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Abstract: Numerous cases of serious accidents related to methane outbursts exist worldwide. Due
to their disastrous consequences, a vast quantity of research on underground gas explosions has
been conducted using conventional models and laboratory tests, as performing studies at explosion
sites is difficult. When conventional models are employed, the results are poor since these models
are based on calculations at fixed times for a single point of a single section of an underground
space. Computational fluid dynamics (CFD) analysis is necessary to calibrate these models, using
measurements obtained in galleries. In this case, the measurements are obtained from methane
emissions of 3885 m®. CFD modelling was carried out in three phases. First, the relationship between
methane emission and the main ventilation was analysed. Second, the effect of adding an auxiliary
ventilation fan to the main ventilation was investigated. Finally, methane evolution over time was
analysed. In the first moments, methane produces a reversal at 200 m from the main ventilation
entrance of the gallery. When 60 m of auxiliary ventilation is superimposed, the ventilation reversal
distance is reduced to 42 m from the methane emission source. The effect of superimposing
appropriate auxiliary ventilation on the main ventilation, as well as the correct placement of the
auxiliary ventilation fan, can generate safe zones behind the ventilation reversal area. These CFD
models are powerful tools for analysing methane explosion emission and propagation.

Keywords: methane emission; CFD model; roadways; tunnels; forced ventilation system

1. Introduction

Coal layers in the mine faces of tunnels or mining galleries that are being excavated
can cause methane outbursts (sudden and violent ejections of gas). Methane is a gas that
is characterised by its explosiveness and ability to reduce the amount of oxygen in the air
and cause death by asphyxiation of workers (Figure 1).

Examples of some recent cases of significant outbursts are listed as follows: 148
deaths in the Daping coal mine (China) in 2004 [1]; 214 deaths in the Sunjiawan coal mine
(China) in 2005 [2]; 29 deaths in Upper Big Branch Mine-South (West Virginia) in 2010 [3];
the gas explosion in the Zasyadko Coal Mine (Donetsk) in 2015, which caused 33 deaths
[4]. On 22 December 2005, a methane explosion occurred in the DJS tunnel (China). The
toll was 44 deaths and 11 injuries of varying degrees [5,6]. On 13 February 2015, a methane
explosion occurred in the WWL tunnel (China). The toll was 7 deaths and 19 injuries of
varying degrees [5,6]. On 2 May 2017, a methane explosion occurred in the QSY tunnel
(China). The toll was 12 deaths and 12 injuries [5,6].

Due to the disastrous consequences of methane gas explosions, a large number of
studies on underground gas explosions have been conducted. The studies have been
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carried out using conventional models and laboratory tests since performing studies at
explosion sites is difficult [7-13].
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Figure 1. Methane in roadways or tunnels and main and auxiliary ventilation systems.

It was already described by Zang and Zang [1] when they analysed the incident in
Daping coal mine using the laws of gas geology. Smith [7] carried out measurements in
each tunnel, showing the results graphically. Like Xu et al. [5], He et al. [6] and Beamish
and Cosdale [12] reviewed different incidents to obtain the causes of outbursts and gave
safety recommendations. Zang et al. [13] theoretically investigated different gas explosion
mechanisms. Recently, Sanmiguel et al. [14] analysed a historical accident in a Spanish
coal mine using two well-known alternatives: (1) the method from the Spanish National
Institute of Safety and Health at Work (INSST), where the causes and circumstances of the
accident are classified into immediate causes and basic causes; (2) the Feyer and
Williamson method, where classification is conducted using precursor events and
contributing factors. Therefore, when conventional models are employed, the results are
poor since they are based on calculations at fixed times for a single point of a single section
of an underground space [15,16]. Computational fluid dynamics (CFD) analysis, which
takes into account time, is necessary to calibrate these models using measurements
obtained in the gallery or tunnel [17].

Demirkan et al. [18], relate a 3D real-time methane prediction approach that
integrates CFD data with an Al model.

In this case, CFD modelling was performed, and these models were calibrated using
measurements obtained from methane emissions that occurred in an underground work
site.

The underground work consisted of two galleries or tunnels connected by other
access galleries (Figure 1). CFD modelling (and its calibration) was carried out in three
phases. First, the relationship between methane emission and the main ventilation was
analysed. Second, the effect of adding an auxiliary ventilation fan to the main ventilation
was investigated. Finally, methane evolution was analysed after emission occurred.

The effect of superimposing a suitable auxiliary vent on the main vent can create safe
zones behind the ventilation reversal area. At a time after methane emission (637 s) and
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with the effects, methane concentrations satisfy the TLV. Additionally, studying the
placement of the auxiliary ventilation fan in the correct cross-section can prevent
ventilation reversal from ceasing and the main ventilation operation from resuming due
to the emission of methane. Based on these CFD models, other models can be developed
for other parameters. These CFD models are powerful tools for analysing methane
explosion emission and propagation.

2. Measuring Equipment and Experimental Work Area
2.1. Measuring Equipment

Tables 1 and 2 show oxygen and methane reading specifications of methanometers
and Altair 5x (MSA The Safety Company, Madrid, Spain), Trolex TX6383 (Trolex, Oviedo,
Spain) and Trolex TX6373 oximeters (Trolex, Oviedo, Spain). Figure 2 shows the Altair 5x
and Trolex TX6373 equipment that was installed in the test gallery and on the remote
station of the monitoring and control system.

(©)

Figure 2. (a) Altair 5x, (b) Trolex TX6373 and (c) remote station of the monitoring and control system.

Table 1. Altair 5x and Trolex TX6373 specifications.

Altair 5x Trolex TX6373
Gases : . - .
Sensing Range Precision Sensing Range Precision
Oxygen, O2 0-30% vol. 0.1% vol. 0-50% vol. +5%

Table 2. Altair 5x and Trolex TX6383 specifications.

Altair 5x Trolex TX6383
Gases - . - .
Sensing Range Precision Sensing Range Precision
Methane, CH4 0-5% vol. 0.05% 0-5% vol. +0.25%

The measurement of air velocity in the main ventilation and methane emitted is
performed with the Trolex TX 5920/1 (Trolex, Oviedo, Spain) vortex flow velocity sensing
system (Figure 3). Table 3 shows the TX 5920/1 equipment specifications.
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E -h
Figure 3. Trolex TX 5920/1 vortex flow velocity sensing system.

Table 3. TX 5920/1 specifications.

Flow Measuring Ranges from 0.5 to 5 m/s to a Maximum Linear Flow Velocity of 0.5

Range to 30 m/s
+2% characterised to the sensing element (within 12.5° rotation flow
Accuracy axis)
. . +1% characterised to the sensing element (within 12.5° rotation flow
Linearity axis)

2.2. Experimental Work Area

An experimental study was conducted in galleries and tunnels at a depth of 400 m in
an underground mine in northern Spain. The extensive experience of the authors with
calibrated CFD models has been applied in the study of auxiliary ventilation in galleries
and tunnels [19] and in models used in blasting at the heading face of galleries [19-24].
The basic parameters of models (such as mesh design, boundary conditions and
turbulence models) were employed to study methane emissions with satisfactory results.

Figure 4 details the test zone where methane emission occurred. Figure 4a shows the
diagram of the main galleries, 7a and 7b; the access gallery, 7c; and the flow direction of
air from the main ventilation and the methane emitted, as well as a log of the emission of
3885 m?® of methane recorded at the main fan of the underground structure. Figure 4b
shows the six cross-sections of the gallery where the measurement devices were located.
Figure 4c shows the test gallery with auxiliary ventilation.

Methane was emitted for 37 s and circulated through the gallery in the opposite
direction at a higher initial velocity (13.8 m/s), which slowed the entry of air from the main
ventilation (2 m/s) and caused the air to reverse its flow at a gallery length of 200 m from
the face. When auxiliary ventilation was installed, the indicated ventilation reversal
distance is reduced to 42 m from the heading face. Therefore, superimposing adequate
auxiliary ventilation on the main ventilation can generate safe zones behind the
ventilation reversal area.
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Figure 4. Methane emission test zone. (a) diagram of the galleries 7a, 7b and 7c; and the flow
direction of air from the main ventilation and the methane emitted; (b) the six cross-sections of the

gallery; (c) the test gallery with auxiliary ventilation.

2.3. Computational Models
2.3.1. Mathematical Background

The set of equations that describe momentum and heat and mass transfer in a moving
fluid are referred to as Navier-Stokes equations [25]. These partial differential equations
were derived at the beginning of the 19th century and do not have a known general
analytical solution but can be numerically discretised and solved. In this case, the
Reynolds-averaged balances of mass, momentum and energy for turbulent flow are used
[26].
In principle, Navier-Stokes equations describe both laminar flow and turbulent flow
without the need for additional information. However, turbulent flows at realistic
Reynolds numbers span a large range of turbulent lengths and time scales and would
generally involve considerably smaller length scales and the smallest finite volume mesh,
which can be practically applied in numerical analysis. The direct numerical simulation
(DNS) of these flows would require substantially greater computing power.

Turbulence models, which can be employed in CFD, range from the simplest zero-
equation models to more complicated models, such as large eddy simulation (LES) or
detached eddy simulation (DES).

The Reynolds-averaged Navier-Stokes (RANS) methods are intermediate models
that are extensively employed in engineering. The Spalart-Allmaras model, in which one
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equation is added to the calculation, K-epsilon models with two equations or shear stress
transport (SST) models with seven equations are available models. The K-epsilon model
with its different variants is the most commonly employed model.

2.3.2. Model Description

In this research, modelling was carried out using CFD via Ansys CFX 19.1 software.
Solidworks (computer-aided geometric modelling) was employed for three-dimensional
modelling, Ansys ICEM-CFD 19.1 [27] for domain meshing and Ansys CFX 19.1 as a solver
and for the post-processing of the results.

Various investigations [17,19] consider that a reasonable correlation between the
measured results and the predicted results is obtained when the K-epsilon turbulence
model is used to simulate air and contaminants flow in tunnels and roads.

Figure 5 shows the R? values obtained in simulations performed with the K-epsilon,
zero-equation, shear stress transport (SST) and Spalart—Allmaras models, of which K-
epsilon is the best. The values were obtained in the adjustments of values from the models,
and experimental values were obtained from tests in the mining galleries.

In this research, two different computational models were introduced into roadway
7a: one model in which no auxiliary ventilation overlapped with the main ventilation and
another model with an auxiliary ventilation duct with a length of 60 m and a diameter of
400 mm.

1.00

0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

k-epsilon Zero Equation Spalar Allmaras

Figure 5. Comparative analysis (R?) of the turbulence models.

The geometry and meshing were developed in 3D using a real scale: a cross-sectional
area of 12 m?, a gallery with a length of 200 m and the characteristics of an auxiliary forced
ventilation system and a duct with a diameter of 400 mm located 12 m from the face.

The model meshing was created with 1,238,877 elements (the model without a duct)
and 1,295,062 elements (the model with a duct). In this study, two types of mesh were
applied with ICEM-CFD 19.1 software: tetrahedrons in the centre of the roadway and
prisms in the vicinity of the walls (Figure 6a).

The CFD models have three types of boundary conditions: wall, opening and inlet
(Figure 6b). The models have four inlets and outlets, as shown in Figure 6. One inlet is
located at the ductwork outlet (1) with an airflow of 20 m/s. The second inlet is
characterised by the main ventilation of 2 m/s (2). The third inlet (3) and fourth inlet (4)
correspond to methane emissions of 3750 m? towards roadway 7a and 0 m? towards
roadway 7b. The outlet that contains methane is produced by the opening (5), and the
remaining surfaces are walls.



Energies 2023, 16, 7298

7 of 17

(3) (1)

0 735 1471 22.09 29.47 (m)

(4)

(b)

Figure 6. 3D model and mesh of galleries 7a, 7b and 7c and the auxiliary ventilation duct. (a)
model geometry; (b) the meshing of the model with the boundary conditions.

Tests of mesh independence were conducted based on three different meshing
creations. The model without a duct included a coarse mesh of 973,206 elements, a fine
mesh of 2,100,551 elements and an intermediate mesh of 1,238,877 elements. The model
with a duct included a coarse mesh of 1,017,343 elements, a fine mesh of 2,195,815
elements and an intermediate mesh of 1,295,062 elements (Figure 7), where the highest
value of R? (comparison of CFD and experimental values) can be seen for the intermediate
mesh.

Figure 8 shows an example of CHs mathematical correlations (R?) for the calibration
of the K-epsilon model from the models and the values measured in the galleries.

The results obtained with the fine mesh indicated no appreciable change in the
results, whereas the precision of the obtained results diminished with the coarse mesh.
Based on the results, an intermediate mesh with a quality of 0.35, which is considered
acceptable for the Ansys ICEM-CFD support, was selected [27].

l M Coarse mesh M Intermediate mesh  ® Fine mesh

0.98 .95
I I I 0.81 I I
RQ

N° elements without duct (x 10°) N° elements with duct (x 10°) Mesh Density (Size)

2.00

1.50

=
=}
[}

0.5

o

0.00

Figure 7. Test of mesh independence for the studied turbulence model.
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Figure 8. The relationship between CHa values obtained via the CFD model and those obtained via
experimental measurements.

3. Results and Discussion

Figure 9 shows the maximum CHs concentration values in the six cross-sections of
the gallery or tunnel, an example of the oximeter recording at section A (the O:
measurement of 10.01% for 37 s during methane emission) and an example of the
methanometer recording at section F.

When a CHs: concentration greater than 5% reaches the methanometer, the
measurement recorded remains at 5%, which is the maximum measurement range of the
methanometer.
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Figure 9. CH4% in the cross-sections (A-F) without auxiliary ventilation.

Methane emissions of all galleries have mean and maximum values above the
threshold limit values (TLV or TLV-C) [28,29]. The TLV of CHa in the air indicate the
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concentrations to which personnel may be exposed without known adverse effects on
their health or safety. When the TLV concentration has been exceeded, this condition is
referred to as TLV-Ceiling (TLV-C).

Figure 10 shows the evolution of the maximum CHa concentration in the six cross-
sections of the gallery or tunnel when auxiliary forced ventilation (with a diameter of 400
mm, length of 60 m, flow of 2.6 m3/s and duct air output speed of 20 m/s) is installed
between section B and section C in gallery 7a. This figure shows a diagram of auxiliary
ventilation and a photograph of the installation. As shown in cross-sections A and B, the
maximum CH4 concentration is 0%.

For example, Figure 11 shows the CHa recordings of methanometers in cross-sections

A and F.
Fresh air 1
roadway \ Il 1.254 kPa
roadway
- llIllllllllllllIIlIlIH!Il [ LT 0.244 kPa
el duct 4—
,l ==-P Air + Methane fan
/
K4
’ o .
Forced ventilation system
!/
c / B A
_’ 7
D E F
Percent. Percent.
0.0 A 54.4 F
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00 =
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‘ -
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Figure 10. CH1% in the cross-sections (A—F) with auxiliary ventilation.
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Figure 11. CHa: recording of methanometers placed in (a) cross-section A; (b) cross-section F.

Figure 12 shows the effect of the evolution of CHs% in the cross-sections with and
without auxiliary ventilation: maximum values are in Figure 12a and average values are

in Figure 12b.
70 T T 45
60 ®Maximum values without duct 40 - o i
L]
50 o values with duct a 8 35 - o
30
2 Y (] ] 3 % 8
5 Q 5 Wverage values without duct
* 30 = 20 —
DAverage values with duct
20 15
10
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5
0 —=5 o0 b—+ o>
A B C D E F A B c D E F
Cross section Cross section

(a) (b)

Figure 12. Effect of the maximum and mean CHi% evolution in the cross-sections (a) without
auxiliary ventilation and (b) with auxiliary ventilation.
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Using the cross-sections (A=1,B=2,C=3,D =4, E=5 and F = 6) as X-axis values,
the evolution of the CH4 concentration (as Y-axis values) can be expressed via Equations
(1) and (2) for the maximum concentration values in the case of main ventilation without
and with an auxiliary fan.

y =3.6552 x> —24.127 x + 74.149... (R2=0.87) (1)

y =1.081 x* - 16.036 x® + 80.354 x> — 142.08 x + 76.182 ... (R?=0.87) 2)

The main ventilation air flows through gallery 7a at 2 m/s. Emitted methane circulates
through gallery 7a in the opposite direction at a higher initial velocity (13.8 m/s in cross-
section C and 3.24 m/s in cross-section B, as measured using the Trolex TX 5920/1 vortex
flow velocity sensing system), which slows the entry of air from the main ventilation and
causes the air to reverse its flow at a gallery length of 200 m (Figure 13a). When auxiliary
ventilation is installed, the indicated ventilation reversal distance is reduced to 42 m
(Figure 13b).

@ -
Velocity w
I 14.10
12.30
10.40 4 120 m
8.50
6.60
50 Velocity w \
1427
y ©
290 1247
1.00 g 068,
-0.90 4 80 886
. 7.05
270 4 — Air
CH 5.26
—
-4.60 p / 4 3.46
(mfs) . 1.66
/ o014
y I 195
0. 863 17.25 25.88 34.51 -3.75

oM iz tee ms

Figure 13. Effect of auxiliary ventilation on the reversal of the main ventilation produced by methane
emission. (a) without auxiliary ventilation; (b) with auxiliary ventilation.

As a result, the maximum and mean CHi concentrations in the cross-sections behind
the 42 m gallery section are reduced to 0%. Superimposing an adequate auxiliary
ventilation on the main ventilation can generate safe zones behind the ventilation reversal
area.

Figure 14a shows the streamlines and velocity vectors at the instant of ventilation
reversal. Figure 14b shows the variation in the streamlines (trajectory and velocities) in
the air outlet of the auxiliary ventilation duct when air collides with the methane emitted.
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Figure 14. Streamlines and velocity vectors at the reversal of the main and auxiliary ventilation
system. (a) the streamlines and velocity vectors at the instant of ventilation reversal; (b) the
streamlines in the air outlet of the auxiliary ventilation duct.

Note that in the location of the auxiliary ventilation fan in cross-section B in this
study, if the CHi% is greater than the TLV-C, electric power to the fan is interrupted for
safety reasons, which ceases the ventilation reversal and resumes the actuation of the main
ventilation for methane emission.

Figures 15 and 16 show the CHs concentration (maximum and mean) in the cross-
sections and instants (450 s) after the reversal of ventilation. The maximum values
significantly decreased in all cross-sections, and in cross-sections A and B, the CHa
concentration is 0%. In the other cross-sections, the values are less than 5% but higher than
those indicated in the TLV-C. For these values to be lower than 1.5% for CHs, the elapsed
time of the dilution of CHa by the ventilation air should be 637 s.
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If the cross-sections (A =1, B=2, C=3,D =4, E =5 and F = 6) represent the X-axis
values, the evolution of CHs concentration (values on Y axis) can be expressed via
Equations (1) and (2) for maximum concentration values in the case of main ventilation
without and with an auxiliary fan and via Equations (3) and (4) for mean concentration
values in the case of the main ventilation without and with an auxiliary fan.

y =-0.1255 x3 + 1.1965 x2 — 2.1352 x + 0.9367 ... (R?2=0.97) 3)
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Figure 16. Effect of the mean CH4% evolution in the cross-sections.
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Figure 17 shows the R? value of the statistical adjustment of the CHa values measured
in the gallery and obtained from the model.
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Figure 17. R? value of the statistical adjustment of the values measured and obtained from the model.

(a) Maximum values without duct; (b) Maximum values with duct.

The streamlines in the crosscut zone (velocity in the Z direction) without and with
auxiliary ventilation (Figure 18) and the maximum methane concentration values in cross-
section D for the case without an auxiliary fan (Figure 19a) and with an auxiliary fan
(Figure 19b) are shown as an illustrative example.
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Figure 18. Streamlines in the crosscut zone (velocity in the Z direction). (a) without auxiliary fan;
(b) with auxiliary fan.
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Figure 19. CH1% in the cross-sections D. (a) without auxiliary ventilation; (b) with auxiliary
ventilation.

The effect of superimposing a suitable auxiliary vent on the main vent can create safe
zones behind the ventilation reversal area. At a time after methane emission (637 s) and
with the effects, the methane concentrations satisfy the TLV.
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Additionally, studying the placement of an auxiliary ventilation fan in the correct
cross-section can prevent ventilation reversal from ceasing and the main ventilation
operation from resuming due to the emission of methane.

Based on these CFD models, other models can be developed for other parameters.
These CFD models are powerful tools for analysing methane explosion emission and
propagation.

4. Conclusions

In the first moments of methane emission, methane concentrations in all galleries and
access points exceed the TLV-C as the methane emitted produces a reversal at 200 m from
the main ventilation entrance of the gallery.

When 60 m of auxiliary ventilation is superimposed on the main ventilation in the
vicinity of the methane emission source, the ventilation reversal distance is reduced to 42
m from the methane emission source. The methane concentration is reduced to 0% behind
42 m of the gallery. The effect of superimposing an appropriate auxiliary ventilation on
the main ventilation can generate safe zones behind the ventilation reversal area.

At a time after methane emission (637 s) and with the effects described in the previous
paragraph, methane concentrations satisfy the TLV.

Note that during the placement of the auxiliary ventilation fan in cross-section B in
this study, if the CH4% is greater than the TLV-C, electric power to the fan is interrupted
as a safety precaution, which ceases ventilation reversal and resumes the actuation of the
main ventilation on methane emission.

In this way, methane emissions can be analysed using CFD, since better results can
be obtained compared with those obtained via conventional methods or laboratory tests.

If the evolution of methane emissions is known over time through CFD, preventive
measures can be taken in each case and therefore future disasters can be avoided.

In addition, CFD demonstrates that adequate auxiliary ventilation superimposed on
the main ventilation can generate safe zones downstream of the ventilation inversion
zone, which are valid as safe areas for workers.

Based on these CFD models, other models can be developed for other parameters.
These CFD models are powerful tools for analysing methane explosion emission and
propagation.
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