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ABSTRACT

The study develops a numerical model of gas flow and composition in a goaf formed after
longwall coal extraction. The goaf is treated as a horizontal rectangular porous slab with thickness
equal to 3.5 times the mined seam thickness. Air from the mine ventilation system flows into this
porous region through adjacent headings, while methane is released from the methane-bearing strata
and carbon oxidation occurs within the rubble. The model also includes local nitrogen injection with a
specified volumetric flow via a pipeline along the long edge of the goaf. Using the Control Volume
Method, the authors compute two dimensional discrete fields in the goaf: overpressure, apparent
velocity of the gas mixture, and molar concentrations of nitrogen, methane and oxygen. The resulting
computer programs determine these fields for two ventilation layouts, corresponding to typical
systems used in longwall mining, each with distinct boundary conditions. This approach enables
quantitative assessment of gas migration and distribution patterns in the caving zone, supporting
ventilation design and evaluation of methane and oxygen hazards.

KEYWORDS: velocity field, gas mixture, numerical model, goaf space

1 INTRODUCTION

A space left after a seam has been extracted, filled with rubble, is called a goaf. Within
it, we encounter the movement of the air supplied to the mine and highly variable values of
gas concentration. For this reason, research is carried out to describe the processes occurring
in goafs.

Two-dimensional airflow models in a goaf space were presented by J. Szlazak and Dieu
[1,2] and three-dimensional by Kelsey et al. and Wala et al. [3.,4].
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The results obtained during numerous experimental studies and modelling have enabled
approximate models of a goafs space [5,6,7].

At present, computer programmes created by individual authors are being increasingly
replaced by multi-function programming suites for producing simulations using the
Computational Fluid Dynamics (CFD).

Applications based on CFD make it possible to determine physical properties of airflow
and liquid flow (the distribution of velocity field, the distribution of pressure field), heat
transfer (temperature field) and physicochemical processes [8]. For those models, it is vital to
determine the properties that characterize the longwalls goaf.

One of the first attempts to model the distribution of permeability in goaf was initiated
by Ren and Edwards [9]. They used the permeability values available in the literature, which
they next matched to stress values, obtained using the finite element method.

A more comprehensive description of the flow of gas mixtures, taking into account the
mutual influence of liquids and solids, was provided by Kelsey et al. [3]. Like their
predecessors [9], they associated the anticipated permeability of rock mass affected by
mining with the distribution of stresses in the rock mass. However, the stresses were
calculated using the FLAC3D (Fast Lagrangian Analysis of Continua) programme, created by
Itasca Consulting Group, based on the finite difference method [10]. The obtained picture of
permeability was then employed to create a gas migration model in the rock mass, airflow in
longwall faces and methane drainage system. Similar research was also conducted by
Esterhuizen and Karacan [11], Karacan, Diamond, Esterhuizen and Schatzel [12]. Their
model enabled matching permeability to stress values differing by 10 MPa. The changes were
applied independently in the horizontal and vertical directions to include the picture's
anisotropy or rocks.

The resulting model [13] makes it possible to determine permeability distribution based
on its initial values and porosity by applying the Carman-Kozeny equation. The equation was
developed theoretically by linking the permeability of a porose medium to its porosity. The
Carman-Kozeny equation includes the parameter of the specific surface area, which is usually
hard to determine. Moreover, there are fundamental difficulties with determining the value of
the Kozeny constant for porose media. Karacan [14,15] concludes that his fractal model is a
more accurate tool for determining permeability than the Carman-Kozeny or Happel
equations.

The authors studying the airflow in the goaf assume that air and gases' movement
occurs within a space whose thickness exceeds three or four times the extracted seam or
layer's thickness. The maximum height at which the airflow occurs is referred to as the range
of the chaotic caving. According to Znanski and Mileticz, the chaotic caving stretches over a
threefold thickness of the extracted layer of the seam [16,17]. Besides, the space left after the
longwall has been extracted also participates in the airflow. What follows is that the overall
height is equal to four times the seam thickness, measured from the seam floor. Considering
that the main roof settles by 0.5 to 0.6 of the seam thickness, J. Szlgzak assumes that the
maximum level at which the airflow takes place in a goaf is equal to 3,5 times the thickness
of the extracted layer [1,18]. In that case, the coefficient of permeability assumed within the
model has a constant value along the longwall face and at the height of airflow taking place
within a goaf.

Here we present a computer-generated simulation of the movement of substance within
a porose structure left by the complete extraction of a coal seam through longwall mining in
an underground mine. This area is partially ventilated with air supplied by the mine's
ventilation system, flowing through excavations at the longwall. Inside the goaf, methane is
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released. The calculations also consider the local nitrogen emission with a given volume flow
rate, supplied via a pipeline to the caving inside.

The obtained calculation algorithm is based on a Control Volume Method procedure,
which in Poland has also been referred to as the Elementary Balance Method. The most
important sources referred to during the formulation of the mathematical model and the
algorithm are studies by N. Szlazak and J. Szlazak [19-21].

2 CHARACTERISTIC OF THE GOAF SPACE IN THE HARD COAL MINE

During longwall mining, there occurs a stress concentration in the immediate proximity
to the longwall face, resulting from the roof's uncovering and then it's settling in the
exploitation area. This process is determined by the roof and the seam's rigidity, the support
load-bearing capacity, and the goaf's compressibility.

From the solid to the goaf, five zones can be distinguished with different ranges of
extra pressure (oz), presented in Figure 1 [22]:

e the intact seam zone, characterized by stress values close to the primary state before
exploitation (p- — the pressure of overlying strata),

e the extraction zone, characterized by higher values of vertical stress,

e the uncovered roof zone, which stretches over the extraction area and often a part of the
goaf; in this zone, there is no interaction between the caving and the overlying strata,

e the caving-in-the-sealing-phase zone, including the section of the goaf in which the
reaction of the material filling the goaf gradually, increases to reach the value of the
primary rock pressure as the distance from the longwall face rises,

e the sealed caving zone, in which the overlying strata are fully supported, which means
that the stress values approach the primary state.

N

z

(&)

Intact seam zone ; Extraction zone

Uncovered roof zone
Sealed caving zone

Fig 1. Characteristics of pressure in the rock mass in the longwall area. Adapted from Kleczek Z. 1994 [22].

From the rock mass mechanics perspective, the goaf is divided into three zones: the
caving, the cracks, and the retarded caving (Fig. 2). The present analysis is limited to the
caving zone, assuming that it is affected by the pressure drop caused by the leading
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ventilation fans. As a result, the zone is an area where the movement of air and gases occurs.
The caving zone consists of rocks and possibly the remaining coal that has not been
extracted.

The emergence of caving behind an advancing longwall follows the following pattern:
the immediate roof above the extracted seam disintegrates into small blocks, which pile up
and provide support to the higher roof. Between the blocks, space appears, enabling the flow
of air and gases. The resulting rubble forms the so-called caving of the immediate roof. As
the longwall advances, the layers above the immediate roof also disintegrate, but into much
larger blocks, causing the caving to be fully sealed. As a result of this process, the high
caving zone appears. As the longwall continues to advance, the main roof caves in, settling
on the blocks in the full caving and high caving zones. At this point, it is essential to add that
the rubble near the longwall face does not support the roof. In this area, the overlying rocks'
pressure is compensated by the main roof. This process occurs only up to a certain distance
from the face, where the rubble supports the roof's rocks.
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Fig 2. The caving zone (h,), the cracks zone (hs), and the retarded caving zone (h,) that emerged above an
extracted longwall

The overall height of a goaf area that emerges from caving, measured by Ropski (full
caving and high caving), is from 3.4 to 3.9 times the seam thickness [23]. It is justified to
conclude that the flow of the mixture of air and gases in the empty spaces between
disintegrated rocks is limited from above by the high caving contact surface and the overlying
rocks.

3 THE POROSITY AND PERMEABILITY OF THE GOAF AREA

Goafs' porosity is defined as the ratio of the empty spaces between the rubble, or
unsupported roof, to the identified goaf area's overall volume. This area's porosity depends on
the following factors [24]: the rocks' structure, their physical properties, and granulometric
composition. The blocks of which the rubble of the caving consists can vary in size and
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mutual arrangement. The rocks of the main roof, supported by the rubble that constitutes the
caving, exert pressure on the blocks, causing them to be sealed. The loosely structured rocks
of the caving become increasingly sealed as the distance from the longwall face increases.

The permeability of the goaf is a parameter dependent on its porosity. The relationship
between the two properties is determined by the particular rock blocks' geometrical
arrangement concerning each other [25]. An analysis of available literature on the subject
reveals that changes in porosity and permeability are closely akin.

J. Szlazak [5] presents the results of measurements conducted to identify the influence
of how bottom roads are sealed on the airflow through the goaf. The results were analyzed
from the relationship between air losses and the type of rocks in the roof. It was found that
given the same ventilation conditions, the more compact the rocks in the roof, the greater the
air loss values. The study makes it possible to estimate goafs' permeability in a layer with a
thickness equal to 3.5 times the extracted longwall thickness.

The experimental research conducted by J. Szlazak [5] considers a classification of
cavings based on the so-called 'separation resistance'. The separation resistance is determined
by the resistance of rocks to tensile strength, measured in a direction perpendicular to the roof
layers' surface. In turn, the resistance of rocks to tensile strength determines their tendency to
cave in and disintegrate. Thus, three classes of roofs were distinguished according to their
level of separation resistance (Table 1). In describing how the caving zone's height is formed,
the separation resistance influences the caving zone height's initial curvature in a plane
parallel to the longwall face.

Table 1. Classification of roofs according to separation resistance. Adapted from Szlazak J. 1980; 2000; Szlazak
J. and Szlazak N. 2004; 2005 [5,1,26,19]

Separation resistance
Roof o
value (R;) Roof Description
class
MPa
Class I 0+2.5 weak, with cracks, easily caved in (e.g. mudstone)
Class II 5 5-5.0 self-supporting, without falls, caving in without hanging in
goaf (e.g. sandy shale)
Class I11 > 50 very compact requires breaking up and loosening (e.g.
sandstone)

The authors [1,19] determined a coefficient of permeability. Their study reveals that the
coefficient of permeability of a goaf decreases as the distance from the longwall face grows.
Its highest value was identified near the face, whereas the lowest value of the coefficient was
about two-thirds of the face's longwall life. After reaching the minimum, the coefficient starts
rising and continues until the beginning of the longwall. As the longwall length increases, the
permeability coefficient in this place becomes smaller but is still much higher than the
minimum value. As the longwall length increases, so does the goaf section with a small
coefficient of permeability.

Goafs with the highest value of separation resistance is characterized by the smallest
values of the coefficient of permeability. The greater the separation resistance of the rocks in
the roof, the greater the coefficient of permeability.

The statistical analysis of the measured changes of the goafs permeability coefficient
has led to the conclusion that it is best described by the following formula [27]:
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k(x) = —F—
7"0 + ax m2 (1)

for OSxS%Z

where:
1 — coefficient of dynamic air viscosity;

ro, a — empirical coefficients depending on the geological and mining conditions in the

caving;
k, = H _ coefficient of permeability of the caving behind the longwall face, m?;
T

x — distance from the longwall face, m;
[ — the length of the extracted section of the longwall, m.

The lowest value of the goaf permeability coefficient is obtained for the value of
x=2/31. After reaching its minimum, the permeability coefficient increases up to the place
where the longwall begins. For the section characterized by this increase, the approximation
can be achieved using the following formula:

m’ @)

for %ZSxSI

The coefficients ro, ko, a and b were linked to the rocks’ separation resistance in the
roof above the extracted seam. Figure 3 presents the coefficients k, = 1/ 7, and a dependence

on the separation resistance of rocks in the roof.

As the separation resistance grows, so does the value of the coefficient ko. The change
of the caving permeability coefficient behind the longwall face was approximated with the
following formula [1]:

kO = ﬁlO_IORﬂsl’44
6 '’ 3)
where:
R, — separation resistance of rocks in the roof, Pa.

The change of the coefficient a was approximated with the following formula [6]:

100 p LM
a=6-10"R, " Ngm? (4)
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Fig 3. The dependence of the coefficients ko and a on the separation resistance of rocks in the roof. Adapted
from Szlazak J. 2000, 2001, Szlgzak J. and Szlgzak N. 2005 [1,27,19]

Figure 4 presents the caving permeability coefficient changes, based on measurements
conducted in a mine and approximated using the formulas (1) and (2).

The change of the caving permeability coefficient described by the dependencies above
concerns a layer with a thickness equal to 3.5 times the extracted seam's thickness. It implies
that the permeability along the vertical axis is constant at the height equal to 3.5 times the
extracted seam's thickness. In the conditions of an underground mine, it is impossible to
determine the changes of permeability along the vertical coordinate.

A comparison of the Darcy formula with the Blake-Kozeny equation makes it possible
to determine the permeability of a layer consisting of spherical solids [20]:

d’e’
150(1-¢)" o 5)
where:
d_ - hydraulic diameter, m;

& - porosity.
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Fig 4. The changes in the caving zone's coefficient of permeability depending on the distance from the longwall
face. Adapted from Szlazak J. and Szlazak N. 2005 [19]

Porosity and permeability changes in a cross-section perpendicular to the longwall face
resemble the changes in airflow velocity through the goafs of caved longwalls [24,1,19].

At the edges of a goaf, which rest on the longwall supports, a heading, or unextracted
rock, porosity and permeability reach their maximum values. Compared to the goaf's middle
section, the edge's proximity decreases the roof's rocks' pressure on the caving rocks.

Porosity and permeability are essential for the determination of the distribution of
airflow in goafs.

4 THE NUMERICAL DETERMINATION OF THE VELOCITY FIELD AND THE GAS
MIXTURE COMPONENTS CONCENTRATION IN A GOAF.

4.1 Research Objectives

The article presents a simulation of the movement of substance within a porose
structure left by the complete extraction of a coal seam through longwall mining in an
underground mine. The resultant goaf, which remains after a coal seam has been exploited,
can be interpreted as a horizontally oriented, rectangular slab with the horizontal dimensions
x and y and the vertical dimension 3.5 m, where m denotes the thickness of the extracted
seam (Figs 5 and 6). In this area, filtration of the air supplied by the ventilation system of the
mine takes place, reaching the place through headings adjacent to the horizontal edges of the
rectangular block. Inside the goaf, in a porose space, the inevitable complex processes of
carbon oxidation occur, and methane is released from the layers permeated with methane.
Combined with the oxygen from the atmospheric air, methane can form a dangerous
explosive mixture. The rate of methane filtration, and therefore the average capacity of its
sources in the caving space, can be approximately calculated based on the prescribed control
measurements conducted during the seam's extraction. The calculations also consider the
local nitrogen emission with a given volume flow rate, supplied via a pipeline to the inside of
the caving along the area's long edge. The simulation yields the following two-dimensional
discrete (2-D) physical fields present in the space of the caving:

e field of pressure increase, Pa,
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field of the apparent velocity of the mixture of the components, m/s
field of the molar concentration of nitrogen N2, mol/m?,

methane concentration field CH4, mol/m’,

oxygen concentration field Oz, mol/m?.

The created computer programmes enable the determination of the fields mentioned
above in two variants with different boundary conditions described below.
The computer programmes were elaborated for the two most frequently used ventilation
system:
e the U-shaped ventilation system from the boundaries (Fig. 5);
e the Y-shaped ventilation system (Fig. 6).

o

Line of he longwall caving

% & GOAF

—

LEGEND

é%(: - direction of explotation ——> - returnair 2 —section where the inertization point can be
~ 5 - intake air 3 - point of nitrogen injection localized

Fig 5. A diagram of the U-shaped ventilation system from the boundaries

e

Line of longwall caving

% &« GOAF

e — —
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£ < - direction of explotation ——> - return air _ zaction where the inertization
- intake air _ point of nitrogen injection point can be localized

Fig 6. A diagram of the Y-shaped ventilation system

4.2 Theoretical foundations and a general formulation of the mathematical model

An essential factor for the filtration of liquid through a porose medium is the open
porosity, enabling the pores' space to be penetrated fully by the liquid and constitutes the
active area from the flow's perspective. This physical property is closely linked to the
permeability of a medium as defined by Darcy's law. In chemical engineering, an assumption
of pseudohomogeneity is made for such media; however, the assumption is correct only for
areas that are significantly (in fact, infinitely) large compared to the size of the pores, or piled
pieces of the material. It is justified to believe that in the case of goafs left by the extraction
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of coal, this assumption is correct to a sufficient degree. Once pseudohomogeneity is
assumed, it becomes possible to define for any point of the porose medium intensive
properties concerning both liquids and solids, i.e. density, concentration, coefficients of
diffusion, porosity, permeability and others. It is possible, regardless of whether the selected
point represents the liquid or the solid phase.

The cross-section area of a porose medium perpendicular to the liquid's penetration's
main direction consists of two parts: the cross-section area of the open pores through which
the flow passes and the solid cross-section area. The ratio of the former property to the total
cross-section area is to a high degree of approximation equal to the medium's above-
mentioned open porosity. The so-called apparent parameters of the flow are now introduced,
including apparent linear velocity, the apparent density of the flow of substance, and
apparent density of the substance source. The term 'substance' can denote both a mixture of
gas components and each of the components separately. The apparent velocity applies to the
medium's total cross-section area, while the real velocity is defined only regarding the active
cross-section area. Suppose we assume that the medium's pseudohomogeneity, the apparent
velocity can also be determined locally and constitute a vector field. Therefore, it is possible
to define apparent densities of flow for both the entire gas mixture and its components. These
properties constitute vector fields throughout the entire space of the porose medium. Thus,
we obtain the following dependence:

= pv (©)
and

J, =-eDNVc, +vc,

(M
where:
m - apparent density of the flow of gas mixture, kg/m?s,

J. - apparent density of the flow of the i component of the mixture, mol/m?s,

& - open porosity of the medium m*/m?,

D, - kinematic coefficient of molecular diffusion of the i component of the mixture,

whose dependence on the chemical composition of the mixture was neglected for
simplification, m?/s,
p - density of the gas mixture, kg/m?,

¢, - volumetric molar concentration of the i component of the mixture, mol/m?,

v - field of the apparent linear velocity of the mixture within the porose medium, m/s,
i=1,2,..N -index attributed to a given component of the complex gas mixture,

V - nabla (a Hamiltonian).

The apparent substance sources densities refer to the porose medium's volume,
including both phases and constituting scalar fields within its space.

In the present study, it has been assumed that the filtration of the caving by a gas medium has a
laminar nature and that the entire process under consideration is stationary. It is, therefore, possible to
describe the local quantity balance for the substance using the following generalized continuity
equation:

V-J=8 (8)
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where:

J and S— generalized densities of the flow of substance (the former) and its internal
source in the porose medium (the latter).

Although the principle of mass conservation excludes internal sources of mass, it is
acceptable to introduce them as compensating elements in mathematical models'
simplifications. In the case under consideration, these sources emerge mainly due to methane
reaching the goaf space along the vertical coordinate and possible chemical reactions of the
gas and solids' surface inside the pores. By substituting the flow densities defined with the
formulas (6,7) for J in the equation (8), we obtain the following system of differential
equations:

e cquation of continuity for the liquid medium,

\& (P‘7 ) =5, 9)
e transfer equation for a given component of the liquid,

V-(Ve,)=eDV’c, +35,=0 (10)
for i=1,2,..N,

where:

§,— capacity of the internal source of the gas mixture, kg/ms,

§, - capacity of the internal source of molar quantity of the i component, mol/m’s.

Also, the gas medium filling the pores has to satisfy the state's corresponding equation,
which reduces the number of differential equations (10) to the value of N —1.

In the case under consideration, because of the medium's compressibility (substantial
heterogeneity of its density) and the numerical procedure applied, it is recommended to
determine the local composition in the form of mass fractions of the particular components o,

kg/kg. They enter into the following dependency with the fields of the corresponding values
of molar concentration:

. =P
M, (1)

where:
M ,— a molar mass of thei component, kg/mol.
The values @, satisfy the inequality ‘0 < @, <1’ and meet the apparent condition:

N

Zwi =1

i=1 , 1= 1,2,..N (12)

After substituting the formula (11) to the equation (10) and the appropriate
transformations, we obtain a new system of equations describing the local composition of the
gas mixture in the space of a goaf:
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V-(¥pw,)=DV(spVw )+ DV (s NV p)+M,s, (13)
The equation system (9,13) is an indeterminate one because the number of unknown
functions is higher than the number of equations in the system. The system can be solved by
incorporating the equation of state for a liquid medium, and by introducing Darcy's equation,
which in the case of a horizontal goaf area assumes the following form:
§=—£Vﬁ
# (14)

Where:

k — permeability of a porose medium (determined based on dependencies (1 and 2)),
m?, u - dynamic coefficient of viscosity of the gas mixture, kg/ms,

7 — overpressure field (pressure increase concerning the external atmospheric pressure
P, ) in the space of the pores, Pa.

The pressure p,is determined for the heading cross-section in which the air leaves the

area under analysis. That means the following condition 7 >0 is always met. Given the
above, the total local pressure within the goaf area is p=p,+ 7 Pa. This value is an

established parameter within the model and incorporated in the calculations as part of the
input.

By substituting the apparent velocity described with the formula (14) to the equation
(9), we obtain the following differential equation, which can be used to determine the
pressure field in the space of the goaf, provided that appropriate boundary conditions have
been defined:

V-(KVr)+s, =0 15)

where:
K= pk
# (16)

In most cases, the medium filling the pores' internal spaces is a mixture of mine air and
methane. Therefore, it can be assumed that in the thermal conditions of a mine, it behaves
like a semi-ideal gas and satisfies the equation proposed by Clapeyron to a sufficient degree.
By applying Dalton's law, it is possible to reach a formula that defines the density of gas
mixture as a function of the total pressure and the composition of the gas mixture:

Pt

P=— 3,
RT;Mi

(17)
Where:
T — local absolute temperature (= 298,0 = const), K,

R -universal gas constant (= 8,315), J/molK.
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Given the necessity to meet the condition (12), the number of equations having the
form (13) is reduced from N to N —1, because the concentration field of a single,
appropriately selected component of the mixture is defined directly by an equation expressing
the condition above. As a result, the system of differential equations describing the transfer of
substance inside goafs left after extracting a seam consists of the following equations:

e continuity equation having the form of (15), (quantity: 1),

e equations of convection-diffusion transport of the individual gas components
having the form of (13), (quantity:” N —1°),

e the equation expressing the condition (12), (quantity: 1).

Solving the above system of equations for the area under consideration leads to
obtaining values for the following properties (in the given order): 7 overpressure field, fields
of mass fractions @, for N —1 gas components, the mass fraction field for the N -th gas

component.
All the values on the right-hand side of the formula (16) constitute heterogenous scalar
fields in a goaf space. The variable nature of the properties pand u results from the

complex chemical composition of the gas medium penetrating the goaf, whereas permeability
k 1is a function of only the horizontal spatial variable parallel to the longer side of the
rectangular area under analysis, which is confirmed by research conducted by N. Szlazak and
J. Szlazak (2005) [19]. Knowing the value of k, it is possible to estimate the local value of
open porosity &, assuming that the caving is a piled layer consisting of solid grains with a
substitute diameterd_, m. For this purpose, the approximate Blake-Karman formula is
applied [20].

The gas mixture density as a function of pressure and mass composition is defined by
the formula (17). The mixture's dynamic viscosity as a function of its chemical composition
can be determined quite accurately using Wilke's algorithm [20]. As has already been said,
the vertical dimension (the thickness of the caving layer) is negligibly small compared to the
horizontal dimensions, which justifies the assumption that the problem under analysis is a
two-dimensional one.

A separate challenge is how to define the boundary conditions for the equations
(13,15). For this purpose, it is necessary to know the chemical composition and the gas
medium's pressure flowing through the headings adjacent to the mining area. Of course, this
medium consists mostly of air supplied by the ventilation system, locally containing methane
released from the goaf. The data needed to determine the boundary conditions can be
obtained through appropriate airflow measurements along the heading. However, this option
limits the possibility of generalizing the results of the simulation. For this reasons, it is useful
to add to the system (12,13,15) differential equations describing the profiles of pressure and
concentration along the spatial coordinate &, m, situated in the longwall working and pointed
in the direction of the airflow. Along its entire length, this coordinate is perpendicular to the
cross-section of the heading. It is also situated on the perimeter of the rectangular goaf area,
covering part of its edge. The point £ =0 marks the beginning of the corridor, which is also
the inlet of air. As we know, the flow of air along a heading is always turbulent. It can be
roughly interpreted as fully developed for the entire length of the discussed coordinate & .

Because of turbulent fluctuations, the obtained values of mass fractions and pressures
corresponding to the stationary condition are (following Reynolds' hypothesis) averaged in
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time. The turbulent core occupies the entire area of the heading's cross-section, which means
that the sought-after values, including the vector of the airflow velocity averaged in time, are
only a function & form flat, homogenous fields in the cross-sections. The assumption that the

airflow is fully developed appears to be justified despite the exchange of mass at the caving
surface, connected with the goaf's filtration by the air and methane release. This is because
the mass flows at this surface are negligibly small compared to the mass flow of air moving
along the heading. Also, the hydrodynamic layers (turbulent and laminar) at the walls are
absent because of the processes mentioned above and the surface's considerable irregularity.
In the mathematical model section concerning the transfer of mass in headings adjacent
to goafs, the sought-after properties, i.e. overpressure, linear velocity of the gas medium, and
mass fractions of the components are designated with capital letters: IT, ¥, and Q.
(respectively). During the airflow analysis in the heading, it was possible to determine
pressure distribution along the coordinate using hydraulic resistance. Due to the one-
dimensional character of the airflow, parameters used to describe it, such as total pressure and

linear velocity averaged in time and on the cross-section area, satisfy a sufficiently good
approximation the Darcy-Weisbach equation. It can then be presented in the following form:

P =P, _ yp(V§)2
L 2d. (18)

Where:
V., m/s is the velocity of the gas medium along the coordinate &,

The properties p, and p,, Pa denote the values of total (atmospheric) pressure at the
opposite ends of the heading with the length L and substitute (hydraulic) diameter d_, m,
while y, m?, represents the so-called coefficient of hydraulic resistance. The equation above

can also have a differential form because the left-hand side represents a difference quotient of
pressure concerning the coordinate &. Also, if we consider that p = p, + IT we get:

v, =5

R4 (19)

where E, as a value inversely proportional to hydraulic resistance, can to some extent
be interpreted as a measure of the permeability of the gas in the heading. The equation (18)
implies that the formula expresses the discussed value:

24,
7PV, 20)

E

and is the equivalent of the coefficient ‘k/x’ in the formula (11). Based on

transformations similar to those applied for equations (9,11), we obtain the following
ordinary differential equation defining the profile of pressure along the length of the heading:

i(K,, ﬂ} +5,, =0
ds @1
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where K, = pE, s,, denotes the mass source capacity within the space of the heading,

kg/m’s, while the index ‘b’ symbolizes points situated at the edge of the goaf area. As
explained above, the presence of mass sources in the equation (21) reflects the filtration of
the caving by air and methane release. Both hydrodynamic processes co-occur
simultaneously at the inner surface of goafs. The property s, , which is a function of the

coordinate &, can be determined using Darcy’s law (14):

_ Kor

o d on 22)
where:

d - heading width, m,

n - spatial coordinate, surface normal to the surface of the goaf area's boundary, pointed
‘from the inside to the outside', m, whereas the property K is expressed with the formula (16).
It should be noted that both the directional derivative and the values defining the parameter
K, 1ie. k,p and i, are defined only for those sections of the edge of the caving that have

direct contact with the gas medium's flow through the heading.

The boundary conditions for the equation (21) are defined for the extreme heading
points i.e. for £ =0 (the inlet of air that is not polluted with methane) and for & =¢&, (the

outlet of the gas medium consisting of nitrogen, oxygen and methane).
The boundary condition for the inlet of fresh air with atmospheric composition assumes
the following form:

o¢ 0 for £=0 (23)

where:
V.,— linear velocity of airflow at the inlet's cross-section to the heading, m/s, (the

property is part of the input data for calculations within the model).

As for the outlet &, , the following dependency applies:

[1=0 for © = %k (24)

By solving the equation (21) containing the source member (22) with the boundary
conditions (23,24) satisfied, we obtain the distribution of overpressure I1(£)along the

heading, which in turn makes it possible to formulate the boundary conditions for the
continuity equation (15). Therefore, for the surface of mass exchange between the goaf and
the medium flowing along the heading, the following Dirichlet boundary conditions apply:

=11 (25)

A similar analysis is carried out to determine the distributions of molar fractions of the
gas medium's individual components along the heading's length, i.e. the function (&) for
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i=1,2,..N —1. For this purpose, it is necessary to solve a system of equations having the
form (13); in this system of equations, the turbulent diffusion of the components along the
direction of the airflow is neglected for simplification, only the convectional form of
transport being considered. Given the one-dimensional nature of the problem, the following
ordinary differential equation is obtained:

d
V.o )+ M5, =0

where the presence of the source member s,,, mol/m’s — like in the case of equation
(21) — is a consequence of the exchange between the gas medium in the heading and the
goaf's surface. Depending only on &, this property is determined based on formulas (7) and

(11), referring only to the caving sections directly contacting the heading. After the
appropriate transformations, the following dependence is obtained:

1

. 0w, op
= ia
; n

-&Dp——-—g Do —+v po.
( b 1pa b lan np lj (27)

where:
g, - the open porosity of the goaf in the immediate proximity to the heading,

v, - linear velocity of the medium filtrating the goaf at the edges, m/s, while
i=12,.N-1.

As for the first-order differential equations having the form of (26), it is sufficient to
formulate a boundary condition at the gas medium's inlet into the corridor. Thus, we obtain:

Q,=Q for, £=0,i=12,.,N -1 (28)

where Q! denote the mass fractions of gas components at the entry. For the known

molar composition of the analyzed medium, provided as input data, values for the
components are determined during the preliminary phase of the calculations, based on the
known values of their molar mass M. The local density p is determined using the formula

(17), in which the values 7, @ are replaced with the values Il and Q. Overpressure I at
the inlet is determined by solving the equation (21).

Solving the equation (26) containing the source member (27) with the consideration of
the boundary condition (28) makes it possible (as was the case with the overpressure field) to
formulate Dirichlet boundary conditions for equations (13):

), = Qi for i= 1,2,...,N -1 (29)
It is assumed that at those sections of the goaf edges that do not have contact with the
flowing air there is no transfer of substance across the boundary surface That leads to the

formulation of the following Neumann boundary conditions:

Inzynieria Mineralna — Styczen - Czerwiec 2026  January - June Journal of the Polish Mineral Engineering Society




on (30)
and

90, _
an for l = 1,2,...N _1 (31)

The field of mass fraction of the N -th component inside the goaf and in the heading
space is calculated using the equation (12).

At this point, it is necessary to notice the interdependence of the differential equations
(13,15) and (21,26). The formula (17) links each of them so as functions defining substance
exchange at the edge of the caving (formulas (21), (27) and (29)). In this connection, given
the unavailability of an analytical solution to the non-linear boundary-related problem
formulated above, it is necessary to apply a numerical procedure adapting appropriate
iterative methods.

4.3 The details of the equations in the mathematical model

Because of the rectangular shape of the area under analysis, a Cartesian coordinate
system was employed. The differential equations (13) and (15) were formulated in a two-
dimensional (2-D) form in a changed order, corresponding to the accepted method of solving

them. Thus, we obtain:
Q(Ka—”j+i Ka—” +5,=0
ox\ ox) oyl oy

(32)
0
v, = —Ka—7Z v, = —Ka—”
X and y (33)
2 2
2(vxpa)l.)+£(v pa)i):ngl. g az)i +2 az)i +5;
ox oy 7 ox* oy (34)

for 0<x<aand 0<y<b,

where:
v,, v, — velocity vector coordinates v on the axes Ox and Oy respectively, m/s, a,b -

rectangle dimensions, m,
while the source member present in the equations in the form of (30) is expressed with
the following formula:

sf = D; [;—x (ea)ig—Z) + ef—y(wig—z)] + M;$; (35)

The positions of porosity in the formula (35) result from the fact that this property, just
like permeability &, depends only on the coordinate x.
The origin of the coordinates (x =0, y =0) overlaps with the bottom left corner of the

area. In contrast, the axes are pointed in the following directions:
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e Ox to the right,
e Oy perpendicular to Ox and following the inlet's airflow direction.

That applies to both simulation variants. The discussed point corresponds to the inlet of
the primary airflow, which is also a characteristic shared by both variants. In the second
variant, we also consider the airflow through the heading along the upper edge of the area
where the coordinate x rises. The possible additional airflow supplied to the headings'
intersection (point x =0; y = b)) is considered a local mass source's capacity. In both variants
the analysis is limited to the flow of a gas mixture of three components ( N =3 ), consisting of
nitrogen, (i =1), oxygen (i = 2) and methane (i =3). The gas medium's volumetric chemical
composition at the inlet (£ =y =0) corresponds to the atmospheric air composition that is

not polluted with methane (79% N, , remainder O,). Therefore, the values of mass fractions
Q' are, Q)=0,79xM, IM,, Q;=1-Q and @] =0 respectively, where
M, =0,79x M, +0,21x M, , kg/mol, denotes the molar mass of unpolluted air.

In addition to the formulated boundary conditions, below we present the connections of
the Cartesian variables with the generalized spatial variables £ and n:

Variant One — the longwall heading is situated along the shorter side of the rectangle,
for x=0 which means that £=y, § =b, 0<y<b. The formulas (22) and (27) include

n=x. As for the remaining edges of the area (the other three sides of the rectangle), the
boundary conditions (30,31) apply, according to which n =x for the edge (x =) parallel to
the axes Oy and n =y for the edges y =0 and y =5 parallel to the axis Ox .

Variant Two — in this case, we consider the presence of a longwall heading and a
bottom road connected at a right angle in the upper left corner (x =0, y = b ) of the goaf area

under analysis. An additional airflow can be supplied in the bottom road's rear section, which
corresponds to the area's upper horizontal edge. Its mass flow rate, and the partial flows of
nitrogen and oxygen, are taken into consideration in the equations (20,26) as local sources of
substance. What follows is that initially, a generalized spatial variable & runs along the

vertical edge, where & = y it changes its course in the upper corner to the overlap axis Ox . At
this section & =x. The endpoint, in which the air mixed with methane had its outlet, is
defined by the coordinates &, =a+b or x=a, y=>. The boundary conditions for the left

edge are identical with Variant One. The same holds for the procedure applied at the inlet of
air x =0,y =0, where the boundary condition (22) applies, replacing the variable & with y.
At the section y =b,0< x <a in the formulas (22) and (27) surface coordinate normal to the

boundary, i.e. n, is replaced with the variable x. For the remaining edges, the conditions
(30,31) apply, like in Variant One.

A separate problem is the identification of the substance sources present in the
equations (34). The air components' sources, constituting scalar physical fields, are present
only in the flows passing through headings and are connected with the filtration in goafs
(formulas (27,29)). The remaining sources are connected with the air supply. They have only
local character (the cross-sections of inlets into headings, the pipeline's outlet supplying
nitrogen into the goaf).

From the perspective of work safety, methane release from the rock mass during the
seam's exploitation is highly significant. This process is not homogenous throughout the goaf
space, but it is necessary to assume homogeneity for simplification. The fundamental
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property used in the calculations is the averaged density of the molar flow of methane
supplied to the unit of the horizontal cross-section of the goaf 7, mol/m?. This property's
value, which is treated as constant across the caving horizontal surface, is estimated based on
the caving dimensions and the measured values of CH4 concentration in the air at the mining
area outlet. Given the assumption that the model is two-dimensional, the capacity of the
sources of methane inside the goaf is:

§;=—
H (36)
where H — averaged thickness of the goaf (3.5 times the height of the exploited seam), m.
Based on the available capacities of the sources of individual components of the gas

mixture, it is possible to calculate the capacity of the whole mass source present in the
equations (15,32), using the obvious connection:

3
$,= > M5,
i=l

The formula (37) is also applied when the sources have a local character and possess a
dimension mol/s.

The values of the local molar fractions of methane in the gas mixture are determined
using the equation (12). Thus, we obtain:

(37)

o, =1-0 -, (38)

The last issue connected with the mathematical model presented here identifies
coefficients present in the formula (19) and, consistently, in the equations (21). These
equations refer to the individual headings adjacent to the goaf, which means that values E
may vary because of their varying geometry affecting the airflow. In the variants under
consideration, the number of the listed headings is: one in Variant One, which means that
only a single coefficient needs to be known £, and two in Variant Two, were both listed
coefficients, i.e. E, and E,, need to be present. The coefficient £, corresponds to the section

of the heading parallel to the axis Oy, whereas the coefficient E, corresponds to the section

parallel to the axis Ox. The listed coefficients' values are available in the existing literature
and need to be treated as the model's so-called selectable parameters. They can be
determined with some degree of approximation, using values of pressure measured locally
along the headings' length. By variating the values FE, it is possible to match optimally the
theoretical curve obtained as a numerical solution to the equation (21) to collect measuring
points by using the least-squares method. The fragment of the numerical procedure
corresponding to this stage of the calculations will be the subject of the next subchapter of the
article.

4.4 The description of the applied numerical method

The applied calculation algorithm consists of two parts. The first part concerns the
determination of the distributions of pressure p and mass fractions of the components of the

gas mixture @, in the area under consideration; this area encompasses the goaf with the
adjacent headings, through which the air supplied to the mining area flows.
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The other part of the procedure concerns estimating the selectable parameters FE,
whose averaged values determine air pressure distribution along the heading, given the inlet's
mass flow density (20). As has already been mentioned, values of pressure measured along
the heading's length are used for this purpose. Below we include an abridged description of
the numerical procedures applied.

5 RESULTS AND DISCUSSION

5.1 The determination of discrete pressure fields and the concentrations of the components of
the gas mixture

The Control Volume Method (CVM), employed to find a numerical solution to the
problem with boundary conditions described in the previous subchapter, was described in
detail in Chapter 5 of V. S. Patankar's monograph [21]. At this point, we provide only a
summary of his argument, while simultaneously drawing attention to the differences between
the form of particular equations in V. S. Patankar's study and the present article. In the
preliminary phase, V. S. Patankar [21] uses generalized properties, i.e. introduces the notions
such as the generalized scalar field ¢ responsible for transport, the Generalized Extensive

Property (GEP), e.g. energy represented as heat or amount of substance. In the most general
case, a process can have a non-stationary character, so the equations contain the so-called
temporal derivative ‘ 0/0t’°, where ¢ — time, s. The author limits the presentation to equations
within the Cartesian coordinate system; to make the equations more concise, he uses the
summation convention, replacing the coordinates x, y, z with a generalized coordinate x; (

Jj =12 in the case of 2-D). Also, he applies the notion of generalized dynamic diffusivity I",
treated as a variable. The medium's linear velocity is marked as u, while its coordinates on
the axes are designated as u,. In the present article ¢=p,c,, I, =pD,, i=1,2,3 (while

1

D, =const ), and the equations (34) and (32) correspond to the ones proposed by Patankar

[21]. However, he leaves the presence of the external sources of substance out of
consideration. The presented differential equations are strongly non-linear, and an analytical
(exact) solution is not available. For this reason, it is necessary to find an approximate
discrete solution by covering the area under analysis with the so-called numerical grid. The
field values are calculated in selected points, which constitute grid points. The nodes of the
numerical grid can be equidistant, or the distances between them, referred to as integration
steps, can vary. It is worth noting that those values simulate the differentials of spatial
variables dx and dy . If the invariability of the steps mentioned above applies to each of the

coordinate system's discussed axes, the grid is called a regular grid. Numerical grids
corresponding to the equations written in the Cartesian system are known colloquially as
Cartesian grids.

Each node in the grid is situated within a 'mini area' called Local Control Volume
(LCV), which is also known under the term elementary rectangular prism in Cartesian grids.
The individual LCVs are in contact with one another, exchanging balanced extensive
property via shared interfaces. The transfer, which discussed here has a convectional-
diffusive character, occurs in one dimension (1-D) through channels running along axes
between neighbouring nodes. The length of the channels is equal to the length of each
integration step. In Cartesian grids, each channel's cross-section area is constant along its
length and equal to the neighbouring control volumes' contact surface area. The surface
elements separating adjacent control volumes cut across integrations steps at half their length.
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The applied approximation rests on two fundamental assumptions:

e The resultant physical field ¢ is homogenous (has a constant value) within a
single LCV, but changes abruptly at the neighbouring volumetric element's
contact surface.

e Linear variability ¢ is assumed to exist along a single channel linking two

neighbouring nodes of the grid, which makes it possible to calculate the values
of parameters depending on this function, e.g. p or I', or at any point of the

integration step, by linear interpolation.

Inside the volumetric element LCV, there is a central point designated as P, while the
neighbouring points are designated as N, W, S, E, respectively. Consequently, the points
where integration steps cut across contact surfaces are designated with small letters (n, w, s,
e). In these points, the fluxes density coordinates of the balanced GEP are defined, whereby
the appropriate differential quotients replace the derivatives of the first order. In V. S.
Patankar's study [21], the two cases are referred to as 1-D and 2-D. After producing a
complete notation of the balance for the second case, including the balances of all inflows
and outflows and the internal production and accumulation of the transferred GEP, we obtain
a single discrete equation. It is immediately evident that the number of such equations for the
entire area corresponds precisely to the assumed number of nodes, i.e. also the amount of
LCV. Discrete equations are not formulated only for nodes situated at an edge, where values
for a field are given directly (the so-called Dirichlet boundary condition). After the
appropriate transformations and simplifications, we obtain a system of discrete equations
with the following general form:

Ay Py + appp +ads +aydy —apdp +b=0 (39)

where:
a, - coefficients concerning the neighbouring nodes (O =W,E,S,N ),

b - free term.

The member b and the coefficient a, for the 2-D case are defined in W. D. Patankar's
study [25] with appropriate formulas. In both formulas mentioned above, we find the element
a) connected with the accumulation of GEP (whose value is zero in stationary contexts), as
well as members resulting from the linearization of the function, which defines the possible
dependence of the efficiency of the internal source of GEP on ¢. The linearization described
above is recommended because, in no small extent, it guarantees the convergence of the
iterative process. The properties Ax, Ay refer to the integration steps along the axes x and y.

The number of discrete equations in the system is closely connected with the grid's
density, and solving the system leads to determining the field's values ¢ for particular nodes.
However, the presented method of calculation has its limitations because of the so-called
convergence and numerical stability. Evidence is provided that the convergence and physical
solution accuracy basic condition is to satisfy the inequality presented below for every LCV
belonging to the grid, at every stage of the calculations:

ag, =0 for O=W.E,S,N (40)
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It is easily proven that if the transfer of GEP is limited to diffusion throughout the
entire area, the condition (39) is always fulfilled, regardless of the numerical grid's density
(V. S. Patankar) [21]. The possible non-fulfilment of the condition results only from the
presence of convection in the area around point P. In V. S. Patankar's study [21], we find a
presentation of an approximation of GEP flows (for the 1-D case, ¢ a stationary field), which

after the appropriate transformations produces a discrete equation. An analysis of the
formulas included in the monograph reveals that the coefficients a, and a, can assume

negative values contrary to the condition (40); this causes results to oscillate at an early stage
of the calculations, and later leads to the divergence of the numerical procedure. Satisfying
this condition is possible only for grids with a tiny integration step, particularly when the
transfer of GEP is strongly dominated by convection, i.e. is characterized by high local values
of linear velocity.

A similar analysis was presented for a two-dimensional 2-D field ¢ and a non-

stationary field [21], where the velocity vector in the Cartesian system was designated with
the elements u and v. The equation expressing the elementary balance of GEP contains a
cumulative member, the balance of GEP flows calculated based on their densities expressed
by appropriate formulas, and the source member. The equation corresponds to LVC having a
form of an irregular Cartesian grid presented in a figure in the quoted monograph [21]. The
GEP flows densities are defined on the LVC surface. That imposes a necessity of defining the
values of # and v in those places. Homogenous distribution of the properties mentioned
above is assumed on the surfaces across which GEP is transferred. The right-hand side of V.
S. Patankar's equation [21] presents an internet source of GEP in a linearized form, which —
as has already been said — is recommended if S is a function of ¢ It is easy to notice that

also in this case the coefficients a,can have negative values if the densities of convection

flows on the boundary surfaces of LVC are approximated in a way described in this source
[21]. It mainly refers to a situation in which the transfer of GEP occurs through convection,
while the direction of the velocity vector is subject to change. To guarantee that the condition
(40 and 36) is met, the convection-related terms in generalized equations are approximated
using procedures based on the UPWIND scheme. The essence of the procedure is described
in detail V. S. Patankar's study [21]. It consists in using a different density vector coordinates
approximation of the GEP convection flow. In case of 2-D they are determined along Ox
LCV lateral surfaces direction as (u¢), =u, @, N (ugp), =u,p,, for u, >0Nu, >0 and as

@), =u d, N (up), =u,p, accordingly for u, <0nu, <0. In the case of direction Oy, an

analogous approximation procedure is applied, taking into account the velocity velement.
Therefore, the value ¢, calculated by linear interpolation between the values ¢, and ¢, is

substituted with only one of the mentioned properties. The choice of the value for this
substitution depends only on whether the coordinates on the corresponding lateral surfaces of
the LCV are positive or negative. The listed coordinates are given general designations as u,

for o=w,e andas v, for o=s,n.

In V. S. Patankar's monograph [21], some improvements to the UPWIND procedure
were proposed and named HYBRID and POWER LAW. Here, the approximation is based on
the so-called exact solution. It is an analytical solution to the equation of convection-diffusion
transfer for the source-free case 1-D. It concerns the above-discussed channels through which
GEP is exchanged between neighbouring LCV. This solution is applied in the case with the
Dirichlet boundary conditions on both sides of the channel. It rests on the assumptions that
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the transfer is one-dimensional and no internal sources of GEP exist, which — as we already
know — are crucial for the CVM method. In the quoted monograph [21], the solution is
presented as a formula containing an important dimensionless parameter known as the Péclet
number. The number, usually designated in the literature on chemical engineering as Pe

and by V. S. Patankar [21] as P, is an important criterion defining the degree to which the
combined (convection-diffusion) transfer is dominated by convection. This criterion is
defined with the assumption that both convection and diffusion occur in the same direction.
Because the channel length, designated in V. S. Patankar's study [21] as L, m, is in the 2-D
case equal to the corresponding integration steps, Axor Ay, in the present article it is

possible to give it the following generalized definition:

P = V:AE
&D for =%V 1)

In the procedures proposed by V. S. Patankar [21], the terms of the equation related to
diffusion are neglected for P >10, and only the terms related to convection are considered.
The POWER LAW scheme applied in the simulation presented here consists in replacing the
terms containing the function ‘exp(P)’, obtained from the exact solution, with the function °

1-0,1

A detailed notation of the formulas defining the discrete equation's coefficients in the 2-D
case for the POWER LAW scheme can be found in the set of relevant formulas presented by
V. S. Patankar [21].

Therefore, the UPWIND procedure's application makes it possible to disregard the
numerical grid's density and is particularly important in the two- (or possibly three-)
dimensional contexts. The time needed for the calculations and the RAM workload are
strongly dependent on the integration steps' size in both of them. The inevitable cost is
lowering the so-called degree of approximation, which reduces the calculations' accuracy and
causes undesirable false diffusion in the numerical grid [21]. However, in practice, the
obtained accuracy is satisfactory for the numerical simulation of the convection-diffusion
transfer relevant from the technological perspective. Transferred GEP global balance results
confirm that for the entire area under analysis based on the field¢'s values and possible

experimental research.

Above, we have presented the order of numerical actions for the implemented
calculation procedure. The sequence of operations to be carried out is as follows:

1. Providing input data (the appropriate numerical values); the number of numerical nodes
along the particular axes of the coordinate system, the geometrical dimensions of the goaf
area and headings, the data concerning the permeability of the goaf, the capacity of the
external sources of methane homogenous throughout the goaf area, the local capacity of
the source of nitrogen at the outlet of the supply pipeline, the linear velocity of airflow
and the volumetric chemical composition of air at the inlet into the heading, the physical
properties of the individual gas components (molar mass, dynamic viscosity, kinematic
diffusion coefficient).

2. Generating a numerative grid numerically.

3. Defining the values of permeability inside the goaf on the surfaces separating individual
control volumes.

4. Defining preliminary approximations of the physical fields to be determined to provide a
basis for iterative calculations.

P|5) ’, which significantly reduces the workload during computer-assisted calculations.
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5. The subsequent stages of the iterative process:

e Defining the gas mixture's physical properties, such as density (17) and dynamic
viscosity (Wilky's algorithm) both at the grid's nodes and on the surfaces separating
individual control volumes.

e Determining the discrete pressure field by solving numerical equations (32) and (21).

e Calculating the coordinates of the vector of the linear velocity of the gas medium using
Darcy’s formulas (33) and the pressure field defined in point "b”.

e Calculating the discrete fields of the mass fractions of nitrogen and oxygen inside the
goaf and in the headings using the formulas (34) and (26).

e Calculating the discrete field of the mass fraction of methane inside the goaf and in the
headings using the formula (38).

e Interpreting the results obtained in points ‘b-e’ as another approximation and
returning to point ‘a’.

The pressure field's numerical values and the mass fractions of nitrogen and oxygen are
calculated by solving a certain algorithm TDMA (Tridiagonal Matrix Algorithm) [21]. The
iterative process is interrupted when the fields' obtained values to be determined change to a
negligibly small degree (below the acceptable measurement error).

5.2 Determination of the values of selectable parameters concerning the airflow along with
the heading

The algorithm presented in the previous subchapter makes it possible to determine gas
mixture components' pressure and mass fraction fields for the given values of E (19), both
inside the goaf and along the headings. This value, which to some extent provides a measure
of air flowing along a heading permeability, determines (given the inlet mass flow rate) the
overpressure Il value at the inlet. As a consequence, we get the shape and the inclination of
the curvell(&) towards the outlet. As has already been mentioned, the £ values should be

determined based on measurement data forming an experimental picture of the distribution
mentioned above in a discrete form, i.e. elements of the sequences I1) and &. The k index
is attributed to a given measurement point, (k =1,2,..., K ), while K denotes the number of
these points along the coordinate &. The values & corresponding to the heading cross-

sections for which the pressure has been measured usually do not overlap with the numerical
grid's nodes. To achieve an optimal approximation of the distribution I1(£) obtained

numerically to the corresponding experimental data, the following function is considered:

D= i[H(E],Ez,...,é:,?)—HZ]
= (42)

where the values E|,E, are parameters present in the equations (19), written in a
sequence for headings numbered 1, 2, etc. In Variant One with a single heading, I1(E) is

present only, whereas, in Variant Two, two headings (a longwall heading and a bottom entry)
perpendicular to each other are considered and it is necessary to take into account I1(E|,E,).

In the second case, the indicator '1' denotes a heading following the axis Oy, whereas the

indicator '2' points to the heading parallel to the axis Ox .
The function T1($), whose values are calculated only in the grid's nodes, is also

discrete, which means that numerical values for intermediate points are not available.
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Nevertheless, the data listed above can be determined with sufficient accuracy by applying
linear interpolation and introducing linear functions to define overpressure I1 for the sections
between the nodes. Thus, we obtain a complex function, represented graphically by a
polyline. The mathematical notation of this function is as follows:

I, - 11

H(ElaEzr'"gl?) =11, —A—M(ég;? _é:j)

s (43)

for gj < 51? < §j+1 7‘§j+1 = é:j +A§ >
where:
A¢ - distance between the nodes, m,

j - a discrete variable attributed to a given node of the grid on the coordinate &,
j=12,...J,
J - the number of listed nodes along the coordinate.

Evidence is given that the expression (42) defined as a function of only parameters £
for the given set of experimental data has only one minimum. This is because dependence
I1(¢) is always monotonic. After all, the overpressure values decrease in the flow direction.

This means that it is possible to match the distribution I[1(£) achieved through calculations to

the appropriate experimental values by manipulating values E correctly. Therefore, the
procedure described above is an example of applying the well-known least squares method,
in which the values of the function approximating experimental data are defined only
numerically. However, the procedure requires repeated determination of the components'
discrete fields of pressure and molar fractions. It is done based on the procedure described in
subchapter 5.1, and it means that the calculations are more time-consuming.

The numerical methodology applied for Variant One to determine the minimum
mentioned above is also iterative. It consists of calculating three consecutive values of the
function @ based on the formulas (42,43) for three consecutive values of £, which differ by
a constant, initially assumed step value AE . Before beginning the preliminary calculations
values £ and AE are determined. The first stage of the procedure involves investigating
whether finding the desired minimum requires increasing or decreasing the value E . If for
the first 'trio' of £ argument values introduced in ascending order, we obtain a corresponding
sequence of values @ in descending order, the iterative process is continued by increasing all
three arguments' values until the second element in the sequence ® reaches a value smaller
than the two others. This can be expressed with the following system of inequalities:

D, <D, NP, <D, (44)

At this point, the iterative process is stopped, while the value E

. corresponding to
min®’ is approximated by calculating the vertex's position of the parabola containing all the

three points with the coordinates ‘E,,®(E))’, /=1,2,3. The equation of this parabola is

determined using the Lagrange polynomial.

On the other hand, the inverse case, in which an increase of the values @ along with
the rising E is implied, means that the initially assumed value of the argument is an
overestimation. This in turns requires gradual decreasing by the value AE until the expected
result is achieved: a system of inequalities (43). In this case, a sequence of three elements E,
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for / =1,2,3 is a decreasing one during the search of ‘ min® ’. After achieving the result (40),
the value £ . 1s calculated exactly as before.

As for Variant Two, for which ® = ®(E, E,), where the selectable parameters E, and
E,, which are arguments of the function @, refer to two headings perpendicular to each

other, a necessity exists to search for a minimum of the function with two independent
variables. Unfortunately, this minimum takes a much longer time to calculate. Like for
Variant One, to determine the value E,, E, . is defined. Furthermore, E, . 1is calculated,

min

does not vary.

with the assumption that the previously calculated value E, =E,
and E

2 min

min

Determining the constant values £, . the way described above is repeated until

the satisfactory accuracy of calculating min® is achieved. The final obtained values of the
constants £ with their corresponding discrete fields I1, 7, Q, and @, for i =1,2,3, are the

final result of the calculations.

5.3 Results of the proposed model used on the example of two discussed variation of longwall
mining.

To illustrate the mathematical model, sample calculations were carried out for the two
discussed variants of longwall mining in a coal seam.

For Variant One (a longwall with a U-shaped ventilation system) the following
geometrical dimensions of the longwall were assumed: the longwall length 200 m, the life of
the longwall for which the calculations were carried out was 420 m. The thickness of the
extracted seam was 2.0 m, and the flow rate of the supplied fresh air was 1200 m>®/min, the
thrust loss being equal to 130 Pa. It was assumed for the calculations that the separation
resistance of the rocks in the roof was 2.0 MPa, which is typical of a weak roof, with cracks,
and easily caved in. Such roofs consist of rocks such as mudstone. The amount of methane
released into the goaf under consideration was 10 m*/min CHa.

Results obtained from calculations made by the programmes created for the purpose are
shown in Figures 7a,7b,7c and 7d where:

e Figure 7a - isoline map of methane concentration distribution in the goaf,

e Figure 7b — isoline map of oxygen concentration distribution of in the goaf,
e Figure 7c - isoline map of air velocity distribution in the goaf,

e Figure 7d - the air velocity the vector distribution in the goaf.
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Fig 7a. Isoline map of methane concentration distribution in the goaf with a U-shaped ventilation system
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Fig 7b. Isoline map of oxygen concentration distribution in the goaf with a U-shaped ventilation system
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Fig 7c. Isoline map of air velocity distribution in the goaf with a U-shaped ventilation system
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Fig 7d. The vector distribution of air velocity in the goaf with a U-shaped ventilation system

For Variant Two (a longwall with a Y-shaped ventilation system) the following
geometrical dimensions of the longwall were assumed: the longwall length 200 m, the life of
the longwall for which the calculations were carried out was 600 m. The thickness of the
extracted seam was 2.0 m, and the flow rate of the supplied fresh air was 1200 m*/min, the
thrust loss was equal to 130 Pa. The air outlet from the longwall was also ventilated with a
flow rate of 600 m*/min of fresh air. The thrust loss in the bottom entry was 30 Pa. It was
assumed for the calculations that the separation resistance of the rocks in the roof was 2.0
MPa, which is typical of a weak roof, with cracks, and easily caved in. Such roofs consist of
rocks such as mudstone. The amount of methane released into the goaf under consideration
was 10 m*/min CHa. Results obtained from calculations made by the programmes created for
the purpose are shown in Figures 8a,8b,8c and 8d where:

e Figure 8a - isoline map of methane concentration distribution in the goaf,

e Figure 8b — isoline map of oxygen concentration distribution of in the goaf,
Figure 8c - isoline map of air velocity distribution in the goaf,
Figure 8d - the air velocity the vector distribution in the goaf.
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Fig 8a. Isoline map of methane concentration distribution in the goaf with a Y-shaped ventilation system
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Fig 8b. Isoline map of oxygen concentration distribution in the goaf with a Y-shaped ventilation system
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Fig 8c. Isoline map of air velocity distribution in the goaf with a Y-shaped ventilation system
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Fig 8d. The vector distribution of air velocity in the goaf with a Y-shaped ventilation system
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6 CONCLUSION

The article presents a simulation of the movement of substance within a porose
structure left by the complete extraction of a coal seam through longwall mining in an
underground mine. The resultant goaf, which remains after a coal seam has been exploited,
can be interpreted as a horizontally oriented, rectangular slab with the horizontal dimensions
x and y and the vertical dimension 3.5m, where m denotes the thickness of the extracted
seam.

In this area, the filtration of air supplied by the mine's ventilation system occurs,
reaching the place through headings adjacent to the horizontal edges of the rectangular block.
Inside the goaf, in a porose space, the inevitable complex processes of carbon oxidation
occur, and methane is released from the layers permeated with methane.

The calculations also consider the local nitrogen emission with a given volume flow
rate, supplied via a pipeline to the inside of the caving along the longer edge of the area. The
simulation yields the following two-dimensional discrete (2-D) physical fields present in the
space of the caving:

e pressure increase field

e field of the apparent velocity of the mixture of the components
e field of the molar concentration of nitrogen N>

e methane concentration field CHs4

e oxygen concentration field O

The obtained calculation algorithm is based on a Control Volume Method procedure,
which in Poland has also been referred to as the Elementary Balance Method.

They created computer programmes that enable the determination of the fields
mentioned above in two variants with different boundary conditions. The calculated results
make it possible to predict the gas mixture's explosiveness in the goaf containing methane
and the distribution of oxygen content, causing the oxidation of the remnants of coal in the
goaf.
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Numeryczne wyznaczanie pol predkosci i koncentracji gazu

w przestrzeni zrobow podziemnej kopalni wegla kamiennego

STRESZCZENIE

W pracy opracowano numeryczny model przeptywu i sktadu gazu w zrobach
powstatych po wydobyciu wegla metoda §cianowg. Zroby traktowane sg jako pozioma,
prostokatna, porowata ptyta o grubosci rownej 3,5-krotnosci grubosci wyeksploatowanego
pokiadu. Powietrze z systemu wentylacyjnego kopalni naptywa do tego obszaru porowatego
przez sasiednie wyrobiska, podczas gdy metan uwalniany jest z warstw metanowych, a
utlenianie wegla zachodzi w gruzie. Model obejmuje rowniez lokalne wtryskiwanie azotu o
okreslonym przeplywie objetosciowym rurociggiem wzdhiz dtugiej krawedzi zrobow.
Wykorzystujac metode objetosci kontrolnej (Control Volume Method), autorzy obliczaja
dwuwymiarowe pola dyskretne w zrobach: nadci$nienie, pozorng predkos¢ mieszanki
gazowej oraz stezenia molowe azotu, metanu i tlenu. Powstate programy komputerowe
okreslaja te pola dla dwéch uktadow wentylacyjnych, odpowiadajacych typowym uktadom
stosowanym w gornictwie §cianowym, z ktoérych kazdy ma odmienne warunki brzegowe. To
podejscie umozliwia ilosciowg ocen¢ migracji 1 wzorcoOw dystrybucji gazu w strefie zawatu,
wspierajac projektowanie wentylacji i oceng zagrozen metanem i tlenem.

SEOWA KLUCZOWE: pole predkosci, mieszanina gazéw, model numeryczny, przestrzen
zrobowa
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