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1. Introduction

Methane is responsible for one of the main ventila-
tion hazards in the underground hard coal mining in Poland.
Methane hazard is associated with the potential ignition or
explosion of this gas in mine headings. Both of these phe-
nomena are extremely unfavourable and can have tragic
consequences [1-4]. Methane ignition, which ultimately
leads to fires in underground mine headings, disrupts the
process of their proper ventilation and exploitation [1-3, 5].
In this case, the ventilation air stream becomes the source of
oxygen, which supports the flame, as well as the carrier of
smoke and fire gases, which are moved to further mine
headings [1, 3]. Therefore, a fire in one mine heading dis-
turbs proper airflow through the others.

In the years 2002-2018, the Polish hard coal min-
ing industry experienced a number of dangerous events re-
lated to methane ignition or explosion in mine headings.
Those events were most commonly initiated by sparks gen-
erated during coal mining with a shearer [6].

Because the methane hazard, which may lead to
combustion and explosion of methane when mixed with air,
is one of the greatest threats in the mining industry, it is es-
sential to analyse the effects of such events. This is particu-
larly important with regard to the mine ventilation system.

Methane combustion, which leads to exogenous
fires in mine headings, triggers a series of chemical reac-
tions that lead to the emission of harmful and poisonous
combustion products of high temperature (the temperature
of methane combustion in mixture with air is approx.
1,875°C, with methane content of approx. 10%) into the
mine atmosphere.

Complete methane combustion occurs according to
the following relationship:

CH, +20, —> CO, + 2H,0, 1)

while incomplete methane combustion is described by the
relationships below:

CH, +20, — CO +2H,0, )
CH,+H,0 >CO+3H,, (3)
2H, +0, - 2H,0, (4)

This clearly demonstrates that the process of me-
thane combustion results in the formation of poisonous gas-
ses, such as carbon monoxide and carbon dioxide.

The extremely negative consequences of methane
fires in mine headings make it necessary to examine this
phenomenon. A huge potential in this regard is offered by
model based tests. Such tests are based on measurement
data, thus allowing for an analysis of both the possible oc-
currence of methane fires and their effects. This particularly
concerns the impact of fires on the flow parameters of the
generated gas mixture.

At the same time, it should be borne in mind that
methane combustion is accompanied by dynamic exchange
of mass and energy in the reaction zone, whose course is
determined by simultaneously occurring chemical, thermal
and flow phenomena. A fire is thus an extremely complex
phenomenon that eludes clear definition.

Taking into consideration the remarks above, it
was assumed that the impact of methane combustion in the
mined dog heading on the parameters of the air stream flow-
ing through this heading would be analysed using the CFD
model. The analysis encompassed a dog heading where such
phenomena are quite common due to its complicated venti-
lation system.

The purpose of the analysis was to demonstrate the
mechanism of occurrence and development of methane
fires, as well as to determine their consequences. The
model-bases tests of a methane fire were conducted using
the “Partially Premixed combustion” (CFD) model.

The objective of the test was to determine the ef-
fects of methane combustion on the composition of the mine
atmosphere and the physical parameters of the gas mixture
generated in this process. The paper presents the distribu-
tions for the physical parameters of the resulting gas mixture
and the concentration of fire gases. Moreover, it shows the
distributions of temperature and oxygen concentration in the
headings under analysis.

The article discusses the methodology developed
for model-based tests, taking into consideration the actual
results of measurements carried out in the heading under
analysis. It also presents the results obtained, with particular
attention paid to the distributions of combustion products
and temperature.

The method developed for analysing methane fires
and the results obtained may represent a significant source
of information for the mine’s ventilation service teams.
They should also be used for analysing fire incidents and
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support the process of diagnosing and predicting the effects
of these incidents in mine headings.

2.Mathematical models
2.1. Governing equations

The system of balance equations of mass, momen-
tum and energy (equations of fluid handling) of one-compo-
nent flow takes the following form [7]:
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where: u, v and w are directions velocity (m/s), p is density
(kg/m®) and t is time ().

%(pV)+V-(W)=—Vp+VT+,Og+F, (6)

where: p is static pressure (Pa), zis the stress tensor (Pa), g
is the gravitational body force (m/s?) and F is the external
body force (N).
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Ansys Fluent solves the energy equation in the
following form [7]:
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where: keit is the effective conductivity, J; is the diffusion

flux species j and Sy includes of heat of chemical reaction.
The basis for a mathematical description of the
transportation process of methane released into underg-
round headings is the principle of mass conservation re-
ferred to this gas. The mathematical model of transportation,
being a set of advection—diffusion equations, which for i-th
of this substance i = 1,....n, assumes the following form [7]:

ST (V) = V-3, +R 48, ©

where: R; is the net rate of production of species i by chemi-
cal reaction and Si is the rate of creation by addition from
the dispersed phase plus any user-defined sources, J; is the
diffusion flux of species and Y; is the local mass fraction of
each species.

The flow of air stream through a mining heading is
a turbulent flow. This flow features irregular movements of
the air stream particles, and the parameters of this flow
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undergo unpredictable random changes in space and time.
A characteristic phenomenon for this type of flow is the
occurrence of vortices of different sizes.

In the turbulence model k—e, in the standard varia-
tion, the basic Navier—Stokes equation has been transformed
into the Reynolds averaged equation. This equation includes
an additional term in the form of the Reynolds stress tensor.
Due to this term, the set of equations is not closed. To close
the set of equations, it is necessary to introduce additional
differential equations, which include the equation of Kinetic
turbulent energy and the equation of kinetic turbulent e-
nergy dissipation in the following form:

ok
—+— ku,) =
Lo ox (pku;) =
4 || oK
=—|| u+H | |=—=+G +G, —pe-Y,, +5,, (10)
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where: Cy,, Cy,, Cs, are constans, oy, g are turbulent Prandtl
numbers for k and ¢, Gy is the generation of turbulence ki-
netic energy due to buoyancy, Gy is the generation of turbu-
lence Kkinetic energy due to the mean velocity gradients, Ywm
is contribution of the fluctuating dilatation in compressible
turbulence to the overall dissipation rate, S, S, are user-de-
fined source terms.

2.2. Partially premixed combustion model

In premixed flames, the fuel and oxidizer are per-
fectly mixed before they enter the combustor. Reaction then
takes place in a combustion zone that separates unburnt re-
actants and burnt combustion products.

Partially premixed flames exhibit the properties of
both premixed and diffusion flames. They occur when an
additional oxidizer or fuel stream enters a premixed system,
or when a diffusion flame becomes lifted off the burner so
that some premixing takes place prior to combustion [8].

The tests were carried out using the partially pre-
mixed combustion model and the Zimont’s model for calcu-
lating the turbulent flame speed.

The partially premixed combustion model is a form
of premixed flames model with non-uniform fuel-oxidizer
mixtures [7-11].

Turbulent flame combustion model for premixed
flame and a PDF for turbulence chemistry coupling who cal-
culates a progress variable ¢ considering the 13 chemical
species in chemical equilibrium [12].

The flame front propagation is modelled by solving
a transport equation for the scalar quantity c, the (Favre a-
veraged) reaction progress variable [7]:

0 - M
—(pC)—i—V'(pVC)=V[—tVCJ+pSC, (12)
ot Sc,



where: ¢ is reaction progress variable, S is turbulent
Schmidt number for the gradient turbulent flux, S is reac-
tion progress source term. The progress variable is defined
as [7]:

>,

i=1

c= (13)

n
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where: n is number of products, Yi is mass fraction of species
i, Yi,ad is mass fraction of species i after complete adiabatic
combustion. Based on this definition, c=0 where the mixture
is unburnt and c=1 where the mixture is burnt. The value of
c is defined as a boundary condition at all flow inlets. It is
usually specified as either 0 (unburnt) or 1(burnt).

3. Problem statement and boundary conditions

The fundamental role for the correctness of the
tests is played by the development of a model that will best
represent the actual layout of the mine headings and the con-
ditions present in them. In the case at hand, the process of
methane combustion was analysed using a 2D model. De-
spite the fact that, in practice, this process takes place in a
spatial system, the authors believe that a 2D flat model ac-
ceptably reflects the essence of this phenomenon. It also al-
lows for analysing the mechanism of fire formation and its
consequences. The transition from a 3D to a 2D model is
demonstrated in Fig. 1, whereas the model under analysis is
presented in Fig. 2.
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Fig. 1 A 3D geometric model

Ignition point
e

—
Roadheader
(miner machine

Air duct
CH,4
source

|

“+

|

Fig. 2 A 2D geometric model

The section of the mined dog heading, which was
the subject of the tests, was 45.0 metres long, and the outlet
of air from the air duct was located at a distance of 4 metres
from the front side of the mined heading face.

While modelling an exogenous fire of methane, it
was assumed to ignite at a distance of 0.5 m from the frontof
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the mined heading face, at a height of 2.5 m (the ignition
point is indicated in Fig. 2). This ignition is caused by the
sparks generated by the shearer system.

During combustion, methane releases a mass
stream of gases into the surrounding environment, including
the products of the combustion process. Based on the actual
system, the assumption was that air would be supplied to the
mined heading face through the air duct with a diameter of
0.8 metre, at a speed of 5.0 m/s, with the oxygen content in
this air being 21% (mass content — 0.23). The gases emitted
into the atmosphere as a result of methane combustion in-
clude carbon monoxide (CO) and carbon dioxide (CO,).

During the tests, records were being taken of the
concentration levels of fire gases in the air stream as well as
the temperature changes for these gases in the measure-
ments points whose location is marked in Fig. 2.

The calculations were performed for a transient
state, for the time of 10 minutes (600 seconds). Another as-
sumption was the variable emissions of methane from the
front of the mined heading face (Fig. 2). It was assumed that
ignition occurs after 180 seconds of analysis and is initiated
by a spark. The time course of methane mass stream emis-
sions from the heading face is presented in Figure 3. It cor-
responds to the methane concentration changes actually reg-
istered in this heading while it was being mined.
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Fig. 3 The time course of methane mass stream emissions
from the heading face

4. Results

Based on the calculations performed, the changes
in the concentration of gases from the air stream flowing
through the heading under analysis were characterised as a
function of time.

Fig. 4 shows the time-dependent changes in the
concentration levels of oxygen, methane, carbon monoxide
and carbon dioxide as well as in the temperature in the first
measurement point (P1) as a function of analysis time.

Figs. 5 and 6 demonstrate the distributions of frac-
tion the mass t of oxygen and methane in the heading, im-
mediately before the onset of combustion (t=170 s) and one
minutes after this time (t-240 s), while Figs. 7-10 present the
distributions of carbon monoxide and carbon dioxide as well
as temperature for the time point of 1 minutes after the onset
of combustion. Fig. 13 also presents the distribution of the
progress variable.
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Fig. 4 Time-dependent changes in the concentration levels of oxygen, methane, carbon monoxide and carbon dioxide as well
as in the temperature in the first measurement point (P1) as a function of analysis time
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Fig. 5 Mass fraction of oxygen in the heading immediately before the onset of combustion (a) and one minutes after this
time (b)
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Fig. 6 Mass fraction of methane in the heading immediately before the onset of combustion (a) and one minutes after this
time (b)
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Fig. 7 Mass fraction of carbon monoxide for the calculation time of t=240 seconds
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Fig. 8 Mass fraction of carbon dioxide for the calculation time of t=240 seconds
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Fig. 9 Distribution of temperature in the heading for the calculation time of t=240 seconds
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Fig. 10 Distribution of progress variable in premixed combustion for the calculation time of t=240 seconds

5. Conclusions

Methane fires in mine headings are classified as
exogenous fires. Such phenomena are quite common during
the process of mining dog headings located in methane
seams.

The example presented in the article concerns a
real-world mine heading where variable inflow rates of me-
thane were registered. This served as the basis for analysing
the occurrence of a methane fire in this heading. The meth-
odology developed and applied for examining the effects of
such a fire made it possible to conduct its analysis. The re-
sults obtained made it possible to analyse the mechanism
behind the formation and development of methane fires, as
well as to determine their consequences, especially with re-
gard to the emergence and migration of harmful and poison-
ous gases with extremely high temperatures. Moreover, the
results obtained demonstrate the great dynamics of this pro-
cess and the considerable danger it may cause.

It is evident that the effects of fire significantly dis-
turb the ventilation process within the heading and may pose
a very serious threat to the safety of working crews. The test
results should provide an essential source of information for
the ventilation service teams in mines. This is because they
demonstrate the essence of fire formation and development
in a dog heading. Knowledge of this issue should be helpful

for developing preventive and protective measures for staff
and equipment alike. The analysis conducted also revealed
that numerical methods could be successfully used for ana-
lysing fire and ventilation phenomena in closed headings.
The case at hand may also be treated as a forecast of the
consequences brought about by fires. Both the model devel-
oped and the methodology adopted are universal enough to
be applied to a multivariate analysis of similar phenomena
and events.
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THE APPLICATION OF MODEL-BASED TESTS FOR
ANALYSING THE CONSEQUENCES OF METHANE
COMBUSTION IN A MINE HEADING VENTILATED
THROUGH A FORCING AIR DUCT

Summary

One of the most hazardous thermodynamic pheno-
mena occurring in mine headings is fires. One of the subs-
tances commonly present in those headings is methane — an
easily combustible, odourless gas of natural origin. ethane
is released into the mining atmosphere as a result of coal
mining activities. Appropriate concentration levels of this
gas and the presence of oxygen produce a mixture which can
lead to methane combustion and explosion when in contact
with an ignition source, such a spark. Both of these pheno-
mena are extremely dangerous, especially in mine headings.

The article presents the results of a numerical ana-
lysis concerning methane ignition, leading to an exogenous
fire in a mine heading. The purpose of the analysis was to
demonstrate the mechanism of occurrence and development
of methane fires, as well as to determine their consequences.
This is because such fires cause emission of harmful and
poisonous gases with extremely high temperatures into the
mining atmosphere.

The model-bases tests of a methane fire were con-
ducted using the “Partially Premixed combustion” (CFD)
model. The analysis conducted helped to determine the dist-
ributions of speed, pressure and temperature of the air
stream flowing through the region under analysis, as well as
to specify the distributions of concentration levels for the
combustion products (CO and COy).

The article also describes the aerodynamics of the
combustion process, as well as the phases of emergence, de-
velopment and disappearance of fires. The model developed
and the boundary conditions adopted for the tests reflect the
real-world mine heading. The test method prepared for
methane fires and the results obtained may represent a sig-
nificant source of information for the mine’s ventilation ser-
vice teams.

Keywords: combustion of methane, mine heading, air duct
CFD, partially premixed combustion model.
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