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AIR FLOW MODELLING ON THE GEOMETRY REFLECTING THE ACTUAL SHAPE
OF THE LONGWALL AREA AND GOAFS

The article presents a numerical model of a U-ventilated longwall, taking into account detailed
elements such as arch yielding support, roof supports and shearer. What distinguishes it from previous
models is the mapping of adjacent goafs. This model considers the current state of knowledge regarding
spatial height distribution, porosity and permeability of goafs. Airflow calculations were carried out using
the selected turbulence models to select appropriate numerical methods for the model. Obtained results
show possibilities of conducting extensive numerical calculations for the flow problems in the mine
environment, taking into account more complex descriptions and the interpretation of the calculation
results carried out with simpler models.
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1. Introduction

A few years ago, it was not possible to carry out numerical calculations on geometries
reflecting the actual shape of the longwall area, including the longwall equipment and goafs.
One of the main stages in constructing such a geometric model is meshing, which must meet the
appropriate quality requirements. The computational mesh should be condensed near the model’s
walls to ensure the appropriate dimensionless length parameter y+, which is a verification of the
node located at a distance from the numerical geometry walls. It is recommended that within the
boundary layer should be at least 5 cells with a size ensuring y+ in the range 30 ~ 50 < y+ < 500.
It is stated [7] that the optimal value of the y+ parameter should be in the range y+=40~ 100. An-
other criterion determining the quality of the computational mesh is the skewness coefficient, Sk.
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The default method of determining the skewness coefficient for tetrahedral cells is the equilateral
volume method. This parameter is defined as the difference between the shape of the cell and
the shape of an equilateral cell of equivalent volume. The skewness coefficient determines how
close the cell is to the ideal in terms of equal sides and equal angles.

Assuming the above quality criteria for applying a correct numerical mesh ta geometric
model that reflects the real object, it is inevitable to obtain a computational grid with a size of
several or several dozen million cells. Such elements require a unit with high computing power,
but also significantly extends the time of the calculations themselves. Therefore, the resulting
limitations somehow force users to make significant simplifications in model geometry.

The same situation can be observed in CFD tasks performed for the needs of Mining Aerol-
ogy. The complexity of the longwall area geometry and goafs has not made it possible yet, to
accurately reflect their shapes to carry out numerical calculations. In the vast majority of previ-
ous CFD calculations, both the longwall and the goafs were presented as rectangular areas with
constant dimensions, not considering the presence of arch yielding support, roof supports and
shearer, etc. Classic measurement methods require a significant investment of time and effort
of many people, who frequently work in conditions that pose a threat to their health and lives.
One of such measurement techniques is Terrestrial Laser Scanning, which, due to the increasing
availability of equipment and its prices, becomes one of the basic measurement technologies.
Using the laser scanning technology in underground mining made it possible to quickly obtain
information about the measured object geometry for inventory and geodetic purposes, while
maintaining the required accuracy [2,7-9,23]. This information is already successfully used for
the construction of numerical models for mining aerology problems [6].

In the case of goafs mapping, it is not possible to use the available measurement techniques
to accurately map the shape, therefore this area is also simplified in numerical calculations. One
of the works presenting the simplified numerical geometry model is the article P. Skotniczny [22],
where the longwall and mine drift had a constant geometry with a rectangular cross-section shape.
Although this model took into account the presence of goafs, their shape was significantly simpli-
fied. Due to these simplifications, the model was discretised with a quad-type structural mesh.
A similar situation occurs in the article by K. Wierzbicki [26], in which the author presents the
influence of the mine drift geometry on the methane concentration distribution in the longwall
area. Presented numerical geometry, which is a part of a longwall with goafs is also significantly
simplified. The geometry of the goafs corresponds to the shape of a cube with a rectangular cross-
section, as does the longwall shape, which additionally does not take into account the presence
of mining equipment.

The described geometric model of goafs did not take into account the variable goafs height,
shape and changes in the porosity and permeability parameters. By introducing appropriate de-
pendencies into the three-dimensional model of the area, it is possible to fully use the available
experimental data and assess to what extent the simplifying assumptions affect the results of the
flow simulations in goafs.

Calculations were carried out using the finite volume method implemented in the ANSY'S
Fluent software. A three-dimensional model was considered for an area including a longwall,
maingate, tailgate and goafs. Calculations were carried out for the issue of non-stationary turbu-
lent flow using k-e turbulence models. Descriptions were formulated in accordance with gener-
ally accepted principles of good practice [18,19], data from the literature and own experiences,
largely verified by in-situ measurements [16].
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2. Numerical research

To carry out numerical calculations of the airflow through the longwall and goafs, a geometric
model of longwall ventilated with the “U” system from the boundaries of the mining field was
designed. In this ventilation system, fresh air is supplied to the longwall by the maingate and
discharged through the tailgate. Mine drifts are maintained only along the coal face, hence the
air stream is in contact with the goafs only along the length of the longwall. Therefore, with this
system, there is limited airflow through the goafs [25].

2.1. Numerical model geometry

The geometric model included maingate 3.8 m high, 5.5 m wide (cross-sectional area
17 m?) and 29.0 long (Fig. 1). At a distance of 10.0 m from the inlet, the maingate connects to
the longwall inlet, 6.6 m wide, 2.9 m high, 90.0 m long with a slope of 8° (Fig. 2). The longwall
shearer was located at a length of 55.0 m, and the cutting direction corresponds to the direction
of airflow in the longwall. The longwall connects to the tailgate, 3.8 m high, 5.5 m wide (cross-
sectional area 17 m?) and 47.0 m long. The model also takes into account the presence of goafs
with a length of 60.0 m.

The goafs height area was determined using the approximation functions presented in the
monograph [5]. Goaf’s height changes in the surface perpendicular to the coal face presented
by the function

h(x):c(l—Ze_"x+e_bx)+g, (1)
where:
¢, a, b — approximation coefficients,
g. — longwall height,
x — goafs coordinate in the x-axis direction.

It should be noted that the above function may not apply to all coal-bearing strata in the
world, but mainly, European geology.
Constants a, b and ¢ are determined by the following formulas:

c=145g,. 2)
e Pormas _ o™ % = 22 (3)

1 b

X, =—In— 4
hmax (b—4) n2a ()

where: x;, nax — maximum goafs height coordinate.

The solution of set equations (3) and (4) made it possible to calculate the values of a and
b constants .
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Goafs height changes in the parallel surface to the coal face are presented as:

hm(y)=ay{1—(%%1)4}(1-%){1—(%%1)4] (5)
where:

L — longwall length,
y — goafs coordinate in the y-axis direction.

The a, coefficient appearing in the equation (5) determines the shape variable of the func-
tion (5). The changes of the a, coefficient as a function of distance x are approximated by the
following equation:

a, =(ay0 —l)e_” +1 (6)
where:
t — time constant of a, function,
ayy — initial value that fulfill conditions 0 <a,o < 1.

The a, coefficient depends on the properties of the roof rocks, according to the classification
given by A. Kidybinskiego [14] and modified in the work of J. Szlazaka [24].

It was assumed that the maximum goafs height is at a distance of x;, ;,,, = 50.0 m. For this
value of x, .y, the values of the constants a = 0.0722, b = 0.00501 were calculated from the for-
mulas (3) and (4). For this example of goafs, the 1% class of the roof rocks, formed by clay shales,
it was assumed that the initial value a,( = 0.2. Using the formulas (1) and (5), the goafs height
variability course was determined. The shape of goafs is presented in the figures (Fig. 1), (Fig. 2).

In order to map the actual conditions in mine drifts, it was decided to simplify the geometry
model as little as possible. Therefore, the geometric model accounted for such elements as arch

goaf

maingate

/fﬁ = " tonguall Ax
f
@

Fig. 1. Geometric model of the longwall, ventilated with the “U” system
from the boundaries of the mining field
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goaf

tailgate

longwall

maingate

Fig. 2. Geometric model of the longwall, ventilated with the “U” system
from the boundaries of the mining field, view from the coal face

yielding support and scraper conveyor in the maingate, roof supports, shearer and scraper con-
veyor in longwall, arch yielding support and ventilation partition in the tailgate (Fig. 3), (Fig. 4).

The entire model of the roof supports in longwall has been simplified, which resulted from
the necessity to limit the number of details that significantly affect the time of generating the
mesh elements.

longwall face

Fig. 3. Diagram of the intersection of the maingate with the longwall

sheerer

longwall face

Rys. 4. Diagram of the intersection of the longwall with the tailgate
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2.2. Numerical mesh

Due to the presence of two areas with different types of flow in the numerical model
goaf area (laminar flow),
— maingate, longwall, tailgate (turbulent flow),
it was necessary to apply numerical mesh with different cell sizes.

However, using equal mesh over the entire calculation model would significantly extend
time calculations. It was decided to use the size function, which allows you to control mesh size
around the selected point, edge or surface.

In the area of turbulent flow, where the flow direction is difficult to predict, it is justified
to impose dense numerical mesh. During the mesh independence study, consisting in discretising
numerical mesh of different densities on the tested section of the model [ 12], the mesh parameters
were selected, given results of numerical calculations similar to the results of the calculations
for the mode dense mesh. Therefore, a mesh with the following parameters is applied to the area
of the maingate, longwall and tailgate:

— minimum mesh size 7.0 cm,

— maximum mesh size  20.0 cm,

growth rate 1.2.

The goafs area, which is a porous medium in which laminar flow occurs, was digitis ed with
a mesh with the following parameters:
— minimum mesh size  50.0 cm,
— maximum mesh size  200.0 cm,
growth rate 1.2.

The geometry of the numerical model was discretis ed with a non-structural tetrahedral
mesh, which was then converted into a polyhedral mesh (Fig. 5).

The designed numerical mesh consisted of 20.9 million tetrahedral cells. After conversion
to a polyhedral mesh, the number of cells decreased to 5.1 million.
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Fig. 5. View of the mesh before and after the conversion in the area of maingate, longwall face, and goafs
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To determine the quality of the generated numerical mesh, the skewness coefficient Sk was
used.

According to the definition of the skewness coefficient, the value 0 means an equilateral
cell, and the value 1 is a very bad cell characterised by nodes located almost on one surface [1].

The skewness factor for the numerical grid with presented parameters is shown in table 1
in the form of a percentage share of grid cells in a specific range of skewness factor.

TABLE 1

Percentage share of numerical grid cells for skewness factor ranges

Skewness factor Percentage share [%] Cell quality
1 0.0 poorest
09<1 0.0 very poor
0.75-0.9 0.0 poor
0.5-0.75 10.1 moderate
0.25-0.5 52.5 good
0>0.25 339 top
0 3.5 equilateral

A dimensionless parameter of length y+ for the computational area falls within a range of
10 <y+<440. The number of cells within a range of 10 <y+ <30 is small, which allows for the
acceptance of the grid quality in terms of a dimensionless parameter of length y+.

2.3. Boundary conditions

The initial calculations enabled the generation of the boundary conditions at the inlet to the
model. These calculations were carried out for a 30 m straight section of a mine drift with the
same geometry corresponding to the inlet section of the main model. The developed velocity
profile was generated by the iterative method, starting with the assumption of the flat profile
with average velocity V= 1.0 m/s at the inlet, which gave 1020 m®/min of fresh air inflow. In this
condition, the total pressure is not constant but is adjusted to the value necessary to ensure the
specified velocity distribution. The profile at the end of the model was the first approximation of
the unfolded profile. In the following calculations, this profile was applied at the inlet. The itera-
tion process was repeated several times until a satisfactory convergence was obtained [4,11,28,],
Obtained developed profile was set as a boundary condition for the main model.

The outlet has been defined as outflow, corresponding to the outflow model in which it
does not define the velocity or pressure conditions [10,20]. The floor, arches, longwall face
and sheerer were defined as wall surfaces. Inequalities of the floor in the model were treated as
roughness with a height of 0.05 m, and in the case of arches, rails and pipelines, a roughness
height of 0.001 m [21,27].

The goafs parameters were determined using the approximation functions presented in the
monograph [5]. The goaf’s part of the numerical model was defined as a porous media with a con-
stant porosity of 32-107 m? and a constant permeability of 0.5. In the main part of the goafs, the
flow was assumed to be laminar, while the possible effect of turbulent flow at the surface between
longwall and goafs, were taken into account by adding the volume behind the roof support.
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Additionally, to monitor changes in the airflow velocity in the longwall and tailgate, there
are defined measuring points recording the air velocity with a frequency of 10 Hz (Fig. 6). There
are three points in the longwall, located 30 m from the inlet, in the middle of the width of the
passage between the roof support and scraper conveyor. In the vertical axis called longwall p,
the points are placed at an equal distance of 0.60 m from each other. In the tailgate, the points
are located at a distance of 23.0 m behind the longwall outflow, on the horizontal axis called
tailgate p, at an equal distance of 1.37 m, on the height of 0.9 m. In the goafs, there were nine
defined measurement points. The points on the vertical axis called goafs pl and goafs p3,
are located at a distance of 10.0 m from the longwall fall line and 10.0 m from the liquidated
maingate and tailgate. Points are placed at an equal distance of 1.50 m from each other. Points
on the vertical axis called goafs p2, are located at a distance of 40.0 m from the longwall fall
line and half the length of the longwall. The points are placed at equal distances of 3.20 m from
each other.

-3
goafs_p_2. 2

1 -
goafs_p_1. %

3
longwall_p ¢ 2
1

.3
goafs_p_3. %

tailgate p,s1
-32

Fig. 6. Location of measurement points in the longwall, tailgate ang goafs

Due to the nature of the airflow in mine drifts and the large size of the computational grid,
the turbulent flow was modelled using the k-¢ model. It is a semi-empirical model based on the
equations of kinetic energy transport of turbulence k and its dissipation ¢ [3]:

o o o w ok, . ou

—(pk)+—(phu,)=—|| u+2 |=— |+ R, —— pe 7

2 (PE) 5 (k) axj{[” ak]axj} ax, P @
0 0 0 U, | O¢ e Ou, &
(pe)+—(peu) = || ua e |25 SR, Dy p 8
orPe) 5 (o) axj{[“ O'g]@xj} e, T ®

where: Cy,, C,,, 0y, 0, — constants.
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Turbulent viscosity is determined from the equation:
kz
sy = pC,— ©)
&£
Constant parameters have been determined empirically:

C,=009 C,=144 Cp, =192 0,=10 o0,=13

In this model, the Reynolds stress tensor is represented as:

— ou; Ou, | 2 Ou
R.=puu, =— L R D e+ —L s 10
1] p ik ﬂT|:6xk 6x:| 3[ /'IT 6x. ik ( )

i J

Or in a mode simplified form for isochoric flows:

Ry = puy =—pr [%+%}+zk§k (11)

where: 0;; — the Kronecker delta.

Calculations were carried out in an unsteady flow with a time step of 0.1 s. Solutions con-
verge after less than 10 iterations per time step [13]. Residuals were 1107 for continuity and
much smaller for other variables. Recommended for the k-¢ model solutions methods, including
second-order pressure and bounded central differencing for transient formulation have been ap-
plied. Calculations were performed until stabilisation of the time-averaged values.

2.4. Numerical simulation results of air flow
in the area of the longwall and goafs

Numerical calculations were carried out until the fluctuations of average velocities at meas-
urement points located in the longwall, tailgate, and goafs stabilised. By analysing the graphs of
the recorded velocities for all measuring points, it is possible to observe the stabilisation of the
flow around 100 seconds from the moment of starting the calculations.

During the analysis of the graphs, it is necessary to notice the difference in velocities between
two extreme points, londwall pl and longwall p2. At the point closer to the floor (longwall pl),
the airflow velocity is 1 m/s, while at the point closer to the roof (longwall p3), this speed is
50% higher and amounts to about 1.5 m/s (Fig. 7).

Velocities recorded by the measurement points located in the tailgate show the influence
of the longwall-tailgate intersection on the velocity profile (Fig. 8). The measurement points
tailgate p2 and tailgate p3, located closer to the right side of a tailgate (looking in the flow
direction), show a much higher airflow velocity than at the point tailgate pl, located closer to
the left side of a tailgate.

The measurement points located in the goaf area show the airflow velocity several times
smaller than those recorded in the longwall and tailgate. The highest velocity was approximately
1.9 mm/s and was measured at points located near the longwall outlet (Fig. 11). In the case of
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Record of the velocities registration by measuring points, in the longwall measuring
cross - section
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Fig. 7. Record of the velocities registration by measuring points, in the longwall
measuring cross-section
Record of the velocities registration by measuring points, in the tailgate measuring
cross - section
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Fig. 8. Record of the velocities registration by measuring points, in the tailgate
measuring cross-section
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Fig. 9. Record of the velocities registration by pl measuring points in goafs
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Record of the velocities registration by p2 measuring points in goaf
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Fig. 10. Record of the velocities registration by p2 measuring points in goafs

Record of the velocities registration by p3 measuring points in goaf

0.0023

0.0022

00021 fi

0.002

Velocity [m/s]

0.0019

0.0018

0.0017

Calculation time [s]

——goafs_p3_1 goafs_p3_2

goafs_p3_3

Fig. 11. Record of the velocities registration by p3 measuring points in goafs

the points located near the longwall inlet, the measured airflow velocity is 111.0 mm/s (Fig. 9).
The lowest velocities, around 0.255 mm/s, were measured for the points located farthest from
the longwall fall line (Fig. 10).

Figure 12 shows the velocity distribution contours for three-time moments of the calcula-
tions, 50 s, 100 s and 150 s. In the vicinity of the longwall inlet, the air stream is directed towards
the longwall, more precisely to the roof supports area, reaching the airflow velocity to about
1.5 m/s. In the vicinity of the longwall shearer, by narrowing the cross-section, the airflow veloc-
ity increases to about 1.8 m/s. In the vicinity of the longwall outlet, the airflow velocity is above
2.0 m/s and reaches several meters from the tailgate.

During the analysis of the air velocity distributions in goafs, the highest velocities should
be observed in the vicinity of the longwall outlet. Slightly lower ones can be seen in the vicin-
ity of the longwall inlet (Fig. 13). These velocities reach a maximum of 10.0 mm/s. The lowest
airflow velocities in goafs are located in the sections furthest away from the longwall fall line
and amount to about 0.2 mm/s. Figure 14 shows the trajectory of the airflow (without the flow
designation ) through the longwall area and goafs.
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50 seconds of calculations 100 seconds of calculations 150 seconds of calculations
after 500 iteration after 1000 iterations after 1500 iterations

Fig. 12. Air velocity distribution in the range from 0.0 m/s to 2.0 m/s in the area of the longwall
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Fig. 13. Air velocity distribution in the range from 0,0 m/s to 0,01 m/s
in goaf after 150 seconds of calculations



www.czasopisma.pan.pl P@N www.journals.pan.pl
<D

507

[m/s]

20
1.8
16

Fig. 14. Air flow trajectory in the range from 0.0 m/s to 2.0 m/s through the longwall area
and goaf after 150 seconds of calculations

3. Conclusion

The article presents the calculation of airflow through the longwall area and goafs results.
The designed model reflects the actual shape of a mine drift, including machines and equipment
devices, as well as accurately reflects the shape of goafs.

The obtained results of numerical calculations allow us to observe the formation of the
velocity profile in two areas with different types of flow:

— goaf’s area,

— maingate, longwall and tailgate area.

Analysing the flow of clean air in mine drifts and goafs, reveals there are significant differ-
ences in the air velocity. The average flow velocity in the area of the mine drifts is about 1.0 m/s,
while the flow velocity through the goaf’s porous medium is less than 0.01 m/s.

In the following stages of work related to the task, the constant parameters of permeability
and porosity in goafs should be replaced by variable coefficients. The results obtained so far will
make it possible to assess to what extent the variability of goaf’s properties affects the flow. Ad-
ditionally, the numerical model will take into account the flow of air and methane mixture, with
the methane source located in the goafs. Due to low airflow velocity in the goafs, the numerical
calculations should be significantly extended. Assuming the length of the goafs equal to 90.0 m
and average airflow velocity in the goafs of 0.001 m/s, the transition of the air and methane
mixture from longwall inlet to longwall outlet should be 90 000 s.
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