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Abstract: Single-heading tunnels in underground metal mines have high air pollutant concentrations,
chaotic airflow, and low pollutant diffusion efficiency in high-altitude areas, resulting in poor air
exchange. Based on Pulang copper mine (China), a computational fluid dynamics case using the
steady Reynolds-averaged Navier–Stokes equations with a k-omega turbulence model was developed
to study certain factors influencing the air exchange of single-heading tunnels, and was combined
with an orthogonal experimental method to simulate the mean age of air (MAA) under different
working conditions. This study revealed the ranking of the importance of some factors on the air
exchange via sensitivity analysis. The MAA generally increases with the increasing distance between
the duct and the heading face and the increasing diameter of the oxygen supply duct. This study’s
optimal distance and diameter can reduce MAA by 14.7% and 9.9%, respectively. Placing the oxygen
supply duct and the duct on the same side and using an 800/1000 mm inner diameter duct can
effectively reduce the MAA by 6.7% and 4.2%, respectively, in this study. The findings of this study
can optimize air exchange in the Pulang copper mine, and can also be referenced for the optimization
of air exchange in high-altitude highway or railway tunnels being excavated.

Keywords: mine ventilation; high-altitude mine; mean age of air (MAA); CFD simulation; turbulence
model; single-heading tunnel

MSC: 35Q30

1. Introduction

There are various air quality problems in single-heading tunnels under excavation for
underground metal mines in China. The air exchange problem is particularly serious in
high-altitude areas, because high-altitude mines have low pollutant diffusion efficiency
compared with medium- or low-altitude mines [1], which results in poor indoor air quality
(IAQ) in high-altitude mines. The IAQ in single-heading tunnels is worse than in other
areas of the mine because air pollutant concentrations tend to be much higher [2]. What
is worse, excavation work at a high altitude requires an additional oxygen supply to the
workers, and this oxygen supply needs additional ducts and induced draft fans (I.D. fans),
making the airflow in high-altitude single-heading tunnels more chaotic than in others, even
deteriorating air exchange. These issues above lead to a dilemma where single-heading
tunnels in high-altitude mines have a chaotic flow field, difficult diffusion of pollutants,
and high pollutant concentrations compared with medium- or low-altitude mines, or even
other areas of high-altitude mines, which in turn are highly susceptible to respiratory
occupational diseases among workers [3–5]. Nevertheless, the current studies do not
study this problem in-depth and solve it effectively. Given the above, this paper studies the
influence of certain factors affecting the air exchange rate (typically measured as air changes
per hour, i.e., ACH) in high-altitude single-heading tunnels, and the mean age of air (MAA)
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is used in this study as the index of ACH. The MAA is a common index in architecture
to judge the ACH during ventilation and has been gradually applied in mine ventilation
to describe the freshness of air at a point in the fluid domain during ventilation [6–11]
in recent years. For example, Parra et al. [2] obtained the flow field situation, MAA, and
methane concentration distribution in a mine tunnel via CFD, in order to delineate hazard
zones and optimize ACH. Lee Dong-Kil et al. [12] selected the ventilation layout with
the lowest MAA and the fastest removal rates of air pollutants in a limestone mine using
Ansys-Fluent. Jongmyung Park et al. [13] studied the effects of different duct locations
on the MAA to explore which duct position has the best ACH. Although there has been
a gradual increase in research on the optimization of ventilation for mines based on the
MAA recently, most of the existing research was performed in low-altitude mines, and
there is still a gap in ventilation optimization studies for complex high-altitude mines.
In this study, the CFD analysis method and the orthogonal experimental method were
used, simulating the air exchange in the single-heading tunnel of Pulang copper mine
under different working conditions using Ansys-Fluent. Additionally, we investigate the
influencing factors that affect the air exchange in high-altitude single-heading tunnels,
and study the relationship between these factors and the mean age of air in high-altitude
environments with high pollutant concentrations, chaotic airflow, and inefficient pollutant
diffusion, in order to fill the gap in air exchange research in high-altitude single-heading
tunnels, roadway tunnels, or railway tunnels under excavation. This study also establishes
a low-cost and high-efficiency sensor placement scheme that can be used to measure the
mean age of air of the whole tunnel. This study can help to improve optimal air exchange
in high-altitude tunnels to protect the respiratory health of workers, and provide guidance
and references for real-world optimization work.

2. Materials and Methods
2.1. Engineering Background

The single-heading tunnel belonging to the Pulang copper mine, Yunnan Diqing Non-
Ferrous Metal Co., Ltd., is located at an altitude of 3400 m, with a length of over 200 m.
The Pulang copper mine is located in the northeastern part of Shangri-La, Diqing Tibetan
Autonomous Prefecture, Yunnan Province, China. The mining area is 3400~4500 m above
sea level. It is the largest underground copper mine in China, associated with gold, silver,
molybdenum, and other metals.

The single-heading tunnel is 3.60 m wide and 3.60 m high, and the side walls are 2.70 m
high. The top plate of the single-heading tunnel is an arch structure, the arch part is 0.90 m
high, and the radius of the arch is 2.25 m. The cross-sectional area of the single-heading
tunnel is 11.98 m2. The single-heading tunnel is shown in Figure 1a. Considering the
low atmospheric pressure in the high-altitude area, to prevent negative pressure inside
the single-heading tunnel, positive-pressure forced ventilation was selected. Therefore, a
duct was provided to supply fresh air into the single-heading tunnel. An oxygen supply
duct was provided to supply oxygen into the single-heading tunnel, and an I.D. fan was
installed in front of the oxygen supply duct to help distribute incoming oxygen as shown
in Figure 1b.

Because the working area is mainly concentrated in the first 60 m, only the tunnel
within 60 m from the heading face was selected for modeling. The duct is placed at a height
of 2.70 m, and its axis is 0.90 m away from the left side wall or the right side wall; or at a
height of 3.00 m on the symmetrical surface of the single-heading tunnel. The I.D. fan and
the oxygen supply duct are 1.20 m high above the floor, and the diameter of the I.D. fan is
0.50 m. The oxygen supply duct is 0.75 m longer than the duct, and the I.D. fan is placed
0.75 m in front of the oxygen supply duct as shown in Figure 1.
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2.2. Orthogonal Experiment Design
2.2.1. Determination of the Factors

To identify factors that have a great influence on the MAA in the single-heading
tunnel, it is necessary to analyze the main reason that causes the increase in MAA in the
single-heading tunnel. Since the age of air is essentially the retention time of air in an
enclosed or semi-enclosed space, the state of motion of the air is the determining factor
for the age of air, and the flow velocity and the movement path of air are the factors that
determine the state of air motion. A study by J. Park et al. [13] showed that when air is
supplied into the single-heading tunnel, the air in some areas sometimes moves in a circular
motion, forming turbulent swirls. These swirls cause a significant increase in the MAA in
the single-heading tunnel.

Based on the results of the above studies, it is possible to start from the influencing
factors that affect the flow velocity and motion path of air and combine previous studies
with practical engineering experience to find the factors that have an important influence
on the age of air. In this study, the diameter of the duct (Φfad) and the diameter of the
oxygen supply duct (Φosd) [14] were the only factors that changed the inlet airflow velocity
because of the constant mass flow rate of air and oxygen, while the distance between the
outlet of the duct and the heading face (Do&h) determined the length of the air motion path,
and the position of the duct (Pd) was confirmed to significantly affect the air motion path
by J. Park et al. and Lee, Dong-Kil. These two factors can affect the mean age of air by
affecting the air motion path. In addition, in this study, an I.D. fan was set up for better
diffusion of supplied oxygen in the single-heading tunnel. Ref. [15] confirmed that the
differential pressure of the I.D. fan (∆pf), which can affect the local airflow velocity, also has
a significant effect on the air exchange rate by numerical simulation experiments.

In summary, the distance between the outlet of the duct and the heading face (Do&h),
the position of the duct (Pd), the differential pressure of the I.D. fan (∆pf), the diameter
of the oxygen supply duct (Φosd), and the diameter of the duct (Φfad) were selected as the
study factors for the orthogonal experiments in this study. The factors determined are
shown in Figure 2.
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Figure 2. Orthogonal experimental factors of the study.

2.2.2. Determination of the Reasonable Levels of the Factors

Since the levels of the above factors have a large span and a large number of groups,
it is necessary to set reasonable levels before conducting the study. The reasonable levels
of factors were determined following Chinese national standards [16], etc., and hands-on
experience of oxygen supply in high-altitude mines. The finalized orthogonal experimental
factors and reasonable levels for numerical experiments were determined as follows: Factor
A: 7.5 m, 10.0 m, 12.5 m, 15.0 m, 17.5 m; Factor B: same side, upper center, opposite side;
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Factor C: 20 Pa, 40 Pa, 60 Pa, 80 Pa, 100 Pa; Factor D: 0.06 m, 0.07 m, 0.08 m, 0.09 m, 0.10 m;
Factor E: 600 mm, 800 mm, 1000 mm.

2.2.3. Orthogonal Array

Following the rules of the mixed-level orthogonal design [17–19], an orthogonal
array L25(53·32) with five factors was used in the research, for a total of 25 trials, and the
orthogonal experiments scheme is shown in Table 1.

Table 1. The mixed-level orthogonal experiments scheme of L25(53·32).

Trials No. Factors
A B C D E

1 7.5 Same side 20 0.06 600
2 7.5 Upper center 60 0.09 800

3 7.5 Opposite
side 100 0.07 800

4 7.5 Upper center 40 0.10 1000
5 7.5 Upper center 80 0.08 800
6 10.0 Same side 100 0.09 1000
7 10.0 Upper center 40 0.07 800

8 10.0 Opposite
side 80 0.10 600

9 10.0 Upper center 20 0.08 800
10 10.0 Upper center 60 0.06 800
11 12.5 Same side 80 0.07 800
12 12.5 Upper center 20 0.10 800

13 12.5 Opposite
side 60 0.08 1000

14 12.5 Upper center 100 0.06 800
15 12.5 Upper center 40 0.09 600
16 15.0 Same side 60 0.10 800
17 15.0 Upper center 100 0.08 600

18 15.0 Opposite
side 40 0.06 800

19 15.0 Upper center 80 0.09 800
20 15.0 Upper center 20 0.07 1000
21 17.5 Same side 40 0.08 800
22 17.5 Upper center 80 0.06 1000

23 17.5 Opposite
side 20 0.09 800

24 17.5 Upper center 60 0.07 600
25 17.5 Upper center 100 0.10 800

Table 1 was obtained by correcting the standard L25(55) orthogonal array with the
mixed level method. Compared with the standard L25 orthogonal array, two of the factors
in this study were set with only three levels, which means that two levels were redundant.
So, we replaced the two redundant levels in the standard L25(55) orthogonal array with any
one or more of the other three levels. In this study, the two redundant levels were replaced
by “Upper center” and “800 mm”, respectively.

This array can also be generated using the Taguchi design function of the NCSS or
Minitab software.

2.3. CFD Analysis

A CFD analysis project of the single-heading tunnel was established in the general CFD
software Ansys-Fluent. The model was developed by means of DesignModeler, meshing
was performed via Meshing, and post-processing of the simulation was conducted using
CFD-Post.

2.3.1. Mathematical Models and Governing Equations

The following assumptions were made for the basic conditions simulated to reasonably
simplify the simulation.
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a. Steady-state assumption: After the flow field reaches a steady state, the parameters
within the flow field, including oxygen concentration, flow velocity, and localized
age of air, no longer change with time.

b. Constant assumption: The mass flow rates at the outlet of each duct, the pressure of
the I.D. fan, atmospheric pressure, environmental temperature, and other parameters
remain constant during the simulation.

c. Wall assumption: The study does not involve the study of flow in the boundary layer,
but only the flow field inside the single-heading tunnel, so the wall conditions of the
CFD model were set to be walls with slip conditions to simplify the calculation.

d. Fan planarization assumption: Fan surface body was used to replace the real I.D.
fan, and simplified to a circular surface body. The study by A. Krol et al. [20]
demonstrated that simplifying fans to infinitely thin surfaces in numerical simulation
has very little effect on the accuracy of the results if the diameter and pressure jump
are set to the same as the original fan. The use of the fan surface body instead of the
fan model largely simplified the calculation.

Due to the different fluid types, the inlet of the duct and the oxygen supply duct
needed to set different oxygen mass fractions, which required the activation of the species
setting function in the Ansys-Fluent boundary conditions setting. Additionally, to activate
the species setting function in the boundary condition settings, the species transport model
without chemical reactions was enabled; the steady-state solver was enabled to investigate
the parameters in the fluid domain at steady-state. In view of the air exchange in the
single-heading tunnel studied in this paper, the flow of single phase incompressible gas
was simulated, and the effect of a small amount of solid dust floating in the air on the
airflow was neglected.

The steady-state N–S equations [21–24] and the SST k-ω equations were used to
establish a closed set of governing equations, as in Equations (1)–(5).

Mass conservation equation:

∂(u)
∂x

+
∂(v)
∂y

+
∂(w)

∂z
= 0 (1)

Momentum conservation equations (N–S equations):
− 1

ρ
∂p
∂x −

(
∂(u2)

∂x + ∂(uv)
∂y + ∂(uw)

∂z

)
+ 1

ρ

(
∂τxx
∂x +

∂τyx
∂y + ∂τzx

∂z

)
= 0

− 1
ρ

∂p
∂y −

(
∂(vu)

∂x + ∂(v2)
∂y + ∂(vw)

∂z

)
+ 1

ρ

(
∂τxy
∂x +

∂τyy
∂y +

∂τzy
∂z

)
= 0

− 1
ρ

∂p
∂z −

(
∂(wu)

∂x + ∂(wv)
∂y + ∂(w2)

∂z

)
+ 1

ρ

(
∂τxz
∂x +

∂τyz
∂y + ∂τzz

∂z

)
= 0

(2)

Species transport equation (in turbulent flows):

→
Ji= −

(
ρDi,m +

µt

Sct

)
∇Yi−DT,i

∇T
T

(3)

where ρ is the density of the fluid; u, v, and w are the velocity in the x, y, and z direction,

respectively; p is the pressure; τ is the shear stress;
→
Ji is the diffusion flux of species i;

Di,m is the mass diffusion coefficient for species i in the mixture; DT,i is the thermal (Soret)
diffusion coefficient; T is the temperature; Yi is the local mass fraction of species i; µt is the
turbulent viscosity; and Sct is the turbulent Schmidt number, with the default Sct being 0.7.

Since the change in heat in the incompressible fluid flow is very small, the energy
equation can be ignored.

There was a large pressure gradient around the I.D. fan, and the SST k-ω turbulence
model was chosen because of its high accuracy under an adverse pressure gradient.
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Turbulent kinetic energy k:

∂(ρku i)

∂xi
=

∂

∂xj
(Γ k

∂k
∂xj

)+Gk−Yk (4)

Specific turbulence dissipation ω:

∂(ρku i)

∂xi
=

∂

∂xj
(Γ ω

∂ω

∂xj
) + Gω−Yω+Dω (5)

where Gk is the generation of turbulence kinetic energy due to mean velocity gradients;
Gω is the generation of ω; Γk and Γω are the effective diffusivities of k and ω, respectively;
Yk and Yω are the dissipation of k and ω due to turbulence, respectively; and Dω is the
cross-diffusion term.

We used the user-defined functions (UDFs) in the Ansys-Fluent Theory Guide to
calculate the age of air. Additionally, after calculating the age of air values at each point,
we then averaged values to obtain the MAA in the whole tunnel [20].

2.3.2. Simulation Modeling and Boundary Conditions

A 1:1 simulation model of the single-heading tunnel at Pulang copper mine was
developed as shown in Figure 1c, and the front and side views of the model are shown in
Figure 1a,b. Figure 1c,d show the 3D model of the single-heading tunnel.

The oxygen supply duct and the I.D. fan were both placed on the right-hand side of
the single-heading tunnel to avoid obstruction of normal work and transportation.

The boundary conditions were set based on the calculation and field measurement
results of environment parameters in the Pulang copper mine. Based on the case that the
single-heading tunnel is located at an altitude of 3400 m, and the target of oxygen supply is
to increase the oxygen volume fraction in that the single-heading tunnel by 5%, the high-
altitude environment parameters required for the simulation and boundary conditions
were calculated using Equations (6)–(15).

The equation for calculating the required volume airflow rates at the single-heading
tunnel [16] is shown in Equation (6):

Q = V0S × 60 (6)

where Q is the volume airflow rates required at the single-heading tunnel using the min-
imum dust exhaust air velocity, m3/min; V0 is the minimum dust exhaust air velocity,
which was taken as 0.25 m/s following the Ventilation Technical Standards for Metal and
Nonmetal Underground Mines Ventilation System (AQ 2013.2 - 2008); and S is the area of
the tunnel section, m2.

There is a one-to-one correspondence between atmospheric pressure, temperature,
and altitude, and the equation between atmospheric pressure and altitude [25] is shown in
Equation (7), while the equation between temperature and altitude is shown in Equation (8).

pz= 101.325 × (1 − z
44329

)5.255876
(7)

Tz= 293.15 − (
z

100
× 0 .6) (8)

where pz and Tz are the atmospheric pressure and temperature at z altitude, respectively,
Pa and K; and z is the altitude, m.

Based on the above results, the air density at the altitude of 3400 m can be calculated
by means of Equation (9):

ρz= 1.293 × pz

101.325
× 273.15

Tz
(9)
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where ρz is the air density at z altitude, kg/m3.
The equation of calculating oxygen supplied with a 5% rise in oxygen volume fraction

as the target is shown in Equation (10):

x =
Q × [20.9% × (1 + 5%) − 20.9%]

1 − [20.9%×(1 + 5%)]
(10)

where x is the volume flow rate of the oxygen supply duct, m3/min.
The turbulence intensity and turbulent viscosity ratio are calculated using Equations (11)–(15):

I = 0.16Re−0.125 (11)

µt

µ
=

0.09ρk2

εµ
(12)

Re =
ρvL

µ
(13)

k = 1.5(vI)2 (14)

ε =
0.090.75k1.5

0.07L
(15)

where I is the turbulence intensity; Re is the Reynolds number; L is the characteristic length
of the tunnel, m; µt/µ is the turbulent viscosity ratio; k is the turbulent kinetic energy, J; ε is
the dissipation rate of turbulence, %; and µ is the dynamic viscosity of the fluid, N·s/m2.

The high-altitude environment parameters required for the simulation and boundary
conditions are shown in Table 2, where the turbulence intensity and turbulence viscosity
ratio settings were applied to all inlets and outlet.

Table 2. The high-altitude environment parameters and boundary conditions of CFD analysis.

High-Altitude Environment Parameters Values

The air volume flow rates required at the heading face
calculated using the minimum dust exhaust airflow velocity (Q) 179.77 m3/min

The inlet flow velocity of the duct 10.596 m/s (600 mm), 5.960 m/s (800 mm), 3.815 m/s (1000 mm)
The atmospheric pressure at the altitude of 3400 m (p3400) 66.61 kPa

The temperature at the altitude of 3400 m (T3400) 272.75 K
The air density at 3400 m altitude (ρ3400) 0.85 kg/m3

The oxygen volume flow rates required (x) 3.12 m3/min
The inlet flow velocity of the oxygen supply duct 18.391 m/s (0.06 m), 13.512 m/s (0.07 m), 10.345 m/s (0.08 m),

8.174 m/s (0.09 m), 6.621 m/s (0.10 m)
Inlet type of duct and oxygen supply duct Velocity-Inlet

Oxygen mass fraction of duct and the single-heading tunnel 20.9%
User-defined scalar boundary condition of inlets Specified constant: 0 s

Outlet type Pressure-Outlet
Relative pressure at the outlet 0 Pa

Turbulence intensity 4.19%
Turbulent viscosity ratio 66.07

2.3.3. Meshing and Independent Verification Test

Meshes were generated for the model, as shown in Figure 3a. The numbers of meshes
for each trial are shown in Figure 3b. To ensure that the CFD simulation results are
independent of the size of meshes, CFD simulations using three different sizes of meshes of
the same trial were tested. The comparison results are shown in Figure 3c. Figure 3c shows
that the result of medium-quality meshes almost overlaps with the result of high-quality
meshes, with a relative error of only 1.55%, so the medium-quality meshes with an average
size of 2× 10−2 m were finally chosen for the CFD simulations because the medium-quality
meshes required the least convergence time to obtain the optimal result.
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2.3.4. Validation of CFD Analysis

The tracer gas concentration decay method is the main method for measuring the
age of air in field experiments [26–28], which requires injecting a large amount of tracer
gas into the closed measurement space to make the concentration of tracer gas uniform
everywhere in the measurement space. However, due to the large space volume of the
Pulang copper mine single-heading tunnel, it would be very expensive and extremely
difficult to use this method in field experiments. Thus, a small model of the single-heading
tunnel was used, and measurement experiments were conducted using this small model.
Additionally, the experiment results were compared with the CFD analysis results of the
small model to verify the agreement of the age of air in the small model with its CFD
simulation results, and then to verify the accuracy of the CFD methods and numerical
model setting. The schematic diagram and the physical diagram of the small model test are
shown in Figure 4a,b. Using the tracer gas concentration decay method, the concentration
sensors are positioned at 6 measurement points within the small model to obtain the decay
curve of the tracer gas concentration at the measurement points with time. CO2 was chosen
as the tracer gas for this research due to its advantages of low cost, non-explosiveness and
non-toxicity [28]. The air age at the measurement point was calculated using Equation (16):

τp =

∫ ∞
t0
(C t−CB)dt

Ct0−CB
(16)

where τp is the age of air; Ct is the CO2 concentration at the measurement time t; CB is
the background concentration of CO2 in the laboratory; and t0 is the initial time of the
concentration decay curve.

The conditions of the small model were as follows. The position of the duct was on the
same side as the oxygen supply duct and the small fan. The oxygen supply duct’s diameter
was 0.025 m. The duct diameter was 0.082 m. The distance between the outlet of the duct
and the heading face was 1.8 m. The flow velocity at the outlet of the oxygen supply duct
was 0.02 m/s. The flow velocity at the outlet of the duct was 1.15 m/s. The differential
pressure of the I.D. fan was 3 Pa. The diameter of I.D. fan was 0.05 m. Additionally, the air
pressure of the lab was 100,110 Pa. The distance between the outlet of the oxygen supply
duct and the small fan and the distance between the outlet of the oxygen supply duct and
the duct outlet are both 0.075 m. The axis of the oxygen supply duct is 0.123 m from the
ground. The axis of the duct is 0.270 m from the ground.

The measurement procedure was as follows: first, we measured the background con-
centration of CO2 in the lab, sealed the small model, injected CO2, and evenly distributed
it inside using a fan; then, we unsealed the small model, inserted the ducts and the small
fan, turned on the axial fan, the valve of oxygen and the small fan, and recorded the CO2
decay curve; following this, we used the middle section of the curves to calculate the
age of air to prevent the “transition period” at the beginning and the “fluctuation period”
at the end from influencing the results [28], as shown in Figure 4c. After removing the
“transition period” and “fluctuation period” of the CO2 concentration decay curve obtained
from each sensor, Equation (16) was used to obtain the air age at each sensor location in
the experiment. Additionally, a CFD case of the small model was developed using the
methods presented in Sections 2.3.1–2.3.3. The comparison of the two results is shown in
Figure 4d, which indicates that the experimental results and CFD results are in considerable
agreement with the error tolerance. The CFD model developed in this study has a high
agreement with the real situation, too.
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Figure 3. (a) Meshes of the 3D simulation model; (b) numbers of meshes for each trial; (c) independent verification test results of the meshes: comparison of flow
velocity line graphs for different quality meshes (the flow velocity on the centerline of 1.5 m height from the floor was compared).
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3. Results
3.1. Simulation Results

The results of simulation are shown in Figure 5 (unit: seconds). Figure 5 shows the
age of air contours of the single-heading tunnel at a height of 1.5 m from the floor, which is
often considered to be the height of the breathing zone, and the air quality at this height can
have a significant impact on the respiratory health of the workers. By taking the average
of the age of air for each trial in the breathing zone, the mean age of air for each trial was
obtained as shown in Figure 5f.
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3.2. Sensitivity Analysis

When analyzing the sensitivity of factors using range analysis method, the aim was to
assess the influence degree of the factors in an orthogonal experiment. The range analysis
method requires two important statistics: Kij and Rj, where Kij is the sum of results at the
i-th level of a factor, and Rj is the difference between the maximum Kij and the minimum Kij
of a factor, i.e., Rj = Kij (MAX) − Kij (MIN). The magnitude of Rj can indicate the influence
degree of the factor; the larger the Rj, the greater the influence degree its corresponding
factor has.

It is worth noting that when the number of levels of each factor is exactly the same, the
relationship of the factors’ influence can be determined by Rj. When the number of levels
of each factor is not equal, Rj cannot be compared directly because the Rj of the factors with
fewer levels would be lower than normal, so the Rj should be corrected by a coefficient at
this point [29]. The correction is shown in Equation (17).

R′j= Rj · d ·
√

n (17)
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where Rj
′

is the corrected Rj; d is the correction coefficient, and the value of d is shown in
Table 3; and n is the number of results for each level. In this study, the value of n for the
factor in five levels is 25/5 = 5, and the value of n for the factor in three levels is 25/3 = 8.33.

Table 3. The correction coefficient.

Levels Correction Coefficient d Levels Correction Coefficient d Levels Correction Coefficient d

2 0.71 5 0.40 8 0.34
3 0.52 6 0.37 9 0.32
4 0.45 7 0.35 10 0.31

The results of the sensitivity analysis of the experiment are shown in Table 4. By
comparing the Rj

′
of five factors, the relative influence of the five factors on the MAA can be

obtained: distance between the outlet of the duct and the heading face (A) > position of the
duct (B) > diameter of oxygen supply duct (D) > diameter of duct (E) > differential pressure
of the I.D. fan (C), which shows that the distance between the outlet of the duct and the
heading face (Do&h) has the greatest influence on the MAA in the single-heading tunnel.
Changing the diameter of the oxygen supply duct has a smaller effect on the MAA than
changing Do&h. The effect of the position of the duct in the cross-section on air exchange in
the single-heading tunnel is also considerable. The diameter of the oxygen supply duct and
the diameter of the duct have a smaller effect on MAA, in which the differential pressure of
the I.D. fan has the smallest effect.

Table 4. The results of the range analysis of the experiment.

Factors
A B C D E

K1j 769.828 750.070 785.583 775.109 804.139
K2j 759.334 2341.202 758.547 747.982 2314.934
K3j 727.313 800.386 754.325 768.885 772.585
K4j 800.641 —— 795.987 777.385 ——
K5j 834.542 —— 797.216 822.297 ——

K1javg 153.966 150.014 157.117 155.022 160.828
K2javg 151.867 156.080 151.709 149.596 154.329
K3javg 145.463 160.077 150.865 153.777 154.517
K4javg 160.128 —— 159.197 155.477 ——
K5javg 166.908 —— 159.443 164.459 ——

Range (Percents) 14.7% 6.7% 5.7% 9.9% 4.2%
Rj 21.445 10.063 8.578 14.863 6.499
Rj

’ 19.181 15.106 7.672 13.294 9.756

Ranking A > B > D > E > C

The relationships between each factor and MAA are shown in Figure 6. It shows
that MAA increases monotonically as the duct moves from the same side as the oxygen
supply duct to the opposite side (Factor B), because when the duct and oxygen supply duct
are not on the same side, the airflow and oxygen flow will inevitably interfere with each
other, resulting in the appearance of large swirls and increasing MAA. This means that in
real work, the air duct needs to be placed on the same side as the oxygen supply duct to
optimize air exchange.

In terms of Do&h (Factor A), as the Do&h increases, the MAA overall increases. This is
due to the increased spacing, which significantly increases the flow distance of air, which in
turn leads to an increase in motion time; at the same time, when the airflow pressure drop
is constant, the increase in distance will cause the heading face to be outside the effective
distance of the airflow, causing the airflow to rotate more and more intensely at the heading
face, as shown in Figure 7, which also increases MAA. The increase in Tu in Figure 7 also
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shows the intensification of rotating of the airflow. It can also be obtained from Figure 6 that
MAA does not increase monotonically with Do&h, but decreases first and then increases,
meaning that there is a certain value of Do&h that could minimize the MAA. Additionally,
as shown in Table 4, a suitable Do&h can reduce MAA by about 14.7% on average.
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Figure 6. Relationship between factors and MAA in the single-heading tunnel (Each point on the
curves represents a reasonable level of that factor, and the order is shown in Section 2.2.2).
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Figure 7. Streamlines of airflow in the single-heading tunnel as Do&h increases (the streamlines’ color
represents the flow velocity) and change in the turbulence intensity of the single-heading tunnel as
Do&h increases (*: Tu—turbulence intensity, ratio of the standard deviation of the localized air flow
velocity to the localized mean flow velocity.

When keeping the oxygen mass flow rate constant and increasing the diameter of the
oxygen supply duct (Factor D), MAA increases overall, too. Because increasing the duct
diameter in the case of a constant mass flow rate means lower flow velocity, and lower
flow velocity inevitably leads to bad air exchange and increased MAA. The range analysis
shows that the effect of Φosd on MAA is considerable and much higher than the effect of
Φfad on MAA. As with Do&h, MAA decreases and then increases as Φosd changes, implying
that there is a certain value of Φosd that minimizes MAA.

To explore a convenient way to find the specific values of the above two factors which
minimize the air age, two sets of simulations (G1 and G2) were conducted. In G1, the duct
was set on the same side as the oxygen supply duct in the CFD model, and then Do&h was
changed to read the MAA on three lines in the breathing zone of each trial: a center line
(line 1), a line on the same side as the ducts (line 2) and a line on the opposite side to the
ducts (line 3), as shown in Figure 8. In G2, the duct was set in the upper center, then we
changed Φosd and read MAA on Lines 1, 2, and 3.
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Figure 8. (a) The MAA on Line 1 when changing Do&h; (b) The MAA on Line 2 when changing Do&h; (c) The MAA on Line 3 when changing Do&h; (d) The average
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The results of G1 are shown in Figure 8 and the results of G2 are shown in Table 5. It
can be obtained from Figure 8 and Table 5 that the MAA on Line 2 in G1 and Line 1 in G2
has the smallest difference of only 4–6% from the MAA in the breathing zone. The two
lines have the following in common: both lines are projected from the axis of the duct to
the breathing zone. Based on this finding, when searching for the optimal Do&h and Φosd in
real-world work, it is possible to set only a smaller number of sensors on the projection line
of the duct in the breathing zone, and then change the Do&h and Φosd and judge the change
in MAA to obtain a result that maximizes the air exchange rate within the whole breathing
zone. This can reduce the measuring workload and cost.

Table 5. Three lines set in the breathing zone and the average MAA on each line when changing ϕosd.

ϕosd Line 1 Relative Error (%) Line 2 Relative Error (%) Line 3 Relative Error (%) Kij

0.06 141.88 8.48 147.01 5.17 138.36 10.75 155.022
0.07 155.80 4.15 159.08 6.34 152.01 1.61 149.596
0.08 144.16 6.25 148.11 3.69 145.83 5.17 153.777
0.09 153.93 1.00 164.42 5.75 143.56 7.66 155.477
0.1 166.50 1.24 166.61 1.31 167.95 2.12 164.459

Ave 152.454 4.224 157.046 4.452 149.542 5.462 155.666

The weakest correlation was demonstrated between the differential pressure of the
I.D. fan (Factor C) and the MAA. MAA shows a U-shaped trend with the increase in the
differential pressure of the I.D. fan (Factor C), and then tends to remain constant. The
streamlines through the I.D. fan are shown in Figure 9. It can be seen that when the
differential pressure is 40 Pa or 60 Pa, the scale of swirls is significantly smaller, which leads
to a decrease in MAA. This proves that the differential pressure in the range of 40–60 Pa
has good compatibility with this tunnel and can reduce the rotational motion of the airflow
nicely, and either increasing or decreasing the differential pressure outside of this range
will increase the scale of the swirls. When the differential pressure increases to a certain
level, the swirls of the airflow expand to the same scale as the tunnel section and no longer
expand, leading to almost stopped changes in MAA.
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Figure 9. Streamlines of the single-heading tunnel under different I.D. fan differential pressure; the
dotted lines indicate the size of swirls, and the two trials in the pink rectangle reach the minimum
size of swirls (50 lines for each, and the streamlines’ color represents the flow velocity).

The effect of the three most commonly used Φfad (Factor E) in real work on the MAA
of single-heading tunnels was studied. The 600 mm diameter duct will result in the worst
air exchange in the single-heading tunnel, as shown in Figure 6. The 800 mm and 1000 mm
diameter ducts can both significantly reduce the MAA of the tunnel, in this study by 4.2%,
as shown in Table 4. In real work, one of the two diameters can be chosen according to
the needs.
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4. Conclusions

(1) Through CFD analysis, the age of air in the breathing zone of the single-heading tunnel
in the Pulang copper mine was obtained, and the MAA under different working
conditions was calculated for comparison, providing an optimized reference for air
exchange in this tunnel or similar tunnels.

(2) The MAA in the breathing zone of the single-heading tunnel shows an overall rising
trend with the increase in Do&h and Φosd, but it will be negative for air exchange if
Do&h and Φosd are too small. Using a duct with an inner diameter of 800 or 1000 mm
and placing it on the same side as the oxygen supply duct can help reduce MAA. It
has no obvious effect on improving air exchange in the tunnel when the differential
pressure of the I.D. fan is low; when the differential pressure is increased to a certain
range, the I.D. fan will significantly improve air exchange, but too large a differential
pressure will worsen air exchange instead.

(3) The influence degree ranking of five factors on the MAA: distance between the outlet
of the duct and the heading face > position of the duct > diameter of oxygen supply
duct > diameter of the duct > differential pressure of the I.D. fan. In real work,
adjusting the factors with a high degree of influence can provide a more obvious
the effect.

(4) The MAA on the projection line of the duct in the breathing zone has good agreement
with the MAA within the entire breathing zone. In real work, the placement of sensors
along this projection line enables a low-cost and highly efficient evaluation of air
exchange effects for the entire tunnel.

This study seeks to optimize air exchange in high-altitude single-heading tunnels and
protect workers’ respiratory health, providing guidance and references for real ventilation
optimization work. The findings of the study are also applicable to the optimization of air
exchange in high-altitude highway tunnels or railway tunnels under excavation.
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