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Methane has been known as a safety risk for the coal mining activities.
Accordingly, one can mitigate this risk, and hence, the level of hazard to which the
mining workers are exposed, by predicting the possible exceedance of allowable
methane dosage should be provided with a reliable information on the distribution
of methane across the working face considering the uncertainties associated with
the gas content of such deposits. In this work, the gas content uncertainty in a coal
seam is first investigated using the geo-statistical simulation. Then a method is
proposed in order to predict methane gas emission based on the Monte Carlo
random simulation method. Next, the results obtained are introduced into a 3D
Computational Fluid Dynamics (CFD) model to estimate the methane distribution
considering the uncertainty associated with the gas content. Defined as zones
where the methane concentration is so high that an explosion is much likely to
occur, the elevated methane zones (EMZs) are delineated across the working faces.
The results obtained show that UGC has an impact on the ventilation parameters
and EMZs. The proposed method could be carried out in order to guide the
ventilation design in improving safety.

1. Introduction

The methane gas emission and dispersion
assessment serves as an advantageous foundation
for a mining design in terms of ventilation
requirements for an adequate gas management
and prevention. This, in turn, will greatly mitigate
the risk of possible gas explosions, thereby
leveling up the coal mining safety [1].

Boosting the risk of methane explosion inside
coal mines, the methane gas content of coal strata
has long been seen as a major threat to the
underground mining activities. As a mitigation
tool, the mine ventilation systems have been
developed to retain the gas concentration below a
certain allowable threshold (also known as
explosive limit). As the methane gas is being
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accumulated within an underground mine space,
an eclevated methane zone (EMZ) may be
established within localities where air flow is
inadequate. Should the accumulation continue,
the gas concentration may exceed the explosive
limit (5-15%), in which case the methane is
highly susceptible to ignition, upon coming in
contact with an ignition agent, resulting in an
abrupt explosion followed by combustion of the
coal dust. In order to address this requirement, a
mining operator must be provided with as much
reliable as possible data on the distribution of
methane gas across the working face of the mine
to formulate strategies for the methane
accumulation control properly. Gas accumulation
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in an underground mining space is known to be
controlled by the quality of ventilation and the gas
emission rate into the working face of the mine,
to name the most important factors. Methane may
emit out through the seams developed in the coal
bed and/or nearby gas-bearing rock masses upon
coal mining activities as such activities tend to
disturb the stress balance in rock bodies. The flow
of the methane gas into the working face of a
mine is controlled by, among other factors, the
shape and dimensions of the gas emission area,
gas content of the seams, methane emission rate,
and how intensively the mine is being operated
[2]. Given that the methane gas flow into the mine
shall is in some way compensated for by
ventilation, proper ventilation systems contribute
to higher levels of mining productivity and safety
at lower energy and operational costs. With the
methane gas emission being determined by
various factors in terms of geology, geography,
and mining operation, it is extremely complicated
to have it properly forecasted prior to actual
mining, placing an emphasis on the paramount
importance of the mentioned factors in sub-
surface mining. On the other hand, the gas
emission imposes significant impacts on the
performance of the mine ventilation system [1].

It is thus necessary to use an accurate method
for estimating the gas content in a coal mine
before commencing the mining operation. The
accurate prediction of the gas content of coal
layers is a must for ensuring the appropriate
ventilation and safety in a coal mine. Despite the
essential role played by the gas content estimation
in the determination of the appropriate ventilation
system, it is an extremely complex task to
perform due to the wide differences in the gas
content characteristics and the lack of adequate
datasets. Basically, the uncertainty is obtained
upon an appropriate modeling and structural
analysis. The gas content is usually evaluated
based on the confined gas volume per unit mass
of coal rock and errors of estimation using the
direct method are evaluated [3]. The gas content
measurement is usually accomplished through the
desorption analysis in order to achieve either of
the two following important objectives [4]:

1. Assess the volume of coalbed methane for
economic evaluations, and/or
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2. Evaluate the gas volume released upon
distribution of coalbed through sub-surface
mining for risk assessment.

In both cases, the aim of gas content assessment
is to evaluate the gas in place (GIP) stored within
the coalbed provided that this gas content is
normally lower than the total storable gas in the
coalbed [4]. The in-situ coal gas content is
dependent on many geological, geo-chemical,
hydrogeological, and biological processes. Coal
is an inherently heterogeneous material, and
therefore, has variable gas storage reservoir
properties. There can be substantial variability in
gas content in a coal deposit in a spatial and
stratigraphic manner and also within the samples
from a single seam in a single drill hole.

2. Literature review

As a basic safety practice, one must estimate the
gas content of coal seam, and proceed to predict
methane emission into the mine. In the 1950s,
some methods and processes were presented in
order to measure the gas content of coal seams,
and the statistical methods were used to calculate
and predict the gas content and gas emission in
coal mines. A handful of geo-statistical methods
have been used to estimate the gas content. In this
context, the geo-statistical methods and modeling
provide unique models for the spatial correlation
of the sampled data to integrate the available
pieces of information for the accurate assessment
of the uncertainty associated with different traits
in question [5]. Hohn and Neal [6] have used the
geo-statistical analysis for estimating the gas
content of the Devonian shales in the West
Virginia. In another work, Olea et al. [7] have
followed the geo-statistical method presented for
evaluating the uncertainty associated with the
assessment of coal reserve, and further applied
the proposed technique for a lignite orebody in
Texas.

The geo-statistical technique can be applied to
handle different types of data with various
resolutions, qualities, and associated
uncertainties to match different data at different
scales and to  establish  geologically
heterogeneous models [8]. Then the data and the
corresponding models could be used as the input
to solve the dynamic problems including the flow
model. Karacan ef al. [9] have used the Sequential
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Gaussian Simulation (SGSIM) to model the
emission of methane gas and GIP in a geo-
statistical manner. Later on, Zhou ef al. [10] have
focused on SGSIM to model the CBM sources.
For the stochastic analysis of the CBM, they used
a total of 71 data points acquired from 6 boreholes
across the Qinshui Basin, southern China. The
borehole-acquired and experimental data was
utilized for the prediction of the coalbed
thickness, gas content, and ash content. The
methane source model was then constructed
based on the coalbed thickness, quality, and gas
content. In his work, Karacan has investigated the
effectiveness of what he referred to as gob gas
ventholes (GGVs) that were constructed along a
longwall panel for controlling methane emission,
and hence, preventing inundation of the mining
ventilation system [11]. Later, Zhou and Guan
[12] modeled the uncertainty associated with the
estimation of CBM reserves using a multivariate
regression method and also the Gaussian
simulation, and the results obtained indicated that
both methods produced the same output.

In the 1980s, various methods were proposed
in order to predict gas emission. Since then, the
analog method, geological mathematical model,
speed method, and other methods of predicting
gas emission have been proposed and used. All
new methods and technologies provided a
scientific basis for the mine design and
reconstruction [13]. Numerous researchers have
reported the use of Monte Carlo simulations for
modeling methane gas emission, with the results
compared to those of stochastic modeling to
reflect the acceptability of the simulation results
[14]. However, as coal gas is a complex
phenomenon, the research to predict gas content
and gas emissions has not yet reached a
consensus, and no mature theory or accurate
calculation method has been recognized so far.

Lots of studies have reported on gas distribution
across working face of mines. In early 1990s,
Heerden and Sullivan [15] presented a work
where they explained the gas flow and ventilation
patterns using CFD, for the first time, in a heading
development. Just after that, Srinivasa [16] has
simulated air velocity distribution across a
longwall face by means of a 3D CFD scheme.
Later on, Edwards ef al. [17] have presented a
general CFD-based simulation process to model
the ventilation flow patterns in a heading,
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demonstrating the promising capabilities of CFD
for addressing mine safety and health issues.
Many other scholars have undertaken to simulate
ventilation and/or methane (or another gas)
emission in headings/drivages [18-25] and to
investigate longwall goaf gas flow properties
through CFD simulations [26-28]. Zheng and
Tien have odeled [29] the characteristics of
methane flow on a longwall face by taking into
consideration different sources of methane
emission: broken pieces of coal by the shearer,
coal fragments on conveyor, coal ribs and the coal
on the belt. Lately, a series of full-scale 3D
longwall models were built by Ren and Wang
[30], who let their models represent a primary
longwall equipment. They then studied the flow
behaviors of the ventilation air, emitted gas,
and/or generated dust considering the effects of
cutting sequence and shearer position. Cheng ef
al. [31] have used the Computational Fluid
Dynamics (CFD) simulation for managing gas
hazards and fire risk in underground coal mines.
Adopting an auxiliary ventilation system,
Hasheminasab et al. [32] have approximated the
methane distribution across a coal mine face to
demonstrate the effectiveness of such an auxiliary
system for mitigating the risk of the emission of
methane gas and/or other pollutants at the
working face of the mine. Rahimi et al. [33] have
modeled the impact of the uncertainty associated
with the gas emission on the distribution of the
required airflow rate. The result showed that for
any scenario, the ventilation system could be
designed such that the mining operation could be
carried out safely and with minimum cost.
Seeking to enhance methane gas distribution
forecast in terms of validity and reliability,
different factors affecting this process were
investigated in order to find the most significant
ones. Since the gas content is among the most
important parameters affecting the accurate
assessment and prediction of the coal gas
emission, the uncertainty-based estimation of gas
content tends to end up with more reliable
outcomes. As such, one should evaluate the
uncertainty along with the methane gas emission
estimation. The review of literature shows that
despite valuable research, no work has been done
to predict methane emission based on the gas
content uncertainty. In fact, all models have
assumed that the parameters affecting the
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methane emission level are certain, while these
parameters are uncertain.

In this work, the gas content and its uncertainty
in a coal mine are first measured using the geo-
statistical modeling. Then four main factors are
selected to predict methane gas emission, and an
uncertainty model is constructed to predict and
evaluate methane emission using the Monte Carlo
simulation method. The outputs of the Monte
Carlo simulations were introduced into CFD
modeling to estimate methane distribution across
the working face and formulate the mine ventilate
system accordingly considering the uncertain
nature of the gas content. This led to
identification of EMZs, as the main objective of
the present work, where hazardous accumulations
of methane within explosive limit can establish.
Delineation of EMZs contributes to a safe
operation of the mine for the mining workers.
Therefore, the present article demonstrates an
attempt to present this method and methane
distribution to help prevent and control gas-
driven disasters, while improving the control
level significantly.

3. Methodology

A smoothing impact is to be expected when
utilizing the interpolated reserve models as the
foundation for mine design. This is owing to the
fact that spatial interpolators are often intended to
reduce estimation errors. Conditional simulation
approaches in geo-statistics, on the other hand,
have been created to assess the variability and
uncertainty associated with geology [34].

Figure 1 shows the process of the research
method in the form of a flowchart. It highlights
the relationship between the steps of the CFD
model and the statistical approach developed to
investigate the effects of uncertainty of the gas
content parameters on the evaluation of gas
concentration distribution. For determining the
spatial distributions of the gas contents, a
sequential Gaussian simulation (SGSIM) was
conducted throughout the analyzed region.
Realizations from conditional simulation is used
as the input for the Monte Carlo simulation. The
rest of the influential parameters are entered into
the simulation process as constants. The Monte
Carlo simulation is used to generate a list of
random samples for independent analyses and a
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combination of input parameters and their effect
on the output variable. The output of the Monte
Carlo simulation is the prediction of the emitted
methane. The results of the Monte Carlo
simulations are used as input to the CFD
simulations.

The CFD study was done to understand the 3D
prediction of methane gas emission distribution
under uncertainty in terms of gas content.

4. Model description

The model-based experiments were carried out
in order to estimate the effect of uncertainty of
gas content (UGC) on the distribution of methane
concentration in the working face. CFD was used
to do experiments on a spatial representation of
the region under consideration. The real value
block model, an estimated average-type block
model using universal kriging, and 20
conditionally simulated realizations utilizing
sequential Gaussian simulation.

4.1. Geo-statistical simulation

In this work, the in-place gas content and
related uncertainty were assessed in a coal mine.
The corresponding analysis improved the design,
and resulted in the implementation of a methane
capture and control system. We employed two
approaches for this purpose: kriging and
sequential Gaussian simulation, and the results
were compared in terms of variance and
distribution. When the ultimate goal function is to
reduce a single prediction error or to construct a
uniform exploration map of an unknown
property, the kriging approach is advised. The
simulation, on the other hand, is recommended
for situations in which the primary goal is to
appropriately evaluate confidence intervals or
simulate some spatial continuity [35]. However,
with the geo-statistical technique, there is no clear
criterion for ruling out simulation or kriging [35].
The simulation methodology differs from the
kriging technique in that it is capable of
replicating the spatial continuity patterns and
realistic uncertainty models. This distinction is
due to the intrinsic preference of both techniques.
As a result, SGSIM was chosen as the best
analytical approach in this work.

The current work developed 20 realizations for
the required characteristic of gas content using
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varying numbers of grids to guarantee that the
data was random. These simulations were run to
investigate the uncertainty and distributions of
various characteristics over the research region.
Although both SGSIM and universal kriging
were used in this work, the simulation surpasses
kriging in respect of uncertainty assessment [35]
(in the WINGSLIB software). The realization

Journal of Mining & Environment, Vol. 13, No. 2, 2022

takes the form of a set of simulated maps that
represent an uncertain map with the same
probability. As a result, a grid depicts the
distributions of specified qualities in each
realization (i.e. simulated map). The data may
then be statistically analyzed for variance and
related uncertainty in the form of probability
using this distribution.
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Figure 1. Flowchart of research method process.

4.2. Monte Carlo simulation

Monte Carlo simulation is one of the most
efficient methods used to analyze complex
problems as a computational algorithm [36]. The
first step in performing the Monte Carlo
simulation is to determine the distribution
function for the random variables. The Monte
Carlo simulation is mostly used to describe a
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method to reflect the uncertainties at the model
input to uncertainties at the model output.
Therefore, the Monte Carlo is a kind of
simulation that explicitly and quantitatively
shows the wuncertainty. The Monte Carlo
simulation relies on the process of explicit
representation of uncertainty by designating the
inputs as the probability distributions. If the
inputs describing a system are uncertain, then the
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prediction of the ongoing performance is
definitely uncertain. This means that the result of
any analysis based on the inputs represented by
probability distributions is itself a probability
distribution. Many parameters are considered for
the safety and disaster control in the mine.
Assuming the probability distributions and
distribution parameters related to random
variables, the MCS simulation is first performed
for a sample of 100 items. Then for each
parameter, the corresponding probability
distribution is selected. In the next step, a random
value is obtained for each distribution, and by
repeating this process, the most probable solution
is obtained as a distribution with a minimum and
maximum value. The gas content is a very
important parameter for assessing the methane
emission through coal seams before and after the
mining operations. Therefore, the gas content of
a coal seam is one of the important parameters
that should be considered for the ventilation
purposes. In this work, four important factors for
predicting the methane gas were investigated: gas
content (m?/t), coal thickness (m), advance rate

Journal of Mining & Environment, Vol. 13, No. 2, 2022

(m/d), and production rate (t/d). The gas content
is uncertain or random variables that affect the air
flow required in the face, and the methane
emission is a dependent variable. The distribution
function is obtained using the historical
information based on experience or experiment.
For gas content, a normal distribution function
with a mean of 8.52 and standard deviation of
4.89 is assumed. Assuming the probability
distribution and distribution parameters along
with the random variables, the Monte Carlo
simulation was first run 100 times. In order to
obtain a good level of probability distribution, the
number of Monte Carlo simulation samples
should increase. In this work, the Monte Carlo
simulations were run 1000 times. It is important
to note here that only the gas content uncertainty
obtained in the previous step (gas content enters
the Monte Carlo simulation in the form of
uncertainty) is considered on methane emission,
and the other parameters are constant.

The characterices of parameters effective in
predicting the gas emission are given in Table 1.

Table 1. Input data.

No. Gas gmi.ssion Gas c(;ntent Coal thickness Advance rate  Production

(m°/min) (m°/t) (m) (m/d) (t/d)
1 7.58 6.95 2.5 3.4 725
2 7.44 7.37 2.6 3.6 727
3 8.51 7.59 2.1 3.5 789
4 8.51 7.84 2.5 3.8 768
5 8.42 7.36 2.3 3.5 637
6 8.16 7.62 2.5 4.2 769
7 8.58 7.94 1.9 3.7 692
1 7.58 6.95 2.5 3.4 725

4.3. Numerical simulation modeling

ANSYS Fluent 19.3, a CFD software, was used
to run the simulations governed by a 3D elliptic
fluid flow equation. The equation was solved for
numerical results using segregated 3D double-
precision solver that was processed through
parallel computing. Assuming a 3D, steady,
incompressible flow within the computational
domain, the brattice and duct (and the adjacent
zones) were modeled using grids of no smaller
than 2.3 cm in size, while the near-surface zone
was simulated by a maximum grid size of 10 cm.
Various scenarios of flow were considered based
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on turbulent air flow under the k-¢ turbulence
model [18, 22]. Only the equations referring to
the conservations of mass and momentum were
solved as the heat transfer equations were beyond
the scope of this work.

The governing equations were discretized by
means of the SIMPLE algorithm via a finite-
volume integral method, with the momentum
conservation expression handled by second-order
upwind discretization technique. Iterations were
continued until the residual value fell below 107
and 10* for the momentum and turbulence
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equations, respectively, defining a convergence
criterion. The specific parameters are:

» The air intake is of the dimensions 3 m x 4 m x
20 m.

» The air return is of the dimensions 3 m x 4 m x
20 m.

» The volume of the coal working face is 3 m x 4
m X 12 m.

Journal of Mining & Environment, Vol. 13, No. 2, 2022

» Length of brattice is 11 m and at 0.6 m to the
cross-cut section.

» Diameter of ducted fan system is 0.8 m within
5 m of the working face

Figure 2 presents the geometry of the methane
emission zone for the case study. It was a 2D
model of an underground coal mine equipped
with air inflow and outflow conduits to let the
fresh air flow into the mine and blow the
contaminated air out of the mine, respectively.

Exhaust
Fan

Duct

jlnlet

\

A

Duct
Outlet

Seal

Return

I i

BL

Intake

<

Brattice

/

Working
Face

v !

Figure 2. Computational model in top view.

a) Boundary conditions

v At walls: the standard wall function is used
in all simulations

v" Velocity inlet: 2 m/s

v' Methane inlet: 0.06 m*/s (Base case)

v’ Pressure outlet: 0 Pa.

5. Model validation

Several investigations in the literature have
verified the numerical model against the in-situ
experimental data. A prior research work by
Hashimenasb et al. [32] has confirmed the
numerical model with the experimental results of
Parra ef al. (2006). The results obtained revealed
that there was a very strong agreement between
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the current model's results and the work of Parra
et al. [20]. It is worth noting that the boundary
condition for the base case was validated by
Hasheminasab et al. [32], who assumed no
change in gas content. To check for the effect of
UGC on methane gas distribution concentration,
one other scenario was developed with coupled
Monte Carlo-Gaussian simulations (taken from
MCS), and the validated CFD model was run
under the same initial and operating conditions
(Table 2).

Table 2. List of simulation scenarios.

Scenarios Gas emission (m%/s)
Base case 0.06
Effect of UGS 0.136
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6. Result and Discussion

In this work, a combination of three simulation
concepts, namely geo-statistical simulation to
capture in-situ gas content uncertainty, and
Monte Carlo simulation, was used to predict coal
gas emission based on the in-sifu gas content
uncertainty. CFD simulation shows methane
concertation and distribution. Accordingly, the
proper ventilation can be planned for the mine.

The simulations made it possible to come up
with lots of novel outcomes. The effect of UGC
on methane gas distribution concentration in the
development zone was given special attention. As
mentioned earlier, no such testing had ever been
conducted. Therefore, assessments were carried
out for two scenarios: one is a base case model,
while the other is a model that includes the effect
of UGC on methane gas distribution. All the input
geometrical, physical, and chemical parameters
were the same in both situations in order to
compare.

The resulting study indicate considerable
disparities for both scenarios under evaluation.
The study of the distributions obtained clearly
shows that UGC has a significant impact on
EMZs. This has a significant effect on the
distribution of methane concentrations in this
region, as shown in Figure 3(b). Figure 3 depicts
the distributions observed for system with the
effect of UGC and without it (base case). The
effect of UGC at the working face affects the
position  of the maximum  methane
concentrations.

The figure further demonstrates that the
dimensions of EMZ are directly related to the
level of uncertainty associated with the gas
content. According to the figure, an EMZ was
identified in the upper left part of the mining face
where methane was constantly leaking out of the
face and the leftward flow of air in front part of
the mining face tends to accumulate the emitted
gas. Given this scheme, the place where an EMZ
is established across the face is primarily
controlled by the airflow characteristics, i.e. any
mining activity that influences the air flow can
potentially affect the gas distribution. The
outcomes showed probable development of EMZ
in the upper left part of the mining face (V' = 2
m/s) and that one could attenuate or somewhat
displace the gas accumulation out of the working

498

Journal of Mining & Environment, Vol. 13, No. 2, 2022

face by increase in the air velocity, thereby
providing for a safer mining work space.

According to Figure 4, the methane
concentration with uncertainty was found to
reach as high as 4.47% and base case was 2.16%.
The figure further shows that the gas content is
the key factor controlling the gas distribution
across the mining face. Based on the results of
the analysis, allowable gas concentration in the
air mixture under actual condition was close to
the explosive threshold, possibly due to the coal
mining-induced gas emission into the mining
space. Should a flow of air at a higher velocity be
supplied to the working face, methane
concentration can be maintained below the
explosive threshold along the entire length of the
wall.

Table 3 compares the methane concentration
values obtained for the system with UGC and the
base case at the working face.

Table 3. Comparing methane concentration.

Scenarios Methane concentration %
Base case 2.16
Effect of UGS 4.47
The base case model has much less

concentration than the average of the 20
realizations (UGC). The based case model clearly
underestimates methane gas concentration for the
specified schedule. This is mostly owing to
ignoring the in-situ variability and gas content
uncertainty. The ability of conditional simulation
to measure gas content uncertainty enhances the
ventilation system performance prediction. It
should be noted that the use of average-type
estimated models (base case) does not always
result in underestimate. These procedures may
potentially result in an overestimation depending
on local geological circumstances. The results
show that utilizing uncertainty gas content to
predict gas emissions is effective.

The average values for methane concentration
levels were also calculated by the paper's authors.
It was thought that presenting the results in this
manner would offer a more complete explanation
of the methane distributions and the effect of
UGC on these distributions. Considering both
scenarios, the maximum average methane
concentration was 1.7%. On the other hand, the
methane concentration base case was found
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0.8%. After evaluating the distributions (Figures
3 and 4), it is clear that variability of gas content
has a significant impact on the increase in the
methane concentration levels in the working face.

In order to achieve a safe mining operation, one
must consider EMZs wherein the

gas

Methane Concentiation

(@)

A
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concentration may exceed the explosive
threshold. Moreover, a proper design of
ventilation system can be achieved only based on
a good knowledge of the gas emission rate and
locality.

(b)
Figure 3. EMZs in vicinity of mining face a) base case, b) with effect of UGC.
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Figure 4. Methane gas concentrations percentage for both scenarios.

7. Conclusions

In mining, the methane gas concentrations
above an allowable threshold are deemed highly
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hazardous due to their susceptibility to explosion.
This highlights the remarkable importance of the
research on the methane accumulation
prevention. This can be done by estimating the
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gas distribution considering different
uncertainties  associated with mine-related
excavations and identifying the factors

determining such distribution.

The goal of the studies was to see how the
uncertainty gas content affected the distribution
and concentration of methane in an active
extraction region.

It is necessary to understand the gas emission
zones including the gas concentration and related
uncertainties in order to properly manage
methane gas in underground coal mines.

In this paper, the uncertainty associated with the
gas emission and the factors affecting this
uncertainty were investigated. Accordingly, gas
emission was calculated based on the uncertain
parameters such as gas content. The Monte Carlo
simulation was utilized in order to estimate the
gas emission and the impact of the uncertainty
associated with the gas content on the gas
emission, which was taken as input to the CFD
simulation. To this end, wvarious physical
equations (e.g. equations of momentum,
continuity, turbulence, fan, and gas diffusion)
were solved utilizing CFD as implemented in the
Ansys Fluent. Gas distribution was evaluated
using CFD to forecast methane gas distribution
across the working face.

The findings clearly show that UGC has an
impact on the ventilation parameters and EMZs.
Also the dimensions of the zone of elevated
methane gas are directly changed by the
variability gas content. With the UGC effect,
methane concentration has increased, and EMZs
have also expanded. However, the experimental
results show it clearly that a combination of the
three methodologies presented in this article can
serve as an effective procedure for analyzing the
ventilation performance and detect critical
situations.
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