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Abstract: The gas contained in coal plays a crucial role in triggering coal and gas outbursts. During
an outburst, a large quantity of gas originally absorbed by coal is released from pulverized coal. The
role this part of the gas plays in the process of coal and gas outbursts has not been clearly elucidated
yet. Therefore, investigating the changes in gas desorption rate from coal particles of different sizes
could provide some meaningful insights into the outburst process and improve our understanding of
the outburst mechanism. First, combining the diffusivity of coal of different particle sizes and the
distribution function of broken coal, we present a gas desorption model for fragmented gas-bearing
coal that can quantify gas desorption from coal particles within a certain range of size. Second, the
gas desorption rate ratio is defined as the ratio of the gas desorption rate from coal being crushed
to that from coal before breaking. The desorption rate ratio is mainly determined by the desorption
index (γ) and the granularity distribution index (α). Within the limit range of coal particle sizes, the
ratio of effective diffusion coefficient for coal particles with different sizes is directly proportional
to the reciprocal of the ratio of particle sizes. Under uniform particle size conditions before and
after fragmentation, the gas desorption rate ratio is the square root of the reciprocal of the effective
diffusion coefficient. The gas desorption model quantitatively elucidates the accelerated desorption
of adsorbed gas in coal during the continuous fragmentation process of coal during an outburst.

Keywords: coal and gas outbursts; pulverized coal; gas desorption rate; effective diffusion coefficient;
particle size distribution

1. Introduction

Coal is a significant energy source worldwide, but coal mining presents considerable
safety and environmental hazards, including coal and gas outbursts that pose a significant
risk of fatality and property damage [1,2]. An instantaneous coal outburst is an abrupt
and violent ejection of coal and gas during underground mining [3,4], characterized by
the sudden emission of a large quantity of gas accompanying pulverized coal into the
underground roadways in a short period of time [1,2]. Despite the recognized correlation
between coal gas outbursts and factors such as gas contents in coal, geological conditions,
and ground stress, the underlying mechanisms responsible for outbursts are not yet fully
comprehended [5–7]. With the increase in burial depth, the outburst intensity increases
remarkably. This is mainly due to changes in geological structure and coal seam thick-
ness, which affect gas pressure and ground stress. As a result, the failure mode changes
from tensile to shear failure, with higher unloading rates making tensile failure more
likely. Additionally, under a higher gas desorption rate, the scope of the non-failure zone
becomes smaller [8].
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Coal is an adsorbent material with complex structures. More than 90% of methane gas
is absorbed into the coal matrix; the rest is free gas existing in the pores of the coal. The
impact of volatiles on the porous structure of coal samples and the resulting changes in
methane adsorption capacity [9]. Volatile-related deformations in the coal’s porous structure
influenced methane adsorption behavior. Microstructural characterizations revealed that
volatiles could be found trapped in the pores or cross-linked in the network, with each state
affecting different aspects of coal-coal interactions and the overall structure of coal. Coal
consists of fracture networks and coal matrix blocks that are interlocked and distributed
without overlapping relationships [10,11]. Matrix blocks in coal contain numerous pores
that serve as storage sites for gas and facilitate its flow. Gas is primarily extracted through
fractures and pore channels within the coal [12]. The emission of gas from coal is often
associated with three phenomena: specific desorption from the coal surface, gas diffusion
within the grains, and gas filtration through a system of fractures in the coal bed [13,14].

Outburst-prone coal is characterized by low mechanical strength and easily crumbles
into tiny particles, typically below 1 mm in size. Coal breakage will not only result
in changes in particle size distribution but also accelerate gas desorption from coal to
release a huge amount of gas, which may participate directly or indirectly in the outburst
process [15,16]. The effect of coal size needs to be considered in the outburst process [17].
Therefore, deep insights into coal and gas outbursts require analyzing gas desorption rate
variations in gas-containing coal pre- and post-crushing. It has already been recognized in
addressing the outburst issue that the desorption rate of gas from coal is closely associated
with the tendency of coal outbursts [18,19]. The rapid gas desorption from powdered coal
plays a decisive role in gas outbursts [20,21]. Furthermore, the gas release during the initial
stage is closely linked to the level of outburst risk [22]. As a result, certain coal-producing
countries developed a standard procedure for an index known as the initial gas emission
velocity, which involves measuring the amount of gas released over time from coal cuttings
collected from soft coal layers within coalbeds [23]. Therefore, analyzing the relationship
between coal breakage and gas desorption rate can aid in understanding the significant gas
release that occurs during the outburst process.

The main factors affecting gas desorption rate involve gas adsorption equilibrium
pressure and coal particle size. The desorption amount increases with higher equilibrium
pressure and smaller coal particles [24]. Airey and Bertard et al. discovered through their
studies that the diffusivity of coal particles is minimally affected by increasing particle size
beyond a certain threshold (~6 mm) [15,25]. Similarly, Yang and Wang demonstrated exper-
imentally that a size limit exists for the rate of gas emission from coal particles [26]. Within
the limit, the gas discharging rate decreases as the particle size increases, a phenomenon
that is not apparent when the coal particle size exceeds the size limit. To investigate this,
the gas diffusion amount was measured at different times for gas-bearing coal particles
classified according to their size using sieving techniques. Busch et al. claimed that gas
transport along cracks or cleats becomes the critical factor while the inter-cleat diffusion
distances remain basically constant in larger particles [27]. Conditions being equal, the
finer the coal sample, the greater the initial release rate [19]. Once the coal particle size is
reduced, rapid gas desorption can then take place [5]. Yao et al. indicated in their work
that the size effect of the gas desorbing rate from coal particles is due to the fact that
the smaller the constituent coal grains, the shorter the route for absorbed gas to escape
from inside the coal, which accordingly implies a faster gas desorbing rate and a severer
outburst proneness [28].

Interpreting desorption rate experiments requires a combined gas desorption model
on the coal particle scale. Generally, gas desorption amount from coal follows the rule of the
square root of desorption time, which is derived from the unipore diffusion model [29–32].
The unipore diffusion model accurately describes gas diffusing behavior in porous media
with a unipore structure. However, it fails to produce an accurate fit for gas diffusion in coal
due to the complexity of the coal structure. As a result, several models have been proposed
by assuming a dual porosity structure [33–35]. Subsequently, diffusion models have been
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developed to more accurately represent gas transport in coal by further prioritizing pore
structure assumptions in coal [23,36]. In diffusion models, the observed temporal decrease
in the diffusion coefficient is addressed through a proposed time-dependent model derived
using variable separation [37,38]. The multi-scale dynamic diffusion model introduces the
decay coefficient as a key parameter to describe gas diffusion decay in coal. This concept is
extended to larger-scale coal cores, encompassing the entire gas diffusion process [39,40].
Additionally, a microscopic analysis is conducted to examine the multi-scale dynamic
diffusion mechanism of gas in coal [41]. Sophisticated gas diffusion models will help
researchers calculate the gas diffusing rate accurately in coal particles of different sizes [42].

At the same time, the experimental studies show that the effective diffusion coefficient
and gas desorption rate increase as the particle size decreases [19,26,43,44]. Zhang et al.
quantitatively studied the gas desorption rate based on the gas emission model [19]. Zhao
et al. derived that the average desorption speed of gas-bearing coal is inversely proportional
to particle size by assuming a constant diffusion coefficient [45]. Despite significant research
efforts, there is still a lack of theoretical understanding regarding the relationship between
effective diffusion coefficients and coal grain size based on diffusion models.

The crushed coal particles in the outburst process have different particle distributions.
The most commonly used models for particle size distribution currently include the Gates-
Gaudin-Schuhmann (GGS) model, the Rosin-Rammler (RR) model, the Lognormal model,
the Normal model, et al. [46,47]. The smaller the coal particles are crushed, the greater
the increase in desorption rate. However, previous studies disregard the analysis of how
the distribution of coal particle fragmentation affects the desorption rate. Therefore, this
knowledge gap poses a challenge in establishing models that can accurately predict changes
in gas desorption rates after coal crushing. More in-depth investigations are necessary to
analyze the gas desorption rate in coal with different particle sizes.

The purpose of this study was to develop a gas desorption model for fragmented
gas-bearing coal that considers particle size distribution. By calculating the change in gas
desorption rate before and after coal fragmentation, this study explained the rapid release
of desorption gas during the outburst process. These findings provided valuable insights
into the underlying mechanisms of this phenomenon.

2. Model
2.1. Desorption Model for Breakage Gas Bearing Coal

For simplicity, if coal is assumed to be homogeneous and spherical in shape and its
diffusion coefficient is constant, then its diffusion model with boundary conditions being
constants is [31]: 

∂C
∂t = D

(
∂2C
∂r2 + 2

r
∂C
∂r

)
(0 < r < R0, t > 0)

∂C
∂r

∣∣∣
r=0

= 0, C|r=R0
= Ca (t > 0)

C|t=0 = C0 (r ≥ 0)

(1)

where C is the gas concentration within coal, g/cm3; Ca is the gas concentration at the
boundary, g/cm3; C0 is the initial gas concentration in the coal particle, g/cm3; D is the
gas diffusion coefficient for coal particles, cm2/s; De = D/R2

0 is the gas effective diffusion
coefficient for coal particles, /s; t denotes time, s; R0 is the radius of coal particles, cm.

Solving Equation (1) leads to the ratio of the accumulative gas diffusion quantity to
the limiting accumulative diffusion quantity from the coal particle, so-called gas diffusivity
for a coal particle.

Mt

M∞
= g(De(R0), t) (2)

where M∞ is the corresponding quantity after infinite time for a certain mass of coal; Mt is
the accumulative amount of gas desorbing after time t. Equation (2) proves that the gas
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diffusivity is determined by the effective gas diffusion coefficient De(R0) = D/R0
2. When

the effective gas diffusion coefficient stays constant, the gas diffusivity increases over time.
Several models, including the Gaudin-Schumann distribution, the Rosin-Rammler

distribution, the Gaussian distribution, and the Fractal distribution, have been proposed to
describe the particle distribution of broken coal [46,47]. The size of constituent coal grains
ranges between [Rmin, Rmax], where Rmin and Rmax are a definite number.

Then, the volume of coal grains with a size of R occurs can be written as:

dV(R) = φ(R)V0dR (3)

where V0 is the total coal volume; φ(R) is the function of grain size distribution; Then, the
size distribution function for sieved coal volume could be expressed as

∫ R
0 φ(R)dR.

The ultimate gas amount released from a certain mass of coal sample is constant and
unchangeable if given long enough time to desorb. Then, the total amount of gas desorption
after infinite time can be calculated as follows:

M∞ = (C0 − Ca)V0 (4)

Meanwhile, the ultimate gas desorption amount remains constant and unaffected by
coal particle size distribution. This is because most of the gas in coal is adsorbed onto the
micropores of the coal matrix, which are not influenced by changes in particle size that
mainly impact mesopore characteristics [48,49].

Further, if we assume the gas diffusivity for coal grains with a size of R is g(De(R), t),
we can derive the gas desorption volume Mt as

Mt = M∞

∫ Rmax

Rmin

g(De(R), t)φ(R)dR (5)

Then, gas diffusivity for broken coal is:

g(De(R), t) =
∫ Rmax

Rmin

g(De(R), t)φ(R)dR (6)

2.2. Desorption Rate Ratio

Here, we define the gas desorption rate as the first-order derivative of the gas desorp-
tion volume with respect to time Mt, so the gas desorption rate can be described by:

M′
t = M∞

∫ Rmax

Rmin

g′(De(R), t)φ(R)dR (7)

Equations (5) and (7) show that both the desorption amount and rate are mainly
determined by the adsorption amount, effective diffusion coefficient, and particle size
distribution function.

Combining Equation (5) yields the change in desorption amount before and after
coal crushing.

η(t) =

∫ Rmax
Rmin

g(De(R), t)φ(R)dR∫ Rmax
Rmin

g(De(R), t)ψ(R)dR
(8)

which represent the difference in the gas desorption volume during a time interval t before
and after coal fragmentation. Where ψ(R) is the function of coal grain size distribution
before coal breakage; φ(R) represents the function of coal grain size distribution after
coal breakage. Equation (8) specifies that this change in the gas desorption volume over
time is correlated with the gas diffusivity for coal grains and the distribution function
of coal grains.
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The concept of gas desorption rate ratio was introduced to characterize the changes in
the gas desorption rate of coal before and after crushing. Combining Equation (7) yields
the change in the instantaneous gas desorption rate before and after coal.

ξ(t) =

∫ Rmax
Rmin

g′(De(R), t)φ(R)dR∫ Rmax
Rmin

g′(De(R), t)ψ(R)dR
(9)

Equation (9) indicates that the variation of the gas desorption rate ratio is determined
chiefly by the gas diffusivity of coal grains and the coal particle size distribution.

2.2.1. Relationship between Effective Diffusion Coefficient and Particle Size

The diffusivity obtained from the solution of the diffusion Equation by the method of
separate variables and the method of Laplace transformation are, respectively. The unipore
diffusion model is:

g(De(R0), t) = 1 − 6
π2

∞

∑
n=1

1
n2 exp

(
−n2π2Det

)
(10)

g(De, t) =
Mt

M∞
= 6 ·

√
Det

(
1√
π

+ 2
∞

∑
n=1

ierfc
n√
Det

)
− 3Det (11)

The effective diffusion coefficient in the dynamic diffusion coefficient model is ex-
pressed as:

De = De0e−βt (12)

where De0 is the initial effective diffusion coefficient for gas diffusion in coal; β is the
decay coefficient.

The specific form of diffusivity is obtained by solving the diffusion Equation using
the separated variable method and the Laplace transform method when the diffusion
coefficient varies with time. The dynamic diffusion model is:

g(Deo(R), β(R), t) =
Mt

M∞
= 1 − 6

π2

∞

∑
n=1

1
n2 exp

(
−n2π2 De0

(
1 − e−βt)

β

)
(13)

g(Deo(R), β(R), t) = Mt
M∞

= 6 ·
√

De0(1−e−βt)
β

 1√
π
+ 2

∞
∑

n=1
ierfc n√

De0(1−e−βt)
β

− 3
De0(1−e−βt)

β

(14)

In a specific case, the coal particles are of the same size before and after breakage,
with coal being broken down into particles of a single size corresponding to a specific
distribution. Taking the most simplified case as an example, the radius of coal particles
before breaking is R1 and after crushing is R2.The coal particle size distribution function
before and after coal is broken can be expressed as:

ψ(R) = δ(R − R1) =

{
0 (R ̸= R1)
∞ (R = R1)

,

φ(R) = δ(R − R2) =

{
0 (R ̸= R2)
∞ (R = R2)

(15)

The substitution of Equations (10) and (15) into Equation (8) leads to the variation of
the accumulative gas diffusion before and after coal is broken.

η(t) =
g(De(R2), t)
g(De(R1), t)

=

1 − 6
π2

∞
∑

n=1

1
n2 exp

(
−n2π2De(R2)t

)
1 − 6

π2

∞
∑

n=1

1
n2 exp(−n2π2De(R1)t)

(16)
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Substituting Equations (10) and (15) into Equation (9) produces changes in the desorb-
ing rate before and after coal breakage as:

ξ(t) =
g′(De(R2), t)
g′(De(R1), t)

=

De(R2)
∞
∑

n=1
exp

(
−n2π2De(R2)t

)
De(R1)

∞
∑

n=1
exp(−n2π2De(R1)t)

(17)

which is the radius of coal with two sizes, R1, R2 respectively. M′
t1 and M′

t2 represent the
gas desorption rates of coal at different times before and after coal crushing, respectively,
per unit mass of coal.

The gas desorption rate ratio of the two coal sizes at the initial time, i.e., t = 0, is

ξ(0) =
g′(De(R2), 0)
g′(De(R1), 0)

=
De(R2)

De(R1)
(18)

Equation (18) illustrates that the change in the gas desorbing rate before and after coal
breakage can be expressed as the ratio of the effective gas diffusion coefficient.

Methane flows through multiscale pores via a stepwise mechanism from interior to
surface pores. Once desorption of gas is possible under favorable conditions, gas molecules
near the surface of coal particles start escaping into the surroundings first. Therefore, the
cumulative amount of gas desorbed from coal during the initial short period is mainly
determined by the surface area of coal particles, which is approximately equal to the gas
desorption rate if the period is sufficiently short. Since the volume of coal is constant after
being broken, the change in total surface areas would be characterized by differences in
the specific surface area of coal particles corresponding to intact coal and broken coal,
respectively. The specific surface area of a smaller particle is greater than that of a larger
particle. Therefore, we assumed that the initial gas diffusion rate was proportional to the
apparent surface area of coal particles. Therefore, we assume the relationship between the
size ratio and the initial diffusion rate ratio is

De(R2)

De(R1)
=

(
d1

d2

)γ

=

(
R1

R2

)γ

(19)

where γ is the index of desorption; d1, d2 are the intact and broken coal particle sizes,
respectively; The parameter γ represents the change in the effective diffusion coefficient
with particle size. The larger γ is, the greater the change in the effective diffusion coefficient
after coal crushing. When the coal particle is not broken, the gas desorption rate ratio and
specific surface area ratio are equal at the initial time.

Then, the relationship between the effective diffusion coefficients of coal with different
particle sizes is:

De0(R) = De0(R0)

(
R0

R

)γ

(20)

2.2.2. Approximation of the Desorption Rate Ratio

The distribution pattern of pulverized coal particles can be analyzed using the Gates-
Gaudin-Schuhmann (GGS) model, which is expressed as:

F =

(
d

dmax

)α

(21)

where F is the volume percentage of particles with a diameter smaller than d; d is the
particle diameter; dmax is the maximum particle diameter; α is the distribution index of
granularity, which means the degree of coal particle fragmentation.

Equation (21) can also be written as:
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F(R) =
(

R
Rmax

)α

(22)

The derivative of Equation (22) with respect to particle size yields the particle size
distribution, which is given by:

φ(R) = α
Rα−1

Rα
max

(23)

By Equations (9) and (14), the gas desorption rate ratio of coal before and after crushing
can be approximately obtained in a short period of time as follows:

ξ(t) =

∫ Rmax
Rmin

√
De0(R)

π

√
β(R)

1−e−β(R)t e−β(R)t φ(R)dR∫ Rmax
Rmin

√
De0(R)

π

√
β(R)

1−e−β(R)t e−β(R)tψ(R)dR
(24)

Assuming that coal exists in a fixed particle size composition before crushing, which
changes into different particle sizes after crushing, the particle size distribution of coal
before fragmentation and crushing can be expressed as:

ψ(R) = δ(R − Rmax) (25)

which Rmax is the radius of particles before coal breakage. The upper limit of the integral
in Equation (24) is also Rmax. Substituting Equations (23) and (25) into (24) yields that the
desorption rate ratio is:

ξ(t) =

∫ Rmax
Rmin

3·
√

De0(R)
π

√
β(R)

1−e−β(R)t e−β(R)tα Rα−1
Rα

max
dR∫ Rmax

Rmin
3·
√

De0(R)
π

√
β(R)

1−e−β(R)t e−β(R)tδ(R−Rmax)dR

=

∫ Rmax
Rmin

√
( Rmax

R )
b
√

β(R)

1−e−β(R)t e−β(R)tα Rα−1
Rα

max
dr√

β(Rmax)

1−e−β(Rmax)t
e−β(Rmax)t

(26)

When the decay coefficient β changes little with the decrease in particle size,
Equation (26) can be simplified as

ξ(t) ≈
∫ Rmax

Rmin

√
De0(R)

De0(Rmax)
α Rα−1

Rα
max

dR

=
∫ Rmax

Rmin

√(
Rmax

R

)γ
α Rα−1

Rα
max

dR

=

 α ln Rmax
Rmin

α = γ/2

α
α−γ/2

(
1 −

(
Rmin
Rmax

)α−γ/2
)

α ̸= γ/2

(27)

Equation (27) demonstrates that the change in gas desorption rate before and after
coal crushing can be determined by applying the rules of particle crushing distribution and
effective diffusion coefficient.

3. Experiment

The experiment requires measuring the desorption of coal with varying particle sizes at
equilibrium adsorption pressure and determining the particle size distribution of crushed
coal. As previous studies have extensively researched the desorption experiments of
coal with different particle sizes, this paper analyzes the desorption patterns of coal with
various particle sizes utilizing existing research data [13,26,43,50–52]. Yang conducted
diffusion experiments on anthracite coal with different particle sizes from the No. 1 Mine in
Yangquan, Shanxi [26]. Guo conducted similar experiments using anthracite coal samples
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from the No. 7 coal seam of the Haizi Coal Mine in the Huaibei Coalfield, China [43]. Wang
used coking coal from No. 10 Mines in Pingdingshan, Henan.

During the outburst process, the coal particles are broken due to collisions with each
other. In experiments, the date of Cai was selected for verification, and the coal sample
with a particle size of 1–2 mm and a mass of 50 g was ground and crushed using a ball
mill at 150 r/min and 250 r/min. The crushing tests used samples of bituminous coal
obtained from the Nangtiao Tower Mine in Shenmu, Shanxi, as well as samples of coking
coal sourced from the No. 10 Mine in Pingdingshan, Henan [53]. In engineering, the data
that the outburst coal samples were sieved after outbursts occurred in Zhongliangshan
Coal Mine was selected.

4. Results
4.1. Relationship between Effective Diffusion Coefficient and Particle Size

Yang et al., as well as Guo et al., conducted gas diffusion experiments on coal particles
of various sizes collected from Yangquan and Haizi coal mines, respectively [26,43]. The
short-time average effective diffusion coefficient is similar to the initial effective diffusion
coefficient. Guo obtained the average effective diffusion coefficient of coal with different
particle sizes at different times under an adsorption equilibrium pressure of 1 MPa [43].
In the short term, the initial effective diffusion coefficient is approximately equal to the
average effective diffusion coefficient. Select a kind of coal, such as intact coal in Pingmei
No. 10 coal mine, and analyze the initial effective diffusion coefficient of coal with different
particle sizes under different adsorption equilibrium pressure conditions [52]. As shown in
Figure 1, the effective diffusion coefficients for coal particles with different particle sizes
were fitted using Equation (20).
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Figure 1. The relationship between effective diffusion coefficient and particle size (a) The data from
Yang and Guo; (b) The data from Wang.

Figure 1 demonstrates that the effective diffusion coefficient decreases with increasing
particle size for different particle sizes. Use Equation (20) to fit the effective diffusion
coefficients of coal with different particle sizes, and the fitting results are shown in Table 1.

Table 1. The fitting results of the effective diffusion coefficients of coal with different particle sizes.

No. Pressure (MPa) Index of Desorption γ Coefficient of Determination

Yang 1 0.5829 0.9303
Guo-1 1 0.5149 0.9822

Wang-1 1 0.8278 0.9221
Wang-2 2 0.8801 0.8996
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Table 1. Cont.

No. Pressure (MPa) Index of Desorption γ Coefficient of Determination

Wang-3 3 0.9106 0.9796
Wang-4 4 0.8541 0.9843

4.2. Gas Desorption Rate Ratio of Coal Crushed into Different Single Particle Sizes

The gas-bearing coal diffusivity was obtained by substituting the diffusion coefficient
into Equation (2). Using a unipore diffusion model to analyze Yang’s data, the diffusivity of
gas-bearing coal with different particle sizes at different times under the same adsorption
equilibrium pressure are shown in Figure 2.
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Figure 2. Diffusivity of gas-bearing coal with different particle sizes (Yang).

The degree of coal breakage can be described by the coal particle breakage ratio,
defined as R1/R2 = x, where R2 is the average particle size after breakage and R1 is the
initial particle size. A higher value corresponds to a greater degree of coal breakage.

By selecting a certain particle size as the reference and substituting it into Equation (16),
where the initial coal particle size is 7.5 mm in the data of Yang, the ratio of accumulative
desorption amount can be calculated by Equation (16) when coal are crushed into different
particle sizes.

Figure 3 depicts the time-dependent ratios of accumulated gas desorption from bro-
ken coal particles to that from intact coal particles. These ratios show a rapid increase
with time, reaching a peak and then gradually declining to 1. The peak values of these
ratios increase with increasing coal breakage ratios (x values), and the rate of increase
is higher for larger x values. Additionally, the faster the ratio soars, the steeper the ratio
subsequently drops.
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Using the effective diffusion coefficients in Figure 1 and Equation (16), the desorption
amount ratios for the various coal sizes over a short period are presented in Figure 4.
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Figure 4. The ratio of gas cumulative diffusion after and before coal is broken in a short time:
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By integrating the experimental data presented in Figure 1, the ratio of gas desorption
rates for coal particles of different sizes after crushing can be calculated using Equation (17)
when the initial coal particle size is 7.5 mm. For the data reported by Guo, the maximum
particle size were used as the initial particle size to evaluate the change in diffusion rate for
a short period before and after coal crushing, and the results are presented in Figure 5.
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The ratio of gas desorption rate in coal before and after fragmentation decreases
rapidly from a maximum value over a short period of time. The initial gas desorption rate
ratio before and after coal crushing is greater for finer coal particles. The gas desorption
rate decreases more quickly as the coal is further fragmented.

The ratio of the gas desorption rate in coal before and after fragmentation decreases
slowly over time and approaches 0. The rate of decrease in the desorption rate ratio
is faster for smaller particles, eventually reaching 0. The variation of gas desorption
rate ratios during long-term desorption for coal particles of different crushing sizes is
shown in Figure 6.
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4.3. Relationship between Desorption Rate Ratio and Coal Particle Breakage Ratio

When Det is small, meaning the effective diffusion coefficient is a constant, and time is
not long, Equation (11) can be reduced to:

g(Det) =
Mt

M∞
= 6 ·

√
Det
π

(28)

In the initial time period, combining Equation (28) and Equation (16) can be reduced to:

η(t) =

√
De(R2)

De(R1)
(29)

In combination with Equations (20) and (29), the ratio of gas amount diffusing from
coal before being broken to that from crushed coal during a time period t could be expressed
by the ratio of coal particle size before and after coal breakage as:

η(t) =
(

R1

R2

)γ/2
= xγ/2 (30)

Equations (16) and (29) can be used to calculate the maximum and initial approximate
ratio of accumulative gas desorption for coal particles of varying sizes relative to an initial
diameter of 7.5 mm in Yang and 2 mm in Guo. The ratio of the initial period of cumulative
desorption is approximately equal to the ratio of the maximum cumulative gas desorption.

In the initial period, the differential of the diffusivity is:

g′(De, t) = 3 ·
√

De

πt
(31)

The desorption rate ratio for the initial period is easily obtained as follows:

ξ(t) =

√
De(R2)

De(R1)
(32)

Equations (29) and (32) demonstrate that the ratio of gas desorption volume from
fragmented coal to that from intact coal equals the ratio of gas desorption rate during a
given time period. Both ratios can be estimated by taking the square root of the ratio of the
effective gas diffusion coefficient for broken coal particles to that for original coal particles.

By combining Equations (20) and (32), the ratio of the gas desorption rate in crushed
coal to that in undisturbed coal during a specific time period can be expressed as the ratio
of the coal particle size before and after fragmentation:
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ξ(t) =
(

R1

R2

)γ/2
= xγ/2 (33)

Equation (33) demonstrates that the ratio of desorption amount is equivalent to the
ratio of gas desorption rate during the initial period.

The Equation (33) was used to fit the relationship between the coal particle breakage
ratio and the gas desorption rate ratio after and before coal fragmentation. The results are
depicted in Figure 7.
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The data fit parameters γ for Yang and Guo were 0.5829 and 0.5149, respectively, with
coefficients of determination of 0.9303 and 0.9822, respectively. Figure 7 illustrates the
approximate value for the ratio of the gas desorption rate from broken coal to that from
intact coal after desorption lasts for a time period t.

The ratio of the gas diffusing rate from broken coal particles at the initial time
to that from intact coal can be related to the coal particle breakage ratio x = R2/R1
from Equation (18):

ξ(0) = xγ (34)

This ξ(0) is the initial value for the ratio of the gas release rate from broken coal to
that from coal before being broken, which is the largest value for the ratio. The initial gas
desorption rate ratio is proportional to the coal particle breakage ratio.

4.4. Calculate the Desorption Rate Ratio with Particle Distribution

Assuming that prior to the occurrence of coal and gas outbursts, the coal was composed
of centimeter-sized coal particles, under the influence of factors such as geological stress,
coal and gas outbursts occurred, causing the coal to break into particles of different sizes.
Additionally, the coal particles are also broken due to collisions with each other during the
outburst. For instance, the coal sample with a particle size of 1–2 mm and a mass of 50 g
was ground and crushed using a ball mill at 150 r/min and 250 r/min [53]. The mass of the
coal sample after sieving can be seen in Table 2.
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Table 2. The mass of the coal particles after sieving at different speeds.

Diameter/mm
Mass/g

Cai-1 (150 r/min) Cai-2 (250 r/min)

0–0.075 0 8.8763
0.075–0.125 0.0152 5.5584
0.125–0.18 0.04256 6.9523
0.18–0.425 0.8574 12.0993

0.425–1 2.8517 14.8428
1–2 44.4852 0.8513

After outbursts occurred in the Zhongliangshan Coal Mine, the outburst coal sam-
ples were sieved. The sieving results of coal samples after two outbursts are provided
in Table 3 [54].

Table 3. Sieving results of coal samples in outburst coal seams.

Diameter/mm
Proportion/%

Zhong-1 Zhong-2

<0.1 4.3 6.6
0.1–1 29.9 27.5
1–5 21.6 16.9

5–10 14.1 18.2
>10 27.1 30.8

The coal particles were ground and crushed using a ball mill, and the crushed coal
was then sieved for particle size analysis. The mass distribution of the sieved particles
was fitted using Equation (22), and the fitting results are depicted in Figure 8. The fitting
parameters are recorded in Table 4.
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Table 4. Parameters of coal crushing.

No. Distribution Index of Granularity α Coefficient of Determination

Cai-1 1.7647 0.9980
Cai-2 0.5359 0.9788

Zhong-1 0.4121 0.9644
Zhong-2 0.3834 0.9722
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Figure 8 reveals that the particle size distribution after coal crushing conforms to
the GGS model. The finer the coal was broken, the smaller the distribution index of
granularity α.

By substituting the data from Tables 1 and 4 into Equation (27), the desorption rate
ratio before and after crushing were calculated. The relationship between the desorption
rate ratio and the distribution index of granularity α is shown in Figure 9.
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Figure 9 indicates that the desorption rate ratio increases with a decrease in the
distribution index of granularity α when the index of desorption γ is constant. With the
increase in the index of desorption γ, the ratio of desorption rate after and before coal
crushing increases.

5. Discussion

The coal samples were collected from coal seam No. 5 in the Panzhihua coal mine
located in western Guizhou, China. The moisture, ash, and volatile matter of coal were deter-
mined according to GB/T 212-2008. Referring to GB/T 217-2008 and GB/T 23561-2009, the
apparent density ρ and porosity φ of coal were determined. The adsorption constants a and b
of coal were determined by the high-pressure volumetric method. The results are shown
in Table 5.

Table 5. Basic parameters of coal sample.

Analysis of Coal Industry
ρ/(g/cm−3) φ/% a/(cm3/g) b/(1/MPa)

Mad/% Aad/% Vad/% Fcad/%

1.1 15 17.28 66.62 1.425 5 30 1

The cumulative gas desorption amount in unit mass coal Qt is mainly determined by
the total amount of gas adsorbed by coal in an adsorption equilibrium state and the effective
diffusion coefficient of coal. The limit of diffusion is the difference between the initial gas
content Qa and the final gas content Qa0 at the same temperature and atmospheric pressure.
It is Q∞ = Qa − Qa0.The gas content under experimental conditions is calculated according
to the following Equation (35).

Q = Qa + Q f

Qa = abp
1 + bp · 100−Ad−W

100
1

1 + 0.31W

Q f =
10pϕ·273

ρ(273 + tw)

(35)
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where Q is the total gas content, cm3/g, a and b are adsorption constant of combustible base,
p is adsorption equilibrium pressure, MPa, Ad is ash on a dry basis, W is water content.
ρ is apparent density of coal, g/cm3

, ϕ is porosity. tw is equilibrium temperature, ◦C.
When the adsorption equilibrium pressure is constant, the diffusion capacity of

methane in coal can be characterized by the diffusivity at different times. The diffusivity is
the ratio of the cumulative desorption amount to the limit desorption amount. It is:

Qt

Q∞
=

Mt

M∞
(36)

where Qt is cumulative gas desorption amount in unit mass coal; Q∞ is limit gas desorption
amount in unit mass coal.

The amount of free gas released in a short period is:

Q f t =
10pϕ · 273

ρ(273 + tw)
− ϕ · 273

ρ(273 + tw)
(37)

The amount of adsorption gas released in a short period is (for convenience of com-
parison, the time is set to 30 s).

Qat = g(De(R), t) ·
(

abp
1 + bp

− ab
10 + b

)
·
(

100 − Ad − W
100

1
1 + 0.31W

)
(38)

Put the values in Table 5 into Equations (37) and (38), and the amount of free gas and
adsorbed gas released when the coal is broken into coal of different particle sizes after 30 s
is calculated. The amount of gas released by coal with different particle sizes at different
adsorption equilibrium pressures is shown in Figure 10.
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When the adsorption equilibrium pressure remains constant, such as at 1 MPa, the
adsorption and free gas released amounts vary with particle size and time, as illustrated
in Figure 11.
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Figures 10 and 11 illustrate that the desorption amount of adsorbed gas increases as
the particle size decreases at a given adsorption equilibrium pressure.

For coal in this study collected from Yangquan coal mine in Shanxi province, North
China, when the coal is broken from the size range of 5–10 mm to the size less than 0.075 mm,
the size ratio for coal particles before and after being broken is up to 100.

Both the corresponding cumulative gas desorption and desorption rates from broken
coal are 4.6 times larger than those from intact coal within the same short time period, and
the gas desorption rate from broken coal approximately increases by 21.5 times compared
with the gas release rate from coal before being broken at the initial time. At an adsorption
equilibrium pressure of 1 MPa, the free gas is 0.3161 cm3/g, and the adsorption gas content
is 13.3367 cm3/g. Within 30 s, when the coal mass is crushed to 7.5 mm, the released
free gas volume is 0.2845 cm3/g, and the released adsorption gas volume is 1.0585 cm3/g.
Further crushing the coal to 0.075 mm, the released adsorption gas volume is 3.7445 cm3/g.
Therefore, when an outburst occurs, coal will be broken by the combined ground stress
and drag force caused by flowing gas through coal. Broken coal would release a large
amount of gas in a short time to further aggravate or sustain the outburst, which might
explain how absorbed gas within coal takes part in the coal and gas outburst. The accuracy
of the desorption model for broken coal depends on the diffusion model and particle size
distribution of the coal particles. In these diffusion models, coal particles are typically
assumed to be spherical. The effective diffusion coefficient decreases as diffusion time
increases. At the same time, in a short time period like 30 s, the effective diffusion coefficient
changes little, and the outburst is short-lived. Therefore, when estimating the amount
of desorbed gas during an outburst, it is assumed that the effective diffusion coefficient
remains constant. Theoretical analysis provides an explanation for the correlation between
smaller broken coal sizes and faster gas release rates, shedding light on the mechanism
behind the sudden and massive gas emissions during coal and gas outbursts.

6. Conclusions

This study analyzed the changes in gas release rate and cumulative gas released from
broken coal through the use of a broken coal gas desorption model. The conclusions of this
study are summarized as follows:

(1) A gas desorption model for broken coal was developed to elucidate the desorption
behavior of coal mixtures containing particles of different sizes. The model incorpo-
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rates the diffusivity of coal particles with varying sizes and the distribution function
of coal particles.

(2) The concept of gas desorption rate ratio was introduced to characterize the changes in
the gas desorption rate of coal before and after crushing. The desorption rate ratio
is mainly determined by the desorption index γ and the granularity distribution
index α.

(3) Within the limit range of coal particle sizes, the ratio of effective diffusion coefficient
for coal particles with different sizes is directly proportional to the reciprocal of the
ratio of particle sizes. When coal is of a single particle size before and after crushing,
the gas desorption rate ratio of gas-bearing coal is the square root of the reciprocal of
the effective diffusion coefficient.
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