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Abstract:

The paper presents the results of numerical simulations into the distribution of methane concentration at the intersec-
tion of two excavations with a fan (turned on) giving the air stream to the area of the crossing. Assumed case represents
emergency situation related to the unexpected flow of methane from an excavation and its mixing with fresh air.

It is possible when sudden gas outburst takes place, methane leaks from methane drainage system or gas leaks out the
pipelines of underground coal gasification devices. Three options were considered — corresponding to three different
speeds of the jet fan. They represent three stages of fan work. First — low air speed is forced by a pneumatic fan, when
electricity is cut off after high methane concentration detection. Medium speed can be forced by pneumatic-electric
device when methane concentration allows to turn on the electricity. Third, the highest speed is for electric fans. Simula-
tions were carried out in the Fire Dynamics Simulator (FDS) belongs to the group of programs Computational Fluid Dy-
namics (CFD). The governing equations are being solved in a numerical way. It was shown that proposed solution allows
partial dilution of methane in every variant of speed what should allow escape of the miners from hazardous area.
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INTRODUCTION

There are at least two reasons for giving particular
attention to methane. First, it is the naturally occurring gas
that most commonly appears in mined underground open-
ings. Secondly, it has resulted in more explosions and relat-
ed loss of life than any other cause throughout the record-
ed history of mining [10].
According to significant and constantly rising methane
hazard in Polish underground coal mines [14], the topic is
referred to simulations and measurements of mine gas flow
which are taken into consideration very often. Different
aspects of the research are examined. They are as follows:
— changes of methane concentration in total amount of
mine gas [2, 3, 6, 11],

— variability of velocity fields and possibilities of their
forecasting [11],

— acquiring knowledge about unexpected and emer-
gency states of mine ventilation net [5, 7, 11, 12].

Methane emitted from the strata into a mine opening
will often be at concentrations in excess of 90 percent.
While being diluted down to safe concentrations, the me-
thane will, inevitably, pass through the 5 to 15 percent
range during which time it is explosive [13]. The buoyancy
of methane with respect to air produces a tendency for
concentrated methane to collect in roof cavities and to lay-
er along the roofs of airways or working faces [10].

The most dangerous mode of gas emission into mine
workings is the release of large volume of gas from the stra-
ta in a short period of time. It is called gas outburst. Such
incidents have caused considerable loss of life [10].

Another possible mode is unexpected gas leak, e.g. from
methane drainage system or form underground coal gasifi-
cation pipelines.

Such a case was taken into the consideration. In under-
ground net of excavations sudden methane leak or out-
burst is assumed. In the consequence, the mixture of me-
thane and the air flows to an excavation where miners usu-
ally work. It is also assumed that sensor is set up in proper
place to give the signal for turn on a jet fan mounted at the
intersection (a cross) of excavations. It should cause dilu-
tion of dangerous mixture and will give proper time for the
escape.

CFD simulations fit every aspect of mine gas flowing
through a ventilation net, and detailed analysis of their suit-
ability for mine ventilation purposes has been checked out,
too [4].

This article gives the results of simulation into applica-
tion of a jet fan which is mounted at the cross of two per-
pendicular excavations, under the roof. The fan gives right
direction and partial dilution during mixing of the streams
when one of the streams has high and dangerous concen-
tration of methane.

The simulation was carried out with Fire Dynamics Sim-
ulator (FDS) and its visual mode Pyrosim. This software be-
longs to the group of CFD programs and it is based (as the
others) on solving Navier-Stokes formulas. However, re-
gardless the basic destination for FDS, (which is particularly
designed for the fire simulation), it can be also applied for
air flow analysis, when the flow is not forced by the fire
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phenomenon. FDS has been tested for mine ventilation
simulations, e.g. [15] with positive results.

FIRE DYNAMICS SIMULATOR (FDS) — THE PRINCIPLES AND
ASSUMPTIONS

In this chapter the principles of FDS model, solver and
the assumptions for the simulations are described.

General characteristics of FDS

Considering fluid mechanics, an approximate form of
the Navier-Stokes equations appropriate for low Mach
number applications is used in the model [9]. Solving of
Navier-Stokes equations is done by numerical method for
each node of a mesh and further approximation of ob-
tained results between the nodes for each iteration. The
conservation equations for mass, momentum and energy
for a Newtonian fluid are presented in the model [1, 8, 9].
Equation of state for a perfect gas is included, too [16].

The computation can either be treated as a Direct Nu-
merical Simulation (DNS), in which the dissipative terms are
computed directly, or as a Large Eddy Simulation (LES), in
which the large-scale eddies are computed directly and the
subgrid-scale dissipative processes are modeled. The most
distinguishing feature of any CFD model is its treatment of
turbulence. The conception of LES (including turbulence) is
making averaging out the influence of small eddy (vortex),
(independent from geometry) and putting them into calcu-
lations as additional components of tension, just looking
only for solutions for big eddy (which are dependent on
geometry, boundary conditions etc.) [9].

For reduction of time during computing and decrease of
number of calculations done by mathematical model of
FDS, it has a lot of simplifications. The most important are:

— the assumption of small velocities,

— cuboid geometry of computation domain,

— limitation of the fire growth and spread,

— the assumption of combustion with unlimited oxygen

access,

— limitation of heat radiation.

According to simulations of flow without the fire, only
points 'a' and 'b' matter.

The assumptions

Created model consists of the cross of two underground
excavations, which geometry is given in Fig. 1. Following
assumptions are set for further computing.

Fig. 1 The scheme of the model

Model dimensions:

— the excavation no. 1 — the length 70 m (Y), the width
5 m (X), the height 4 m (Z).

— the excavation no. 2 — the length 10 m (X), the width
5 m (Y), the height 4 m (2).

The length of computational cell was set at 0.2 m, ac-
cording to [9] as dimension qualified between coarse and
fine. In addition, the mesh was compacted near the roof
(cell length equaled 0.1 m) to check and compare the re-
sults with application of such a non-uniform mesh. The aim
was to obtain reliable results within reasonable time. The
comparison at slice X = 5 m for the excavation no. 1 is
shown in Fig. 2.

During the analysis of the results it was found that there
is the similar maximal CH, concentration under the roof,
which was 7% vol., and contour of the mixture of methane
— air is also similar in both options of mesh size. It was the
base for the decision of application of the uniform mesh
with a cell length 0.2m for further simulations. However,
this is one of the simplifications of the model.

The length of cell equals 0.2 m gave 175000 cells for
excavation no. 1 and 26000 cells for excavation no. 2.

The excavation no. 2 is connected with the excavation
no.l at the distance 10 m from the assumed beginning of
this excavation. The shape of both excavations is adequate
to tP support. Two kinds of pre-defined materials were
used in the model. The first was "rock", the second was
"steel". "Steel" was applied for the support and for the ro-
tator of the fan. As both materials are predefined in the
program this is the another simplification, although be-
cause of lack of the fire and in consequence intensive heat
exchange, this simplification can be accepted. Heat ex-
change between the rock-mass and the air is not included,
too.

Two airstreams flow from the excavations no. 1 and the
excavation no. 2 and they mix up at the cross. The parame-
ters of stream 1 (flowing through the excavation no. 1): dry
bulb temperature tq = 24°C, average velocity w,, = 3.0 m/s,
methane concentration CH; = 0% vol,the rest of the air
stream is filled with fresh air.

The parameters of stream 2 (flowing through the exca-
vation no. 2) are: tq = 28°C, w,, = 0.3 m/s, CH, = 10% obj.,
the rest of the air stream is filled with fresh air.

Three variants were connected with intensity of work of
the jet fan (its hydraulic diameter is D = 0.6 m). The variants
are:

1. The fan forming volume flow V' = 3.0 m?>/s, which is re-

lated to average velocity w,, = 8.33 m/s.

2. The fan forming volume flow V' = 6.0 m?>/s, which is re-

lated to w,, = 16.66 m/s.

3. The fan forming volume flow V' = 12.6 m3/s, which is

related to w,, = 35 m/s.

The lowest value of volume flow (variant 1) can be
achieved with application of a pneumatic fan, e.g. WLP —
403SK when electricity is shut down after detection of high
methane concentration. Medium value of volume flow
(variant 2) can be achieved by an electro-pneumatic fan e.g.
WLEP — 605 or WWOE — 630. The highest value of volume
flow (variant 3) can be generated by electric fan e.g. WLE —
1006 A/1/SK. The fan is mounted 1.2 m from right side of
the excavation, 0.45 m from the cross and its base is set at
the height of 2.6 m.

Methane detectors are included in the model. They are
located at the beginning of the excavation no. 1 (sensor
cz1), at the cross (sensor cz2) and next sensors (numerous
cz3, cz4, cz5 and cz6) at the following distances: 10 m, 25
m, 40 m i 55 m from the cross. In addition, animated slices
for CH, were set up at the distances X =2.6 m, and Y = 2.6
m. Large Eddy Simulations mode was set for the calcula-
tions. The time equaled 180 seconds.
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Fig. 2 Comparison of results obtained with uniform and non-uniform mesh for the excavation no. 1, after 30s of simulation for variant 1

THE RESULTS AND ANALYSIS

The figures 3-6 show comparison of methane concen-
tration at slices Y = 2.6 m, X = 2.6 m (the model is built in X,
Y, Z system of coordinates), after 60 seconds, 120 seconds
and 180 seconds of simulation,

Figure 3 shows methane concentration in the excava-
tion no. 2 (source of methane leak, with the concentration
CH,4 = 10% vol). Constant and stable flow of this gas through
boundary surface is another simplification in the model,
although considering density of methane, just after 2 m
from the boundary surface, proper stratification of me-
thane — air mixture can be noticed (see Fig. 3 under the
roof). Sufficient legend due to colors explanation is includ-
ed to every figure.

Each variant makes partial gauge pressure area in the
excavation no.1, thus the visualization of the results for the
next time steps allows to observe descending of methane —

air mixture in the excavation no. 2. It also leads to increase
of methane concentration in the excavation no. 1, near the
excavation no. 2.

In every variant for the excavation no. 2, after 180 sec-
onds of simulation the concentration of methane is always
higher than 2% vol. (turning of the electricity according to
Polish underground regulations). Although, it is easy to ob-
serve significant stratification of gases in the excavation no.
2. Considering the area of the excavation which is filled
with the methane of the lowest concentration, it can be
noticed that the first variant gives the largest area of that
kind and the third variant gives the smallest one.

On the other hand, looking into results from the excava-
tion no. 1 (Fig. 3), every variant gave efficient dilution of
methane in near-roof area near the cross. Concentration of
methane 10% vol. was detected only under the roof, within
small area, near the inlet of the excavation no. 2.
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Fig. 3 The results of CH, concentration in excavation no. 2 for different simulation variants
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Fig. 4 The results of CH, concentration in excavation no. 1 for variant 1
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Fig. 5 The results of CH, concentration in excavation no. 1 for variant 2
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Fig. 6 The results of CH, concentration in excavation no. 1 for variant 3
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Fig. 7 Concentration of CH, obtained at sensors no. cz2, cz4 and cz6 for different variants of simulation

Concentration of methane in the excavation no.1 at the
slice X = 2.6 m for three variants after 60 seconds, 120 sec-
onds and 180 seconds is shown in Figures 4, 5, 6. Maximal
concentration of methane was 6% vol. for variant 1 where-
as for variant 2 and 3 it was 5% vol (LEL of CH,).

Analyzing three variants it was found that methane lay-
er is present always under the roof at the distance from the
cross till the end of the excavation no. 1. The range of me-
thane — air mixture, their shape and methane concentra-
tion variability depend on the variant. It can be observed
that for every variant, methane — air mixture fills up the
excavation in some parts at more than a half of its height,
measuring from the roof.

The Figure 7 gives the diagrams obtained from assumed
methane sensors (numbers cz2, cz4 and cz6). Sensor cz2 is

located at the cross, sensor cz4 is located in the half of the
distance between the cross and the end of the excavation
no.1 Sensor 6 is mounted 1.0 m before the end of the exca-
vation no. 1. All the sensors are at height of 3.0 m.

For variant 1, sensor cz2 indicated methane concentra-
tion 10.0% vol. after 20 seconds of simulation. Then con-
centration varied between 2% vol. and 6.5% vol. starting
from 30 seconds of simulation up till the end (180 seconds).
Average concentration was 4.8% vol.

For variant 2, sensor cz2 indicated maximal methane
concentration 8.0% vol. three times, after 50 seconds, 120
seconds and 170 seconds. In other periods of simulation
methane concentration varied between 2.0% vol. and 7.0%
vol. Average methane concentration was between 3.0% vol.
and 4% vol.
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For variant 3, sensor cz2 indicated maximal methane
concentration 10% vol. after 30 seconds, and then three
times 9% vol. after 45 seconds, 50 seconds and 160 sec-
onds. In other periods methane concentration varied be-
tween 1.0 % vol. and 6.0 % vol. Average methane concen-
tration was 3.0% vol.

Considering sensor cz4, for the first variant maximal
methane concentration was 3.7% vol. after 30 seconds.
Then methane concentration varied between 0.0% vol. and
3.0% vol. Average methane concentration was approxi-
mately 1.4% vol. For the same sensor, during variant 2,
maximal methane concentration was 3.9% vol. after 158
seconds. In other periods methane concentration varied
between 0% vol. and 3.5% vol. Average methane concen-
tration was 1.5% vol.

During variant 3, sensor cz4 detected maximal methane
concentration 3.6% vol. after 162 seconds. In other periods
methane concentration varied between 0.0% vol., and 3.4%
vol. Average methane concentration was 1.5% vol.

The sensor cz6 in variant 1 gave maximal concentration
of methane 2.8% vol. after 163 seconds. Then methane
concentration varied between 0.0% vol. and 2.5% vol. Aver-
age concentration of methane was from 0.6% vol. to 1.1%
vol. In variant 2 maximal concentration of methane was
2.7% vol. after 158 seconds. Then methane concentration
varied between 0.0% vol. to 2.6% vol. Average methane
concentration was 0.5% vol. do 1.2% vol. In variant 3 maxi-
mal concentration of methane was CH4 = 2.7% vol. after 82
seconds. Then methane concentration varied between
0.4% vol. and 2.5% vol. Average methane concentration
was from 0.5% vol. to 1.5% vol.

CONCLUSIONS

The process of air streams mixing up at the intersection
of two excavations when one of the streams has significant
concentration of methane was the aim of numerical simula-
tions. They were undertaken in FDS software, which be-
longs to CFD group of programs. It was assumed that air
mixing should be supported by a jet fan mounted under the
roof in vicinity of the cross. Three variants due to speed of
the air generated by the fan were set up. Putting the results
into the analysis, following conclusions were drawn:

In every variant the jet fan makes dilution of methane
flowing from excavation no. 2. (e.g. Fig. 3), however the
level of dilution and methane concentration in the excava-
tion no.2 after 180 seconds strongly depend on air velocity
generated by the fan. Considering the area of the excava-
tion no. 1 (at the cross), the most advantageous situation is
when air velocity given by the fan is the lowest (variant 1),
and the worst in variant 3 (the highest air velocity). Inde-
pendently on the variant, considering the excavation no. 1
methane concentration equaled 2.0% vol. is exceeded only
at fractional area under the roof.

Looking into the results obtained at slice in the excava-
tion no. 1 (longitudinal cross-section) (Fig. 4-6) — the con-
centration of methane up to 6.0% vol. was noticed in vari-
ant 1, and the concentration of methane up to 5.0% vol. in
variants 2 and 3. Methane was detected at entire distance
of the slice from the cross till the end of the excavation .
Concentration of methane varies dependently on the vari-
ant, although variants 2 and 3 should be considered as
more proper because of not exceed of low explosive level
of methane (LEL).

Analyzing the methane concentrations obtained at sen-
sors cz2, cz4 and cz6 (Fig. 7) it can be observed that the
lowest average methane concentration (2.5% vol.) was de-
tected at the sensor cz2 in variant 3, however, the lowest
maximal concentrations in variant 2. Considering sensor cz4
average concentrations vary from 1.0% vol. to 1.5% vol. and
maximal are approximately 3.8% vol.). Average methane
concentrations at sensor cz6 are from 0.5% vol. to 1.5% vol.
and maximal values of methane concentration do not ex-
ceed 3% vol.

The work is done with application of academic license
for Pyrosim software which was provided by Stigo sp. z.0.0.,
ul. Ostatnia 1c. 31-444 Krakow, Poland.
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