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Studying the Impact of the Location of Air-Duct Lines on Methane
Distribution and Concentration in Dog Headings

Magdalena Tutak, Jarostaw Brodny and Kestutis Navicka$

One of the basic issues associated with undergraninehg is providing a safe atmosphere in mine Wway¥. This includes its chemical
composition and reduction of hazardous concentratiof harmful gases. In particular, this appliesdtiven dog headings that have a one-
sided connection to the central ventilation sysitetiie mine. Therefore, it is necessary to useiapeentilation systems in these areas. The
widespread current methane hazard present in morkings additionally increases the requirementshefse systems. For this reason, the
following paper presents the methodology and resafltstudies that looked at the ventilation systémiriven dog headings. The aim of the
study was to determine the impact of the locatibaileduct lines on methane distribution and corteation in driven dog headings. The
basis for the analysis were model studies carrietfor the real system and for three additionaldtien variants of air-duct lines forcing
fresh air. The studies were carried out for the sasal parameters of the air stream and methaneson in the studied dog heading. The
results clearly show that the location of studieéddact lines has an impact on the distribution asmhcentration of methane in individual
points of the driven dog heading. The study alstuited the fracture zone as a porous centre ardhediriven dog heading, which enabled
more accurate mapping of real conditions. The rsdotoaden knowledge in the field of ventilatissuiss and should be used in practice

Keywords:underground coal mine, methane hazard, dog headigtilation, CFD.

Introduction

An effective ventilation system is essential toeasa safe and efficient process of undergroundbéafion
of raw materials, including hard coal (Bialy, 2012)14; 2018, Bialy and Fries, 2019; Brodny et 2017;
Brodny and Tutak, 2019). The main task of thiseysts to provide the right amount of fresh air,haat specific
oxygen content, in the area of mining works, andgtansuring the appropriate status (compositioth@fmine
atmosphere (Kurnia et al., 2016; Roghanchi eRél16; Tutak and Brodny, 2018; Tutak, 2020; Xiulet2019;
Cernecky et al., 2015). This condition should alloviners for free work and prevent the occurrence of
dangerous concentrations of methane and other d@rmigases (Ordinance of the Minister of Energy,620
These requirements apply to all mine workings. Heavefor the workings of different specificity, these of
various ventilation systems is needed.

This mainly concerns dog headings driven in coalgangue, which belong to the so-called "blind" or
unidirectional mine workings. In other words, tHegve only one connection to the central (genemtyilation
system of the mine (Brodny and Tutak, 2015). Tisiurn, means that both fresh and used air issfrarted
through the same heading (Brodny, 2010; 2011; 28&2anov et al., 2017). Fresh air must be suppbethe
face zone, where the process of mining the rocksnmsarried out, in such a way that it impedesheeithe
outflow of used air from this zone nor gases entgthis heading from the rock mass. Due to thegcHieity,
these headings require the use of a dedicatedaténti method.

For this purpose, the most commonly used methodiveg the so-called forced air-duct ventilationteys
which consists of supplying fresh air to the fata given dog heading. Through the face zone,aiiflows all
the way through the entire dog heading to latemecohto the stream of used air from other headargsthe
mine's main ventilation network. A diagram of fadoeentilation for the studied driven dog headingiwthe use
of air-duct lines is shown in Figure 1.

This diagram also points to the fracture zone eckduring mining works (Matkowski et al., 2017; Mgt
al., 2017; Prusek and Walentek, 2005; Prusek, 2088g et al., 2019), which has a significant infloe on the
ventilation process.

In addition to ensuring an adequate compositioaiin a dog heading necessary for miners to worlktie
ventilation system must not allow for the excee@aoicthe permissible concentration levels of hazasdgases
(Brodny et al., 2018, Krause, 2015; Tutak and Byo@918). Methane is the most dangerous gas preseiniy
underground mining works, especially in coal (Zleaal., 2019). Due to its flammable and explosikapprties,
methane is a huge threat to both safety and catytinfithe mining process. Dog headings driven dalcare
particularly vulnerable to the occurrence of hamaslmethane concentrations. Methane is releasedhinte
dog headings from mined coal and exposed unminabaowell as cracked ceilings, thills and sidelsvéig
1). Since this gas has a lower density than aursially accumulates in the ceiling zone of dogdivegs and in
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areas where the air supply is obstructed. Theyrefesred to as dead zones. However, the phenomefion
methane accumulation in the ceilings is called ewe¢hlayering (McPherson, 1993).

—— & Fresh air Roadheader 4
—_ Exhaustair (miner machine) L. ,
——— * Methane | -

Air duct
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~———_ \ Around the Heading

. |
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Fig. 1. A scheme of the excavated dog heading

In order to prevent the dangerous accumulation etheme and ensure an adequate atmosphere compositio
in driven dog headings, it is crucial to adaptkatilation system and its parameters to the camditin which
mining works are performed. Therefore, the pararsaté supplied air are selected depending on tloengéry
of driven dog headings, temperature and expectedianof methane released.

In addition to the parameters of supplied airsifiiso important to properly locate air-duct lirsepplying
fresh air to dog headings. This mainly concernslimggs into which large amounts of methane are sel@aThe
location of air-duct lines can affect the distributof methane concentration in a given dog headiingrefore,
it is reasonable to determine what effect the loocadf air-duct lines supplying fresh air to a parar heading
has on the distribution of methane concentratioel&e

Literature on the ventilation systems in dog hegslishows deficiencies in this respect althoughstligect
area related to the study of airflows and mixtwair and methane through dog headings has bexsemied in
many papers (Kurnia et al., 2014a; Kurnia et &l14b; Sasimoto et al., 2013).

These papers, like many others, most frequentlyrasd that methane is released into dog headings dro
given point, or from a surface, and only from thed area.

The analysis of literature proves that so far,dheave been no studies which would determine tipadétof
the location of air-duct lines in dog headings be tlistribution and concentration of methane. I Weerefore
assumed that from a scientific and practical pofntiew, this issue is relevant, and it is reasémab conduct
research in this area.

Therefore, in order to determine the impact of theation of air-duct lines on the distribution and
concentration of methane in driven dog headingsjehstudies were performed in which the actual kleading
was mapped.

In the first stage of model studies, the actualtileion system that was used in this dog headiag w
mapped (air-duct lines were located along the regilin the heading axis). This helped to establisé t
distribution of methane concentration. In ordeassess the quality of the developed model, theniysdwere
compared with the measurement results. A satigfacorrelation of these results (at three measupioigts)
enabled the analyses for additional three locatimmants of air-duct lines in the same headingtotial, four
location variants of air-duct lines were analys€be tests were carried out using numerical fluiccihamics
(Kalentev et al. 2017). The calculations were miadiéne ANSYS Fluent program, based on the Finitéuxe
Method (FVM).

Due to significant difficulties in conducting stediin real conditions, the use of model studiesseilly
justified in this case. The numerical method wififor calculations enabled very accurate (for gmagping of
geometry and reliable boundary conditions) deteatiim of studied parameters, practically at eveintof the
studied area.

It should be emphasised that the study includedrdeture zone around the dog heading. The sizhisf
zone depends on many mining and geological fackisrsize was established based on the researsbrjesl in
the literature on rock mass mechanics. It was alsumed that this zone is a porous medium witmelefi
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permeability, which was determined using the resoitstrength tests of the rocks in which the degding was
being driven. Undoubtedly, this is a new, unusedfasoapproach, which more accurately reflects tbal r
conditions that occur in the rock mass affectednining activity.

The paper presents the applied methodology, olta@sults, discussion and final conclusions.

Materials and Methods

The flow of air in the mine heading was analysednigans of the Finite Volume Method (FVM). This
method involves discretisation (in physical spaskt}he computational domain (the spatial flow aread a
finite number of non-overlapping control volumescéntrol volume may be created, depending on theareh
tool applied, inside the volume of the fluid elemenaround the volume element node.

The tests were conducted for a spatial model oatka under analysis, using CFD. The authors’ éspess
and the results presented by other researchersatedithat this method is widely applied for anadgsi
phenomena related to the flows of fluids and diin&,transfer of mass and heat or the processesnadfestion
(Veersteg and Malalasekera, 2007).

The paper made use of the ANSYS Fluent softwaresy#n2011), which is one of the most popular téms
the CFD method, whereas the discretisation progasscarried out by means of the FVM. The methodpfog
conducting studies by means of this program encesgsthe development of a mathematical model of the
phenomenon in question, the adoption of boundangitions, the performance of calculations, andahalysis
of the results.

Mathematical models

The flow of the air and methane mixture is desdibg the conservation equations for mass, momentum,
energy and species transport. The conservationtiegagor mass, momentum and energy can be expresse
(Kurnia et al., 2014a, 2014b; 2016; Sasmito e?8l1,3; Zhou et al., 2017):

0[U =0 (1)
p(aa_Lth [D]U)=—Dp+,u|]2U +F 2)
,0(%5+EDIIE)ZKD2T +W, + S ®3)

where: 0 is the divergence operatgrjs the air density (kg/f, U is the air velocity vector (whekd=u,, U, Uy)
(m/s),t is time (s),d p is pressure gradient (Pal,is the dynamic viscosity (Pa-s), F is the bodgdovector
(where:F=F,, F, F,), E is energy (Jk is the coefficient of conductivity (W/(m-K)J, is the temperature (K),
W;is the work done by surface stress (J), &nd the source term energy (J).

The basis of the mathematical description of thadport process of the methane emission to therdeg
headings is a mass conservation principle relatethis gas. Mathematical model of the transporindea
system of equations of advection-diffusion, which thei-th substance it takes the following form (Ansys,
2011):

%(pvnmmpuvi):—mcﬂﬁma @)

where:Y; means the local mass fraction of each spedgiésthe diffusion flux of specids(kg/(n?s)), R means
the net rate of production of speciely chemical reaction ang is the rate of creation by addition from the
dispersed phase plus any user-defined sources.

The flow of air-methane mixture through driven degading has turbulent character, in which theranis
irregular movement of air molecules, and the patarseof its flow experience unpredictable randoranges
in space and time (Tuliszka—Sznitko, 2011).

Large Eddy Simulation (LES), Direct Numerical Simitn (DNS) and Reynold-Averaged Navier-Stokes
(RANS) were used to describe turbulent flows (2ig.
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‘ Turbulence models in Ansys Fluent ‘
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Fig. 2. Turbulence models in the Ansys Fluentsoft (RANS - Reynold Averaged Navier-Stokes; DDiet Numerical Simulation;
LES - Large Eddy Simulation)

For the numerical calculation, there was used K€ turbulence in standard variation model belongiog
semi-empirical models, characterising by parametlgermined based on experimental tests. This model
describes components of Reynolds turbulent stegsot according to the Boussinesq hypothesis.

Area of research
The basic calculation model was built by meanshefreal geometrical and ventilation parametersef t
driven dog heading in one of the Polish hard cdakesy The basic geo-mining parameters of driventaaging
are as follows:

- Airflow rate: ~ 302 rymin;

— Gas emission: ~ 4,0 kg/min;

— The geometry of driven dog heading (height x lengthidth): 3,0 m x 60,0 mx 4,0 m;
— The length of air duct: 57,0 m;

— The diameter of auxiliary ventilation: 0,8 m.

As already mentioned in the introduction, the maalsb includes the fracture zone around the dodihga
Due to its permeability, methane migrates from #uise to the driven dog heading. The dog headingehalso
contains its technical equipment such as air-duess| a conveyor and a roadheader. The model détthbed
dog heading with marked flow directions, the fraetaone, as well as measurement points and lineshaown
in Figure 3.

Line at distance 2.0 m from the floor

Air duct .

Point 4

—» Methane

~ ———+ Freshair
— " Exhaustair

Fig. 3. The geometry of the computational doméimnalerground driven dog heading with equipment eneésurement points and line
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The studies were carried out for the real systeign @a) and three additional locations of air-duws in the
studied dog heading. The distribution diagramshefdir-duct lines for the studied variants are shawFigure

4,
The model, along with adopted simplifications, eabjected to numerical analysis. Calculations weaele

in the ANSYS Fluent 18.2 software. The pressureeleaity coupling and scheme Coupled algorithm, the
second-order upwind discretization method and thebasaic multigrid method were used to solve theagigns

mass, momentum, energy and species transport.

a

2,69 m
w69z

3.00m

X 0,80 m

2.50m

Fig. 4. Distribution diagrams of the air-duct liséor the studied variants (a - left side (cons@itureal variants); b — right side;
¢ —the central part of dog heading and d — undenveyor)

Results and Discussion

Based on the analyses, the number of parametateddb the flow of air and methane mixture inshelied
dog heading were determined.

Airflow trajectories through the driven dog headiwgre determined in the first stage of studies dibr
analysed location variants of the air-duct lineke Wway of airflow through this dog heading has gnigicant
impact on the areas of local methane accumulatibms.airflow trajectories through the driven dogdieg for
studied location variants of the air-duct lines slnewn in Figure 5.

The analysis of the determined trajectories cleshigws that the largest flow disturbances werertegan
the face zone of the driven dog heading (miningezoAn air stream flowing out of the air-duct linkiss the
unmined coal being worked on. After bouncing dffflows through the entire length of the undergmwog
heading. This creates a vortex movement and aiirctéation in the face zone. The phenomenon ofitigact
of the airstream on the unmined coal leads to thation of large curvatures of the current line.

The presented trajectories also reveal that takimmg account the fracture zone around the driveg do
heading leads to a situation where the small ansoahtair forced into the face of the driven dog dirg,
regardless of the location of the air-duct lines) migrate to the zone in question. This phenomelistarbs the
dog heading ventilation process, which may alsothze reason for low-temperature coal oxidation ig th
fractured side wall (Szurgacz et al., 2019; Tuta#t Brodny, 2019). This, in turn, can lead to theuwtence of
endogenous fire, which is confirmed by the statistf endogenous fires in the wall sides and agliof driven

dog headings (Waszy Urzd Gérniczy, 2019).
On the other hand, the phenomenon of air migratieap into the rock mass through the fracture zone

reduces the amount of methane released into théekmdjng.
Distributions of methane concentration in crossieas of the driven dog heading for individual \aanis are

presented in Figure 6. These distributions weratkt every 10.0 m from the dog heading face. Thigilliition
shown in Figure 6a corresponds to the real system.
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a Air-duct on left side of the heading

b Air stream trajectories

Air stream trajectories

Fig. 5. Distribution of methane concentration ioss-sections of the driven dog heading for diffetecation of air-duct
(a - left side; b — right side; c — the central paf dog heading and d — under conveyor)
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When analysing the obtained distributions, it carstated that the location of the air-duct linethim driven
dog heading affects methane distribution and canaton in the studied dog heading. The conductedyaes
showed that the most unfavourable situation ocfraurthe air-duct lines on the thill of the dog head For this
variant, the local methane concentration levels meageed 3% (Fig. 5d), while in other cases, these
concentration levels do not exceed 1.66%.

The reason for this is the fact that methane, gasdighter than air, accumulates near the cedintipe dog
heading, and the air stream flowing out of thedaict line located on the thill has less impact lwa tipper part
of the dog heading, which creates a zone with higtethane concentration levels.

The most favourable location of the air-duct lindgtie dog heading is its central part, i.e. foecagFig. 5c).

The distribution of methane concentration levelsvéntical sections of the driven dog heading wa® al
found to be worth mentioning. The results obtaimethe cross-sections for studied variants are shiovwrigure
6. Due to the fact that during the calculationghia area of boundary conditions “outlet”, the resdrflow
phenomenon occurred.

a CHa, %

102 Air-duct on left side of
the dog heading

Air-duct in the central
part of the dog heading

Air-duct under the conveyor of the dog heading

Fig. 6. Distribution of methane concentration ioss-sections of the driven dog heading for diffetecation of air-duct
(a - left side; b — right side; ¢ — the central paf dog heading and d — under conveyor)
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The results also enabled the determination of tle¢hame concentration value at any point of the dog
heading. In order to better illustrate the charigebe value of methane concentration in this degding, they
were determined for the measurement line.

Figure 7 presents the values of methane concemirddivels along the measurement line for studied
location variants of the air-duct lines in the érivdog heading.

2,50

 Air - duct location #1 o Air - duct location #2

Air - duct location #3 Air - duct location #4

CH, concentration, %

75 15 22,5 30 37,5 45 52,5 60

Distance from mining face, m

Fig. 7. The distribution of methane concentrat@dong the measurement line in the heading foeudfit location of air-duct
(location #1-left side; location #2 — right sidechation #3 — the central part of dog heading anchtton #4 — under conveyor)

Based on the analysis of the results, it can beladed that the highest methane concentration dewele
reported at an altitude of 2.0 m from the thilltbé dog heading, along its entire length for alb&d variants.
These results confirmed that the location of tmedact lines affects the distribution and, consetjye methane
concentration levels in the dog heading.

The lowest methane concentration levels along thasurement lines were reported in the dog headiting w
air-duct lines located in the central part of theg deading, under the ceiling (case 3). However, Highest
methane concentration levels were observed in digeheéading with air-duct lines located on the thikder the
conveyor (case 4). This is clearly the most unfaable location of the air-duct lines in the dogdiag.

For the variant with air-duct lines located at #igewall opposite the conveyor (case 2), at a lef@round
20 meters, a local increase in methane concentritiels was noted. This phenomenon may be asedaidth
the occurrence of intensive recirculation flow, @his confirmed by the airflow trajectories showrFigure 5b.
The recirculation phenomena can lead to the creaifoa zone with weaker air exchange and localatézl/
methane concentration levels. Around 30 meters filuanface, a decrease in the methane concentnadiors
for this variant was shown. This increase applgseeially to the measurement line located at adést of 2.0
m from the thill of the dog heading.

The accuracy of the results was assessed by camgpaiem with the measurement values in real caditi
(for variant 1). The measurement of methane conggaih in Polish mines is a point (local) measuretnand it
is carried out only in specified places (points)this case, the location of control points in thenerical model
coincided with the location of the automatic methameasurement sensors (Fig. 8).

1,40 14,00

mmDog heading with air-duct on left side
1,20 12,00
EmReal System

=Error, % 10,00

Calculation error, %

0,00
Point P1 Point P2 Point P3 Point P4

Fig. 8. The comparison of methane concentratidnesobtained from the measurements in real dogihgawith air-duct on the left
side and determined from the model studies fow#nant with air-duct on left side
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Conclusions

The methane hazard is one of the n@mnhmonand dangerous threats reported in underground d¢wat
mines. Therefore, for the mining production proce® goal is to avoid a situation in which methane
concentration levels in the mine atmosphere reatftat values that may result in either its igoiti or
explosion. This problem particularly applies to duadings, which, due to the one-sided connectiibim tive
central ventilation system, are particularly exgbs®ethe occurrence of hazardous methane concientiavels.

The methodology of model studies developed andepted in the paper, based on the results of
measurements in real conditions, creates greathildgss for the analysis of ventilation conditisrin mine
headings. The publication focuses on the analybith® impact of air-duct lines on the distributi@md
concentration of methane in driven dog heading® rEsults clearly indicate that the location ofdict lines
has an impact on the distribution of methane coimagon in the studied dog heading. These resldts enable
the location of areas where hazardous concentsatidrthis gas may occur, which is a valuable sowfte
information for ventilation services.

Both the studies and the results also point tomiateareas where air-duct lines can be locatedthade
where it is inadvisable. This is particularly imgott information when choosing a proper locationtfem (for
example, if limited for technical reasons), or lire tevent where it is necessary to install an enmesgair-duct.
In such cases, the results clearly show locatiohserey for example, methane concentration valuesldhme
monitored.

The idea of taking into account the fracture zormuad the studied dog heading is also a very eissemd
undoubtedly valuable achievement of this paper.dubtkedly, the size of this zone and its permeagblilds an
impact on the physical parameters of the air arglggeeam in the dog heading. Its inclusion in thalysis
enabled more accurate mapping of real conditions.

It should also be emphasised that the tests andethdts broaden knowledge in the field of veritiat
system studies. This is particularly crucial fodarground mine workings, where ventilation hazeaads still
being reported, leading to immensely dangerousteven

Therefore, effective forecasting of methane corregion in mine workings is extremely important frahe
point of view of ensuring the safety of both minarsl equipment. The results also prove that theotisgodel
studies combined with the results of tests in ceaditions can be successfully utilised for varianalyses of
processes related to the ventilation of undergrommde workings, as well as in analyses of emergency
conditions. These activities should also suppa@tftinecasting of ventilation hazards in mine wogin

In addition, it needs to be highlighted that theedleped methodology is universal and can be useaatyse
other objects.
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