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STUDY OF THE FLOW FIELD AND PERMEABILITY CHARACTERISTICS
IN THE GOAF USING THE OPENPNM PACKAGE

The roof-caving step scale goaf behind the working face is sensitive to the region’s spontaneous
combustion and gas concentration distribution, including many rock block cracks and holes. A severe
deviation from the dynamics of fluids in porous media by representative element volume (REV), leading
to the results of Computational Fluid Dynamics (CFD) simulation, has a significant error. A heterogeneous
two-dimensional pore network model was established to simulate the goaf flow accurately. The network
was first created using the simple cubic lattice in the OpenPNM package, and the spatial distribution
of the “O-ring” bulking factor was mapped to the network. The bulking factor and Weibull distribution
were combined to produce the size distribution of the pore and throat in the network. The constructed
pore network model was performed with single-phase flow simulations. The study determined the pore
structure parameters of the pore network through the goaf’s risked falling characteristics and described
the flow field’s distribution characteristics in the goaf. The permeability coefficient increases as pore dia-
meter, throat diameter, pore volume and throat volume increase and increases as throat length decreases.
The correlation between throat volume and permeability coefficient is the highest, which indicates that
the whole throat is the main control factor governing the air transport capacity in the goaf. These results
may provide some guidelines for controlling thermodynamic disasters in the goaf.

Keywords: goafoflongwall face; pore network model; OpenPNM open-source package; “O-ring” shape
of goaf permeability; Weibull distribution; permeability characteristics

Nomenclature

Kp — bulking factor distribution function,
Kp max — initial bulking factor,
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Kp in — compaction bulking factor,

ag, a; — bulking factor attenuation ratios (m™!),
dy, d, — specific spatial distances (m),

— adjustment factor of distribution,

— air dynamic viscosity (Pa-s),

— air velocity (m/s),

— air pressure (Pa),

— flow rate through a pore conduit (m*/s),
— permeability coefficient (m*/(Pa-s)),

— length of the conduit (m),

— shape parameter,

— scale parameter,

volume (m?),

— lattice size in x-direction no. of pores,

— lattice size in y-direction no. of pores,

— lattice size in z-direction no. of pores,

— lattice constant (m),

— length of the working face (m),

— roadway ventilation resistance at per unit length (N-s%/m?),
— airflow rate along working face (m*/min).
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1. Introduction

After mining out the coal seam, the immediate roof, the basic roof and the main roof col-
lapsed under mine pressure, forming the extremely complex, irregular and variable goaf composed
of the residual coal and broken rock in the mining process of working face. A large amount of
residual coal is scattered in the goaf, which can easily produce thermodynamic disasters, such
as residual coal oxidation and spontaneous combustion, gas combustion explosions and coal
dust explosions. An accurate grasp of the fluid flow and energy mass transfer law in the goaf is
a prerequisite for the pre-control of thermodynamic disasters [1].

Scholars have conducted many preliminary studies on the flow field in the goaf based on
the fluid dynamics of porous media. The inaccessibility of the goaf for personnel is due to its
complex and specific nature. Most of the current research on the flow field and gas transport
law in the goaf focuses on theoretical models and numerical simulation studies, although field
measurements of the permeability of goafs are known [2]. However, much more research is
conducted using numerical methods. Academician Qian [3] proposed the “O-ring” risked fall-
ing compaction character, which laid the foundation for the subsequent research of permeability
characteristics. Li et al. [4] proposed a step model for the bulking factor in the goaf by using
the theory of “horizontal three zones” of rock formation moving and breaking. They also pro-
vided a theoretical solution for the void permeability in different fracture development zones
and considered the porosity and permeability to be constants in each subzone. Liang et al. [5]
constructed a two-dimensional heterogeneous continuous distribution model of porosity and
permeability in the collapse zone using roof strata collapse theory. Based on this model, they
simulated the distribution law of the air leakage flow field. Some scholars have constructed
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a three-dimensional mathematical model of the heterogeneous porous media for the goaf caving
based on the “O-ring” theory and have used the Kozeny-Carman equation or its modified forms
to calculate the permeability of the goaf [6-8].

The mainstream method used by the scholars mentioned above to carry out seepage
simulation is still to use CFD software or to estimate the permeability of the goaf based on the
Kozeny-Carman (KC) equation. Traditional CFD methods (e.g., FLUENT, COMSOL, etc.) use
a continuous medium model to solve mass, momentum, and species balances through constitu-
tive equations, such as a simple extension to Darcy’s law for multiphase flows [9,10]. However,
this approach faces difficulties considering complex porous media morphologies with different
heterogeneity. Each modelled phenomenon requires experimental measurements to describe
the constitutive relationships of the macroscopic transport properties of the medium, such as
permeability, wetting or effective diffusion coefficient [11,12]. The permeability of the goaf is
challenging to measure in the laboratory due to its complex and irregular pore structure. There-
fore, CFD scholars often use the KC equation to estimate the permeability of the goaf, which is
then used as a UDF (User-Defined Function) input when constructing the porous media model.
The limitations of KC as a semi-empirical equation have been widely demonstrated [13,14].
In addition to the abovementioned problems, conventional CFD methods treat porous media
as volume-averaged continua without decomposing microscale features, making it difficult to
achieve results associated with microscale structures [15,16]. The goaf is a three-dimensional,
multi-connected, complex internal flow field bounded by various structures. Scholars in China
and abroad are using porous medium continuous medium fluid dynamics theory and simulation
technology to study the gas flow state in the goaf. That is, a hypothetical continuous medium is
used instead of a porous medium full of voids, and the average value of state variables, such as
physical parameters of the porous medium over a certain volume (REV), is used as the value of
the parameters of the hypothetical continuous body. However, the fluid space in the goaf consists
of residual coal microporosity, inter-rock crevices and pores, and the fluid flow does not necessar-
ily occur through the caved rock in the goaf. The rock fractures and pores are the leading cause
of fluid flow in the goaf, significantly affecting it. Their size range varies widely, and the pores
can even reach several meters, far beyond the pores’ scale in porous media. And they cannot be
expressed in REV or abstractly averaged. Therefore, using porous media fluid dynamics theory,
the goaf flow field calculation in a fully mechanized caving coal mine may differ significantly
from the actual flow field.

With the development of computer hardware and various numerical simulation methods,
pore network modelling (PNM) has become a critical method for studying the seepage process
of coal rocks because it can connect microscopic pore structures and macroscopic seepage
characteristics [17]. Since Fatt [18] pioneered PNM, its effectiveness and low cost have made
it a well-established and long-standing method for simulating transport in porous materials
[19,20]. To better characterize the pores, the researchers discretize the pore space into inter-
connected pores and throats, where spheres represent the pores, and tetrahedra, rectangles or
cylinders represent the throats. PNMs represent an alternative approach to the more widely
used continuum model. Their main difference lies in handling the transport properties between
two physical locations in the domain. In the continuous medium model, the flow rate or pres-
sure drop between two adjacent locations is determined by the permeability of the medium
[12]. From the limitations of permeability described above, it is clear that the pressure and gas
velocity calculated by CFD for the goaf may differ from the actual results. In PNM, the two
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adjacent positions of the throat connection are considered the actual pores. PNM transforms
the flow problem into a pipe network or resistor network problem by assigning a permeability
coefficient (also called hydraulic conductivity [21]) to pores and throats [22]. The flow between
these two pores is considered to flow through the pipe and can be described by various analyti-
cal solutions. The PNM approach can directly incorporate the structure and topology of porous
media into the model, establishing a direct link to the gas transport process instead of relying
on constitutive relationships [23].

Based on the above discussion, PNM can describe the pore structure of porous media more
accurately and efficiently. Pore structure refers to the composition of the pores of porous media,
including characteristics such as the size, shape, and connectivity of pores and throats [24]. The
transport properties, such as the porosity and permeability coefficient of the goaf, determine the
seepage characteristics of the gas in the goaf, and these transport properties depend on the geo-
metric properties and topology of the pore space in the goaf [25]. Therefore, to predict the seep-
age characteristics of a goaf, it is essential to analyze the pore space of the goaf quantitatively,
select the appropriate information regarding the pore structure to establish relevant models and
conduct the studies on the seepage at the pore scale. This has important theoretical and practical
significance for solving engineering problems such as mine construction and thermodynamic
disaster prevention and control.

This paper presents the PNM method using open source OpenPNM package [12] to perform
pore network simulation based on the “O-ring” theory in the goaf. The Hagen-Poiseuille law
describes the single-phase flow in the pore space of the goaf. Combined with the Stokes flow
algorithm [12,20], this study investigates the flow field distribution and permeability character-
istics of the goaf at the pore scale. It quantitatively examines the relationship between transport
properties and pore structure in the goaf.

2. Background

2.1. Mathematical model of the bulking factor of the goaf

Considering the mining conditions of the 2220 working face [26,27] in the Linnancang
mine, the mine is a low-gas mine. The fully mechanized top coal caving technology is applied
to the 2220 working face, and the roof of the goaf is treated by caving method. The length of
the working face is 80 m, the thickness of the coal seam is 4.6 m, the mining height is 2.2 m,
and the length of the goaf is 200 m, as shown in Fig. 1. The figure shows that g; and g; are the
leakage amount of inflow and outflow, respectively, m*/s.

The overlying strata of the goaf collapse with the advancement of the working face, and the
cave goes from stable to unstable and then to stable process. Due to the support of the coal wall
around the goaf, the risked falling area forms the main roof and the overlying key strata, which
have “O-X" shaped rupture. With the advancement of the working face and pressure cycle, the
central mining fractures and the free-caved rocks are compacted. While on the side of the sur-
rounding coal column, bed separation fractures and caving-prone fractures will be maintained,
thus forming a continuous fracture development zone around the goaf, called the mining fracture
“O-ring”, which is the main channel of air leakage and seepage in the goaf [2]. According to
the law of mine pressure observation, the characteristic equation of the distribution of the two-
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Fig. 1. Geometric model of the goaf flow field

dimensional “O-ring” bulking factor between the caving zone and compaction zone in the goaf
can be expressed as [26], with the dynamic change of the working face advancement:

K, (%.9) =K, min +(Kp,max ~K ) min )XeXp(_a‘d‘ (l_e_él%do )) 0

where Kp is the bulking factor of caved rock in the goaf (distribution function), dimension-
less, Kp yax is the initial bulking factor, dimensionless, Kp i, is the compaction bulking fac-
tor, dimensionless, @ and a;, respectively, are the attenuation rates from the wall of the solid
rock and the working surface, m™!, d, and d, respectively, are the distances from point (x, )
to the supporting coal pillar and the longwall face, m, & is the adjustment number to control
the distribution pattern of the “O-ring” model, dimensionless, which can be determined by trial
calculation until it meets the actual situation (the larger & is, the more square-angled “O-ring”
is). For the 2220 working face, a; = 0.0368 m™', a, = 0.268 m™! and & = 0.233, and Kp (x,y)
distribution is shown in Fig. 2.

X/m 200 0 Yim

Fig. 2. Bulking factor K distribution of “O-ring”
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2.2. Local scale

This paper investigates the single-phase, isothermal, incompressible airflow in the goaf,
which is an undeformable porous medium, where the local equation governs mass conservation.

V-v=0 2)
where v is the local velocity of the airflow, m/s.

The conservation of momentum equation governs the airflow motion in the goaf.

©Vv=Vp 3)

where # is the dynamic viscosity of the air, Pa-s and p is its local pressure, Pa.

2.3. Pore scale

Given the steady-state Stokes flow of a Newtonian fluid (Egs. (2) and (3)), the following
mass conservation equation is applied to each pore in the pore network. Solving this linear system
of equations enables the determination of the flow rate and pressure drop:

Qizigij(pj_p[)zo 4)
=

where i and j denote the pores and neighboring ones to be considered, #; is the number of pores
neighboring to pore i, g; is the net flow rate through pore i, m*/s, g 1s the permeability coef-
ficient for flow between pore i and neighboring pore j, m*/(Pa-s), p; and p; are the pressures in
each pore, Pa. Fig. 3 shows schematic diagram of two neighboring pore bodies and connecting
throat. The assembly is made of throat ij and halves of the neighbor pores i and j of diameters

d;j, d;, and d; and lengths L;;, L;, and L;.

LFd /2 L=d,/2

Fig. 3. Dimensional schematic diagram of the pore-throat-pore assembly

The permeability coefficient, g, of the pores and throats can be calculated using the Hagen-
Poiscuille model [28] as follows:

_ rd*
128 uL

g %)
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where 1 is the dynamic viscosity, Pa-s, g is the permeability coefficient of the conduit, m*/(Pa-s),
d and L, respectively, are the diameter and the length of the conduit, m. The total permeability
coefficient for flow between two adjacent objects is utilized as the net permeability coefficient for
flow through half of pore 7, the connecting throat, and half of pore j. The permeability coefficient
for each section, is calculated using Eq. (5), and the pore-throat-pore assembly’s net permeability
coefficient is derived from the linear resistance theory of series resistance [29] as follows:

-1
& =(#+i+#J ©)

3. Pore network model based on Weibull distribution

Based on bulking factor Kp distribution of the caved rocks in the goaf, Weibull distribution
was adopted to simulate the spatial heterogeneity of the bulking factor, combined with the PNM
method, then the spatial distribution law of the pore structure in the heterogeneous goaf was
simulated, and the pore network model in the goaf was established.

3.1. Network creation

In this study, OpenPNM package was used to perform pore network simulations in the
goaf of the 2220 working face in the Linnancang mine to study the flow field and permeability
characteristics. To obtain a more suitable porosity for the “O-ring” goaf and to easily calculate
transport equations, spheres and cylinders were chosen for the pore and throat, respectively. For
the network a domain size of 200 x 80 x1 m filled with 16,000 pores and 31,720 throats was cre-
ated using OpenPNM’s Cubic, and the network spacing was set to 1 m.

3.2. Weibull distribution

The Weibull cumulative distribution function is widely used in pore network modeling due
to its mathematical simplicity, flexibility and reliability [30]. The two-parameter Weibull distri-
bution is utilized to construct pore network model by assigning pore and throat dimensions [29]:

by = A[-In(1= )] + by 7)

where b, ; is the radius of the i ™ pore, m, y is considered as the “pore seed” value in OpenPNM,
which means to generate pore seeds that are spatailly correlated with their neighbors, b,,;, is the
minimum pore radius, m, « is the Weibull modulus that controls the shape of the distribution and
indicates the degree of dispersion of the pore diameter distribution. The smaller «, the higher the
dispersion of the pore diameter distribution. And A is the scale parameter of the average value
of the bulking factor which is used to describe the caving degree of the caved rock in the goaf.
To construct a pore network model of the “O-ring” goaf, the value of Eq. (1) should be as-
signed to y, like pn[‘pore.seed’]* = np.flatten(Kp(x, y)). This requires that Fig. 2 should also be
generated from a grid of 200 80 %1 size with a total of 16,000 grid positions in order to achieve
a one-to-one correspondence between the values of the bulking factor Kp and the “pore seed”.
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3.3. Porosity

The porosity not only affects the regular mining of coal seams but also influences the perme-
ability characteristics of the goaf after mining, and can reflect the heterogeneity of the goaf[8,31].
The following equation is used to calculate the porosity () of the network for the void volume:

V,+V,
B L3p XY; ®
C
where V), is the network’s pore volume, m?, ¥, is the throat volume, m>, X, ¥ and Z are the net-
work dimensions expressed in the number of pores, dimensionless, and L is the lattice constant,
m. In this study, the lattice constant is kept consistent with the set grid spacing of the goaf with
avalue of 1 m. Since the model is a two-dimensional pore network model, Z is 1. The number and
location of control pores and throats can be modified by setting the “label” in OpenPNM package
and then combining it with Eq. (7) to calculate the porosity at any location in the pore network.

3.4. Pore and throat size distributions

Firstly, np.flatten(Kp(x,y)) was summed and averaged, which determined the scale parameter,
A =1.244. The shape parameter ¥ = 1.41 was obtained by solving Egs. (1), (7) and (8). In the
next step, the Lo was verified to be greater than the largest pore size in the network to prevent
the overlap. Once the pore size was determined, the throat size was calculated using a func-
tion based on the smaller value of the neighboring pores, d;; = min {bp, i» by, j}, where d;; is the
diameter of the throat. The two-dimensional pore network model with pore diameters and throat
diameters in the range of 0.025-0.049 m is shown in Fig. 4. Fig. 5 presents the histograms of
pore diameter, coordination numbers, throat diameter and length for the corresponding model.
Figs. 4-5 demonstrate that the highest percentage of small-sized pores or throats is located in
the recompacted zone in the goaf, while the fracture development zone is characterized by the
distribution of large-sized pores or throats. This is due to the mining process resulting in varying

4444

! 49602
R : X/
m
2 100 110 120 130 140 150 160 170 180 190 200 i

Throat diameter/m

Pore diameter/m

Fig. 4. Two-dimensional pore network model in the goaf
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degrees of pore structure development within different zones of the goaf. The size distribution
of the pore structure validates the risked falling characteristics and heterogeneity of the goaf.
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Fig. 5. Histogram of pore diameter, coordination number, throat diameter and throat length

3.5. Boundary value problem

The schematic diagram of the flow field in the two-dimensional heterogeneous goaf is
shown in Fig. 1. The air leakage is an incompressible gas seepage movement, with no horizontal
leakage [32].

On the air leakage boundary AB:

Pt Q?

On the other boundary BCDA:

@ _,

on

)

(10)

where p is the air pressure, Pa, L'is the length of the working face, m, 7 is the roadway ventila-
tion resistance at per unit length, N-s*m’, Q is the airflow rate along working face, m*/min,
and n represents the direction normal to the boundary. Q and r, respectively, are 426.8 m*/min
and 0.0094 N -s%/m’, as obtained from field observations.
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Set the inlet boundary condition of the pore network model of the goaf as the pressure inlet
and the outlet boundary condition as the pressure outlet. The boundary condition parameters of
the pore network model are determined using Eqgs. (9) and (10). The pressure gradient in the
AE section was used as the inlet boundary value, while the pressure gradient in the EB section
was used as the outlet boundary value. The air temperature was 290 K, and the air viscosity was
1.834x107° Pa-s. The Stokes flow algorithm in OpenPNM package was used to simulate single-
phase flow simulations in the goaf.

4. Results and discussion

4.1. Pressure distribution of the leakage flow field

The mass conservation equation over each pore (Eq. (4)) was solved for the given pressure
boundary conditions. Then the pressure distribution in the pore network model is obtained and
visualized, as shown in Fig. 6. The plotted air pressure contours are shown in Fig. 7. To study the
relationship between the air pressure in the goaf and the working face advance distance, pores at
Y=0m and Y= 80 m were selected to study the air pressure variation at both ends of the goaf.
In contrast, pores at ¥ =40 m and Y = 41 m were used to reflect the pressure variation in the
middle of the goaf. The resulting curves are shown in Fig. 8.

110 120 130 140 150 160 170 180 190 200

Pressure/Pa

Fig. 6. Pressure distribution in the pore network model of the goaf

Pressure/Pa

30

20

10

150 200

Fig. 7. Contour map of air pressure distribution in the goaf
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Fig. 8. Relationship between air pressure and distance to face

Figs. 6 and 7 show that the pressure at the lower corner of the inlet side of the working face
is higher, and the pressure at the upper corner is lower. The two pressure curves, ¥ =0 m and
Y =80 m, in Fig. 8 clearly illustrate that the air pressure gradient is the largest near the inlet
side and outlet side of the working face, where the pressure drops significantly within a short
distance. The air pressure gradually tends to level off after 120 m along the direction of the goaf,
and there is almost no change in pressure at the deeper part of the goaf. The pressure curves at
Y=40 m and Y =41 m show that the air pressure difference near the centerline of the working
face is slight and almost unchanged.

4.2. Velocity distribution of the leakage flow field

The pore’s net flow rate is zero because each pore’s flow rate follows the law of mass conser-
vation in the pore network model. Using an algorithm, the flow rate of each throat in the network
can be determined. The resulting velocity distribution of the flow field in the goaf is shown in
Fig. 9. The air pressure and velocity distribution are solved using the Stokes flow algorithm.
These two distributions are then superimposed to obtain the flow network, as illustrated in Fig. 10.

Velocity/m-s'1
%1073

10
8
6
4

2

100
X/m

Fig. 9. Air velocity distribution in the goaf
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Fig. 10. Pressure and velocity profiles in the goaf

The maximum air velocity is 0.011147 m/s in Fig. 9, which coincides with the result
(Vmax =0.0111311 m/s) obtained by Li et al. [26] in their simulation of the 2220 working face using
a self-programmed G3 program. Moreover, similar values in the 0.01-0.03 m/s of maximum veloci-
ties for the analyzed goafs with U-type ventilation systems are presented by Szlazak et al. [33].
Fig. 11 reveals the flow state of the flow field under a heterogeneous flow field. Compared with
the homogeneous flow field, the airflow movement pattern of the goaf in Fig. 10 is consistent
with the changes in non-compactness. The airflow lines near the working face are significantly
denser than those in the internal area, particularly at the upper and lower corners of the goaf.
Some leaking airflows flow back into the working face along the boundary of the working face,
and the airflow is turbulent and distributed in a circular arc. The airflow leakage seeps into the
deep part of the goaf, which increases the risk of collapse. The airflow in this region is mainly
in a laminar flow state with sparse flow lines.

4.3. Effect of the pore structure of the goaf on permeability
characteristics

The permeability coefficient serves as a comprehensive indicator of the permeability capacity.
The study utilised the Hagen-Poiseuille law to estimate the transport property. The result of solv-
ing Egs. (5) and (6) is shown in Fig. 11. To investigate the relationship between the permeability
characteristics and pore structure in the pore network model, the pores and throats at ¥ =40 m
were selected, and the fitted curves are illustrated in Fig. 12.

Permeability coefficient/m3/(Pa-s)
-3
x10

0 50 100 150 200
X/im

Fig. 11. Permeability coefficient distribution in the goaf
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Fig. 12. Relationship between permeability coefficient and the (a) pore diameter, (b) throat diameter,
(c) throat length, (d) pore volume, and (e) throat volume in the goaf

Fig. 11 shows that the permeability coefficient of the goaf ranges from 5.32x107* to
7.78 x1072 m3/(Pa-s). The permeability characteristics of the deep part of the goaf are very dif-
ferent from those near the working face. The maximum value of the permeability coefficient is
located in the fracture development zone, while the minimum value is located in the recompacted
zone. With the increase in the vertical distance from the mined coal seam, the permeability coef-
ficient of the recompacted zone in the middle of the goaf is significantly lower than that of the
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fracture development zone on both sides. The fracture development zone is the main channel of
air seepage in the goaf.

Fig. 12 presents that the permeability coefficient at ¥ =40 m has an obvious strong correla-
tion with the pore-throat structure parameters, and the goodness of fit is above 0.99 in all cases.
The permeability coefficient increases as pore diameter, throat diameter, pore volume and throat
volume increase, and increases as throat length decreases. Fig. 12(e) reveals that the correlation
between the fitted curves of the permeability coefficient and the throat volume is the highest.
Therefore, it can be shown that the throat channel is the main control factor governing the fluid
transport capacity. The better the development of the throat channel structure, the stronger the
air transport capacity in the goaf.

5. Conclusions

This paper presents a new method to study the flow field and permeability characteristics
in the goaf. The PNM method with the OpenPNM package was used to construct a pore net-
work model consisting of pore-throat systems. The network was analyzed using the Stokes flow
algorithm combined with the Hagen-Poiseuille law, and the following conclusions were drawn.

(1) Behind the advancing 2220 face in the Linnancang mine, a pore network model in
the goaf with pore diameters and throat diameters in the range of 0.025-0.049 m was
established by combining the bulking factor distribution of “O-ring” and Weibull
distribution. The shape and scale parameters characterizing goaf porosity are 1.41 and
1.244, respectively.

(2) The simulation provided distribution characteristics of air pressure at the pore scale
in the goaf of Linnancang mine. The air pressure gradient is the largest near the upper
and lower corners of the working face, while the air pressure difference is insignificant
in the middle of the working face. The air pressure tends to level off gradually after
120 m along the direction of the goaf, and there is almost no change in pressure at the
deeper part of the goaf.

(3) The obtained characteristics of air velocity distribution in the goaf show that air leakage
flow lines in the goaf are symmetrical and circular. The flow line density of airflow near
the face is greater than in the internal area, especially in the upper and lower corners
of the goaf. The air leakage movement pattern is consistent with the changes in the
non-compaction zone. The maximum air velocity is 0.011147 m/s.

(4) The transport property of the goaf is directly related to the pore structure of the pore
network. The permeability coefficient ranges from 5.32x107 to 7.78 x10> m3/(Pa"s)
in the goaf of Linnancang mine. The permeability coefficient increases as pore diam-
eter, throat diameter, pore volume and throat volume increase and increases as throat
length decreases. The correlation between throat volume and permeability coefficient is
the highest, which indicates that the whole throat is the main control factor governing
the air transport capacity in the goaf.
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