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Abstract

Fires in underground mines pose significant risks to worker safety. In this study, a digital
twin of an underground mine was created, and the heat, gas distribution, and airflow
dynamics were investigated during and after the fire using computational fluid dynamics
(CFDs) methods at three different locations. While traditional methods did not indicate
any problems, the results from the CFDs analyses revealed some important findings.
One of the key findings of the study was the change in airflow direction caused by the
changing thermodynamic conditions caused by the fire. The digital twin allows us to
demonstrate how a fire at any point within the mine can affect the entire mine under these
changing thermodynamic conditions. The digital twin enables the real-time monitoring of
underground events. Additionally, it facilitates strategic planning to anticipate potential
incidents during a fire in an underground mine, allowing for necessary precautions to
be implemented.

Keywords: mine planning; computational fluid dynamics (CFDs); fire; mine ventilation;
underground mining

1. Introduction
Ventilation infrastructure and planning are one of the most crucial aspects of mine

planning. Grozdanovic et al. [1] highlighted in their study that effective ventilation plan-
ning is vital for information communication and occupational health and safety (OHS) in
mining operations. Additionally, Nyaaba et al. [2] explored the algorithm that should be
implemented for ventilation planning in underground mines. Underground ventilation sys-
tems are crucial for providing fresh air flow and removing contaminated air. McPherson [3]
emphasized that airflow, temperature, and humidity variations are fundamental factors in
designing underground ventilation systems and demonstrated that these variables can be
improved through modeling. CFDs techniques offer powerful tools for optimizing these
systems and evaluating their performance.

CFDs is a powerful tool for conducting numerical experiments that can help determine
difficult or impossible indices to obtain through laboratory or full-scale experiments. These
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numerical experiments can assist in interpreting physical experiments and provide a deeper
understanding of the phenomena observed during those physical tests [4].

CFDs analyses are significant, provided that suitable modeling procedures are adopted
and modern computational techniques are utilized. CFDs can be employed not only
to perform virtual experiments but also to enhance the design of physical experiments
and improve overall efficiency [5]. CFDs deals with the numerical solution of the dif-
ferential equations that govern fluid flow physics and the fluid’s interaction with solid
bodies [6].

CFDs modeling has become an essential research and design tool in various mining
industry. It aids in understanding and analyzing fluid and gas flow mechanisms while
enhancing efficiency, safety, and health [7–14].

Studying spontaneous combustion in the gob area can be both costly and hazardous.
However, CFDs has facilitated critical research on spontaneous combustion within the
mining sector [15–25]. Moreover, CFDs has been employed in various studies, includ-
ing methane flow, landfill gas flow, and inertization. For instance, Bandopadhyay and
Zhang [26] examined heat and mass transfer underground through parametric anal-
ysis. These studies have become significantly safer and more manageable thanks to
CFDs technology.

Mine fires present significant risks to safety in underground environments. The pres-
ence of toxic gases and reduced visibility due to these fires creates a hazardous atmosphere
for miners. They may suffer serious injuries from inhaling harmful products of combus-
tion. Trevits et al. [27] studied the characteristics of heat using CFDs. Similarly, Edwards
and Hwang [28,29] conducted a series of CFDs studies to understand the propagation of
mine fire and smoke. Kumar et al. [30] examined turbulent flow conditions using CFDs.
Many experimental results and reports have been published to describe fire in a CFDs
model [30–36].

Aksoy [37] conducted insightful CFDs analyses on a model derived from experi-
mental data to thoroughly explore the impacts of the evolving fire during the 2014 Soma
mine disaster.

Aksoy et al. [38] published a study following the Soma mine disaster, revealing that
gases such as CO and CO2, HCN, Cl2, and H2S, which are lethal at low concentrations, were
released during a conveyor belt fire. Another significant finding was that underground
mine thermodynamic conditions could change completely quickly depending on the
fire’s magnitude.

A comparison of CFDs applications in mining industry research is given in Table 1 [22].
This study integrated an underground mine into a full-scale CFDs model. It was

investigated how the planned fire in three different regions affected the air flow in the
mine and how the gases followed a path. The most important outcome of the research
was the determination of significant change trends in the air flow trend as the fire’s heat
changed the mine’s thermodynamic conditions. This critical change causes air to flow in
the opposite direction, undermining expectations and jeopardizing rescue plans detailed
in emergency action protocols. Air outlets transform into air inlets, and air inlets become
outlets. Furthermore, a more powerful fire can significantly escalate the danger, intensifying
the precarious situation.

The main objective of this research is to create a digital twin of an underground
mine and use CFDs analyses on this twin to minimize disruption in the event of a fire.
The findings presented in this article represent the first phase of this study. As a novel
feature, the consequences of a fire occurring at different locations and sizes were exam-
ined on the digital twin. Based on these results, the requirements of the underground
mine in the event of a fire were determined using CFDs analysis. The created twin
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underground mine is identical in all its elements to its real twin. Numerous geomet-
ric objects, such as fans, fan tubes, airways, air gates, galleries, and ramp dimensions,
were captured as point clouds and included in the analysis. The boundary and initial
conditions for the twin creation phase were determined from field measurements taken
on the real twin and integrated into the model. In other words, all geometric dimen-
sions and airflow data at any location within the underground mine were obtained from
real measurements.

Table 1. Comparison of CFDs applications in mining industry (edited from Yi et al. [22]).

References Base Experiment
for Validation Problems Turbulence Model Solver Parameters

or Results

Parra et al. [39]
Experiment

conducted by
the authors

Blowing and exhaust
duct at the
mining face

Spalart–
Allmaras

Not
mentioned

Location and
length of ducts

Torano et al. [40]
Experiment

conducted by
the authors

Blowing duct at the
mining face k–ε CFX 10.0 Calculated

cross-section

Wala et al. [7]
Experiment

conducted by
the authors

Blowing
curtain at mining face SST k–ω FLUENT 6.3

Airflow and
methane

distribution

Kurnia et al. [12] Parra et al. [39]
New

blowing duct at the
mining face

k–ε FLUENT 6.3

Inlet velocity
and various

geometries of
ducts

Xu et al. [5]
Experiment

conducted by
the authors

SF6
concentration in

tunnels
k–ε ANSYS FLUENT 12.1

SF6
concentration

over time

Zhoua et al. [41]
Experiment

conducted by
the authors

Gas
concentration k–ε ANSYS FLUENT 13

Gas
concentration
with blowing

curtains

Park et al. [42] Parra et al. [39] Blowing duct at the
mining face k–ε ANSYS CFX 17

Locations of
ducts and airflow

velocity

Torno et al. [43]
Experiment

conducted by the
authors

CO and NO2
diffusion at the

mining face
k–ε ANSYS CFX

CO and NO2
distribution
pver time

Vives et al. [44]
Experiment

conducted by
the authors

Optimal
location of a
blowing duct

k–ε FLOW-3D

Temperature
distribution with

various duct
positions

Obracaj et al. [45]
Experiment

conducted by the
authors

Methane
distribution with

blowing and
exhaust ducts

k–ε ANSYS FLUENT 2020

Methane
distribution with
a whirl-flow air

duct

Xin et al. [46]
Experiment

conducted by the
authors

Four cases of both
blowing and
exhaust ducts

k–ε ANSYS FLUENT

Temperature and
airflow

distribution with
various positions

of ducts

Aksoy et al. [38]
Experiment

conducted by the
authors

Gases released after
belt conveyor fire in
coal mine and mine

thermodynamics

k–ε ANSYS FLUENT
Change in air

flow
direction

2. Materials and Methods
In this study, mesh optimization was initially conducted to assess the accuracy of

the CFDs model. Subsequently, the second and third methods mentioned above were
employed to calibrate the model. Literature sources [34–36] were utilized to define the
fire energy in the model, while measurements and experiments carried out in the mine
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were used to evaluate the accuracy of the airflow within the mine (Table 2). The values
given in Table 2 are the values obtained from air measurements performed in the real twin
(underground mine) and the digital air quantities measured at the same points in the digital
twin. On the other hand, to determine whether the digital twin had the same environment
as the real twin, airflow gates on different production floors were closed at different levels,
and air velocity, air volume, and temperature measurements were taken at different points
in the underground operation. The results were found to be sufficiently accurate for such a
study. A precision of 5% for temperature and 2% for air volume and velocity are considered
sufficient for such an investigation. In the studies conducted, the similarity between the
digital twin and the real twin remained within these limits. The data used, based on
previous studies [34–36], are also those used in previous publications. References [37,38]
present data from previous studies and actual measurement data. References [37,38] consist
of sensor data obtained from the underground mine during the actual fire, as well as
real-time tests and test results from a created underground gallery, conducted during a
2.5-year study following the Soma Mine Accident.

Table 2. Airflow rate measurements taken in the mine and the CFDs model.

Production Floor
Main Ramp Air Flow Rate Fan Tube Outlet Air Flow Rate

Measured Using Mine
(m3)

Measured Using CFDs
(m3)

Measured Using Mine
(m3)

Measured Using CFDs
(m3)

1155 105 107 0 0

1140 105 107 0 0

1125 105 107 0 0

1110 105 107 0.1 0

1095 105 107 12 11

1080 96 98 13 12

1065 87 88 13 12

1050 74 76 11 10

1035 63 70 9 11

1020 54 58 10 12

1005 44 46 9 10

990 34 34 9 10

975 24 25 12 11

2.1. Underground Mine, Ventilation Infrastructure, Equipment, and Placement

The main access to the underground mine, where the research is conducted, is pro-
vided via a helical road. Every 15 m down this main ramp, which is inclined at 14 degrees,
there is a flat production floor. Two parallel-connected fans provide the mine’s primary
ventilation, each providing 180 kW of energy. Additionally, there are auxiliary fans, each
of 55 kW, located at the entrance to each production floor. These fans draw fresh air from
the main ramp and supply it to the production areas. Figure 1a illustrates the 3D model
of the underground mine. Figure 1b depicts the intermediate floors where production
occurs, showcasing the ventilation infrastructure, including the gallery, fans, and air doors.
Figure 1c details the placement of auxiliary fans and fan tubes in the floor galleries, while
Figure 1d shows the positioning of air doors and open air doors within the mine’s layout.
The visual below, i.e., Figure 1, also shows the air volumes measured from the outlet of the
fan tubes, both on the main ramp and by floor, as given in Table 1.
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(a) 

(b) 

(c) (d) 

Figure 1. Three-Dimensional mine geometry including (a) geometry; (b) names of intermediate floors
where production is carried out; (c) placement of auxiliary fans and fan ducts on floor geometries;
(d) placement of air gates and open air gates on mine geometry.

2.2. CFDs Analyses in the Underground Mine

In-depth analyses were conducted using advanced CFDs techniques as a crucial
component of the metal mine ventilation study. These analyses were specifically de-
signed to rigorously evaluate the conditions within the mine, assess the effectiveness
of the existing ventilation infrastructure, and analyze the system’s performance in the
event of fire scenarios. This comprehensive approach ensures that we not only under-
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stand current ventilation capabilities but also enhance safety and operational efficiency in
the mine.

CFDs is a vital engineering discipline that delves into the intricate movement of fluids
and the physical processes accompanying them through advanced numerical methods.
At the core of this field are the Navier–Stokes equations, which intricately define crucial
parameters such as velocity, pressure, and temperature over time and space. CFDs effec-
tively solves these complex equations by employing sophisticated numerical techniques,
including finite differences, finite volumes, and finite elements. CFDs is an indispensable
tool for tackling a wide array of challenges in engineering, such as heat transfer, turbulence,
chemical reactions, and multiphase flows. With the right meshing strategies and boundary
conditions, CFDs simulations can deliver highly detailed insights and predictions, often at
a fraction of the cost of traditional experimental testing.

CFDs, which requires solving differential equations based on the finite volume
method, involves transforming the conservation equations into a general transport
equation form:

∂(ρϕ)

∂t
+ ∇·

(
ρ
→
Vϕ

)
= ∇·(Γ∇ϕ) + Sϕ

This represents a system of algebraic equations [47–49]. Here, ϕ denotes the dependent
variable, Γ is the diffusion coefficient, and Sϕ is the source term. The sets of equations are
derived by specifying these variables appropriately [50,51].

In the equation, ϕ = 1 and Γ = Sϕ = 0; the conservation of mass for compressible
flows is obtained as follows:

∂ρ

∂t
+∇.(ρ

→
V) = 0

For ϕ =
→
V, where

→
V is the velocity vector of the flow field and with the viscous

diffusion of momentum modeled by the stress tensor τ, the conservation of momentum
equation becomes

∂

(
ρ
→
V
)

∂t
+∇.(ρ

→
V

→
V) = −∇p +∇τ + ρ

→
g

where T is the temperature scalar; ϕ = T and k are the thermal conductivity; SE is the heat
generation and other additional energy sources; and ϕ = T, Γ = k, and Sϕ = SE yield
energy conservation.

∂(ρT)
∂t

+∇·
(

ρ
→
VT

)
= ∇·(k∇T) + SE

Finally, for species transport, ϕ = Yi is the mass fraction of species (i), Γ = Di is
the mass diffusion coefficient of species (i) in the mixture, and Sϕ = ω is the additional
species generation, and the transport equation for chemical species can be expressed
as follows:

∂(ρYi)

∂t
+ ∇·

(
ρ
→
VYi

)
= ∇·(ρDi∇Yi) + ω

In each computational cell of the flow domain, these equations are solved by applying
integration and interpolation operations to obtain the numerical solution.

The computational mesh was generated using a Cartesian cut-cell mesh method, with
the maximum element size increased up to 1 m. Around explicitly added air gates and fan
regions, the mesh was locally refined to as small as 0.02 m to accurately capture geometric
details. Near-wall viscous effects were resolved using 5 layers of prismatic elements with
reduced thickness. A smooth transition between elements of different sizes was achieved
with a growth rate of 1.3, resulting in approximately 5 million cells with a minimum



Mining 2025, 5, 75 7 of 21

orthogonal quality of 0.1. Figure 2 presents the entire computational mesh, along with
detailed close-up views of critical geometric regions.

 

Figure 2. Mesh structure of underground mine and close-up views.

According to the coordinate system shown in Figures 1–3, gravity acts in the negative z-
direction. The fire’s smoke in the roadway is greatly influenced by air buoyancy. Therefore,
buoyancy effects were incorporated into the simulations by defining the species in the
mine as compressible ideal gases and activating the gravity vector as indicated in the
conservation equations above. Non-reaction modeling was performed in this study; the
behavior of the species was analyzed using the species transport theory. The thermal
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properties of the species were determined based on the ideal gas mixing law and the kinetic
theory of mass diffusivity [50,51].

Figure 3. Sample mesh structure. (a) present close-up views of the mesh on the fan duct and
(b) auxiliary fan surfaces, (c) the air gates between levels, (d) cubic cell zones.

The air intake, representing the opening through which fresh air enters the mine, was
defined as a Dirichlet boundary condition, with the atmospheric pressure pamb applied
as follows:

p +
∂p
∂n

= pamb −
(

C0 + C1V + C2V2
)

The exhaust fan boundary condition, representing the region where gases exit the
mine, was implemented using a Robin-type boundary condition that accounts for the fan
performance curve, expressed as follows:

p +
∂p
∂n

= pamb − (C0 + C1V + C2V2)
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where (V) denotes the average velocity at the fan zone. Auxiliary fans located at the
fan duct inlets were modeled using the same boundary condition type, where pamb rep-
resents the pressure immediately upstream of the fan. As seen in the equation, the fan-
generated head and flow rate characteristics were represented by a second-order polyno-
mial, with the coefficients C0, C1, and C2 adjusted to account for choke and stall condi-
tions. Figure 3a,b present close-up views of the mesh on the fan duct and auxiliary fan
surfaces, respectively.

The air gates between levels, shown in Figure 3c, were explicitly included in the
computational mesh using geometric modeling that reflects their actual opening dimensions
in the real application.

The heat release and gas generation during the fire were introduced into the conserva-
tion equations as source terms [18], represented by SE and ω. For this purpose, cubic cell
zones were defined at the corresponding fire locations within the computational domain,
as illustrated in Figure 3d.

Fire Scenarios and Results in Underground Mines

Fire scenarios were planned at three different points of the mine. First of all, the correct
operation of the model was ensured by analyzing the currently operating system. At this
stage, air flow rates and air speeds at different locations in the mine were taken as the base.
As mentioned above, information from the literature was used in CFDs analyses. A loader
was assumed to be burning for the fire scenario in the mine. According to the internationally
recognized study by Hansen [35,36], a fire with a power output of 25 MW occurs after
a loader burns. This fire reaches its maximum temperature in the 10th minute and is
extinguished in the 20th minute. Hansen [35,36] analyzed four different methodologies to
calculate the ignition of various components of a mining vehicle in a mine and compared
the results with two full-scale fire experiments carried out on mining vehicles. As a result,
he proposed the graph given in Figure 4, which can be used for fire identification in
a mine.

 

Figure 4. Results of full-scale experiments carried out in the mine with loader (adapted from
Hansen [34–36].
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Figure 5 shows the planned fire locations in the underground mine. The first fire
location was selected near the mine entrance, the second in the middle sections, and
the third in the depths of the mine. All three fire scenarios were planned on the air
intake path.

 

Figure 5. Fire scenario locations.

3. Results of Fire Scenarios in Underground Mines
In the first fire scenario, the mine entrance was selected. The main objective was to

thoroughly understand how the fire affected the thermodynamics of the mine. It was also
aimed to track the trajectory of the toxic gases released during the event and to analyze
their concentration levels over time. Figure 6 shows the time-dependent changes and
paths followed by changes in heat and gas concentrations resulting from the fire. The
time-dependent toxic gas concentrations in the fire zone and on the 990th production floor
are given in Figures 7 and 8, respectively.

In the first minute, a rapid increase in CO2 and CO smoke concentrations is observed,
reaching an astonishing 8000 ppm. The temperature in the fire zone increases significantly
and reaches over 70 ◦C. It is remarkable to see how hot air visibly flows from the main
gallery and temperatures rise to around 60 ◦C in the main gallery. In the sixth minute,
the situation intensifies, with gas concentrations reaching 25,000 ppm and temperatures
exceeding 200 ◦C. Furthermore, fresh air mixes in as the hot air continues through the main
gallery. By the 10th minute, the total gas concentration in the main gallery reaches over
30,000 ppm, while temperatures reach around 160 ◦C. This polluted and hot air from the
main ramp starts to enter the production galleries thanks to the auxiliary fans. The fire
is extinguished by the 20th minute, and in the 25th minute, fresh air begins to increase
in the main gallery, reducing the concentration of toxic gases to 10,000 ppm. By the 30th
minute, fresh air begins to flow into the lower levels. By the 90th minute, fresh air appears
to have dominated the mine. However, some gas remains in the lower galleries, with
slower air movement. Here, the gas concentration remains at 2000 ppm in the lower parts,
reaching 9000 ppm on the upper floor. In the fire zone, toxic gases rose by the 10th minute,
reaching a near significant peak by the 20th minute. Meanwhile, on the 990th floor, the
presence of auxiliary fans facilitated gas transport, leading to maximum gas concentrations
at 40th minute, followed by a gradual decline until 90th minute. The rapid clearance of the
fire zone, supported by the strong airflow on the main ramp, contrasts sharply with the
prolonged clearance due to the weaker airflow on the 990th floor. In this fire scenario, the
air flow direction tends to change slightly.
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Figure 6. Time-dependent gas and heat transfer contours for a fire scenario at the mine entrance.

In the second fire scenario, the middle section of the mine was chosen. The primary
objective was to observe the air and gas flows, especially the thermodynamic conditions that
change with the fire, over time. Figure 9 shows the changes in heat and gas concentrations
over time. The toxic gas concentrations in the fire zone and on the 990th production floor
are presented in Figures 10 and 11, respectively.
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Figure 7. Gas concentration changes over time in fire zone 1.

 

Figure 8. Gas concentration changes over time on floor 990.

Toxic gas concentration at the fire zone rapidly increases to 8000 ppm, and the tem-
peratures exceed 60 ◦C within the 1st minute. The gas continues to spread along the main
ramp and reaches 20,000 ppm levels at the 6th minute. The concentration of gases reaching
the inner galleries through the auxiliary fans exceeds 5000 ppm. While the temperature on
the main ramp exceeds 75 ◦C, the temperatures transmitted to the galleries through the
auxiliary fans reach 90 ◦C. At 10th minute, the gas and the related temperature increase
reach the lowest galleries. Due to the auxiliary fans, the gas concentration in the inner
galleries reaches 20,000 ppm. As the density of the heated air in these galleries decreases,
gas accumulations are observed near the ceilings of the galleries. Temperatures increase to
200 ◦C on the main ramp and to 100 ◦C in the inner galleries. Fresh air begins to reach the
lower levels via the main ramp at the 25th minute. Temperature drops are observed at the
ends of the inner galleries due to the fresh air provided by the auxiliary fans. After the 90th
minute, the mine is free from the effects of the fire. Time-dependent gas concentrations
were meticulously monitored both in the fire zone and on the 990th floor gallery. In the
fire zone, gas levels were observed to rise dramatically, peaking at the 10th minute and
dropping to almost zero ppm at the 20th minute. Meanwhile, on the 990th floor, auxiliary
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fans effectively transported the gas, causing the gas concentrations to reach a maximum in
the 30th minute and then drop significantly to almost zero in the 90th minute. In this fire
scenario, the air flow direction also tended to change.

 

Figure 9. Time-dependent gas and heat transfer contours for a fire scenario in the center of the mine.

The location of the third fire scenario is very important, as it represents one of the
last points where clean air enters after passing through the mine entrance. The primary
objective was to observe whether there would be a change in the direction of air flow due
to the change in thermodynamic conditions of the mine. If the contaminated air tends to
move in the direction of the air inlet, it could create serious safety hazards in the mine. This
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means that a higher energy fire could overcome the incoming air pressure and move in the
direction of the air inlet. Figure 12 shows how the heat and gas concentrations due to the
fire change over time. The toxic gas levels in the fire area are presented in Figure 13, while
Figure 14 shows the concentrations found on the 990th production floor.

 

Figure 10. Gas concentration changes over time in fire zone 2.

 

Figure 11. Gas concentration changes over time on the 990th production floor.

The gas concentration rapidly increased to 20,000 ppm. Similarly, the temperature
due to the fire rapidly reached 100 ◦C. At 6th minute, the gas spread down the main
ramp to the galleries. It was observed that the gas concentration reached 2500 ppm at the
lower levels of the main ramp. In the opposite gallery of the fire zone, accumulations of
10,000 ppm are observed. While the temperature in the lower galleries rapidly increases to
110 ◦C, temperatures of 100 ◦C are recorded in the opposite gallery of the fire zone. In the
10th minute, the effect of the fire in the lower galleries reaches 15,000 ppm due to auxiliary
fans. At the same time, it is observed that the gases leaking from the fire zone to the main
ramp tend to rise to the upper gallery via the main ramp. The gas concentration in the fire
zone increases to 30,000 ppm and the temperature in this area reaches 200 ◦C. In addition,
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the smoke carried to the lower galleries by auxiliary fans causes temperatures of 60 ◦C at
the gallery ends. In the 90th minute, it was observed that the fire-related elements were
almost completely cleared from the mine.

 

Figure 12. Time-dependent gas and heat transfer contours for a fire scenario at the lowest point of
the mine.
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Figure 13. Gas concentration changes over time in fire zone 3.

 

Figure 14. Gas concentration changes over time on the 990th production floor.

Gas concentration levels were documented over time both in the fire zone and in the
990th floor cross-section gallery. In the fire zone, gas levels increase until 16th minute,
peak at that time, and then drop to nearly 0 ppm at 90th minute. On floor 990, the use of
auxiliary fans carries the smoke and causes gas concentrations to reach a maximum at 30th
minute, then drop to nearly zero at 120th minute. In this scenario, it was observed that the
changing thermodynamic conditions after the fire tended to change the air flow. When the
fire scenarios were examined, it was seen that everything could change in a longer and
stronger fire. To test this, a fire simulation that was twice as strong was examined at the fire
location in scenario 1. Changes over time will not be given here. However, it can be seen in
Figure 15 how easily a strong fire changes the air flow direction.
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Figure 15. Change in air flow direction if the fire in the third scenario lasts longer and differences
between scenario 1 and scenario 4.

4. Discussion
This study focuses on the performance of ventilation systems and the tendency to

change in air flow direction in the aftermath of potential fire incidents. Using advanced
CFD, simulations were conducted based on three distinct fire scenarios. The findings offer
comprehensive insights into the dynamics of heat release, the distribution of toxic gases,
and the efficiency of gas evacuation within the ventilation system. Additionally, important
results concerning the changing trends in air flow direction after changing thermodynamic
conditions were obtained.
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Three separate locations were strategically selected for the 25 MW fire scenarios. It
was predicted that these fires would reach peak temperatures at 10 min and be successfully
extinguished at 20 min. Analyses examined critical areas, gas release times, gas accumula-
tion, and possible changes in air flow direction. In the first fire scenario, a fire at the mine
entrance revealed an alarming trend. Smoke and heat rapidly spread from the main ramp
into the lower levels.

The most critical finding in the second fire scenario is the increase in toxic gases and
heat in the environment immediately after the fire breaks out which then rapidly moves
towards the lower production areas of the mine. This air, which descends to the lower
floors, also quickly penetrates the main ramp and cross galleries. Auxiliary fans also
contribute to this situation.

In scenario 3, it was observed that the gas from the fire began to rise towards the ceiling
within just 6 min, showing a natural upward trend. This upward movement continued
until the 25th minute, highlighting the need for proactive measures. In more intense fires,
changing thermodynamic conditions can elevate gas and heat up the main ramp, making it
essential to address airflow issues. However, if the pressure generated by the fire overcomes
the inlet air pressure, then the situation can go awry. The path of the fresh air can then be
reversed, posing serious risks to workers. It can clearly be seen that where the first fire
scenario is analyzed, the air flow direction changes in case of a fire that is twice as strong
(Figure 15). The momentum generated by the fire exceeds the pressure difference created
by the fan, causing the air to flow in the opposite direction and pushing the gases toward
the fresh air intake. A similar situation was observed in the authors’ previous study [38],
which took place after a fire in an underground mine. Both the underground sensor data
and on-site investigations validated this occurrence. The positioning of auxiliary fans plays
a vital role in shaping post-fire smoke distribution and delivery. When the results were
examined in general terms, it was observed that they agree with the results of similar
studies [52,53].

5. Conclusions
The ventilation of underground mines is a very complex situation that includes many

parameters. Beyond providing sufficient air in mine galleries with just a fan, factors such
as air quality, flow rate, humidity, direction, etc., should also be taken into account. In
addition to normal mine ventilation, this ventilation infrastructure is also expected to
respond to sudden situations that may occur underground and pollute the air. In this case,
many parameters such as fans, auxiliary fans, air doors, air paths, air path resistances, and
seasons come into play. Thanks to CFDs studies, the ventilation simulation of the entire
underground operation has become possible with today’s technology. On the other hand,
the most important result of this study is that when a fire breaks out in any part of the mine,
the thermodynamic conditions of the entire mine change, the air flow direction tends to
change, and the air flow direction changes during a higher energy fire.

In this study, a digital twin of an underground mine was created. In this phase,
all geometric elements from the real twin were integrated one-to-one with the digital
twin. Detailed ventilation measurements were taken on the real twin and integrated
into the digital twin. An interface was created to integrate data from air, pressure,
and gas sensors on the real twin into the digital twin. This allows for the simultane-
ous monitoring of ongoing underground events. Furthermore, the potential for any
fire in the underground mine was predicted, enabling strategic planning to take the
necessary precautions.

By creating a digital twin of an underground mine, it is possible to predict what is
actually occurring underground and what might happen in certain adverse situations.
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Using the results of this study, strategic escape plans can be developed in the event of a
fire, which could occur in different locations and can be different sizes. Depending on the
location and size of the fire, it is possible to predict how much or how completely the air
vents on each production floor should be closed.
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