qqn is the gas content, cm3/g.

According to Eq. (4), the desorption gas rate of the outburst coal
during the period from t to t+dt is v1dM(t), and it decays to vy (t-
7+1) ~Kn dM(7) at time t. Then, for coal with a mass of M(t) ejected
before time t, the desorption gas emission rate can be expressed as:

—Kn
qad:/ vi(t—t+1) dM(7)
M(t)

t 2
L T N £ T e (6)
2
o Jo fo

When the outburst ends, i.e., t > tg, the desorption gas rate can
be expressed as:

to 2
6M T

Ga= b [ (t—t+1) % (c- T )dr (7)
o Jo fo

Using integration by parts, the desorption gas emission rate of
the coal ejected during the entire outburst process is:

6Mvy | t—t2/tg L+ 177 — (1-2t/to)
t2 Kn—1 (Kn—1)(2-Kn)

2t +1)>37K _2
,t<to
(Kn - ])(2 - Kn)(3 _Kn)to
Gad = (8)
6Muvy [2(t+ 1275 —2(t — g+ 1)> 0
té (anl)(Z*Kn)(?’*Kn)tO

_(t—to-i-l)z"(“+(t+1)2’K”
(Kn —1)(2 — Kn)

:|,f>l'0

For the free gas released from the ejected coal, when t < t, this
can be expressed as:

_ pm¢m dM _ pm¢m 6M <t t2>

pop dt ~ pop 2 \' fo

(9)

where pp, is the gas pressure in the coal seam, MPa; ¢, is the poros-
ity of the coal; p is the density of the coal, t/m3; and pq is the
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Table 1
Example verifications of gas outburst emission results.

Process Safety and Environmental Protection 150 (2021) 478-488

Gas emission volume from

Accident location Date the outburst coal (m?)

Gas emission volume from
the outburst hole wall (m3)

Total gas emission volume (m?)

Calculated value Measured value Error

Zhongliangshan Coal Mine 1977.11.4 13892.28
Pingdingshan 8# Mine 1995.5.28 633.1769
Well 1 of Nantong Coal Mine 1969.4.18 85356.95
Tangjiachong Mine, Hunan 1991.3.24 20089.156
Meitian Mining Bureau 2# Mine, 1977.8.3 6567.65
Gunagdong

Zhucun Mine, Henan 2003.1.23 9268.35
Well 1 of Nantong Coal Mine 2002.1.31 16453.6

22062.59 35954.87 38540 6.7%
1300.87 1934.05 2142 9.7%
984793 1070149.95 1250000 14.38%
131179.9 151269 145000 4.32%
137991.3 144558.65 150000 3.63%
40721.37 49989.72 51674 3.26%
176170.9 192624.5 200000 3.69%

atmospheric pressure, MPa. The gas emission from outburst coal
is the sum of desorbed gas and free gas emission, namely:

(t+ 1> — (1-2t/t0)
(Ko —1)(2 —Kn)

6Mv; | t—t2/ty
tg Ky -1

2t4+12 2

Ko —1)(2=Kn)(3 = Kn)to
2

Go] PO 2) (10

Pop t§ to

6Mvy [2(t+1)7° 7K —2(t —tg + 1)
tg (Kn —1)(2 - Kn)(3 —Kn)to

B

3-Kn

_(t—to-‘rl)ZiKn +(t+1)27K”
(Kn—1)(2 — Kn)

:|,l'>f0

2.3. Prediction of total gas emission rate in outbursts

As the outburst progresses, the walls of the sourcing ellipsoidal
crater gradually penetrate into the coal face, and the fractures in the
surrounding coal mass also develop continuously, forming chan-
nels for gas emission. The formation of fractures requires a finite
time with this controlled by many factors. Moreover, the factors
controlling gas flow in the damaged coal are ill-constrained, ren-
dering it difficult to derive the gas emission rate from the crater
wall directly.

A relationship between the gas emission rate emanating from
the crater wall and time may be defined numerically (Hu and Wen,
2013). The veracity of this method is verified by comparation with
the results observed in outbursts, shown in Table 1.

Thus, to obtain the gas emission rate, a numerical model of the
outburst hole may be established. Based on the above case data, it
is found that there is a relationship between the gas emitted from
the crater wall and that from the outburst coal, shown in Fig. 3.

Apparent from Fig. 3 is that there is a strong linear relationship
between Q; and Q», fitted as:

Q, = 11.81Q; — 43335.65 (11)
then, the total gas emission Q is:
Q =12.81Q; — 43335.65. (12)

Taking the derivative of the time t on both sides of Eq. (12), the
total gas emission rate g can be obtained as:

qg=12.81q (13)

Incorporating Eq. (10) into the above equation, the total gas
emission rate can be obtained:

(t+1)>7 — (1= 2t/to)
(Kn —1)(2 = Kn)

76.86Mv; |t —t2/tg
tg Ky, -1

2t+1y>2 % _2
K- 1)2-Kn)3—Kn)to

2
q= +pm¢’" 776'8261\/’ PR P to (14)
Pop  t3 to
76.86Mvy [ 2(t + 137K —2(t —tg + 1>
té (Kn —1)(2 = Kn)(3 = Kn)to

C(t—to+ 1P (e 1> .
(Kn—1)(2 — Kn) o0

3. Contribution of desorptive gas in outbursts

Zhao et al. (Zhao et al., 2016) demonstrated that the expansion
energy of the desorbing gas, required for coal transport, is nearly 6.3
times greater than that available from the free gas. This is based on
the Zhongliangshan outburst test, the sole field simulation in China.
Thus, it is concluded that the desorbing gas plays a crucial role in
outbursts. Now we can analyze the contribution of the desorbing
gas quantitatively and on a sound theoretical basis.

3.1. The ratio of desorbing gas in the total emission

As the major energy source driving the outburst, high-pressure
gas is continuously released to maintain a viable pressure gradient
and supplement the energy consumed by the work of gas expansion
and coal transport. However, the gases emitted from the ejected
coal and the crater wall make different contributions to the out-
burst development.

Taking the outburst test in the Zhongliangshan Coal Mine as the
background, the parameters are collected in Table 2.

At least for a single case, gas emissions may be characterized
from the data in Fig. 4. After 24 h, the gas emission rate is minimal
and the total volume of the emitted gas asymptotes to 38,362 m>.
For the total gas emission, during the initial several seconds of the
outburst, the emission rate of gas increases rapidly and reaches a
maximum after 23 s. This then drops until at the end of the outburst
(t=39s) thereis still a residual gas emission of nearly 200 m3/s. This
is consistent with the gas concentration variations observed in the
roadways and monitored in outbursts that occurred in 2013 and
2014 (Zhao et al., 2016).

Based on the gas emission model during and after an outburst,
we can quantitively study the contribution of the desorbing gas.
As the model indicates, the source of the gas is divided between
two sources: desorbed gas and free gas. The more gas provided
the greater the energy and the greater the contribution to outburst
development. The gas desorption process takes a finite time, with
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Fig. 3. Fitting of gas emission volumes from the outburst crater wall and that from the outburst coal.

Table 2
Parameters for the test (Zhao et al., 2016).

Outburst Gas released/m3 Initial desorption Attenuation Gas pressure pp, Porosity of coal Density of coal p Duration of the
intensity M [t rate vy /cm3.(g-s)~! coefficient K, /MPa Pm Jtm~3 outburst t /s
817 38540 0.381 1.08 1.75 0.06 1.30 39
800
700 4 Total gas emission rate ¢
] =+ = Desorption gas emission rate g,
600
500
- ]
2 4004 ,
E |
S 3001
W
200 -
I
100 -§
0 T T T T T T
0 100 200 300 400 500 600
1(s)

Fig. 4. The gas emission rates measured in the Zhongliangshan outburst test.

a low emission rate at the beginning of the outburst (Fig. 5) that
peaks and then falls. It increases drastically following its initiation
and exceeds the free gas emissionrate at 16.77 s.In the middle stage
of the outburst, the proportional increase in the rate of desorption
is relatively slow. This is due to the peak period of the ejection
of coal with a large amount of free gas instantly emitted. At the
termination of the outburst, as the ejected coal mass decreases, a
large mass of pulverized coal is actively desorbing - and the gas
emission rate again increases rapidly. It is worth noting that after
the outburst terminates, fractures in the intact coal will continue
to develop in the wall of the crater, and the amount of free gas
emission will not drop to zero. In overview, this model adequately
represents the two principal sources of gas emission, providing a
theoretical basis for quantitative study.

The observation of a high emission rate confirms that a consid-
erable mass of gas has been released but this amount can be directly
quantified by the measured cumulative gas emission. Fig. 6 shows
the proportional change of cumulative desorbed gas present in the
combined mass of the gas emitted. The time when the cumulative
mass of desorbed gas exceeds that liberated as free gas is 28.64s.
Within 24 h, 37,776 m3 of gas is desorbed, accounting for 81.71 %
of the total gas. Actually, it is only the gas emission during the out-
burst that contributes to the development of the outburst. Before
39s, 10,285 m3 of gas is desorbed, accounting for 54.89 % of the
total amount. As mentioned before, gas emission continues at a
considerable rate at the end of the outburst, which will generate a
certain degree of pressure and further promote the propagation of
the outburst as a two-phase flow.
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Fig. 5. Proportional change in the desorptive gas emission rate.

3.2. Gas expansion energy

The main form of work of the gas during outburst development
is in expansion (Wang et al., 2018a). Eq. (15) represents the work
done in expansion by the gas as it transits from the pressure and
temperature of state 1 to state 2 under adiabatic conditions (An
et al., 2019). If state 2 is the atmospheric state, then it represents
the expansion energy of the gas in transiting from state 1 (Eq. (16)).
Of course, in the outburst development stage, the gas pressure will
not be reduced to atmospheric pressure, but the free and desorbed
gas can be compared on this unified basis.

2
n—1
_ _ PV (/P Tm
we,(_/pdv_n_1 [(pz) 1] (15)
1
poVo [(p1\'™
_poVo [(p1) ™ _
Fo =07 {(Po) 1} (16)

where W,y and E., represent the expansion work and the expansion
energy of the gas, |; po represents the atmospheric pressure, Pa; p;
and p, represent the pressure of gas in states 1 and 2, Pa; V5 rep-

0.8

0.7

0.6

0.5 4

Ratio=54.89%

0.4 4
0.3 4
0.2

0.1+

0.0

Ratio of cumulative desorption gas volume

t(s)

Fig. 6. Proportional change in the cumulative desorption gas volume.
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0.6

0.4+

0.2+

Contribution of the desorption gas

0.0

—_——
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

The inital gas desorption rate v, (cm’/(g- s))

Fig. 7. Influence of initial gas desorption rate on the contribution ratio.

resents the volume of gas under pressure p,, m3; n is the adiabatic
coefficient, usually taken to be 1.3 for the methane mixture.

From Eq. (16), the expansion energy of the gas is only pro-
portional to the volume of gas under a certain initial pressure.
Therefore, the energy contribution of the desorbing gas is the same
as in Fig. 6.

3.3. Influence of initial gas desorption rate

Among all influencing factors, the initial desorption rate is the
most important in the contribution to the energy budget of the
desorbing gas. Fu et al. (Fu et al., 2008) studied the gas emission
characteristics of both tectonic (mylonitized ) and non-tectonic coal
in the laboratory and obtained Winter-style gas emission rates.
Referring to the results, the v; of tectonic and non-tectonic coals are
1.00~3.62 cm3/(g-s) and 0.05~1.00 cm3/(g-s), respectively. Accord-
ingly, the contribution of desorption gas during the outburst is
shown as Fig. 7.

It can be seen from Fig. 7 that there is a power function relation-
ship between the initial gas desorption rate and the desorption gas
contribution ratio. The minimum contribution ratio is 13.77 % and
the maximum is 92.06 %. It can be deduced that with the free gas
emission unchanged, the desorbing gas plays a decisive role in out-
burst development. The results also reveals the reasons why coal
and gas outbursts are prone to occur near anomalous geological
structures.

4. Influence of desorbing gas on gas dynamics of outburst
two-phase flow

Although the gas emission model for the outburst test is
obtained, therelationship between the pressure and flow rate of the
unsteady expansion airflow is unknown - and thus it is impossible
to directly determine the gas dynamics of the outburst shock air-
flow. However, we can use numerical simulation to quantitatively
study the pressure transformation and dynamic characteristics for
an assumed flow boundary.

4.1. Outbursts without desorption of gas

Since the gas emission model is derived based on the field
outburst conditions, the numerical model must be established
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Inlet Outlet
Roof(Wall)
—>
e lea h=2m Roadway
—>
0 Floor(Wall) I1m

Fig. 8. Physical model of the outburst.

according to the actual size of the roadway. The source of the out-
burst is simplified as a mass flow inlet, ignoring the formation of
the outburst hole. The 2D physical model is shown in Fig. 8.
Firstly, we study the situation without desorption gas emission.
In 395, 8,453.12 m3 of free gas is released, with a maximum of
325.12m3/s at 19.50s. The cross-section of the roadway is ~8 m?,
while it is only ~2m? in the 2D model, requiring that the flow
rate at the inlet should be scaled by 4 times. The action of the
solid phase of the pulverized coal in the outburst flow is impor-
tant. The density of coal decreases to ~0.56t/m3 after crushing,
pulverization and swelling (Zhao et al., 2020), and the average vol-
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ume fraction of coal is 14.72 % during the outburst. Considering
the uneven emission, the coal flow is considered to enter the inlet
boundary instantaneously with a volume fraction of 20 %.

Point g, close to the inlet (0.1 m) in the center of the roadway
is selected, and the pressure changes there are shown in Fig. 9.
From Fig. 9, in the initial stage of the outburst, with the increase of
the gas flowing into the roadway, the pressure of the emission gas
increases, since the air in the roadway is almost static. The high-
pressure gas accelerates continuously in the roadway until the gas
velocity (dynamic pressure) increases to a peak. At 4s, the gas no
longer accumulates, the pressure begins to drop and at this time a
shock airflow develops. Due to the continuous influx of gas at the
flowinlet, the gasis replenished, and the shock airflow can maintain
a high velocity (large dynamic pressure), while the pressure at the
inletremains low. At the termination of the outburst, as the influx of
gas gradually decreases to zero, the airflow is difficult to maintain,
and the pressure increases as the gas accumulates.

In horizontal flow, the total pressure represents the mechan-
ical energy of the fluid, which is the sum of static pressure and
dynamic pressure. Apparent from Fig. 9 is that the total pressure
changes and the gas influx law are near consistent - in agreement
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Fig. 9. Gas emission rate and the pressure changes at point a.
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Fig. 10. The pressure distributions in the roadway within the first 10 ms.
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Fig. 11. Evolution of the GPPE with time.

with the conclusions of Section 3.2. At the beginning of the out-
burst, the velocity of the gas emission is low, and the pressure is
nearly equal to the total pressure. As gas flows into the roadway,
the pressure increases together with the kinetic energy. We can
use the gas pressure potential energy (GPPE) generated in the ini-
tial milliseconds to represent the gas-dynamic characteristic of the
two-phase outburst flow. However, for the mass flow inlet of gas,
the peak gas emission generally occurs in the central stage of the
outburst. Based on the above conclusions, a constant inflow of the
maximum gas emission rate is adopted. The pressure distributions
within 10 ms are shown in Fig. 10.

Amethod to obtain the gas pressure potential energy E, has been
proposed in previous research (Zhou et al., 2020) and is defined as:

2
EP:S/ pdx
1

where S represents the cross-sectional area of the roadway, being
2m? in the simulations; p represents the pressure in the roadway,
Pa; x represents the distance along the roadway, m. The results
obtained are shown in Fig. 11.

It can be seen from Fig. 11 that the GPPE generated in the road-
way gradually increases due to the gas supplement from the flow

(17)
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inlet. Since the influx is constant, the GPPE should be constant.
However, the increment of GPPE decreases with time, indicat-
ing that successively more of the GPPE is converted into kinetic
energy with time. Thus, it is more reasonable that the GPPE gen-
erated in the first millisecond is adopted to represent the dynamic
characteristics of the gas in the outburst two-phase flow. With-
out considering the participation of the desorbing gas, a maximum
GPPE of 0.8728 M] per millisecond is generated by the outburst
flow. It is worth noting that such a large pressure will not appear
in the outburst, as it is merely a convenient proxy to quantitatively
evaluate the energy provided by the maximum gas influx.

4.2. Outbursts considering desorption of gas

As we already know, a large mass of desorbing gas is involved in
normal outbursts. The gas emission rates, considering desorption
gas and the pressure changes at point a are shown in Fig. 12. During
the outburst, 18,738.24 m3 of gas is released, with a maximum of
698.04 m3/s at 22.79s. At the completion of the outburst, there is
still a considerable influx at the inlet, resulting in the total pressure
at point a not dropping to zero - there is no section in which the
pressure increases.

Similarly, constant gas inflow at the maximum emission rate
is used to evaluate the gas-dynamics of the outburst. Although
the flow in the simulations is a quarter of the actual value, the
pressure distributions in the roadway within the first 10 ms are
shown in Fig. 13. Changes in the GPPE with time and derived
from the simulation results are shown in Fig. 14. Although the
value of GPPE increases monotonically, this increase is close to
zero after 4 ms. Moreover, the increase in the GPPE drops much
faster than that without considering the desorbing gas. It is appar-
ent that the greater the inflow rate, the faster the conversion of the
kinetic energy. Finally, the rate of energy provided by the inflow
gas is nearly equal to the conversion rate, resulting in an almost
unchanged GPPE. 4.2054 M] of the GPPE is generated within the
first millisecond, which is 4.82 times that without considering the
effect of desorbing gas, although the maximum gas emission rate
is only 2.15 times larger.

4.3. Influence of initial gas desorption rate

From the previous we infer that the desorptive gas plays cru-
cial role in the propagation of the outburst as a two-phase flow.
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Fig. 12. Gas emission rate and pressure changes at point a.
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The initial gas desorption rate is an important index of gas desorp-
tion. To further study its influence on the outburst as a two-phase
flow, the average value of the sorption capacity of tectonic coal
1.52 cm3/(g-s) is adopted, as obtained from laboratory experiments
(Fu et al., 2008).

The maximum emission rate is 1,856.62 m3/s at 24.69 s. This is
much larger than that with non-tectonic coals. Again, a constant
mass flow inlet is used, and the changes in pressure distributions
and GPPEs are as shown in Figs. 15 and 16, respectively.

With such a large inflow of the coal-gas mixture, the front of
the outburst flow extends beyond the simulation roadway rapidly
(within 6 ms). Thus, the magnitudes of the GPPE in only the first 5
milliseconds are available. It can be seen from Fig. 16 that the GPPE
is generally decreasing, indicating that the kinetic energy of the
shock flow increases so rapidly that the inlet inflow is insufficient to
supplement it. In the last several milliseconds, the conversion and
the replenishment reach a balance. 16.4896 M]J of GPPE is generated
in the first millisecond, which is 3.92 times that with non-tectonic
coals. This also explains why outbursts are much more intense in
tectonic coals. In fact, it can be speculated that more GPPE is con-
verted in the first millisecond with a larger inflow. Therefore, the
actual multiplier in GPPE should be slightly larger than 3.92 and
could be determined in simulations with reduced time steps.

The influence of gas desorption on dynamic outburst character-
istics is shown in Fig. 17.
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Fig. 17. Influence of gas desorption on dynamic outburst characteristics.

5. Experimental verification and discussion

The important role of gas desorption in the development of out-
bursts has been established through laboratory experiments (Jin
etal.,, 2018). The energy contribution ratio of the desorbed gas may
be obtained from the principle of energy conservation (Fig. 18). The
results demonstrate that an average of 56.0 % of the outburst energy
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particle); (c) 100 % (< 0.25 mm coal particle).

is provides by the desorbing gas. In this paper, the contribution ratio
is 54.89 %, which verifies the gas emission model.

However, outburst simulations in the laboratory are usually per-
formed by filling a chamber with a mixture of pulverized coal and
high-pressure gas. The correct form of the mass flow boundary is
difficult to replicate under such laboratory conditions. In cham-
ber in experiments, the rate of gas flow increases gradually from
this boundary while high-pressure gas is released from the cham-
ber - this results in quite different evolutions in pressure relative
to roadways at field scale. Additionally, the duration of outburst
experiments is very short (order of 10 s) and the experimental coal
sample is only tens of kilograms (Wang et al., 2018b; Yang et al.,
2018), cannot provide sufficient intensity in the desorbing gas to
promote a true outburst and two-phase flow and cannot fully illus-
trate the important role of gas desorption. For this reason, Zhao et al.
(Zhao et al., 2016) obtained the contribution ratio of 84 % through
the analysis of energy conversion in the field outburst case, larger
than that in experiments.

Of course, there are some limitations in the derivation of the gas
emission model, which need to be improved in subsequent research
work. These include:

(1) The law for gas desorption that is used is obtained from pulver-
ized coal under laboratory conditions. Firstly, the coal ejected
during field outbursts is a mixture of multiple grain sizes, dif-
ferent from the monodispersed coal particles of single size that
are used in the desorption experiments. Secondly, the ejected
coal begins in a high-stress/pressure environment, while it is in
an atmospheric environment for desorption experiments. Thus,
there is a certain deviation between the desorption law that we
have used and the actual situation.

(2) Therepresentation of gas emission recovered from the outburst
crater wall is simplified. According to relevant research, it is a
curve that first stabilizes and then decreases with time, and the
total gas emission law should be modified accordingly.

(3) Afterthe outburst terminates, fractures in the coal will continue
to develop, leading to continuous emission of the free gas. The
contribution of this gas should be incorporated, while there is
no release of free gas after the outburst in the model.

6. Conclusions

(1) Based on the analysis of outburst sources, a two-phase coal-gas
outburst model is established with a gas emission model during
and after outburst defined.

(2) Taking the Zhongliangshan outburst test as an example, the
variations in desorbing gas emission rate and cumulative vol-
ume are explored. The emission rate of the desorbing gas
exceeds that of the free gas at 16.77s. The cumulative mass

of the desorbing gas exceeds the cumulative free gas at later
time at 28.64s.

(3) The contribution of gas desorption to outbursts is analyzed from
the perspective of gas expansion energy. This demonstrates
that 54.89 % of the expansion energy is provided by desorb-
ing gas. By using the initial gas emission rates measured for
both non-tectonic and tectonic coals, there is a power function
relationship between the initial gas desorption rate and the des-
orption gas contribution (13.77 %~92.06 %), indicating that the
desorbing gas plays a decisive role in outburst development.

(4) Taking the gas emission model as a boundary condition, the
influence of desorbing gas on dynamic characteristics of the
outburst two-phase flow is studied numerically. GPPE released
in the first millisecond at the maximum gas emission rate is
derived to characterize its effects on the dynamics. The max-
imum energy release intensity considering gas desorption is
4.82 times that without considering gas desorption for non-
tectonic coals. For tectonic (mylonitized) coals the maximum
energy release intensity is a further 3.92 times that for non-
tectonic coals - principally due to the higher sorbed gas content
and due to the rapid release from the fractured coal. This
explains why outbursts are much more intense in tectonic coals.
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