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Abstract

The ventilation system of a mine determines the comfort and safety of the underground
working environment. Although many studies have been devoted to reducing the impact
of underground heat damage, there are still few comprehensive studies or optimizations
aimed at simultaneously considering heat damage prevention and control, exhaust of
mechanical equipment, and methane leakage. To address this knowledge gap, a mine
ventilation model was built and validated to analyze the impact of different numbers of top
fans on the distribution characteristics of temperature and gas mass fraction. Subsequently,
the impact of different blowing duct inlet temperatures and velocities on the capacity to
cool and dilute hazardous gases was investigated. Finally, a comprehensive coefficient
that removes the effect of dimension was proposed for evaluating the cooling and dilution
performance of different top fan cases. The results show that a top fan is the most advan-
tageous for cooling the mine, but has a poor ability to dilute hazardous gases. Three top
fans have the best performance for diluting hazardous gases, which leads to some degree
of heat diffusion, but obtains the maximum total comprehensive coefficient of 0.71246.

Keywords: mine ventilation system; mine comfort and safety; thermal management;
multi-species transport

1. Introduction
Although most countries are actively developing renewable energy sources, it remains

challenging to eliminate reliance on traditional energy sources such as coal, oil, and natural
gas in the short term. Globally, most coal is extracted through underground mining, with
up to 85% of coal mines in China originating from underground mining [1]. According to
statistics, the coal reserves within 2000 m vertical depth are 557 trillion tons, respectively [2].
As the extraction of coal from shallow mines decreases, the proportion of deep mines
continues to rise. In the next 10–15 years, 53% of coal mines in China will be mined to
a depth of more than 1000 m [3]. With the gradual increase in the depth of mining, the
problem of high-temperature heat damage caused by the geothermal heat of the mine
is becoming more serious [4]. According to statistics, at a mine depth of 600 m in the
Zhuji mine in China, the temperature of the rock wall around the mine tunnel reached
47 ◦C [5]. Concurrently, in deep underground mines, cooling systems can consume up to
25 percent of the total electricity [6], and the high cooling costs associated with deep mines
represent a prevalent issue in current mine cooling methods, thereby limiting the depth
of coal extraction. Furthermore, the environment of underground mines is complex and
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hazardous, with factors such as high temperatures [7], toxic gases [8], and dust [9] posing
significant threats to the health and safety of workers.

Currently, cooling technologies for deep mines encompass mechanical refrigera-
tion [10], water injection cooling [11], and phase change cooling [12], etc. Mechanical
refrigeration can provide more cooling capacity to suppress high mine temperatures than
direct ventilation, but it often comes with higher energy consumption [13]. Wang et al. [14]
optimized the pump power at each position in a mechanical refrigeration system for a deep
mine, and the total energy consumption was reduced by 25.79%. Compared to mechani-
cal refrigeration, water injection cooling and phase change cooling (ice production) [15]
are more effective in lowering the temperature of the surrounding rock and have lower
cooling losses. However, these cooling technologies invariably rely on rational ventilation
arrangements to ensure the safety of the mine environment, including parameters such as
temperature, oxygen concentration, and hazardous gas concentration.

Indeed, rational underground mine ventilation arrangements can effectively dilute
hazardous gas concentrations and enable refined management of airflow and thermal
distribution, while improving worker comfort. Bascompta et al. [16] proposed a geographic
information system (GIS) to quantitatively record the gas concentration of the entire mine
to analyze the ventilation demand at each location. Chen et al. [17] constructed a simulation
model of mine ventilation with a spray cooling system and optimized the spraying scheme,
which showed that the maximum temperature of the walkway was only 27 ◦C when the
water temperature was 13 ◦C and the spraying spacing was 10 m. Wang et al. [18] conducted
a study on the local ventilation of the head and neck of workers; the results showed that
the local ventilation of a deflected jet can obtain a larger ventilation area and effectively
improve human comfort. Habibi et al. [19] calibrated a ventilation model of a real coal
mine culvert and improved its scheme by simulating the airflow and heating conditions,
which ultimately reduced the operating costs, and showed that the changes in the operating
conditions of the surface fans reduced their power consumption by about 17%. However,
research that comprehensively considers the combined effects of surrounding rock thermal
conditions, gas leakage, mechanical heat load, and exhaust emissions on underground air
conditions and cooling capacity remains scarce. Although the study by Kurnia et al. [20]
provides a detailed discussion on the management of hazardous gases, it does not account
for oxygen consumption by mechanical equipment exhaust. Additionally, the excessively
high air temperatures and mechanical equipment temperatures reported in their findings
do not comply with the requirements outlined in the Coal Mine Safety Regulations [21].

In summary, based on the research of Kurnia et al. [20] and the Coal Mine Safety
Regulations, this study will employ Computational Fluid Dynamics (CFD) numerical
simulation to analyze the working environment and cooling requirements in deep mines,
considering factors such as the heat load from surrounding rock and mechanical equipment,
gas leakage, exhaust emissions and oxygen consumption from mechanical equipment. This
research will further refine the description of the underground mine environment in a
virtual model, providing preliminary data and a model foundation for subsequent online
monitoring of the mine environment and the development of a digital twin model.

2. Model Description and Validation
2.1. Description of Underground Mining Areas

The structure of the underground mine is shown in Figure 1. The model is divided into
two parts: the mining face culvert and the main culvert. Airflow flows freely through the
main culvert, and a blowing duct is used to supply cool air to the mining face for cooling
and diluting leaked methane. Top fans are used to effectively prevent hot or hazardous
gases from collecting at the top of the culvert. A shuttle car and a continuous miner are
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placed inside the mining face culvert as the sources of heat, hazardous gas release and
oxygen consumption. The tailpipe outlets are set on the top side of the tail section of the
shuttle car and continuous miner to facilitate the release of exhaust gases into the main
culvert. More detailed parameters for the underground mine studied in this paper can be
found in Table 1.
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Figure 1. The structure for an underground mine.

Table 1. The detailed parameters for underground mine.

Items Parameters Value

Mine culvert W × L × H (m × m × m) 6 × 20 × 2.9
Mining face culvert W × L × H (m × m × m) 20 × 8 × 2.9
Top fan W × L × H (m × m × m) 0.6 × 0.6 × 0.6

Distance to mining face (m) 8
Blowing duct Diameter (m) 0.6

Distance to side wall (m) 0.3
Distance from outlet to mining face (m) 6

Tailpipe outlet L × H (m × m) 0.2 × 0.1
Engine inlet W × H (m × m) 0.6 × 0.6
Continuous miner Distance to mining face (m) 0.15

Size (m) Ref. [20]
Shuttle car Distance to mining face (m) 11

Size (m) Ref. [20]
Measuring lines Length (m) 20

Distance to bottom (m) 1.5
Distance to side wall (m) 1.5

Scrubber fan L × H (m × m) 0.5 × 0.5

2.2. Model Formulations and Boundary Conditions
2.2.1. Governing Equation

To investigate the distribution of hazardous gases and temperature in the underground
mine, the cfMesh v1.1.2 and OpenFOAM v2512 software were used to establish the mesh
model and simulation model, respectively. The numerical simulation follows the best
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practices for mine gas dispersion CFD analysis as summarized in Ref. [22]. The continuity
equation can be described as follows:

∂u
∂x

+
∂v
∂y

+
∂w
∂z

= 0 (1)

where u, v and w are the velocities in the x, y and z directions, respectively.
The momentum conservation equation is described as follows:

∇ ·
(

ρmix
→
V

→
V
)
= −∇P + ρmix

→
g +∇ · (µ + µt)

[(
∇

→
V +∇

→
V

T)
+

2
3
∇ ·

→
V I − ρmixκ I

]
(2)

where
→
V is the velocity vector; µ and µt are the dynamic viscosity and turbulent viscosity,

respectively; κ is the turbulent kinetic energy; I is the unit tensor; ρmix is the mixture species
density; P is the pressure; and

→
g is the gravity vector.

The energy conservation equation is described as follows:

∇ ·
(

ρmix
→
VT

)
= ∇ ·

(
λ

cp
+

µt

Prt

)
∇T (3)

where T is the temperature; λ and cp are the thermal conductivity of the fluid and the
specific heat capacity, respectively; and Prt is the turbulent Prandtl number with a default
value of 0.85 in the OpenFOAM v2512 software.

The convection–diffusion conservation equation is described as follows:

∇ ·
(

ρmix
→
VYi

)
= −∇ ·

→
Ji (4)

where Yi is the local mass fraction of each species;
→
Ji is the diffusion flux of species i, which

can be described as follows:

→
Ji = −

(
ρmixDi,m +

µt

Sct

)
∇Yi − DT,i

∆T
T

(5)

where Di,m is the mass diffusion coefficient for the species in the mixture; DT,i is the thermal
diffusion coefficient; Sct is the turbulent Schmidt number and the default value is 0.7.

2.2.2. Turbulence Model

The standard κ-ε model is used in this study. The choice of this model is justified by
the following considerations: (1) it has been widely validated for high-Reynolds-number
forced convection flows in underground mine tunnels, with prediction errors typically
less than 5% for velocity and temperature fields; (2) compared to the RNG κ-ε and κ-ε SST
models, it offers 30% higher computational efficiency while maintaining sufficient accuracy
for global flow and thermal distribution analysis; and (3) this study focuses on the overall
performance of the ventilation system rather than local boundary layer details, making the
standard κ-ε model the most appropriate choice. The model equations are as follows:

∇ ·
(

ρmix
→
Vκ

)
= ∇ ·

[(
µ +

µt

σκ

)
∇κ

]
+ Gκ + Gb − ρmixε (6)

∇ ·
(

ρmix
→
Vε

)
= ∇ ·

[(
µ +

µt

σε

)
∇ε

]
+ C1ε

ε

κ
(Gκ + C3εGb)− C2ε

ρmixε2

κ
(7)

where κ and ε are the turbulent kinetic energy and the dissipation rate of turbulent pulsa-
tion kinetic energy, respectively; Gκ is the turbulent kinetic energy at the mean velocity
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gradient and Gκ = ρmixu′
iu

′
j

∂uj
∂xi

, in which i and j represent the x-, y- or z-axis; µt is the

turbulent viscosity, µt = ρCµ
κ2

ε ; Gb is the turbulent kinetic energy generated by buoy-
ancy, Gb = βgi

µt
Prt

∂T
∂xi

; Pr is the Prandtl number, Prt = 0.85; β is the expansion coefficient,

β = − 1
ρ

(
∂ρ
∂T

)
P

; C1ε, C2ε, C3ε, Cµ, σk and σε are constants in the standard κ-ε model.
Pressure–velocity coupling is achieved using the SIMPLE algorithm. The momentum,

energy and species transport equations are discretized using the second-order upwind
scheme. Standard wall functions are employed for near-wall treatment, with the first layer
mesh height adjusted to ensure y+ ≈ 30. The maximum mesh size in the main flow region
is 20 cm, and the near-wall region is refined to 5 cm.

2.2.3. Mixture Species Properties Formulations

The density of the mixture is described as follows:

ρmix =
pM
RT

(8)

where R is the universal gas constant, and M is the molar mass of the mixture, which can
be described as follows:

M =

[
N

∑
i=1

Yi
Mi

]−1

(9)

where Mi is the molar mass of each species i, including O2, CO2, NO2, N2, H2O and CH4.
The specific heat capacity of the mixture is described as follows:

Cp =
N

∑
i=1

YiCp,i (10)

where cp,i is the specific heat capacity of species i.
The dynamic viscosity of the mixture is described as follows:

µ =

N
∑

i=1
Xiµi

N
∑

i=1
XiVi

(11)

where µi, Vi and Xi are the dynamic viscosity, mole volume and mole fraction of
species i, respectively.

2.2.4. Diesel Engine Combustion

Both the continuous miner and the shuttle car rely on diesel engines for power; the
chemical equation for diesel combustion is described as follows:

C16H34 +
49
2

O2 → 16CO2+17H2O (12)

In this study, the continuous miner and the shuttle car have diesel engines with
a horsepower of 381 hp and 229 hp, respectively, and the diesel consumption rate is
0.416 L/hp·h. In addition, it is stated in specification MT220-1990 [23] that the emission rate
of NOX from a mine diesel engine cannot exceed 800 ppm. Combining the above conditions
and Equation (12), the air consumption, tailpipe emission rates and mass fractions of each
species can be calculated, and the calculated results as boundary condition data are shown
in Table 2.
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Table 2. Calculated boundary condition parameters.

Items Boundary Conditions Parameters Values

Total inlet Velocity inlet Velocity (m/s) 2
Temperature (◦C) 25

Mass fraction 0.2317 CO2
0.7683 N2

Total outlet Pressure outlet (Prevent
reverse flow) Pressure (Pa) 101,325

Blowing duct inlet Velocity inlet Velocity (m/s) 8–16
Temperature (◦C) 5–25

Mass fraction 0.2317 CO2
0.7683 N2

Surrounding rock Wall Temperature (◦C) 31
Continuous miner Wall Heat flux (W/m2) 2732
Continuous miner tailpipe outlet Mass flow inlet Mass flow rate (kg/s) 0.5061

Temperature (◦C) 77

Mass fraction

0.6946 N2
0.1860 CO2
0.1192 H2O
0.0002 NO2

Continuous miner engine inlet Out fan Volume flow rate (m3/s) 0.3929
Scrubber fan Fan Velocity (m/s) 10

Pressure drops (Pa) 170
Shuttle car Wall Heat flux (W/m2) 1458
Shuttle car tailpipe outlet Mass flow inlet Mass flow rate (kg/s) 0.3042

Temperature (◦C) 77

Mass fraction

0.6946 N2
0.1860 CO2
0.1192 H2O
0.0002 NO2

Shuttle car engine inlet Out fan Volume flow rate (m3/s) 0.2361
Mining face Discrete perforated wall Temperature (◦C) 31

Number of holes 14
Diameter of holes (m) 0.1
Mass flow rate (kg/s) 14 × 0.00135
Mass fraction 1.00 CH4

Top fan Fan Velocity (m/s) 10
Pressure drops (Pa) 190

2.2.5. Boundary Conditions

In the simulation, the following assumptions are used: (1) The walls of continuous
miner, the shuttle car and the surrounding rock are considered as heat sources. (2) The
average temperature in the mine tunnel is below 50 ◦C, and radiant heat transfer accounts
for less than 5% of the total heat transfer. Since this study focuses on the forced convection-
dominated flow and temperature fields, the effect of radiant heat transfer can be neglected.
(3) The maximum air velocity in this study is 16 m/s, corresponding to a Mach number
less than 0.05, and the density change caused by compressibility is less than 0.1%, which
has a negligible impact on the simulation results. (4) The length of the blowing duct is
only 20 m with good thermal insulation, resulting in a cooling loss rate below 3%, while
the along-track resistance causes a velocity change of less than 0.2 m/s, which does not
affect the relative performance comparison between different cases. Four top fan cases are
defined in this study: Case 1: no top fan; Case 2: one top fan; Case 3: two top fans; Case 4:
three top fans. The boundary conditions can be found in Table 2.

2.3. Performance Indicators

To analyze the effects of different blowing inlet temperatures and velocities, the average
temperature and species mass fractions of the pedestrian passage (measured along two lines,
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as shown in Figure 1) are employed. To evaluate the performance of the mine ventilation
system, a comprehensive coefficient is applied that considers the average temperature,
maximum temperature, energy consumption and the mass fraction of each gas.

The temperature and species mass fractions of the pedestrian passage were calculated
using the ParaView 6.0 software.

In addition, the temperature and species mass fractions need to be within the permis-
sible ranges based on the Coal Mine Safety Regulations [21], as shown in Table 3.

Table 3. Requirements for temperature and species mass fractions.

Items Requirements

Temperature (◦C) 30
CH4 <0.276%
CO2 <0.759%
NO2 <0.000397%
O2 >22%

(1) Energy Consumption Calculation
Energy consumption evaluates the necessary energy for different operational parame-

ters, and it can be calculated as follows:

Ptotal = Ptop f an + Pcooling (13)

where Ptotal represents the total power of the mine ventilation system; Ptopfan represents
the power of the top fans; and Pcooling is the power required to make the blowing duct
low-temperature fluid. They can be calculated as follows:{

Ptop f an = nKQpwind
η1η2

Pcooling = Q
COP =

cpqvρ(Tduct−Tamb)
COP

(14)

where n is the number of top fans; K is the motor capacity factor, assumed to be 1.2; Q is the
volume flow rate; pwind is the wind pressure, pwind = 1

2 ρv2; η1 and η2 are the fan efficiency
and the mechanical drive efficiency, respectively, η1 = 0.75 and η2 = 1; COP is the coefficient
of cooling, which is assumed to be 3.5 in this study; Tduct and Tamb are the temperatures of
the duct outlet and the ambient, in which Tamb is assumed to be 25 ◦C; cp and ρ are assumed
to be the heat capacity and density of air, cp = 1.005 kJ/kg and ρ = 1.293 kg/m3.

The energy consumption of the scrubber fan is not included in the calculation because
its operating parameters (volume flow rate 0.3929 m3/s, pressure drop 170 Pa) are constant
across all cases, and thus do not affect the relative performance comparison between
different top fan configurations and blowing duct parameters.

(2) Comprehensive Coefficient Definition
To eliminate the dimensional effect of different indicators and achieve a unified eval-

uation of cooling performance, energy consumption and hazardous gas dilution capac-
ity, this study proposes three types of dimensionless comprehensive coefficients: the
temperature–power comprehensive coefficient, the hazardous gas dilution comprehensive
coefficient and the total comprehensive coefficient. In this study, the comprehensive coeffi-
cient (η) is proposed for evaluating the cooling ability, power consumption and the ability
to dilute hazardous gases of the mine ventilation system, which can eliminate the effect of
different scales between indicators. ηk can be defined as follows:

η =
m

∑
j=1

ωjyij (15)
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where η is divided into three types: the temperature–power comprehensive coefficient
(ηcooling), the hazardous gases dilution comprehensive coefficient (ηgases) and the total
comprehensive coefficient (ηtotal); m is the number of indicators: ηcooling: m = 2 (temperature
and power), ηgases: m = 4 (mass fractions of O2, CO2, NO2, CH4), ηtotal: m = 6 (temperature,
power and mass fractions of O2, CO2, NO2, CH4); ωj is the weight of each indicator; and yij

is the normalized value of the j-th indicator in each of the i-th samples.
Indicator normalization and weight calculation based on the coefficient of variation

can be described as follows: 

y+ij =
xij−min(Xj)

max(Xj)−min(Xj)

y−ij =
max(Xj)−xij

max(Xj)−min(Xj)

ωj =
Vj

m
∑

j=1
Vj

(16)

where y+ij and y−ij are the normalized values for positive (bigger is better) and negative
(smaller is better) indicators, respectively, with the mass fraction of O2 as the positive
indicator and the rest as negative indicators; xij represents the j-th indicator in each of the
i-th samples; Xj represents all samples for the j-th indicator; Vj represents the coefficient of
variation in the j-th indicator, which can be described as follows:

Vj =
Sj

Y j

Y j =
1
n

n
∑

i=1
yij

Sj =

√
1

n − 1

n
∑

i=1

(
yij − Y j

)2

(17)

where Sj and
—
Y j are the standard deviation and average value of the j-th indicator, respec-

tively; n is the number of samples for the j-th indicator.

2.4. Model Validation

The results derived from Kurnia et al. [20] are used as the target for model validation
in this study. It should be noted that the model in Ref. [20] has been validated against
field measurement data from an Australian underground coal mine, with temperature and
gas concentration errors within the acceptable engineering range. Compared to the model
in this study, the width of the mining face culvert in the validated model is 6 m, and the
engine inlet, top fans and the methane leakage from the mining face are not included in the
model. The mesh number level of the validated model is consistent with that of Ref. [20],
and the number of mesh elements is 2,563,964. The validated conditions are: the blowing
inlet velocity is 12 m/s and the temperature is 25 ◦C. As shown in Figure 2, the maximum
absolute errors of the oxygen mass fraction and the cross-sectional average temperature are
0.009 and 2.7 ◦C, respectively, indicating that the model simulation results are accurate.

Based on the model descriptions in Section 2.1 to Section 2.3, mesh independence
was tested for each of the four top fan cases. In the simulations, the blowing duct inlet
velocity and temperature were kept at 12 m/s and 15 ◦C, respectively. As shown in
Figure 3, it could be seen that when the mesh number was larger than 3,000,000, none of
the average temperature changes were greater than 0.2 ◦C if the mesh number continued to
increase. To further ensure the reliability of the simulation results, we also performed mesh
independence tests for velocity and CH4 mass fraction. When the mesh number increased
from 3 million to 4 million, the average velocity in the pedestrian passage changed by
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0.08 m/s with a relative error of 2.1%, and the average CH4 mass fraction changed by
3.2 × 106 with a relative error of 1.8%. Both changes are within the acceptable engineering
accuracy range.
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Figure 2. Absolute error distribution of simulation results, reference data from ref. [20].
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Figure 3. Test of mesh independence.

Therefore, the number of meshes for Case 1, Case 2, Case 3 and Case 4 in the subse-
quent study were 3,014,500, 3,199,541, 3,300,633 and 3,411,571 (red points), respectively.
The simulation was considered converged when the residuals of the continuity equation
were less than 1.0 × 106, those of the energy equation were less than 1.0 × 107, and those of
all species transport equations were less than 1.0 × 106. Each case took approximately 12 h
to run on an Intel Xeon Gold 6248R processor (24 cores, 3.0 GHz).

2.5. Flowchart

The working flowchart of this study is shown in Figure 4. With the validated 3D model,
the thermal distribution and species distribution are first discussed for the base operating
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condition (no top fan, with the blowing inlet temperature and velocity set to 15 ◦C and
12 m/s). Then the impacts of the top fans and the blowing duct supply air conditions
on the ventilation performance are discussed by using the top fan number, blowing duct
velocity and temperature as control variables. Finally, the suitable operating data range for
the mine ventilation system is obtained.

Performance of mine 
ventilation system

Establish 3D model

Validated

comparison 
data

Model structure

DataNo

Impacts of top fans

Yes

Impacts of operational 
parameters

Find the suitable operating 
data range for mine 
ventilation system

Base case thermal and species 
distribution analysis

Blowing duct 
velocity

Blowing duct 
temperature

Top fans 
number

Temperature

Power consumption

Comprehensive 
evaluation coefficients

Species volume fraction

Conclusion

Control variables KPI

 
Figure 4. Flowchart of this paper, comparison data from ref. [20].

3. Results
3.1. Temperature and Species Distribution for Different Top Fan Number

Figure 5 shows the temperature distribution of the four top fan cases for the base
operating condition. The results show that the high-temperature region at the mining
face culvert’s top in Case 2 is the smallest, followed by Cases 3, 1, and 4. This is because
the single top fan in Case 2 is located directly above the center of the mining face culvert,
forming a directional exhaust channel that efficiently discharges the high-temperature fluid
from the center of the mining face to the main culvert. In contrast, the three top fans in
Case 4 are evenly distributed along the width of the culvert, generating strong turbulence
that causes the high-temperature fluid to diffuse to both sides of the culvert instead of
being discharged directly. This prevents the formation of a concentrated exhaust channel
and increases the heat retention time, resulting in a higher average temperature than in
Case 2. This phenomenon is also consistent with the temperature distribution contour map
in Figure 5.

In addition, there is no obvious local high-temperature phenomenon on either side
of the equipment in Case 2. This is because the high-temperature fluids are effectively
accelerated by the top fan in the center of the mining face culvert. Both Cases 1 and 4
have local high temperatures at the inlet side. This is because the fluid in the main culvert
flows into the mining face culvert through the bottom of the outlet side and moves upward
to the top, thereby pushing the hot fluid to shift towards the inlet side. There are local
high temperatures on both sides of the equipment in Case 3. This is because the high-
temperature fluids in the center are not effectively discharged into the main culvert and are
diffused by the influence of the top fans on both sides.

https://doi.org/10.3390/app16115700

https://doi.org/10.3390/app16115700


Appl. Sci. 2026, 16, 5700 11 of 22

Temperature (°C)

(a) Case 1: 
     No top fan

(b) Case 2:
      One top fan

(c) Case 3:
     Two top fan

(d) Case 4:
      Three top fan

Threshold: 30

Figure 5. Temperature distribution for different top fan numbers.

The distribution of the O2 mass fraction under the base operating condition for the
four top fan cases is shown in Figure 6. The results show that when the oxygen mass
fraction minimum threshold is set at 0.22, Case 4 obtains the largest region of high O2

mass fraction, followed by Cases 3, 2, and 1. This is because the top fans increase the flow
velocity at the mining face culvert’s top and then decrease the internal pressure inside the
culvert, which drives the flow of gases with a high O2 mass fraction into the mining face
culvert from the main culvert. Significantly, Cases 1, 2, and 3 have lower air mass fractions
on the inlet side than on the outlet side, and Case 1 has the largest difference. This is due to
the fluid in the main culvert mainly flowing through the bottom of the outlet side into the
mining face culvert and gradually flowing to the top, whereas the exhaust gases discharged
to the top prevent the fluid with a high O2 mass fraction from flowing to the inlet side.
Moreover, with an increase in the number of top fans, the region of low O2 mass fraction on
the inlet side gradually decreases, and Case 4 eliminates the region of low O2 mass fraction.
This is because the turbulence created by the top fans to some extent promotes the diffusion
of the fluid with a high O2 mass fraction.

The impact of different numbers of top fans on the distribution of CH4 released from
the mining face is shown in Figure 7. In all four top fan cases, CH4 leaked from the mining
face accumulates in the corners of the outlet side. This is because the fluid supplied by the
blowing duct creates vortices in the corner after laterally skimming the mining face. In
addition, the CH4 mass fraction gradually decreases as the fluid flows toward the mining
face culvert outlet. However, Case 2 has almost no CH4 on the inlet side; this is due to the
low turbulence intensity and effective isolation of the two side regions above the shuttle
car and continuous miner in Case 2, which does not promote the diffusion of CH4. Cases 1,
3, and 4 show CH4 on both sides of the shuttle car and the continuous miner, with Case 1
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resulting from the absence of a top fan to promote internal fluid flow toward the main
culvert, and Cases 3 and 4 resulting from excessive turbulence intensity.

O2 mass fraction

(a) Case 1:
      No top fan

(b) Case 2:
      One top fan

(c) Case 3:
      Two top fan

(d) Case 4:
      Three top fan

Threshold: 0.22

Figure 6. O2 mass fraction distribution for different top fan number.

CH4 mass fraction

(a) Case 1:
      No top fan

(b) Case 2:
      One top fan

(c) Case 3:
      Two top fan

(d) Case 4:
      Three top fan

Threshold: 0.00276

Figure 7. CH4 mass fraction distribution for different top fan numbers.
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The effect of different numbers of top fans on the mass fraction distributions of CO2

and NO2 emitted by diesel engines is shown in Figures 8 and 9, respectively. It is clear that
the diffusion region of CO2 is larger than that of NO2 for each top fan case; this is because
the mass fraction of CO2 in the exhaust gases is much larger than that of NO2. In addition,
the distribution patterns of the two gases are almost the same, differing only in their mass
fractions. This is because both CO2 and NO2 flow out from the same location and have
similar molar masses (CO2: 44 g/mol; NO2: 46 g/mol). It is noteworthy that CO2 and NO2

in Case 4 have little distribution in front of the tailpipe. However, in Cases 1, 2, and 3, both
CO2 and NO2 can diffuse to the vicinity of the mining face, with the most severe diffusion
occurring in Case 1, followed by Cases 2 and 3. This is because CO2 and NO2 have larger
molar masses than gases such as oxygen (O2), nitrogen (N2), and methane (CH4). If they
are not discharged into the main culvert immediately after the exhaust gas is emitted, CO2

and NO2 will deposit at the bottom of the culvert and spread to the mining face with the
gas flow entering from the bottom of the mining face culvert.

CO2 mass fraction

(a) Case 1:
      No top fan

(b) Case 2:
      One top fan

(c) Case 3:
      Two top fan

(d) Case 4:
      Three top fan

Threshold: 0.00759

Figure 8. CO2 mass fraction distribution for different top fan number.

3.2. Impact of Operating Parameters

In order to analyze culvert temperature, energy consumption and the level of dilution
of hazardous gases for each top fan case under different operating parameters, the control
variable method was adopted to discuss the effects of different blowing duct inlet velocities
and temperatures.

The variation in the average temperature with the blowing duct inlet velocity for
the different top fan cases is shown in Figure 10. The average temperature decreases
with increasing inlet velocity in all cases. For example, in Case 1, the average temperature
decreases from 31.1 ◦C to 29.9 ◦C with an increase in the inlet velocity from 8 m/s to 16 m/s,
which is due to the higher inlet velocity resulting in more cooling capacity. However, the
reduction in the average temperature diminishes as the inlet velocity increases. For example,
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in Case 2, the average temperature decreases by 0.85 ◦C when the inlet velocity increases
from 8 m/s to 10 m/s, but when the inlet velocity increases from 14 m/s to 16 m/s, the
average temperature only decreases by 0.05 ◦C. It is noteworthy that the lowest average
temperatures are obtained at any inlet velocity for Case 2, followed by Cases 1, 4, and 3.
For example, when the wind speed is 12 m/s, the average temperatures are 29.35 ◦C,
30.25 ◦C, 30.95 ◦C and 31.20 ◦C for Cases 2, 1, 4, and 3, respectively. This is consistent with
the analysis of the temperature distribution (Figure 5), which demonstrates that Case 2 is
highly efficient in discharging the high-temperature gas flow out of the mining face culvert
with the lowest thermal diffusion at various inlet velocities.

(a) Case 1:
      No top fan

(b) Case 2:
      One top fan

(c) Case 3:
      Two top fan

(d) Case 4:
      Three top fan

NO2 mass fraction

Threshold: 3.97×10-6

Figure 9. NO2 mass fraction distribution for different top fan number.
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Figure 10. Impact of different blowing duct inlet velocities on the culvert temperature.
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The mass fraction of each gas on the measuring lines for each of the top fan cases
at different blowing duct inlet velocities is shown in Figure 11. Among the various gas
components, since N2 hardly participates in the internal reactions of the diesel engines,
its mass fraction remains stable at different inlet velocities, within the range of 0.783 to
0.787. For CH4, increasing the inlet velocity can directly increase the dilution rate of the
CH4 leaked near the mining face, so the CH4 mass fraction decreases with an increase
in the inlet velocity by different magnitudes. Case 4 shows the greatest reduction, as the
inlet velocity increases from 8 m/s to 16 m/s, the CH4 mass fraction decreases by 0.00082,
followed by Cases 1, 2, and 3, where the CH4 mass fraction decreases by 0.00068, 0.00062
and 0.00048, respectively.
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(c) Case 3: Two top fans (d) Case 4: Three top fans

Figure 11. Impact of different blowing duct inlet velocities on the species volume fraction.

For CO2 and NO2, there are significant differences in the patterns of variation for their
mass fractions with an increase in the blowing duct inlet velocity for the different top fan
cases. The CO2 and NO2 mass fractions in Case 1 increase monotonically with increasing
inlet velocity; this is because a higher inlet velocity in Case 1 causes more fluid to flow
along the outlet side, thereby reducing the dilution effect on CO2 and NO2. In Cases 2
and 3, the CO2 and NO2 mass fractions first decrease and then increase with increasing
inlet velocity. This is because the top fans promote the diffusion of the fluid at the blowing
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duct outlet, and increasing the inlet velocity increases the diffusion of fresh air and thus
contributes to the dilution of CO2 and NO2. However, due to the insufficient distribution
region of the fans and the inadequacy of the negative pressure at the top, an excessive inlet
velocity causes the fluid to flow directly along the outlet (similar to Case 1), so the mass
fractions of CO2 and NO2 increase. In Case 4, the mass fractions of CO2 and NO2 decrease
monotonically. This is due to the sufficient fan distribution region and negative pressure,
which ensure the effective diffusion of the fresh fluid at all inlet velocities. In addition,
although the mass fraction of water vapor varies greatly from those of CO2 and NO2, its
trend remains consistent with that of CO2 and NO2. This is because when the gases flow is
driven by kinetic energy supply devices (top fans, the tailpipe outlet, and the blowing duct
inlet), its flow and diffusion mainly depend on kinetic energy rather than gravitational
potential energy.

The variation in the average temperature with the blowing duct inlet temperature
for the different top fan cases is shown in Figure 12. Significantly, with an increase in the
blowing duct inlet temperature, the average temperatures in all top fan cases increase. This
is because a lower duct inlet temperature provides more cooling capacity to reduce the
gas temperature inside the mining face culvert. In addition, Case 2 has the lowest average
temperature at any duct inlet temperature, followed by Cases 1, 4, and 3, which is consistent
with the relative magnitudes observed at different blowing duct inlet temperatures, and this
trend is consistent with the analysis of the temperature distribution characteristics shown
in Figure 5. Meanwhile, there are differences in the magnitude of the average temperature
change with the blowing duct inlet temperature. For example, when the blowing duct inlet
temperature increases from 5 ◦C to 25 ◦C, the average temperatures of Cases 1, 2, 3, and 4
increase by 3.30 ◦C, 2.30 ◦C, 3.45 ◦C and 3.50 ◦C, respectively. This is due to the differences
in the utilization of the cooling capacity brought about by the different numbers of top fans,
and this behavior is consistent with the analysis in Figure 10.
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Figure 12. Impact of different blowing duct inlet temperature on the culvert temperature.

The mass fraction of each gas on the measuring lines for the top fan cases at different
blowing duct inlet temperatures is shown in Figure 13. Compared to the large differences
in the mass fraction of each gas due to changes in the blowing duct inlet velocity, changing
the blowing duct inlet temperature does not result in a regular change in the mass fraction
of each gas. For example, in Case 3, the mass fraction of O2 is in the range of 0.2052
to 0.2062, and the mass fraction of CO2 is in the range of 0.001309 to 0.001560. This is
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because the temperature only changes the density of the different gases and thus changes
the magnitude of their gravitational potential energy. However, in this study, the impact of
the gravitational potential energy on the distribution of the flow field and the diffusion of
the different gases is much smaller than that of the kinetic energy.
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Figure 13. Impact of different blowing duct inlet temperature on the species volume fraction.

3.3. Comparison of Comprehensive Performance

Through the analysis in Sections 3.1 and 3.2, it is found that Case 2 has the best cooling
performance, but it is much less effective than Case 3 or Case 4 in diluting hazardous gas.
Accordingly, Case 4 has superior performance in diluting hazardous gases, but it contributes
to the diffusion of the high-temperature flow. Meanwhile, variations in conditions such
as the number of top fans, the blowing duct inlet velocity, and the temperature directly
impact the magnitude of energy consumption for the ventilation system. Therefore, it is
extremely necessary to propose an indicator that can provide a comprehensive evaluation
of the cooling capacity, energy consumption and hazardous gas dilution capacity.

The effect of different blowing inlet velocities on the comprehensive coefficients is
shown in Figure 14. In Figure 14a, the best power–temperature comprehensive coefficient is
obtained for Case 2, followed by Cases 3, 4 and 1. This is because Case 2 achieves the lowest
temperature with smaller fan power consumption, but for Case 1, even though the power
consumption is the smallest, the excessively high temperature results in the lowest power–
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temperature comprehensive coefficient. In addition, Case 2 has a slightly lower power–
temperature comprehensive coefficient at higher blowing duct inlet velocities, which is due
to a small temperature reduction combined with a large increase in energy consumption.
In Figure 14b, increasing the number of top fans effectively increases the gas mass fraction
comprehensive coefficient, which is due to the increase in the flow rate at the mining face
culvert’s top. However, except for Case 4, the gas mass fraction comprehensive coefficients
for the other cases first increase and then decrease with the increase in the blowing duct inlet
velocity; this is because the excessive velocity results in the ineffective diffusion of fresh
fluid, leading to an increase in the mass fractions of carbon dioxide and nitrogen dioxide
(as analyzed in Figure 11). The total comprehensive coefficients are shown in Figure 14c,
and the relative magnitudes of the total comprehensive coefficients in the different cases
change with an increase in the blowing duct inlet velocity; this is due to the small difference
in the gas mass fractions comprehensive coefficient (maximum difference: 0.0619) at low
air supply velocities, at which time the total comprehensive coefficients are dependent on
the energy consumption and temperature. Correspondingly, the large difference in gas
mass fraction comprehensive coefficient (maximum difference: 0.3939) at a high blowing
duct inlet velocity is the main determinant of the total comprehensive coefficient.
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Figure 14. Impact of different blowing duct inlet temperatures on comprehensive coefficients.
(a) Power–temperature comprehensive coefficients. (b) Gas mass fraction comprehensive coefficients.
(c) Total comprehensive coefficients.

The effect of comprehensive coefficients at different blowing duct inlet temperatures is
shown in Figure 14. It is easy to find that the power–temperature comprehensive coefficient
in Case 2 reaches the maximum value of 0.69006 at an inlet temperature of 15 ◦C. This
is due to the lower average temperature and lower energy consumption of Case 2 under
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this condition. For the other cases, the power–temperature comprehensive coefficient
decreases as the blowing duct inlet temperature increases, while the gas mass fraction
comprehensive coefficient changes by a small degree, up to a maximum of only 0.20369.
This is because increasing the blowing duct inlet temperature leads to a higher overall
mining face culvert temperature, but its flow distribution does not notably change. How
the total comprehensive coefficient varies with the inlet temperature is shown in Figure 15c.
The trend of the total comprehensive coefficient in each case is consistent with that of the
power–temperature comprehensive coefficient, but the relative values for each case show a
large difference, resulting from the change in the relative values of the gas mass fraction.
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Figure 15. Impact of different blowing duct inlet velocity on comprehensive coefficients. (a) Power–
temperature comprehensive coefficients. (b) Gas mass fraction comprehensive coefficients. (c) Total
comprehensive coefficients.

4. Discussion
Based on the validated numerical simulation model of mine ventilation, this study

examines the effects of the number of top fans and the blowing duct inlet conditions on
the temperature, gas mass fractions, and power consumption in the mine culvert. Based
on the numerical simulation results, the temperature and gas distribution characteristics
are analyzed, and a comprehensive coefficient that can eliminate the influence of different
indicator dimensions is proposed for assessing the ventilation performance and operational
characteristics of the mine.

This study has the following limitations that need to be addressed in future research.
The distance from the blowing duct inlet to the mining face is fixed at 6 m in this study. This
parameter affects the diffusion range of the fresh air before it reaches the mining face and
the proportion of fresh air sucked in by the top fans. A systematic sensitivity analysis of
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this parameter is required to optimize the ventilation system layout. The model validation
is based on a previously validated numerical model. Although the comparison shows good
agreement, field experimental validation is still needed to further improve the reliability of
the CFD framework, especially for the complex, turbulent, multi-species transport in deep
underground mines.

Some secondary factors are neglected in this study, including radiant heat transfer,
duct transmission losses and compressibility effects. Although their impact is small under
the current study conditions, they may become more significant in deeper mines with
higher rock temperatures and longer ventilation ducts.

Based on the current study, the following work requires further research: (1) Opti-
mizing the distance from the blowing duct inlet to the mining face and the installation
positions of the top fans to further improve the ventilation performance. (2) Conducting
field experiments to validate the numerical model and calibrating the model parameters
using actual mine measurement data. (3) A digital twin simulation model of the mine can
be constructed by incorporating machine learning to accelerate the simulation efficiency as
well as the range of working conditions. Real-time prediction of the overall temperature
distribution, gas mass fraction distributions, and comprehensive coefficients can be realized
based on the boundary conditions and partial measurement point data.

5. Conclusions
In this study, based on the validated numerical simulation model of the mine ventila-

tion system, the impacts of the number of top fans and the blowing duct inlet conditions
on the culvert temperature, gas mass fractions and power consumption were investigated.
The performance characteristics of the mine ventilation system were evaluated using the
indicators of temperature, gas mass fraction and comprehensive coefficient. Based on this
study, the following conclusions can be drawn:

(1) A single top fan achieves the best cooling performance due to its low energy con-
sumption and obtains the maximum power–temperature comprehensive coefficient
(0.69006); however, it performs poorly in hazardous gas dilution, yielding a maximum
gas mass fraction comprehensive coefficient of only 0.62824.

(2) Three top fans provide the maximum performance in diluting hazardous gases. Al-
though this sacrifices some cooling capacity compared to the single top fan case, it
achieves the maximum total comprehensive coefficient of 0.71246 (at a blowing inlet
temperature of 15 ◦C, and a velocity of 16 m/s).

(3) The total comprehensive coefficients show different trends depending on the inlet
conditions of the blowing duct. At low blowing duct inlet velocities, the total com-
prehensive coefficient is mainly affected by the energy consumption and temperature,
whereas at high blowing duct inlet velocities, the difference in gas mass fraction
becomes the determining factor.

(4) Different top fan cases show different sensitivities regarding cooling and hazardous
gas dilution performance. This suggests that in practice, it is necessary to choose
the most appropriate ventilation system configuration and operating parameters
according to the specific mine environment and safety requirements, weighing the
needs for temperature control, hazardous gas dilution and energy consumption.
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Nomenclature

Nomenclature v y direction velocity, m/s

cp
Specific heat capacity at constant V Mole volume, L/mol
pressure, J/(kg·◦C) w z direction velocity, m/s

Di, m
Mass diffusion coefficient for species X Mole fraction
in the mixture, m2/s Y Local mass fraction

DT, i
Thermal diffusion coefficient for species
in the mixture, m2/s Greek symbol

g Gravitational acceleration, m/s2 β Expansion coefficient

Gκ
Turbulent kinetic energy at the mean γ Species mass fraction, J
velocity gradient, J

ε
Dissipation rate of turbulent pulsation

Gb
Turbulent kinetic energy generated by kinetic energy, J
buoyancy, J η Comprehensive coefficients

I Unit tensor κ Turbulent kinetic energy, J
→
J Diffusion flux, Kg/(m2·s) λ Thermal conductivity, W/(m·◦C)

K Motor capacity factor µ Dynamic viscosity, Pa·s
M Molar mass of mixture species, Kg/mol µt Turbulent viscosity, Pa·s
yij Normalized value of the j-th indicator ωj Weight of each indicator
n Number of top fans ρ Density, kg/m3

P Pressure, Pa
Pr Prandtl number Abbreviations
Prt Turbulent Prandtl number CFD Computational Fluid Dynamics
Q Volume flow rate, m3/s COP Coefficient of cooling
R Universal gas constant GIS Geographic information system
Sct Turbulent Schmidt number 3D Three-dimensional
T Temperature, ◦C
u x direction velocity, m/s
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