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Abstract

It is necessary to obtain a fundamental understanding of the goaf gas flow patterns in longwall mine in order
to develop optimum goaf gas drainage and spontaneous combustion (sponcom) management strategies. The
best ventilation layout for a longwall underground mine should assist in goaf gas drainage and further reduce
the risk of sponcom in the goaf. Further, in the longwall panel, regulators are installed in the maingate (MG)
seals to control the gas migration on the MG side and the mine operators frequently encountered with seals
leakage problems leading to abnormal gas contents in the tube bundles. Extensive parametric studies were
carried out to investigate the effects of ventilation layouts, regulators, and seals leakages on the goaf gas
distribution using the Computational Fluid Dynamics (CFD) techniques. The results of various CFD

simulations are presented and discussed in detail in this paper.
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1. Introduction

In high gassy mining conditions and in coal seams
prone to spontaneous combustion (sponcom),
management of safety and economics issues is
critical for a successful operation of longwall,
particularly in longer panels [1, 2]. CSIRO has
been engaged in the investigation of gas flow
migration dynamics within longwall goaf areas
with the objective of improving gas capture,
minimizing the risk of spontaneous combustion,
and developing effective goaf inertization
strategies. A major component of this work is the
development of CFD models to simulate the
various scenarios of ventilation arrangements, and
understand the gas distribution due to seals
leakages and from installation of regulators in the
MG side cut-through. This approach not only
helps the design of innovative gas management
strategies but also the control of spontaneous
combustion risk in the goaf.

CFD modelling has been used in the coal mining
industry in a number of areas by various
researchers. Two-dimensional CFD models based
on the theory of natural convection and heat

transfer in porous media were used to study the
flow and temperature fields in underground coal
fires [3]. CFD studies were conducted by National
Institute for Occupational Safety and Health
(NIOSH) and Mine Safety and Health
Administration (MSHA) to investigate the
temperature characteristics of mine fire [4]. Coal
dust explosions are one of the most significant
hazards in underground mines. A series of
comprehensive studies were conducted [5, 6]
using CFD simulations to model coal dust
explosions and the effectiveness of active
explosion barriers. Longwall dust control near the
shearer region using dust capturing scrubber was
investigated numerically and experimentally [7].
CFD models were used to investigate the high
methane-level problems on the tail gate side of the
goaf and the various control options [8]. A
fundamental investigation of the goaf gas
displacement due to the buoyancy effects from the
longwall panel orientations was carried out
numerically [9]. Various other investigations were
carried out using CFD techniques including
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simulating auxiliary ventilation layouts in rapid

heading development [10], mine fires and
explosions [11], control of methane and
spontaneous heating [12], spontaneous

combustion and heating in longwall [13, 14], and
in other applications in mineral processing [15].
This paper presents and discusses the CFD results
of various ventilation layouts, and investigates the
effects of regulators and seal leakages on the goaf
gas distribution.

2. CFD model

A three-dimensional CFD model of the panel was
developed to obtain a fundamental understanding
of the goaf gas flow patterns in a 1.0 km long
goaf. The working seam thickness was 3.6 m,
which represented the face height. The longwall
panel width was 300 m and the roadway width on
both the MG and tailgate (TG) sides of the face
was 5.4 m. The goaf height up to 80 m above the
working seam and the floor strata down to 12 m
below the working seam was included in the CFD
model. In the model, MG and TG cut-throughs
were spaced at every 100 m interval along the
length of the goaf, and were 75 m long and 5 m
wide. The rear shaft was of 2.1 m diameter located
at the start-up areas of the panel in the CFD
model. The total elevation difference from the
start-up area to the face was about 36 m in the 1.0
km long CFD model. It is to be noted that the face
was at 36 m higher elevation compared to the face
start-up area in the 1.0 km model, whereas in the
500 m start-up area model, the elevation
difference was around 22 m.

3. Mathematical models

The instantaneous flow conservative equations,
i.e. the continuity, momentum, and species
transport equations were solved numerically using
the finite volume discretization techniques. These
equations were solved in the laminar flow goaf
region. In the CFD model, the incorporation of
goaf spatial permeability distribution and gas
emission rates was via the user defined function
(UDF), which was linked to the solver.

3.1. Instantaneous equations
Continuity equation:

VeV =00 (1
Steady State Navier Stokes Equation:
(VeV)pV =-Vp+ N> V+p f (2)

Steady State Species Transport Equation:
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where subscript s represents the specific

generation of the species O,, CHy, and N..

In the goaf region, the momentum drop per unit
volume was modelled via a Used Defined
Function (UDF), in which the spatial permeability
of the goaf in three directions was specified and
the specific momentum drop was calculated. The
permeability distribution in the goaf area varied
considerably at different locations based on the
goaf fall, and it ranged from 10’ millidarcy (md)
to 10" md in the goaf area, and went up to 10"
md in the collapsed roadways just behind the face.

3.2. Time-averaged governing equations

In the face region, the flow was treated as
turbulent, and the time/Reynolds averaged
equations were solved. The two-equation standard
k-epsilon model [17] was used to determine the
eddy viscosity and the Reynolds stress tensor. The
porous media model in Ansys Fluent [16] was
used to simulate the flow in the face where the
momentum drop per unit volume in the leg and
the other linkages in the shield were introduced in
the source term to the standard turbulent fluid
flow equations. The source term was composed of
two parts: a viscous loss term (Darcy law) and an
inertial loss term (as given in Equation 7).
Time-Averaged Continuity Equation:

Vel =00 “)

Reynolds-Averaged Navier-Stokes Equation:

(VeV)pV =-VP+ N> V+ :S'+V:rR ®)

- 3 > 3 1 2=

S=- ZDi/yV+ZCijEpVV (6)
=l =l

where 7, is the Reynolds stress tensor, which

represents the additional stresses induced in the
flow due to turbulence.
Turbulent Kinetic Energy-k Equation:
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where subscript j represents Einstein summation
notation.
Turbulent Dissipation-¢ Equation:
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(8)
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where C,; and C,; are the closure coefficients.
Reynolds Stress:

ou, ou, )| 2
G VT2 ks,
ox, Ox, 370

J

©)

Ty = Hr

where 4, is the eddy viscosity and 54./ is the

Kronecker delta.

Eddy Viscosity:
kZ

Hr =Cup— (10)

where ¢, is the closure coefficient, which is equal

to 0.07.

Second-order schemes were used to discretize the
governing equations [18], and the coupling
between the pressure and velocity was done using
the SIMPLE algorithm [19]. All the governing
equations were solved until the convergence
criteria of order 10~ were reached.

4. Boundary conditions

The wvelocity inlet boundary conditions were
specified at the MG intake roadways and at the
rear shaft inlet, as shown in Figure 1. From the
rear intake shaft, the ventilation quantity of 30
m’/s flew towards the MG side roadways, and an
additional 30 m*/s was drawn from the MG intake,

leading to 60 m’/s of ventilation quantity flowing
across the working face.

At the TG return, the outflow boundary condition
was specified. One of the other ventilation options
investigated in parametric studies was using the
rear shaft as a return to provide additional goaf
gas management capacity in the start-up areas of
the longwall panels. The longwall ventilation
layout with rear shaft as return is shown in Figure
2. The airflow quantity in rear shaft as return
system could be specified either through fixed
exhaust fan capacity at rear shaft or through
installation of a regulator in MG at inbye location
of the longwall face. In the parametric simulation,
the velocity inlet boundary conditions were
specified at the MG intake roadways and at the
rear shaft exhaust such that the total ventilation
quantity of 60 m’/s flew across the longwall face.
Another ventilation option investigated in the
parametric studies was the Z ventilation system to
provide additional goaf gas management capacity
in case of very high goaf gas emissions in a 6 km
long panel. The Z ventilation layout for longwall
panel is shown in Figure 3. The airflow quantity at
the rear shaft was specified through fixed exhaust
fan capacity at the rear shaft. In the parametric
simulation, velocity boundary conditions were
specified at the MG intake roadways and at one of
the TG roadways such that the total ventilation
quantity of 60 m3/s flew across the longwall face.
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Figure 1. Longwall ventilation layout- rear shaft as intake, as used in most models.

Figure 2. Longwall ventilation layout- rear shaft as return, used in parametric studies.

549



Tanguturi & Balusu/ Journal of Mining & Environment, Vol. 9, No. 3, 2018

120m¥

I
<4mmm

LA I I - — —

,8

60 md

[ [ T T 1

<
)

S0mds 50 mike

Figure 3. Longwall ventilation layout- Z ventilation, used in parametric studies.

5. Results and discussion

5.1. Gas flow modelling and validation of
results

The CFD results were compared with the
measured data for the validation purpose. Figure 4
shows the comparison of field data and simulated
velocities at the mid-face and at 5 m from the TG
corner. Figure 4 (a) shows the field data measured
at various locations across the mid of the face
using an anemometer, which was in concurrent
with the simulated results.

The methane goaf gas emission rate was specified
as 1,000 1/s in all base-case simulations for
reference. The numerical results were compared
with the field data for validation, as shown in
Figure 5. In all the results, the gas distribution in
the longwall goaf was in a plane 2 m above the
seam floor. High oxygen levels at the start-up area
of the panel could be attributed to the high goaf
permeability, steep down dip of the panel, and
from rear intake. Analysis of the results obtained
show that the intake airflow seems to have a major
influence on the seam level gas distribution up to
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250 m behind the face, and beyond that, gas
buoyancy seems to play a major role on the goaf
gas distribution. The simulated results were
compared with the field data obtained from tube
bundle readings at various locations of the MG
side of the longwall goaf. On comparison, it could
be concluded that the CFD modelling results
generated sensible results, and that the model
could be used for various other parametric studies.
The methane gas distribution in 1.0 km long goaf
of the longwall panel with rear shaft as intake is
presented in Figure 6. The results obtained
indicated that in the start-up area, the methane gas
distribution would be symmetrical and widely
distributed across the goaf area, with the highest
concentration in the middle of the goaf due to flat
seam gradients. This methane gas distribution
profile indicates significant challenges for goaf
gas drainage and suggests that there is a need for
supplementary goaf gas drainage holes at the
start-up area or on the MG side of the goaf, in
addition to the standard TG side goaf holes.

Valocity
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Figure 4. Comparison of measured and simulated velocities at various locations across the face.
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Figure 5. Oxygen distribution in the goaf—1.0 km model.
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Figure 6. Methane distribution in the goaf-1.0 km model.
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5.2. Mine ventilation layouts

The mine management was planned to use the rear
shaft as intake to supply cool air directly to the
face area in the longwall panels. In addition, it
was also considered that maintenance of perimeter
roadway from the rear shaft to the longwall face
as intake airway was easy compared to the
maintenance issues associated with perimeter
roadway as the return airway. It is to be noted that
in some of the Australian mines, rear shafts are
used for returning the ventilation quantity [21].
Parametric studies were carried out to investigate
the effects of these various ventilation layouts on
the goaf gas distribution. The results obtained
show that the oxygen and methane gas
distributions in the goaf with three different
ventilation layouts are as shown in Figures 7 and
8, respectively.

The results obtained showed that although oxygen
ingress distance was significantly higher in the

case of return rear shaft (Figure 7 (b)), the oxygen
concentration levels on the tailgate side of the
panel and at the start-up area of the panel were
significantly lower, when compared with the
intake rear shaft ventilation system. The results
also showed that when the rear shaft was used as
intake, the oxygen concentration levels at the
start-up area of the panel were high at around 8-
10% (Figure 7 (a)) when compared with oxygen
levels of around 5—6% in the case of return rear
shaft (Figure 7 (b)). The results of Z ventilation
layout (Figure 7 (c)) show that although the
oxygen ingress patterns on the MG side are almost
similar to the oxygen ingress patterns shown in
Figure 7 (b) of return shaft as return system, the
oxygen levels on the tailgate side are slightly
higher when compared with oxygen levels shown
in Figure 7 (b).
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Figure 7. Oxygen distribution in the goaf with different ventilation layouts.
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Figure 8. Methane distribution in the goaf with different ventilation layouts.

Analysis of the results presented in Figure 8
indicates that the return rear shaft ventilation
system results in methane gas migration towards
the back of the goaf, resulting in reduced oxygen
levels on the tailgate side and near the start-up
area of the panel. The return rear shaft system
may also lead to a positive outbye pressure across
the seals, and results in methane gas leakage from
the goaf area towards the perimeter roadway. The
results obtained indicate that methane gas
distribution would be longer at the working seam
level in the case of the return rear shaft ventilation
system (Figure 8 (b)) when compared with the
intake rear shaft system. The results of Z
ventilation layout (Figure 8 (c)) show that the
methane distribution patterns are almost similar to
the methane distribution with return shaft as
return system. It is to be noted here that these
simulations were carried out without goaf gas
drainage and without inertization in order to
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obtain a fundamental understanding of the effects
of various individual parameters.

5.3. Effect of regulator in MG on inbye side of
LW face

Regulators are being used on the MG side of the
longwall panels at few of the Australian coal
mines with very low propensity to sponcom to
manage goaf gas concentration levels and gas
drainage. The concept was to install a regulator on
MG of the panel behind the face line to create a
negative pressure in the perimeter roadway in
order to create a positive outbye pressure across
the seals to minimize air leakage into the goaf,
and to drain methane gas from the seal just inbye
of the regulator [20]. The CFD modelling
simulation was carried out to investigate the effect
of the concept of MG regulator on the goaf gas
flow patterns and distribution. The results of the
modelling  simulations showing  oxygen
distribution in the goaf with and without MG
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regulator are presented in Figure 9. In both
simulations, the goaf gas emission rate was
specified at 4,000 l/s and return rear shaft
ventilation system for comparison purposes.
Analysis of the results obtained shows that

Face

installation of MG regulator results in a negative
pressure in the perimeter roadway and a positive
outbye pressure across the seals as per the
objective of the regulator concept.
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(b) Simulation with regulator and 4,000 I/s gas

Figure 9. Oxygen distribution in the goaf with and without MG regulator (rear shaft as return).

However, the results also showed that installation
of the MG regulator also led to increased
air/oxygen ingress from the face area into the goaf
on the MG side, resulting in very high oxygen
levels of over 14% even at 800 m behind the face.
The results indicate that although installation of
the MG regulator might lead to a reduced oxygen
leakage into the goaf through seals due to a
negative pressure in perimeter roadway, it can
also lead to an increased oxygen ingress from the
face area into the goaf. Therefore, installation of
the MG regulator requires a delicate balancing act
to avoid oxygen ingress from the face area into the
goaf. In addition, sometimes practical issues such
as not shifting the regulator regularly with face
retreat might result in very high oxygen ingress
into the goaf area, which would increase the
heating/fires risk significantly in sponcom prone
mines.

5.4. Effect of seals leakage

Air leakage through seals depends on designs and
standards of construction of seals in addition to
the geotechnical structural issues and ventilation
pressure distribution around the longwall panels.
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It is also known that minute fractures can also
develop in the seals and the surrounding areas
depending on the geological and geotechnical
environment around the seals, particularly during
the longwall retreat process and post-caving stress
development/re-adjustment phase. In addition, air
leakage characteristics of the seals can change
during the longwall retreating process depending
on the field mining conditions [22].

A few parametric studies were carried out to
investigate the effect of seals leakage on the goaf
gas flow distribution patterns. The results of the
modelling  simulations showing  oxygen
distribution in the goaf for the base-case and with
the seals leakage are presented in Figures 10 and
11, respectively. In both the parametric studies
presented here, permeability of the MG seal at the
start-up area was increased to simulate seals
leakage at around 150 1/s, and the rear shaft was
used as the intake airway. In these parametric
studies, the goaf gas emission rate was specified at
1,000 /s and 4,000 1/s, respectively.

The results obtained showed that seal leakage had
a substantial effect on the goaf gas flow patterns
and oxygen concentration distribution in the goaf.
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The oxygen concentration levels at the start-up
area of the panel significantly increased up to 16-
18%. Analysis of the results indicated that seals
leakage not only increased the oxygen levels
around the seals but also had a significant
influence on the oxygen levels in the MG
collapsed roadway, with oxygen levels above 12%
up to 500 m distance from the leaking seal,
particularly under the low gas emission scenario
of around 1,000 I/s of the goaf gas emission rate.

The results presented in Figure 10 show that seal
leakage has a substantial effect on the goaf gas

distribution even at a higher goaf gas emission
rate of around 4,000 1/s. The results also show that
the oxygen concentration levels are over 12% up
to 200 m distance from the leaking seal even
under high goaf gas emission scenario. Analysis
of the results indicated that leakage through MG
seal at the start-up area of the panel would have a
significant effect on the goaf gas flow patterns and
oxygen distribution in the goaf under field site
conditions with rear shaft as intake ventilation
system.
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6. Conclusions

Ventilation layout: The results obtained indicated
that although the general oxygen ingress distance
would be higher on the MG side with return rear
shaft ventilation layout, the oxygen concentration
levels on the tailgate side of the panel and at the
start-up area of the panel would be significantly
lower under mining conditions when compared
with the intake rear shaft ventilation layout. The
results also indicate that return rear shaft
ventilation layout/system results in methane gas
migration towards the back of the goaf, resulting
in reduced oxygen levels on the tailgate side and
near the start-up area of the panel. The return rear
shaft system may also lead to a positive outbye
pressure across the seals, which minimizes air
leakage into the goaf area. However, it is to be
noted here that there will not be any significant
difference between the effects of two ventilation
layouts on the goaf gas distribution patterns when
proactive inertisation is implemented in the
longwall panels to minimize the sponcom risk.
Regulators on MG side: The results obtained
indicate that installation of MG regulator leads to
an increased air/oxygen ingress from the face area
into the goaf on MG side, and results in very high
oxygen concentration levels in the goaf area
depending on the goaf gas emission rates. The
results also indicate that although installation of
MG regulator might lead to a reduced oxygen
leakage into the goaf through seals due to a
negative pressure in perimeter roadway, it can
also lead to an increased oxygen ingress from the
face area into the goaf.

Seals leakage: The results obtained indicated that
seal leakage would have a substantial effect on the
goaf gas flow patterns and oxygen concentration
distribution in the goaf. The results also indicated
that seals leakage not only increased the oxygen
levels around the seals but also would have a
significant influence on the oxygen levels in the
MG collapsed roadway, particularly under the low
goaf gas emission scenarios.
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