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Abstract: In this paper, the application status of computational fluid dynamics (CFD) modeling in
mine ventilation is presented by reviewing papers published since the year 2000. The aspects covered
in these papers are the numerical analyses of working faces, mine tunnels, ventilation systems, and
open-pit mines. CFD modeling procedures for mine ventilation are summarized. Further, building
geometries, grid generation, solutions of equations, model validation, grid-independence studies,
and solution convergence are discussed. Several examples of CFD modeling for mine ventilation are
provided. Finally, conclusions including recommendations for future studies that may allow for more
advantageous applications of such numerical simulations are provided.
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1. Introduction

Ventilation in the tunnels or working faces of mines serve two primary functions.
First, main fans or auxiliary fans must provide mining workers with fresh air. Second, fans
or scrubbers should eliminate or reduce hazardous gases and harmful dust. To accom-
plish these objectives, well-designed tunnels, ducts, and ventilation systems are required.
However, data collection via experimental methods is typically difficult, expensive, and
time consuming. Computational fluid dynamics (CFD) provides resolutions and details
that are better to those obtained via actual measurements in a mine. However, one of the
disadvantages of CFD is the difficulty in predicting turbulence. Nevertheless, advances in
computers and turbulence modeling are expected to address this problem.

Numerical simulations are powerful tools to analyze and design mine ventilation
systems. This review presents data collected since the year 2000 for the analysis of mine
ventilation. The overall purpose of this discussion is the analysis and design of mine
ventilation systems using CFD.

The computational papers presented in this article provide new information on mine
ventilation, which is significant in mining environments such as mining faces, mine tunnels,
and open-pit mines. Using CFD, new designs of airflow ducts, mine tunnels, and ventilation
systems can be realized. The purpose of this paper is to review CFD in terms of its academic
and industrial applications to mine ventilation. Therefore, the body of this paper comprises
two sections, i.e., an introduction to CFD (Section 2) and applications of CFD to mine
ventilation (Section 3). In Section 2, governing equations, the finite volume method, CFD
codes, turbulence models, modeling procedures, model convergence, gas dispersion, dust
motion, and fluid age are presented. In Section 3, ventilation at the working faces of mines;
mine ventilation in mine tunnels and galleries; CFD applications in open-pit mines; and
mine ventilation systems consisting of fans, dust collectors, and ducts are reviewed.

2. Numerical Simulations: Computational Fluid Dynamics

CFD is a powerful tool used to analyze heat and fluid flow. It has been used by numer-
ous academic researchers and industrial professionals to investigate the flow around cars,
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ships, airplanes, and so on. Several studies have also been conducted on mine ventilation,
froth flotation, groundwater pollution remediation, and oil and gas processes to develop
mineral resources. Thus, the role of CFD in these areas has become increasingly important.

2.1. Governing Equations in CFD

The conservation laws in physics require the conservation of mass, momentum, and
energy. To satisfy these laws, the continuity equation for mass conservation was expressed
by Anderson as follows [1].

P L v.(pV) =0
ot pr=
where p denotes the fluid density, t denotes the time, and V denotes the velocity.

For momentum conservation, the Navier-Stokes equations are expressed as follows.
Claude-Louis Navier first introduced the concept of friction using a mathematical expres-
sion of the Euler equation, and George Gabriel Stokes further completed this equation [1,2].

—
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where p denotes the pressure, and T denotes the viscous stress.
For energy conservation, the energy equation is written as

d(pi) 7 by

“or + V(pr) =—pV-V + V(kVT) +d+S;

where i denotes the internal energy, k denotes the thermal conductivity, T denotes the tem-
perature, ® denotes the dissipation function, and S; denotes a new source term. Detailed def-
initions of these terms can be found in a paper authored by Versteeg and Malalasekera [2].

2.2. Discretization: Finite Volume Method

The definition of “discretization,” which is considered a complex concept, has been
simplified by Anderson [1]. Analytical solutions present continuous variations in depen-
dent variables, whereas numerical solutions provide the values of discrete points referred to
as grids or meshes. The three methods of discretization are as follows: the finite difference
method(FDM), finite element method (FEM), and finite volume method (FVM).

The FVM is often employed in CFD to solve problems. This method is based on the
integral form of partial differential equation [3]. Particularly, the Semi-Implicit Method
for Pressure-Linked Equations algorithm is used to calculate the pressures and velocities
in momentum equation [2,3]. Most commercial simulation software, including ANSYS
FLUENT, ANSYS CFX, and STAR-CCM+, employ the FVM for discretization programming,.
The COMSOL Multiphysics program is based on the FEM.

2.3. CFD Codes

The commercial software ANSYS FLUENT, ANSYS CFX, and STAR-CCM+ yield
good results for heat and fluid flow. The FLUENT software [4] has remained popular for
several years, as evidenced by its wide applications in numerous studies. Particularly,
the availability of data is an advantage of using the FLUENT software. ANSYS CFEX [5]
is an additional CFD program used for solving the heat and fluid flow in all industrial
fields. STAR-CCM+ and Cradle SC/Tetra [6] are excellent solvers of fluid flow problems.
OpenFOAM [7] is a free solver for heat and fluid flow problems. Unlike commercial codes,
open-source programs are cheap and accessible; hence, this is an emerging area for CFD
codes. FLOW-3D [8] is another program with an ability to solve free surface problems.
Certain special codes have also been developed for fire analysis. COMSOL Multiphysics is
an excellent tool for various engineering problems including fluid flow.
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2.4. Turbulence Models

Notably, the selection of appropriate turbulence models to solve problems is critical.
Popular turbulence models include the Reynolds-averaged Navier-Stokes (RANS) model,
large eddy simulation (LES), and direct numerical simulation (DNS) [2]. When Navier—
Stokes equations are time averaged, a new term for the Reynolds stress is created. To close
the governing equations, this term should be modeled based on reasonable assumptions.
For the k—¢ and k-w models, which are widely applied to engineering problems, this
term is modeled using the eddy viscosity. The primary advantage of the k—¢ model is the
availability of validation data; however, its disadvantages include poor prediction of strong
separation cases. Menter [9] proposed the shear-stress transport (55T) k-w model, which
uses k—¢ and k-w for the freestream and near-wall region, respectively. This model demon-
strates reasonable accuracy for a wide range of flows. When an appropriate turbulence
model cannot be identified, the initial choice of the SST k—w model is recommended. The
LES focuses on large eddies, whereas eddies smaller than the grid size are neglected. The
LES has been applied to various engineering problems; however, determining the correct
grid size is often difficult. In the LES, larger eddies are directly solved while smaller eddies
are modeled using a subgrid scale model. The DNS directly solves the governing equations
without using any turbulence model. This implies that the corresponding computation is
time consuming and expensive. To date, simple geometries have been applied to the DNS.
However, the rapid development of computers is expected to further widen the application
scope of the DNS.

In addition to the abovementioned models, the Spalart-Allmaras model is widely used
in the aerospace industry. The Reynolds stress model is suitable for strong swirls; however,
obtaining converged solutions based on this model is often difficult. The V2F turbulence
model, based on the k—¢ model, provides more accurate predictions. A detached eddy
simulation is an alternative to the LES, and it uses the RANS model in near-wall regions.

As stated, selecting a correct turbulence model is critical for obtaining exact solutions.
Usually, one of the Spalart—Allmaras, k—¢, or SST k—w models is initially selected as the
turbulence model owing to their speed and ease of use. The obtained results are then
compared with the experimental data. When the difference between the experimental
and numerical data is within an acceptable error range, the selected turbulence model is
deemed suitable. When the difference exceeds the acceptable error range, other turbulence
models or grids are considered to minimize the errors.

2.5. Procedures of CFD Modeling

The CFD modeling procedure comprises three steps, namely geometry building,
grid generation, and equation solving. Figure 1 presents the CFD modeling procedures
proposed by Kim et al. [10]. First, the geometry of the flow regions is defined and created.
Particularly, geometry-building programs include DesignModeler, SpaceClaim, Gambit,
Auto computer-aided design (CAD), Creo, and CATIA. The results of general 3D CAD
programs are imported into grid-generation programs using formats such as IGS or STEP.
After constructing the geometries, calculation grids are generated. Here, grid-generation
programs include FLUENT meshing, ANSYS meshing, ICEM-CFD, and TurboGrid. In
particular, ICEM-CFD can generate hexahedral grids with various geometries. When such
grids are created, grid information is transferred to solvers such as FLUENT, CEX, and
STAR-CCD. The governing equations are obtained by solver codes, and the results are
output using postprocessors, such as TECHPLOT, FIELDVIEW, and CFD-POST.
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— Coal dust [Lna-4m])
— PM1D

Figure 1. CFD modeling procedures: geometry building, grid generation, solving, and post-
processing [10]. (Adapted with permission from ref. [10]. Copyright 2020 Springer Nature
Switzerland AG).

2.6. Convergence, Grid-Independence Test, and Validation
2.6.1. Convergence

The convergence of numerical simulation results is usually determined using scaled
residuals for the continuity, momentum, energy, and turbulence equations. The total
residuals used to determine the imbalance within equations for the conservation of any
given variable are obtained over all computational grids. The default range of criteria for
the scaled residuals is approximately 10~4~10~°. When all the scaled residuals are below
these values, solutions converged through iterations are obtained.

2.6.2. Grid-Independence Test

Usually, the obtained CFD results must be independent of the density and resolution of
the calculated grid. To that end, coarse, medium, and fine grids are tested to demonstrate
their independence. This step is critical because the uncertainty in CFD results for heat and
fluid flow decreases with the optimal grid density and resolution. In addition, the first grid
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point near the wall is important in the absence of a wall function. Notably, a value of Y* < 1.0
is recommended.

2.6.3. Validation

To verify a computational model, a comparison between the experimental and numer-
ical data is recommended. The CFD model is tested and modified based on this validation
method. Figure 2 presents a comparison between numerical and experimental results at
three calculation planes, as obtained by Parra et al. [11]. Here, the experimental velocities
“E” and numerical velocities “N” are compared at different locations in a mine gallery. The
velocities are measured using a hot-wire anemometer. The Spalart-Allmaras model is used
as the turbulence model for numerical calculations. The difference between the numerical
and experimental results is less than 20%. After a comparison between the numerical and
experimental data for one duct (blowing), various types of blowing and exhaust ducts are
simulated using CFD. The process of comparing the numerical and experimental data for
simple geometries validates the analysis of the flow physics of complex geometries.

E09%4
N1.10

E096 | E095
N085 N1.07
E124| E 090
N1.53 N 0.70

Figure 2. Comparison of numerical and experimental results of streamwise velocities (m/s) for valida-
tion of CFD models [11]. (Reprinted with permission from ref. [11]. Copyright 2005 Elsevier Ltd.).
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Such validation involves determining the difference between the experimental and
numerical data obtained for the base geometry. This difference should be minimized by ver-
ifying and developing the geometries, grids, boundary conditions, and turbulence selection
of the CFD model. This process validates the optimal designs or parametric studies.

2.7. Governing Equations for the Dispersion of Hazardous Gases in CFD

To investigate the dispersion of gases in underground mines, species transport equa-
tions must be solved. The equations for the ith species are as follows [12]:

d — .

57 0Yi) +V-(pvYi) = =V Ji+ R; +5;

where Y; denotes the mass fraction of each species, R; denotes the net rate of production
of species i, and S; denotes the production rate obtained by addition from any source.
Ji denotes the diffusion flux of species i and is defined as follows for turbulent flow:

- vT
Ji=— <PDz’,m + yt) VY; = Dri—

SCt
where D, ,, denotes the mass diffusion coefficient for species i, i1t denotes the turbulent
viscosity, SC; denotes the turbulent Schmidt number, D ; denotes the thermal diffusion
coefficient, and T denotes the temperature.
The diffusion flux J; consists of laminar and turbulent components. Notably, for
turbulent flows, the turbulent viscosity affects diffusion. The effect of molecular diffusion

is also restricted. The default values of the turbulent Schmidt number in commercial CFD
codes are 0.5-1.5.

2.8. Governing Equations for the Motion of Harmful Dust in CFD

To investigate the motion of dust particles, the force balance equation of particles must
be solved [12]. This equation along the x-direction is expressed as

where 1, denotes the particle velocity, 1 denotes the airflow velocity, Fp (1 — up,) denotes
the drag force per unit particle mass, and Fy denotes the additional acceleration force per
unit particle mass.

Additional details pertaining to this equation can be found in [12]. If the dust particle
density is higher, modeling based on the discrete element method (CFD-DEM) is often
required to obtain a solution.

2.9. Prediction of the Fluid Age

The age of air is an important factor in mine ventilation. The age of air is defined as
the time it takes for air to move from an inlet to a designated point. This quantity is used to
determine if the air is fresh. The following equation is used to determine the mean age of
air and is employed in commercial CFD codes [13].

0 oT
a(f’ ‘rax) =5

where p denotes the density, u denotes the velocity, I' denotes the diffusion coefficient,
T denotes the mean age of air, and S denotes a source term. The boundary condition at the
inlet is zero, whereas that at the outlet and wall is the zero gradient of the mean age of air.
Note that this value is strongly influenced by the air velocity.
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3. Applications of CFD in Mine Ventilation

In this section, the applications of CFD in mine ventilation are presented as follows.
First, the applications of CFD at working or mining faces for the analysis of ventilation
of local areas in mines are detailed. Notably, this is a significant application of CFD in
mines. Second, the applications of CFD for ventilation of tunnels or galleries in mines are
presented. Third, CFD applications in open-pit mines, the design of ventilation systems,
and mine thermal energy are introduced. Figure 3 further presents the use of CFD for mine
ventilation analysis in the authors’ laboratory of this paper. For airflow and gas analysis of
entire mines, examples of geometries and grids are presented in Figure 3a. To reduce the
proportion of gas and dust, newly built tunnels are tested using CFD. Figure 3b presents
the geometries and grids of new fans to be used in mines. Notably, the inclusion of silencers
in the fan design is essential for ensuring low noise levels for mine workers. Figure 3¢
summarizes a parametric study on the optimal locations of two fans near mining faces.
Using CFD analysis, both blowing and exhaust fans are optimally located to minimize the
amount of dust and harmful gases near mining faces.

Figure 3. Applications of CFD to mining engineering (a) airflow analysis in entire mines (b) geometry
and grid of a fan used in mine tunnels (c) parametric study of optimal locations of two fans near
mining faces.
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3.1. Ventilation at the Working Faces of Mines

For face ventilation in underground mines, air is locally exhausted or discharged using
fans and ducts to decrease the amounts of hazardous gases and dust. So far, various studies
have modeled workplaces around mine faces using CFD to analyze hazardous gases and
dust. At the faces of mining tunnels, a single blowing duct [14], a single exhaust duct [15],
or both [11,15] are used. CFD modeling is primarily based on one or two ducts placed at
the working faces.

ANSYS FLUENT, ANSYS CEX, FLOW-3D, and CFD-ACE are typically used to solve
the governing equations. FLUENT meshing, ANSYS meshing, ICEM-CFD, and other
meshing programs are used to generate grids based on the geometries. The k—¢ and SST
k-w models are widely used for turbulence modeling, which implies that both can be
employed for initial calculations.

One major advantage of using CFD in mine ventilation studies is that parametric stud-
ies at the mining faces can be considered for CFD modeling. The parameters may include
blowing ducts or exhaust ducts, discharging and exhaust velocities of the airflow, distance
between the blowing or exhaust ducts and the mining face, and location of the blowing
and exhaust ducts. These parameters can be optimized using different CFD models.

In their paper, Parra et al. [11] present results on blowing, exhaust, and mixed venti-
lation, along with a comparison of the experimental and numerical results. For a single
blowing duct at the working face, the streamwise velocities are measured using a hot-wire
anemometer. The Spalart-Allmaras turbulence model for numerical simulations is used to
obtain the velocity distributions. The deviation between the experimental and numerical
results is found to be 20%. These experimental results obtained around the mining face
serve as the base data for the verification of CFD modeling in other CFD studies.

In another study, Torano et al. [5] compare the data for different turbulence models
(i.e., zero equation, k—¢, and Spalart-Allmaras models). They demonstrate that the k—¢
model is effective for areas close to the working face, whereas the Spalart-Allmaras model
is suitable for application in the developed flow area. The authors use the ANSYS CFX
version 10.0 to solve the governing equations, whereas the ICEM-CFD version 10.0 is used
to construct the 634k tetra-type grids.

In a different study, Wala et al. [4] conduct base experiments and simulations for CFD
code validation using different turbulence models. They use a ventilation test gallery and
measure the air velocities and methane concentrations. For CFD calculations, FLUENT 6.X
and GAMBIT 2.1 are employed as the solver and grid generator, respectively. Two turbu-
lence models (Spalart-Allmaras and SST k-w models) are used, and the model with results
closer to the experimental values is selected. In that regard, methane distribution results
for CFD using the SST k—w model are found to be close to the experimental results.

Further, Aminossadati et al. [16] present simulations of two-dimensional brattice
sails in underground crosscut regions. They obtain velocity data with various brattice
lengths. The commercial code, CFD-ACE, and k-¢ turbulence model are employed in
the calculation. To validate the model, the no-brattice results are compared with those of
ANSYS FLUENT,; however, no significant difference is observed. A longer brattice is found
to lead to enhanced ventilation performance.

In their study, Torano et al. [17] examine the methane concentration near working faces.
Here, ANSYS CFX 10.0 is employed to predict methane concentrations, and experimental
results are obtained. The k—¢ turbulence model is selected for more accurate predictions.
Figure 4 depicts the grid generated using ICEM-CFD, along with a comparison between
the numerical and experimental results.
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Figure 4. Grid generated for calculation and comparison between the experimental and numerical
results (m/s) [17]. (Reprinted with permission from ref. [17]. Copyright 2009 Elsevier B.V.).

In another study, Diego et al. [18] calculate the pressure losses for different roughness
values. A comparison between the numerical and theoretical results reveals an error
of 17%. ICEM-CFD and ANSYS CFEX 10.0 are used to construct meshes and solve different
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equations, respectively. The wall function and k—¢ model are selected for the calculations.
The pressure losses with variations in the wall roughness are predicted using CFD and
calculated based on theoretical equations. An error of less than 17% is obtained, which
confirms the potential of CFD applications.

Further, Lee [19] presents simulation results obtained based on a parametric study
conducted on the working faces of mines. The parameters considered are the duct diameter
and duct position. The commercial software ANSYS FLUENT and the realizable k—¢ model
are employed. The efficiency of air exchange is determined to optimize the position of
air ducts.

In a different paper, Torno et al. [20] present numerical results obtained based on
an analysis of the blasting gas behavior in working faces. ANSYS CFX 12.0 is employed
as the solver, while SolidWorks and ICEM-CFD are used for the geometry and grid gen-
eration, respectively. Following the creation of 778 k tetra-calculated grids, the coarse
mesh (253 k), fine mesh (1541 k), and intermediate mesh (778 k) are examined based on
the grid-independence test. The k—¢ turbulence model is selected following comparisons
with the Spalart—Allmaras model and SST k-w model. The simulation results present an
unsteady state.

Kurnia et al. [21] further present a new ventilation system at the working faces of
mines. They validate their models by comparing their results with the experimental
results obtained by Parra et al. [11]. In addition, four turbulence models (Spalart-Allmaras,
standard k—¢, standard k-w, and Reynolds stress models) are tested, and the standard k—e
model is selected. FLUENT 6.3 and Gambit 2.3 are used to obtain the governing equations.
Based on a parametric study, an optimal design with reduced methane distribution is
obtained from the area-average and volume-average results. In their study, Kurnia et al. [22]
simulate the hazardous gas distribution in working faces using shuttle cars, miners, and
air ducts. Figure 5a presents schematics of the working area of a mine face with shuttle
cars, miners, and blowing ducts. Based on a parametric study, the authors attempt to
determine the positions of the tailpipe and duct. Figure 5b illustrates the mass fraction of
CO at different planes used to compute the dispersion of gases.

a 0 I
Uy, {
PR ?

£ Scrubber fan

¥/
a
¢ &
‘

Blowing duct inlet

Blowing duct outlet

Side tailpipe

Figure 5. Cont.
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Figure 5. (a) Schematics of working area in mine faces with shuttle car, continuous miner, and
blowing duct (b) mass fraction of nitric dioxide at different planes used to compute dispersion of
gases [22]. (Adapted with permission from ref. [22]. Copyright 2014 Elsevier B.V.).

Xu et al. [23] present CFD results for SF¢ dispersion as a tracer gas in mine tunnels.
Here, ANSYS FLUENT and ICEM-CFD are used as the solver and the grid generator,
respectively. A realizable k-¢ model is selected for turbulence modeling. Figure 6a presents
a portion of the obtained grids for the cross-section of tunnels composed of both tetra- and
hexa-dominated grids. The authors state that hexa-dominated grids present advantages
over tetra-dominated grids in terms of solution convergence and grid quality improvement.
Figure 6b presents the CFD results of velocity profiles and the SF¢ distribution in the
cross-section of mine tunnels. Compared with the experimental results, the velocity errors
here are acceptable; however, the CFD results for the SFq distribution are approximately
30% lower than the corresponding experimental results. The authors attribute these errors
to some differences in the total flow quantity and booster-fan-generated flow quantity
compared with the measured and numerical data.

Tetra mesh with prism layers Hexa Mesh

(a)

Figure 6. Cont.
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(b)

Figure 6. (a) a portion of the calculated grids for the cross-section of tunnels made of both tetra-
and hexa-dominated grids (b) CFD results of the velocity profiles(m/s) and SFg distribution(ppb)
in the cross-section of mine tunnels [23]. (Adapted with permission from ref. [23]. Copyright 2015
Elsevier Ltd.).

Next, Zhoua et al. [24] simulate methane concentration in the working face of coal
mines. For this, ANSYS FLUENT 13.0 is employed to construct the geometry, grids, and as
a solver. The standard k—¢ model is used to obtain the turbulence. For validation, the CFD
results are compared with the measured methane concentration data. Both results appear
to be quantitatively similar. A parametric study further indicates that methane release
rates affect the methane distribution. Zhoua et al. [25] investigate the methane distribution
at the working faces by measuring the air velocities and methane concentrations with
varying curtain setback distances. Further, numerical simulations are conducted under the
same conditions, and the results are compared with the measurement results. The ANSYS
DesignModeler, meshing, and FLUENT 13.0 are employed in this study. A realizable
k—e model is used as the turbulence model. To solve the methane distribution problem,
species transport modeling is used. Despite certain differences between the numerical and
measured results, the errors appear acceptable.

Zheng et al. [26] investigate the dispersion of diesel particulate matter (DPM) around
the dead-end entry of mines. To that end, four cases are studied using the ANSYS FLU-
ENT software. The DPM distributions in mine tunnels with variations in the boundary
conditions are presented for four cases.

Li et al. [27] further evaluate the ventilation performance in a working face with large
cross-sections. The distributions of CO, dust, air temperature, and oxygen are determined
using CFD. Here, ANSYS FLUENT and the standard k—e model are used as the solver and
turbulence model, respectively. Species transport and discrete phase models are employed
for gas dispersion and dust dispersion, respectively. The CFD model is validated based
on a comparison between the obtained results and the experimental data. The difference
between the numerical and experimental results is found to be within an error range of
10%. A value of the minimum air velocity for the ventilation requirements of working faces
in mines is obtained.

Lu et al. [28] simulate the dispersion of methane and coal dust in a room-and-pillar
mining face. Based on parametric studies considering a fan and the brattice model for
CFD, nine cases are considered to identify the optimal operating conditions. Thus, various
geometries and operating conditions can be tested using CFD.

In their study, Park et al. [29] investigate the distribution of air velocities, fluid ages,
air flow streamlines, and temperatures. For this, ANSYS CFX 16.0 and ICEM-CFD are used
as the solver and generator of hexahedral numerical grids, respectively. Figure 7 depicts
the obtained geometry, computational grids, and airflow streamlines. A parametric study
considering six different duct geometries (cases 1-6) in a working face is conducted to
determine the optimal design.
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Figure 7. Geometry, computational grid, and airflow streamlines [29]. (Adapted with permission
from ref. [29]. Copyright 2016 Taylor & Francis Group).

Coleman et al. [6] propose a dust gallery design based on several ventilation scenarios
in underground mines. The Cradle SC/Tetra version 12 software is used as the solver.
The geometries for the scenarios are generated using the PTC Creo program. Tetrahedral
grids with prism layers are employed to depict near-wall flows. The standard k—e model is
selected as the turbulence model, and six different mining cases are investigated to identify
the best configuration for the mines.

Further, Geng et al. [30] examine dust contamination caused by a digging machine at
the working faces of mines. The discrete phase model is used to analyze dust behaviors.
ANSYS FLUENT and the realizable k—¢ model are used for numerical calculations. A
structured grid is selected using ICEM-CFD. A comparison between numerical and experi-
mental results reveals good agreement. Parametric studies are also conducted based on the
discharge air velocity and exhaust duct length.

In another study, Mishra et al. [31] examine turbulent methane dispersion in the
working face of underground coal mines. Herein, ANSYS FLUENT version 12.0 and the
standard k—¢ model are used as the solver and turbulence model, respectively. Further,
parametric studies of the methane distribution are conducted considering the air velocity;
methane emission rate; and width, surface roughness, and inclination of the mine gallery.

Park et al. [14] investigate the flow characteristics of a blowing duct installed at the
face of underground mines. Here, ANSYS CFX version 17.0, ICEM-CFD, and the k—¢
model are used as the solver, grid generator, and turbulence model, respectively. The
variations in the following three parameters: distance between the working face and
blowing duct, blowing air velocity, and angle of the blowing duct are analyzed to identify
optimal design conditions.

Wang et al. [15] investigate airflow characteristics at the longwall face of underground
mines. For this, ANSYS FLUENT and the standard k—¢ model are used as the solver and
turbulence model, respectively. The experimental and numerical results are compared.
The air velocities are selected to facilitate comparisons with a marginal error within 10%.
Further, parametric studies (parameters: shear position and cutting sequence) are also
conducted to determine the optimal locations of blowing ducts.

In their study, Zhang et al. [32] consider dust diffusion in the working faces of mines.
Here, ANSYS FLUENT and the standard k—¢ model are used as the solver and turbulence
model, respectively. A curve-fitting equation between the inlet velocity and dust concen-
tration is presented. Chang et al. [7] evaluate the DPM diffusion in an underground mine
based on a CFD parametric study. To that end, three cases related to the length of a blowing
duct are analyzed, and the optimal results are presented. Further, a comparison between
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the numerical and measured data is provided. The open-source software OpenFOAM and
standard k—e model are used as the solver and turbulence model, respectively.

In their analysis, Wang et al. [15] investigate optimal design values for the thermal
environment of a working face. Herein, four designs are evaluated using parameters such
as the position, distance, and emitted heat. Finally, an optimal design is obtained using
ANSYS FLUENT and the k-¢ turbulence model. Liu et al. [33] investigate dust diffusion
using an air curtain based on CFD modeling. The variations in the axial-to-radial airflow
rate ratio are analyzed, and an optimal design is determined. ANSYS FLUENT and the k—¢
turbulence model are employed in the involved analysis.

Kim et al. [10] present the airflow velocity, streamlines, methane concentration, and
dust concentration at the working face of underground mines with the installation of one or
two ducts. Here, ANSYS CEX version 19.1, ICEM-CFD, and the k—¢ turbulence model are
used to solve the governing equations. Torno et al. [34] examine the diffusion of toxic fumes
in underground mines. The numerical and experimental results for CO and NO, diffusion
are presented. ANSYS CFX, ICEM-CFD, and the k—¢ turbulence model are employed to
solve the problems. Moreover, relationship equations between the CFD and experimental
values are presented. Yi et al. [35] investigate the airflow characteristics in blowing and
exhaust ducts at the mining faces of underground mines. Here, ANSYS CFX, ICEM-CFD,
and the k—¢ turbulence model are used for the associated calculations. An optimal design
is selected based on the fluid age.

In another study, Vives et al. [8] investigate the airflow and temperature in the working
face of mines in the presence of one excavator and one dump truck. Four cases, related to
the length and angle of the exhaust duct, are considered to identify an optimal design. The
FLOW 3D software and k—¢ turbulence model are used. Recently, under more complex
conditions, CFD has been used to solve the dust dispersion [36-38] and gas problems [39]
in mines, including those with large cross-sectional areas [40].

3.2. Mine Ventilation in Mine Tunnels and Galleries

Notably, CFD is suitable for delineating a local area, such as the working face; however,
it is also known to provide accurate results for the analysis of a wider area, such as an entire
mine gallery or a part of it. Correspondingly, researchers have conducted numerous studies
applying CFD to mine galleries and various types of mining structures such as room-and-
pillar, block caving, panel cave, and longwall. Moreover, CFD has been used to analyze the
movement of airflow in an analysis area, the concentration distribution of dust or toxic gas,
and heat transfer. With the progress of research in this field, the considered variables have
become optimized, and the dimensional analysis has developed from one-dimensional (1D)
to three-dimensional (3D); the analysis is still developing as dimensional fusion analysis.
Additionally, with the development of measuring instruments, the complexity of model
construction is also expected to evolve.

In their study, Sasmito et al. [41] design a scenario for the installation of various wind
screens for gas control in a mine with a room-and-pillar structure; the authors estimate
the airflow using CFD. Here, ANSYS FLUENT version 6.3 is used as the solver, and four
turbulence models (Spalart-Allmaras, k—¢, k-w, and Reynolds stress models) are compared
to validate CFD models based on the experiments conducted by Parra et al. [11]. Further,
the Spalart-Allmaras model is selected owing to its low cost and fast computation.

Erogul et al. [42] examine the relationship between the cave resistance and air-gap height
by modeling the vertical cross-section of a mining pool in a block caving mine. For their
analysis, the SC/Tetra CFD code and the k—¢ turbulence model are used. The parameters
considered in the study involve different air velocities with variations in the air-gap heights.

In their study, Juganda et al. [43] present the factors contributing to the airflow and methane
accumulation around the walls of longwall mines. The authors suggest that the tailgate of the
longwall face represents the primary monitoring point for face ignition. The ANSYS FLUENT
software is used as the solver, and two cases (normal tailgate ventilation setup and tailgate entry
blocked by roof fall in the longwall face) are analyzed based on CFD modeling.
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Baysal et al. [44] derive factors affecting the airflow resistance by simulating a panel cave
mine using the CFD code SC/Tetra. Another study develops a mine ventilation simulation
method that combines a 3D network model analysis with 1D CFD (Rueda [45]). The foregoing
study suggests a method of repeating the 3D analysis by alternately using the Ventsim software
and 1D CFD to reset each other’s boundary conditions until convergence is achieved. Accordingly,
an analysis technique exploiting both the 3D network model and 1D CFD is developed.

In another study, Wang et al. [46] investigate the optimal design of an air curtain device
as an alternative refuge in underground mines. For CFD modeling, the RNG k-¢ model is
used to solve the air flow problem, and a species transport model is used to analyze CO,
diffusion. The optimal design of the air curtain device is obtained based on parametric
studies (mounting angle, baffle, and operating pressure).

Further, Biswal et al. [47] conduct an airflow analysis at various velocities using 3D
CFD. Here, CATIA, ANSYS FLUENT, and the standard k—¢ model are used as the geometry
designer, solver, and turbulence model, respectively. Janus and Krawczyk [48] determine
the degree to which the following consideration: “the shape of the model cross-section
is constant over the entire length” reduces the accuracy of the simulation results in CFD
modeling. Further, boundary conditions are determined using measurement data obtained
via a multipoint velocity field measurement system that simultaneously measures the flow
velocity at 16 measurement points in the mining face. To accurately represent the shape
of the mine gallery, a model closely resembling the actual shape of the mine is obtained
using laser scanning technology. The analysis results are compared with the model results
based on the assumption. Figure 8 presents a comparison between the numerical and
measurement results for three measuring positions.
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Ajayi et al. [49] simulate the migration of radon gas in block caving mines. The cor-
responding geometry is designed in three dimensions, and CFD analysis is performed
considering the shape of the cross-section. Based on their analysis, the authors identify
six parameters affecting the dispersion of toxic gases in the designed model. Further,
Lolon et al. [50,51] examine the effects of a barometric pressure drop on the volume and lo-
cation of explosive gas zones in the gob of a longwall mine. They use CFD to understand the
gob outgassing caused by pressure disturbances. In another study, Karacan and Yuan [52]
create a fracture network by applying CFD to a longwall gob and simulate the movement
and dispersion of toxic gases along the fracture. Kollipara and Chugh [53] further analyze
the airflow distribution and dust dispersion in room-and-pillar mines, and Erogul et al. [54]
simulate radon contamination in panel cave mines and investigate the changes in airflow
resistance based on a geometry with multiple air gaps. Tutak and Brodny [55] apply 3D
CFD to analyze the effects of auxiliary ventilation equipment on the methane concentration
in coal mines. Saki et al. [56] present a methodology for designing a gob ventilation bore-
hole to control explosive gas zones in a longwall mine using CFD. Further, Wang et al. [57]
design an emergency rescue system that is designed to operate in an event of fire in a coal
mine. By simulating the temperature and carbon dioxide, oxygen, and carbon monoxide
concentrations in the mine, a fire control system based on air volume control is proposed
by adjusting the degree of opening of the air door. Further, Balusu et al. [58] establish a
strategy to control spontaneous combustion in panel cave mines using CFD. Skob et al. [59]
apply CFD to estimate the conditional probability of damage caused to mine personnel
and equipment owing to hydrogen explosions. Janoszek et al. [60] investigate aerosol flow
based on experimental and numerical methods. The authors provide a quantitative and
qualitative prediction of aerosol particle transport.

3.3. CED Applications in Open-Pit Mines

Raj et al. [61,62] investigate the airflow and pollutant transport in a deep open-pit mine.
Here, the LES is selected for turbulence modeling. Using CFD models, various mitigation
cases are analyzed to break the air inversion. Further, Bhowmick et al. [63] predict the dust
dispersion in a deep open-pit mine. A comparison between the k—¢ model and LES results
reveals that the latter is better suited for calculating the downfall quantity of dust particles.
Kia et al. [64] report the airflow velocities over open-pit mines with variations in the mining
depth. The OpenFOAM 4.1 software is used to solve the related equations. Consequently,
the effects of the mining depth and thermal stability on flow transport are presented.

3.4. Mine Ventilation Systems

Notably, the design and installation of a ventilation system to improve the air quality
inside a mine require careful research and calculations. This can be attributed to the fact
that depending on the shape and structure of a mine, the ventilation system may either
perform as intended by its designer or aggravate the working environment in the mine. In
this respect, combining the design of the mine ventilation system with CFD appears to be
an effective approach for realizing the designer’s purpose. Depending on the prevailing
conditions, several actions such as controlling the airflow speed, changing the airflow
direction, separating the space with wind, and collecting dust in the air may be required.
To that end, fans, ducts, air curtains, and scrubbers are the primary devices used. Thus far,
numerous researchers have simulated the behavior of such devices using CFD.

Haghighat et al. [65] simulate an elbow and louver using ANSYS FLUENT version 14.0
and present the blade angle, elbow angle, cross-sectional shape, and cross-sectional area to
minimize leakage and shock losses. Hua et al. [66] compare the ventilation efficiency of
the blower and long-compression short-suction methods. Morla and Karekal [67] further
present a methodology to optimize the number of fans and their operating positions in
a multiseam mine. Here, ANSYS FLUENT version 18 and the standard k—¢ model are
used to analyze the airflow. In another study, Fernandez [68] conducts 3D CFD analysis to
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obtain the change in the velocity path line subject to the fan effect. The author provides
suggestions to optimize the geometry of key areas using CFD.

Kurnia et al. [21,69] propose a solution for methane gas management at a mine site
by simulating a divider supplying air at a uniform speed and flow rate to the entire
mining face. In their analysis, they compare the results of four turbulence models (Spalart-
Allmaras, standard k—¢, standard k-w, and Reynolds stress models) with the experimental
results of Parra et al. [11]. Consequently, the k—¢ model results are found to demonstrate
good agreement with the experimental results, whereas the other model results exhibit
only marginal agreement. Further, to reduce the energy consumption of ventilation, the
application of intermittent ventilation is analyzed by constructing a relevant scenario.

In their study, Akhtar et al. [70] simulate duct leakage and verify the leakage resistance
correlation using ANSYS FLUENT version 16.1 and the k—¢ model. They confirm that the
influence of pressure varies according to the location and size of the rupture. Guo et al. [71]
analyze the dust diffusion law in a tunnel and determine the appropriate air volume in
the duct using CFD. Here, ANSYS FLUENT version 16.0 and the discrete phase model are
used for dust diffusion.

Further, Arya et al. [72] examine the dust dispersion of a shearer installed with a
scrubber in mining tunnels. Based on a CFD parametric study (parameters: scrubber inlet
extension, scrubber quantity, and face velocity), dust reduction is analyzed. Consequently, a
modified design of the shearer is presented. Obracaj et al. [73] present a duct-and-scrubber
overlapping system and verify it based on CFD. Figure 9 presents the numerical results
of the velocity streamlines. Here, L is defined as the length of the overlap zones. Four
case studies predict the optimal length of the overlap zones. For this, ANSYS FLUENT
and the k—¢ turbulence model are used, and the performance of the whirl-flow air duct
is evaluated. Liu et al. [74] analyze the installation of an air curtain in the face of a coal
mine to block dust based on CFD. Yin et al. [75] study the diffusion characteristics of
dust contamination according to the location of the air curtain. Here, ANSYS FLUENT,
ICEM-CFD, and the realizable k—¢ model are used. The airflow and dust distributions for
the air curtain generator are presented.
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Figure 9. Numerical results of the velocity streamlines (a) Ly = 5m, (b) Ly = 10m, (c) Ly = 15m,
(d) Ly =20m [73].
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Hua et al. [76,77] further simulate the dust reduction effect according to the air volume
of an air curtain, present a 3D spiral wind-curtain, and test its effect. Figure 10 presents a
schematic of the velocity distribution in the 3D spiral wind-curtain. The performance of
the multiradial vortex airflow generator is tested using ANSYS FLUENT 16.0.

Figure 10. A schematic diagram of the velocity streamlines of the 3D spiral wind-curtain [76].
(Adapted with permission from ref. [76]. Copyright 2020 Elsevier Ltd.).

Wedding et al. [78] present the conceptual design of a scrubber for dust collection
in underground coal mines. Since their study, several researchers have developed var-
ious scrubber prototypes and dust sensors and analyzed their performance using CFD
(Geortz et al. [79]; Kumar et al. [80]; Zhou et al. [81]; Arya et al. [82]). Chen et al. [83] devise
a new dust removal system and simulate a wet dust collection net using CFD. Further,
Xiu et al. [84] derive the appropriate level of ventilation flow for optimal dust collection.
Hua et al. [77] develop a multiradial vortex-based ventilation system and simulate it using
CFD. Moreover, optimal designing of two-fan parallel stations [85] and small air-cooling
towers [86] has been recently conducted for mine ventilation.

3.5. CFD Applications for Mine Fire and Thermal Energy

Typically, mine fires produce hazardous gases, heat, and dust. Several types of fires,
including methane explosions, diesel truck fires, and conveyor belt fires, can occur in
mines. Furthermore, deep mining involves working in high-temperature zones, and
experimentally analyzing fires and thermal flows is often challenging. However, CFD can
easily and accurately predict the diffusion of fire and heat in mines.

Adjiski [87] investigates the smoke rollback effect in underground mines. Notably, fire
rollback occurs when combustion products, such as smoke and gas, flow in the opposite
direction of the primary ventilation flow. In the foregoing analysis, the PyroSim software is
used for the fire dynamics simulation, and the LES model is used as the turbulence model.

Lee et al. [88] investigate the characteristics of a diesel engine fire in large limestone
mines. The diffusion of smoke and heat is analyzed based on the commercial CFD software
SOLVENT version 1.0. Based on the simulation of two scenarios, the fire behavior and risk
of back-layering and choking effects are observed.

Yuan et al. [89] examine the characteristics of a water spray during a conveyor belt
fire at a mine entry using the CFD software NIST Fire Dynamics Simulator version 5. The
related parametric study considers the water droplet size, initial velocity, and spray angles.
The corresponding results indicate that to reduce the downstream smoke temperature, the
water droplet size is a more critical factor than the initial velocity and spray angle.

Zhou et al. [90] examine the cooling effects of a ventilation duct in high-temperature
mines. The CFD software ANSYS FLUENT, ICEM-CFD, k—¢ model are used as the solver,
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grid generator, and turbulence model, respectively. Accordingly, six models are analyzed,
and single and double tubes are considered as the main parameters. An optimal design is
identified to reduce the temperature in the tunnel.

Huang et al. [91] investigate the freezing of roadways in high altitude mines using
ANSYS FLUENT and the k—¢ turbulence model. The calculation parameters include the
altitude, inlet airflow volume, and temperature difference. The authors suggest that the
convective temperature difference is the most significant factor affecting heat loss.

Xin et al. [92] investigate the thermal performance of force and exhaust ducts in the
working faces of underground mines using ANSYS FLUENT as the solver and the standard
k—e model as the turbulence model. The cooling performance is analyzed in four basic
cases, and an optimal design is determined based on a parametric study. Using CFD case
studies, mine fire behavior is evaluated under different operating conditions [93,94], and a
fire dynamics simulator is employed for the calculations.

Table 1 presents a comparison between various CFD applications in the analysis of
mine ventilation. Parra et al. [11] conduct base experiments, and the results obtained are
beneficial for the validation of models developed in existing studies [14,22]. Based on their
research, many papers can be established that study geometries for the ventilation systems
of mining faces which are primarily focused on the design of blowing and exhaust ducts,
and the Spalart-Allmaras or the k—¢ model is primarily selected as the turbulence model.
The results of the involved investigations present airflow velocities, dust concentration,
gas (such as SFg, CO, NO,, and CHy) concentration, and temperature distribution in
mine ventilation systems. Xu et al. [23] present the SFg distribution and a comparison of
experimental and numerical results. These experiments are critical because they indicate

that the gas concentration can be used in the modeling validation of CFD results.

Table 1. Comparison between CFD applications in mine ventilation systems.

References Base EXI.) eru'nent for Problems Turbulence Model Solver Parameters
Validation or Results
Experiment conducted b Blowing and exhaust Not Location and length
Parra et al. [11] perment conducted by duct at the Spalart-Allmaras © ocation anc leng
the authors . mentioned of ducts
mining face
Torano et al. [5] Experiment conducted by Blowmg ductat the k—¢ CFX 10.0 Calculated cross-section
the authors mining face
Experiment conducted by Blowing curtain at _ Airflow and
Wala etal. [4] the authors mining face SST k-w FLUENT methane distribution
Kurnia et al. [22] Parra et al. [11] New blowl.ng ductat k—e FLUENT 6.3 Inlet Velocﬂ.ty and various
the mining face geometries of ducts
Xu et al. [23] Experiment conducted by SF¢ concentration ke ANSYS FLUENT SF¢ concentration
the authors in tunnels with time
Zhou et al. [25] Experiment conducted by Gas concentration Kee ANSYS FLUENT  Gas concentration with
the authors 13 blowing curtains
Park et al. [14] Parra etal. [11] Blowing duct at the ke ANSYSCFx 1y ~ Locations of ducts and
mining face airflow velocity
. CO and NO, .
Torno et al. [34] Experiment conducted by diffusion at the k-e ANSYS CFX COand N.02 ghstrlbutlon
the authors . with time
mining face
. . . Temperature distribution
Vives et al. [8] Experiment conducted by ~ Optimal !ocatlon ofa ke FLOW-3D with various
the authors blowing duct o
duct positions
. Experiment conducted by Met.hane dlsttrlbutlon ANSYS FLUENT Methane distribution
Obracaj et al. [73] with blowing and k—e . ) .
the authors 2020 with a whirl-flow air duct
exhaust ducts
Experiment conducted b Four cases of both Temperature and airflow
Xin et al. [92] p y blowing and k—¢ ANSYS FLUENT  distribution with various

the authors

exhaust ducts

positions of ducts
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4. Summary and Conclusions

Herein, to provide an overview of CFD applications in mine ventilation analysis,
studies on the working faces and tunnels in underground mines and open-pit mines
published since the year 2000 are reviewed. In addition, the results of CFD modeling aimed
at the design of fans and ducts and the determination of thermal energy are presented.

Detailed CFD modeling procedures are introduced to obtain building geometries,
generate grids, and solve the governing equations. Based on our review, the applications
of the CFD model in the working faces and tunnels appear to be partially focused on the
optimal design of blowing and exhaust ducts, and novel designs for ducts with improved
performance are introduced. Moreover, airflows and gas and dust dispersions are also
analyzed in numerous studies. Consequently, new designs for fans and ducts are considered
to decrease the amounts of hazardous gas and harmful dust in underground mines.

Thus, CFD is an excellent tool for investigating airflows and gas and dust dispersion
in underground mines. However, several differences between the CFD results and experi-
mental results still remain. These differences can primarily be attributed to the roughness
of mine walls, difficulties in the precise simulations of mining environments, problems in
the grid quality, and issues in the selection of turbulence models. Particularly, rough sur-
faces create complicated turbulent flows, thereby complicating the simulation of airflows
within mines. Thus, if the surface wall in the investigated area of mines is particularly
rough, the effect of roughness should be necessarily considered. Furthermore, exact data
on the airflow properties (velocity, pressure, temperature, and humidity) in mine fields
should be obtained and used for CFD models. Only when the error between the CFD and
experimental results is minimized, the performance of CFD in analyzing and modeling
mine ventilation will improve.

In future, we believe that CFD may be beneficial in realizing digital mines. However,
for this, the applications of CFD to entire mines, as well as to local areas, should be
investigated. Although a large number of grids will require more computing time, we
believe that advances in computing technology will make this task achievable. Furthermore,
additional and comprehensive experimental data are needed for improved CFD-based
modeling of mines.
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