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a b s t r a c t
Coal and gas outbursts are a violent release of energy in part driven by rapidly desorbing gas from the
fragmenting coal. We present a coupled two-phase model of coal and gas outbursts to deﬁne the timing,
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 cumulative mass of desorbed gas only exceeds the free gas later into the event at approximately double this
duration (at ∼29 s in our model). During the outburst, ∼55 % of the expansion energy is contributed
by desorbing gas. Using the initial gas emission rates for both non-tectonic and tectonic coals deﬁnes a
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 nontectonic 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.
© 2021 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction
Coal and gas outbursts are one of the major hazards in underground coal mining and greatly restrict the safe recovery of the
resource (Díaz Aguado and González 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
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within a very short time - potentially causing serious casualties and
economic loss (Chen et al., 2012). The attributes of the phenomenon
are typiﬁed by the following aspects (Lama and Bodziony, 1998; Li
et al., 2015; Sun et al., 2018; Fu et al., 2020):

I The gas-solid mixture is ejected at high-speed and compresses
the air in the roadway and forms a shock wave. At the wavefront, the physical characteristics (gas density, pressure and
solids concentration) of the medium change drastically and this
has severe consequences to personnel, equipment and facilities.
II In the working space, where the outburst occurs, the fastmoving coal mass impacts and buries equipment and personnel.
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Simultaneously, the large volume of gas at high-concentrations
may result in the suffocation of personnel and gas overrun.
III 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 analysis 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. Therefore, 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 (Nie et al., 2019) and only ∼0.3 ◦ C in simulated roadways (Sun
et al., 2018). The major energy is not from the internal energy of gas.
Thus, it is clear that the energy consumed in gas expansion represents 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 fracture 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 experiments with CO2 and N2 (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 CO2 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 particle sizes (TCPS) deﬁned for the Zhongliangshan outburst deﬁned
as of the order of ∼117 m. Numerical simulations (Zhou et al.,
2018) have deﬁned the propagation characteristics for outbursts
based on gas desorption - derived from experiments with coal particles of various sizes. These studies reveal that coal pulverization
signiﬁcantly accelerates gas desorption rate and that gas desorption 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 Zhongliangshan 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 outburst accidents and may reach up to ten times the coal seam gas
content in some cases. For example, on August 23, 2005, a catastrophic 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 33.19 m3 /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 continuously stripped from the crater-intact-coal boundary and the coal
and rock mass around the hole are exposed to continued deformation 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 control 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 outburst crater. Thus, gas emission rates may be recorded as q1 and q2 ,
respectively (Fig. 1). Then the total gas emission rate q during the
outburst can be expressed as,
q = q1 + q2 + q3

(1)

where q1 and q2 represent gas emission rates from the ejected
coal and the outburst crater wall, m3 /s; q3 is the gas emission rate
from coal face under normal conditions, m3 /s. q3 is generally much
smaller than q1 and q2 , and can be neglected.
2.2. Emission rate of gas from the outburst coal
Key from the foregoing is the necessary to establish a physical 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 ellipsoidal 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
479
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Fig. 1. Schematic diagram of gas emission sources during outbursts.

where v1 is the initial gas desorption rate from the coal with the rate
in the ﬁrst one second adopted, cm3 / (g· s); Kn is the attenuation
coefﬁcient, obtained as

c1 dM
a1

o



x x+dx

+∞

Qcon = v1 +

qad dt =
1

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 outburst is t0 , and that the outburst crater gradually develops from
a small ellipsoid to a larger but self-similar ellipsoid within time
t0 . The crater evolves from and to a single ellipsoid with a major
axis radius of a1 and minor axis radii of b1 and c1 (Fig. 2). It is further 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 2a1 / t0 . At a certain time t
(t≤t0 ) during the duration of the outburst, the position x where the
rim of the outburst crater reaches can be expressed as Eq. (2).
2a1 t
x=
− a1 .
t0

(2)

At t = 0, the length of the major axis of the outburst hole is 0;
while at t=t0 , it is a1 . So the change in the mass of ejected coal dM
can be written as Eq. (3).
dM =

b1 c1 

dt =

a21
6M



t02





a21 − x2 dx =

t2
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t02


t−

t2
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(5)

where Qcon is the gas content, cm3 /g.
According to Eq. (4), the desorption gas rate of the outburst coal
during the period from  to +d is v1 dM(), and it decays to v1 (t+1) −Kn dM() 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
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When the outburst ends, i.e., t > t0 , the desorption gas rate can
be expressed as:
qad =

6M v1
t02





t0
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−Kn
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2
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(7)

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



(3)
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(8)

where  is the density of the coal, t/m3 , and M is the outburst intensity 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 continuously 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() ejected from
 ( < t) to +d, the gas desorption rate qad is expressed through a
Winter model as:

pm m 6M
pm m dM
=
qf =
p0  dt
p0  t 2
0

qad = v1 t −Kn

where pm is the gas pressure in the coal seam, MPa; m is the porosity of the coal;  is the density of the coal, t/m3 ; and p0 is the

(4)

(Kn

(2

n)

For the free gas released from the ejected coal, when t ≤ t0 , this
can be expressed as:
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Table 1
Example veriﬁcations of gas outburst emission results.
Accident location

Date

Gas emission volume from
the outburst coal (m3 )

Gas emission volume from
the outburst hole wall (m3 )

Total gas emission volume (m3 )
Calculated value

Measured value

Error

Zhongliangshan Coal Mine
Pingdingshan 8# Mine
Well 1 of Nantong Coal Mine
Tangjiachong Mine, Hunan
Meitian Mining Bureau 2# Mine,
Gunagdong
Zhucun Mine, Henan
Well 1 of Nantong Coal Mine

1977.11.4
1995.5.28
1969.4.18
1991.3.24
1977.8.3

13892.28
633.1769
85356.95
20089.156
6567.65

22062.59
1300.87
984793
131179.9
137991.3

35954.87
1934.05
1070149.95
151269
144558.65

38540
2142
1250000
145000
150000

6.7%
9.7%
14.38%
4.32%
3.63%

2003.1.23
2002.1.31

9268.35
16453.6

40721.37
176170.9

49989.72
192624.5

51674
200000

3.26%
3.69%

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

q1 =

⎧


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

q=
(10)

⎧
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⎪
⎪
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⎪
⎪
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⎪
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⎪
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n

(14)

n

n

3. Contribution of desorptive gas in outbursts
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 channels 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, rendering 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 Q1 and Q2 , ﬁtted as:
Q2 = 11.81Q1 − 43335.65

(11)

then, the total gas emission Q is:
Q = 12.81Q1 − 43335.65.

(12)

Taking the derivative of the time t on both sides of Eq. (12), the
total gas emission rate q can be obtained as:
q = 12.81q1

(13)

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 outburst 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 m3 .
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 = 39 s) there is 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
481
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1000000

800000

600000

Q2=11.81Q1-43335.65
R2=0.95418

400000

200000

0
0

20000

40000

60000

80000

100000
3

Gas emission volume from the outburst coal (m )
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
intensity M /t

Gas released/m3

Initial desorption
rate v1 /cm3 ·(g·s)−1

Attenuation
coefﬁcient Kn

Gas pressure pm
/MPa

Porosity of coal
m

Density of coal 
/t·m−3

Duration of the
outburst t0 /s

817

38540

0.381

1.08

1.75

0.06

1.30

39

800
Total gas emission rate q
Desorption gas emission rate q1

700
600

3

q (m /s)

500
400
300
200
100
0
0

100

200

300

400

500

600

t (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 emission rate 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 considerable 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 28.64 s.
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 outburst that contributes to the development of the outburst. Before
39 s, 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.
482
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1.0

Contribution of the desorption gas

Ratio of desorption gas emission rate

1.0

0.8
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Non-tectonic coal
Tectonic coal
0.6

0.4

0.2

0.0
0

5
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25

30

0.0

35

0.0

t (s)

0.5

1.0

1.5

2.0

2.5

3.0

3.5

The inital gas desorption rate v1 (cm /(g. s))
3

Fig. 5. Proportional change in the desorptive gas emission rate.

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

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
Wex =

pdV =

p2 V2
n−1

 p  n−1
n
1

p2

−1

(15)

1

p0 V0
n−1

Eex =

 p  n−1
n
1

p0

−1

(16)

where Wex and Eex represent the expansion work and the expansion
energy of the gas, J; p0 represents the atmospheric pressure, Pa; p1
and p2 represent the pressure of gas in states 1 and 2, Pa; V2 rep-

Ratio of cumulative desorption gas volume

0.8
0.7
0.6
0.5

resents the volume of gas under pressure p2 , 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 proportional 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 v1 of tectonic and non-tectonic coals are
1.00∼3.62 cm3 /(g·s) and 0.05∼1.00 cm3 /(g·s), respectively. Accordingly, 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 relationship 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 outburst 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

Ratio=54.89%

0.4
Although the gas emission model for the outburst test is
obtained, the relationship 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 airﬂow. However, we can use numerical simulation to quantitatively
study the pressure transformation and dynamic characteristics for
an assumed ﬂow boundary.
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Fig. 6. Proportional change in the cumulative desorption gas volume.
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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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Outlet
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a

Roadway

h=2m

0

11m

Floor(Wall)
Fig. 8. Physical model of the outburst.

according to the actual size of the roadway. The source of the outburst 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 39 s, 8,453.12 m3 of free gas is released, with a maximum of
325.12 m3 /s at 19.50 s. The cross-section of the roadway is ∼8 m2 ,
while it is only ∼2 m2 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 important. The density of coal decreases to ∼0.56 t/m3 after crushing,
pulverization and swelling (Zhao et al., 2020), and the average vol-

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 a, 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 highpressure gas accelerates continuously in the roadway until the gas
velocity (dynamic pressure) increases to a peak. At 4 s, 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
ﬂow inlet, the gas is replenished, and the shock airﬂow can maintain
a high velocity (large dynamic pressure), while the pressure at the
inlet remains 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 mechanical 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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inlet. Since the inﬂux is constant, the GPPE should be constant.
However, the increment of GPPE decreases with time, indicating that successively more of the GPPE is converted into kinetic
energy with time. Thus, it is more reasonable that the GPPE generated in the ﬁrst millisecond is adopted to represent the dynamic
characteristics of the gas in the outburst two-phase ﬂow. Without considering the participation of the desorbing gas, a maximum
GPPE of 0.8728 MJ 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.

2.4
2.0
GPPE
Increase of GPPE

GPPE (MJ)

1.6
1.2
0.8
0.4

4.2. Outbursts considering desorption of gas

0.0
0
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4

6
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10
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Fig. 11. Evolution of the GPPE with time.

with the conclusions of Section 3.2. At the beginning of the outburst, 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 initial 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.
A method to obtain the gas pressure potential energy Ep has been
proposed in previous research (Zhou et al., 2020) and is deﬁned as:


Ep = S

2

pdx

(17)

1

where S represents the cross-sectional area of the roadway, being
2 m2 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 roadway gradually increases due to the gas supplement from the ﬂow

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 22.79 s. 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 apparent 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 MJ 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 crucial 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 desorption. 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 MJ 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 converted 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 characteristics is shown in Fig. 17.

3
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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 outbursts has been established through laboratory experiments (Jin
et al., 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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Fig. 18. Energy contribution of free and desorbed gas to the transport of outburst coal. (a) 100 % (1–3 mm coal particle); (b) 33.3 % (< 0.25 mm) and 66.7 % (1–3 mm coal
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 performed 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 chamber in experiments, the rate of gas ﬂow increases gradually from
this boundary while high-pressure gas is released from the chamber – 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 illustrate 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 pulverized coal under laboratory conditions. Firstly, the coal ejected
during ﬁeld outbursts is a mixture of multiple grain sizes, different 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) The representation 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) After the 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.

of the desorbing gas exceeds the cumulative free gas at later
time at 28.64 s.
(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 desorbing 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 desorption 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 maximum energy release intensity considering gas desorption is
4.82 times that without considering gas desorption for nontectonic coals. For tectonic (mylonitized) coals the maximum
energy release intensity is a further 3.92 times that for nontectonic 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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