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ABSTRACT

Deep coal mining operates in increasingly extreme environments, where substantial dust generated during the mining process poses serious
risks to both production safety and miners’ health. To understand the dust transport pattern and miners’ particulate exposure risk within a
full-scale heading face under various ventilation configurations, airflow patterns and dust dispersion characteristics were systematically inves-
tigated using the Euler–Lagrangian approach. A user-defined function was developed to enable the dynamic injection of particles, simulating
realistic dust generation processes. The average residence times of particles with varying sizes were calculated, and the number of particles
entering the respiratory zone was quantified to assess the driver’s exposure risk. Results revealed that the driver remained in the recirculation
zone in all layouts. The centrally positioned ventilation cylinder facilitated the suspension of smaller particles. With a total suspension time of
300 s and an air supply velocity of 11m/s, particles sized below 20 mm exhibited the longest average residence time—11.24% and 26.24% lon-
ger than in layout R (cylinder on the opposite side of the driver) and layout L (cylinder on the driver’s side), respectively. Smaller respiratory
dust (i.e., dp < 7.07 mm) and particles originating from the upper part of the dust injection surface were most likely to enter the driver’s respi-
ratory zone. Increasing the fresh air supply alone proved insufficient to reduce particulate exposure. Among the configurations, layout L was
optimal, reducing particulate exposure by 65.12% compared to layout R. This study provides theoretical insights for optimizing ventilation
strategies within the heading face.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0276290

I. INTRODUCTION

As one of the most abundant and cost-effective energy sources,
coal has long played a fundamental role in global energy systems.1

Despite the increasing adoption of renewable energy, many economies,
particularly those with high energy demands and rapid industrial
growth, continue to partially depend on coal to maintain a stable
energy supply. China exemplifies this trend. According to the China
Mineral Resources Report, the total primary energy production in
2023 reached 4.83� 109 tons of standard coal with coal contributing
66.6% of this total. In the same year, coal production amounted to

4.71� 109 tons, marking a 3.4% year-on-year increase.2 These figures
demonstrate that coal remains the primary energy source in China’s
energy structure, and this pattern is unlikely to undergo significant
changes in the short term. As such, coal will continue to serve as the
“ballast” and “stabilizer” of the energy system, ensuring the security
and stability of the national energy supply.

Recently, the growing demand for coal resources has spurred the
rapid development of the coal mining industry.3 In China, under-
ground mining is the primary method of coal extraction, with under-
ground coal mines accounting for approximately 92% of the total,
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significantly outnumbering open-pit mines.4 However, as shallow coal
reserves continue to deplete, mining operations are progressively
extending to greater depths. An increasing number of mines are now
operating at depths exceeding 800m, resulting in progressively harsher
underground working conditions.5–8 Deep mining not only faces
severe thermal damage issues, as research has shown that for every
100-m increase in mining depth, the downhole temperature rises by
2–4 �C9,10 but is also accompanied by the release of groundwater,
resulting in a significant increase in humidity.11 More critically, the
generated dust during deep mining is difficult to control in the con-
fined underground environment, thereby exacerbating dust pollution.
This issue is particularly pronounced within the heading face, i.e., the
working area where new roadways are excavated in underground coal
mines. Without dust control measures, dust concentrations within the
heading face can reach 1000–3000mg/m3,12 making it one of the most
heavily dust-polluted areas in underground mining.13

The high-concentration dust generated during the mining pro-
cess not only poses significant risks to the safe production of coal
mines but also seriously threatens the health of miners.14,15 As a highly
flammable substance, coal dust presents a substantial explosion hazard
in confined spaces when concentrated at high levels. Statistics indicate
that 87.32% of China’s 532key coal mines are confronted with coal
dust explosion risks.16 Additionally, elevated dust concentrations
impair light transmission, reducing miners’ visibility and increasing
the likelihood of operational errors,17,18 thus increasing safety hazards
during the production process. Furthermore, prolonged exposure to
high dust concentrations inevitably leads to excessive dust inhalation.
Smaller dust particles can penetrate deep into the lungs and reach the
alveolar region, where they irritate lung tissue and induce chronic
inflammatory reactions.19,20 Prolonged inhalation of coal dust can
lead to lung fibrosis and respiratory failure, ultimately resulting in
pneumoconiosis.21,22 By the end of 2021, China had reported a cumu-
lative total of 915 000 cases of occupational pneumoconiosis,23 with
coal workers’ pneumoconiosis accounting for more than half of these
cases.24,25 Therefore, effective dust control strategies are urgently
needed to mitigate dust pollution, ensuring both the safe extraction of
coal and protecting miners’ lifelong health.

To reduce dust pollution within the heading face, wet dust sup-
pression techniques, such as coal seam water injection and dust sup-
pression sprays, have been widely employed in coal mines.26–28 While
these methods improve the operating environment to some extent,
they also exacerbate the high humidity within the heading face.
Currently, ventilation is one of the primary andmost effective methods
for controlling dust in underground coal mines, effectively preventing
dust accumulation.25,29

In recent years, numerous systematic studies have been conducted
on ventilation and dust suppression within the heading face. Nie et al.30

established a simulated experimental system for the heading face and
investigated the effects of various ventilation parameters on airflow and
dust migration under the long-pressure short-extraction ventilation
method. Building on this experimental system, they subsequently
designed and developed a novel multi-radial vortex wind generator.31

Additionally, Ren et al.32 designed a dust suppression device specifically
for underground tunneling and validated its effectiveness through field
tests. Zheng et al.33 experimentally investigated the impact of ventila-
tion speed, ventilation cylinder position, driver height, and other factors
on dust concentration around the driver and pedestrians.

Despite these advancements, there are certain limitations to
experimental studies, as it is challenging to obtain detailed data on the
airflow and particle diffusion and distribution within the heading face
through direct measurements. The complex and dynamic under-
ground environment poses significant challenges to on-site data collec-
tion. Additionally, constructing a full-scale simulation platform in the
laboratory is costly. Consequently, many researchers are turning to
cost-effective numerical simulation methods for more detailed analy-
ses. Hu et al.34 investigated the influence of air supply velocity on dust
diffusion in excavation roadways by the computational fluid
dynamics-discrete phase model (CFD-DPM). To better account for
the interactions between dust particles, Geng et al.35,36 conducted stud-
ies on the diffusion characteristics of dust pollutants within the head-
ing face under hybrid and forced ventilation based on the
computational fluid dynamics-discrete element method (CFD–DEM).
Wang et al.37 analyzed the dispersion characteristics of respirable dust
within the heading face and put forward improvements to existing
ventilation layouts, achieving a removal efficiency exceeding 90% for
respirable dust. Recently, Yu et al.38–40 introduced a large vortex flow
technology, employing zoned ventilation to control dust in front of the
roadheader while supplying fresh airflow to the driver and manned
areas. Cheng et al.41 developed a double-pressure double-extraction
(DPDE) dust removal system and conducted parametric studies via
numerical simulations to determine the optimal installation position
of the air curtain generator. While those studies provide valuable
insight on the effects of ventilation velocity, and different ventilation
strategies on dust control in coal roadways, most of them only focused
primarily on dust dispersion mechanisms within the heading face
from the fixed dust source position.

Many researchers simplified the head-on face (i.e., the foremost
working surface of a tunneling roadway during the excavation process,
see Fig. 1) as the dust-generating surface. However, excavation opera-
tions are inherently dynamic, with the continuous movement of the
cutting head causing the dust source position to shift over time. Jiang
et al.42 and Lu et al.43 have recognized this issue, but their studies pri-
marily focused on comparing the effects of nine critical dust source
positions on dust diffusion, without considering the dynamic move-
ment of the dust source. Moreover, most previous studies had concen-
trated on overall dust diffusion patterns within the roadway, paying
limited attention to the dust distribution around workers and their
particulate exposure risk.

To address the aforementioned gaps, in the present study, a full-
scale heading face was numerically built to perform dust dispersion
simulation. The dynamic dust dispersion pattern from the head-on
face during the mining process was adopted using a user-defined func-
tion (UDF) and was further tracked using the Euler–Lagrangian
model. The airflow patterns and dust trajectories are visualized, and
the average residence time of particles with varying sizes is calculated
and compared across various scenarios with different ventilation lay-
outs and airflow rates. The further analysis focuses on the dust distri-
bution around the driver of the roadheader, particularly within his
respiratory zone. In addition, a backtracking analysis is performed on
each particle entering the driver’s respiratory zone to trace its origin.
This study aims to investigate the dynamic dust dispersion pattern
within the heading face and identify common characteristics of dust
entering the driver’s respiratory zone under different ventilation
layouts.
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II. METHODOLOGY
A. The physical model and computational mesh

To study the dust transport behavior within the heading face, a
typical excavation roadway of Shandong Energy Group was numeri-
cally built, as shown in Fig. 1. A simplified EBZ160 roadheader, with
dimensions of 10� 2.6� 1.8m3 (length� height�width), was
located at the front end of the roadway. The driver was positioned at
the operator’s position of the roadheader. The computational domain
also included a pressure cylinder (a forced-air ventilation system com-
monly used in underground coal mines to supply fresh air to the
heading face and remove dust from the working area) with a diameter
of 0.8m and a length of 36m, suspended 2.9m above the ground,
along with a belt conveyor extending nearly the entire length of the
roadway.

The previous study demonstrated that the placement of the venti-
lation cylinder significantly influences the airflow pattern within the
heading face, thereby affecting dust transport behavior.30 Consequently,
the layout of the ventilation cylinder will directly impact the effective-
ness of dust control. Implementing an appropriate ventilation layout is
crucial for achieving efficient dust suppression. Building on this insight,
the present study systematically investigated three different ventilation
layouts, as illustrated in Fig. 2.

Computational meshes were generated using ANSYS Fluent
Meshing. The entire computational domain was discretized by the
poly-hexcore mesh to accommodate the complexity of the flow
domains, particularly those involving intricate manikin geometry.44

This meshing strategy involves filling the primary regions with hexahe-
dral elements and switching to more adaptable polyhedral elements
near complex geometrical boundaries for improved accuracy and flexi-
bility (see Fig. 1). In comparison with the traditional unstructured

tetrahedral mesh, the poly-hexcore mesh offers significant advantages
by combining the strengths of polyhedral and hexahedral elements. It
is more suitable for complex geometries, requiring fewer mesh ele-
ments while maintaining higher quality, facilitating improved compu-
tational convergence, and enabling greater accuracy.45 To capture the
flow pattern near the boundary layer, five near-wall prism layers were
generated in this study.46 Three sets of meshes with varying densities
were utilized for the independence test, with total element counts of
2.21� 106, 3.3� 106, and 5.22� 106. Velocity profiles along three
lines, randomly selected from the computational domain, were
extracted for comparison, as shown in Fig. 3. It can be observed that
there was minimal deviation between the velocity profiles obtained
from mesh 2 and mesh 3, demonstrating that the computed results
would not significantly be affected by further mesh refinement.
Therefore, the 3.3� 106 mesh configuration was ultimately adopted
for the subsequent calculations to balance the accuracy and computa-
tional cost.

B. Mathematical models

The dispersion of dust under the influence of airflow is classified
as a gas–solid two-phase flow. In this study, the airflow was modeled
as the continuous phase using the Eulerian approach, while dust par-
ticles were treated as the discrete phase and tracked individually by the
Lagrangian method. To predict the airflow field within the roadway,
the realizable k–epsilon model was employed as the turbulence model
for the simulation. This model has been widely adopted in studies of
roadway ventilation, and its superior accuracy and robust performance
have been well-validated in previous research.47–49 The transport equa-
tions for the turbulent kinetic energy (k) and dissipation rate (e) in the
realizable k–epsilon model can be expressed as49,50

FIG. 1. The physical model and mesh details.
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C1e ¼ 1:44; C2 ¼ 1:9; rk ¼ 1:0; re ¼ 1:2; (8)

where t is the time, q is the fluid density, u is the fluid velocity, l is the
fluid dynamic viscosity, v is the fluid kinematic viscosity, lt is the eddy
viscosity, Gk represents the generation of turbulence kinetic energy
due to the mean velocity gradients, Gb is the generation of turbulence
kinetic energy due to buoyancy, YM represents the contribution of the
fluctuating dilatation in compressible turbulence to the overall dissipa-
tion rate, C1 is used to correct the turbulent production term, C2 is a
correction coefficient associated with the turbulent dissipation term,
C1e and C3e are correction factors related to buoyancy term, and rk, re
are the turbulent Prandtl numbers for k and e, respectively. Sk and Se

FIG. 3. Mesh independence test.

FIG. 2. Three layouts: (a) pressure cylinder on the right side, (b) pressure cylinder in the middle, and (c) pressure cylinder on the left side.
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are user-defined source terms. S represents the magnitude of the mean
strain rate tensor.

The turbulent viscosity is computed from49,50

lt ¼ qCl
k2

e
; (9)

Cl ¼ 1

4:04þ ffiffiffi
6

p
cosu

kU�

e

; (10)

U� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SijSij þ eX ij

eX ij

q
; (11)

eX ij ¼ Xij � 3eijkxk; (12)

u ¼ 1
3
cos �1

ffiffiffi
6

p SijSjkSkieS3
� �

; (13)

where Cl is the coefficient for turbulent viscosity, u is the angle
parameter used in the realizable turbulence model, U� denotes the
characteristic velocity scale, Sij is the strain rate tensor, and Xij is the
mean rotation rate tensor observed in a moving reference frame with
angular velocityxk.

For the discrete phase, to save computational cost, the dust par-
ticles were assumed to be solid spheres of varying sizes. Based on
Newton’s second law, the force balance equation for the particles used
in this study can be expressed as follows:47,51,52

mp
d~up

dt
¼ ~FB þ~Fg þ~FD; (14)

~FB ¼ � p
6
d3pqg; (15)

~Fg ¼ p
6
d3pqpg; (16)

~FD ¼ 1
8
CDqpd

2
p j~uf �~upj ~uf �~up

� �
; (17)

CD ¼ a1 þ a2
Re

þ a3
Re2

; (18)

Re � qdpj~up �~uf j
l

; (19)

where qp is the particle density, dp is the particle diameter, g is the
gravitational acceleration directed along the negative y-axis with a
magnitude of 9.81m=s2, ~FB is the buoyancy force, ~Fg is the

gravitational force,~FD is the drag force,~up and~uf are the particle and
fluid velocities, respectively, CD is the drag coefficient, Re is the
Reynolds number for a spherical particle, and the coefficients a1; a2; a3
are constant specified for different ranges of Re as provided by Morsi
and Alexander.53

C. Numerical setup

This study utilized a numerical setup that reflects the actual
working process. The face of the pressure cylinder was defined as the
velocity inlet, while the exit of the roadway was set as the pressure out-
let. To account for the dynamic changes in the dust source location
caused by the movement of the roadheader’s cutter plate during exca-
vation, the dust source was positioned at the head-on face, and a
Fluent user-defined function (UDF) was implemented to simulate the
dust source moving in an S-shaped trajectory with a velocity of
0.05m/s,43 as illustrated in Fig. 1. The diameter distribution of the
dust particles followed the Rosin-Rammler distribution, with the max-
imum, minimum, and mean diameter set to 100, 1.85, and 12mm,
respectively, based on our previous study.54 In this study, 6000 par-
ticles were injected per second. These particles were released with an
initial velocity corresponding to the local airflow velocity at the injec-
tion location, as determined by the continuous phase field. Steady-
state airflow fields under two air supply velocities (i.e., 11 and 17m/s)
across three layouts were initially analyzed before tracking particulate
contaminants.55 To improve the robustness of the results, the second-
order upwind discretization scheme was applied to momentum,
turbulent kinetic energy, and dissipation rate. The pressure–velocity
coupling was handled using the SIMPLE scheme. More detailed
numerical calculation settings are shown in Table I.

To gain a deeper understanding of the effect of various pressure
cylinder layouts and air supply velocities on dust transport within the
heading face, six transient simulations were conducted. Numerical
simulations were performed on a local Dell R7525 workstation.
Utilizing 32 cores for parallel calculation, each simulation took approx-
imately 48 h to complete, with a flow time duration of 300 s. In-house
user-defined functions (UDFs) and Python codes were developed and
employed for:

(1) injecting particles while moving in an S-shaped trajectory;
(2) calculating the average residence time of particles with various

sizes;
(3) extracting the detailed information of particles entering the

respiratory zone;

TABLE I. Numerical parameters summary.

Names Type Parameters Names Type Parameters

General

Solver type Pressure-based

Discrete phase

Particle material Coal-hv
Time Transient Diameter distribution Rosin-Rammler

Time step size 0.1 s Total flow rate 0.006 kg/s
Gravity Y¼�9.81m/s2 Min diameter 1.85 mm

Model Viscous model Realizable k–epsilon Max diameter 100 mm
Near-wall treatment Standard wall functions Mean diameter 12 mm

Boundary condition Velocity inlet 11\17m/s Spread parameter 1.93
Pressure outlet Gauge pressure 0 Pa Number of diameters 20
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(4) reverse tracking of the initial position of the particles;
(5) conducting particle size and source tracing analysis of particles

entering the respiratory zone.

D. Model validation

The numerical results were validated by comparing the experi-
mental data from Hu et al.34 In their study, a 30� 5� 3.5m3 road-
way was established, as shown in Fig. 4(a). Figures 4(b) and 4(c)
present a comparison between experimental data and numerical
results for both the inlet side (i.e., the side where fresh air enters the
roadway, typically corresponding to the side where the pressure cyl-
inder is installed) and return side (i.e., the side where dust-laden air
exits, located opposite to the inlet side) at distances of 5, 10, 15, 20,
and 25m from the head-on face. The results reveal that the velocity
profile within the heading face was accurately predicted. The numer-
ical model successfully captured the decreasing trend in airflow
velocity as the distance from the head-on face increased. It can be
also observed that the deviation tended to grow with increasing dis-
tance from the head-on face. This discrepancy results from, on the
one hand, the inherent limitations of the Reynolds-averaged
Navier–Stokes (RANS) models, which rely on time-averaging the
Navier–Stokes equations and therefore fail to capture transient flow
behaviors. On the other hand, measurement errors must also be con-
sidered because airflow velocity is relatively low in these areas, and
the complex and dynamic underground environment makes it diffi-
cult to obtain precise field data. Despite these challenges, both

experimental data and numerical results successfully captured the
significant reduction in airflow velocity at 10m, followed by a grad-
ual decline with increasing distance. The numerical model effectively
reflected the overall airflow pattern within the heading face, demon-
strating acceptable accuracy.

E. Definition of the human respiratory zone

As illustrated in Fig. 5, the respiratory zone was defined as a
hemispherical region with a radius of 0.3m, centered at the midpoint
between the driver’s mouth and nose.56 Dust within the respiratory

FIG. 4. The roadway modeling validation: (a) the physical model, (b) velocity profile comparison of the inlet side, and (c) velocity profile comparison of the return side.

FIG. 5. Respiratory zone of the driver: (a) front view and (b) side view.
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FIG. 6. Airflow streamlines for three layouts.

FIG. 7. Velocity fields in the driver’s coronal (x¼ 6.26 m) and sagittal (z¼ 3.01m) planes at a given air supply velocity of 11 m/s (layout R).
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zone has a high potential to be inhaled, so conducting a detailed analy-
sis of airborne particles in this zone is crucial for evaluating the risk of
exposure to particulate contaminants for the driver.

III. RESULTS AND DISCUSSION
A. Airflow field and dust distribution

Figure 6 visualizes the airflow streamlines for three layouts. The
airflow field could be distinctly divided into three zones: the jet flow
zone, recirculation zone, and stable zone, consistent with findings
from previous studies.34,43 Due to the high-velocity airflow generated
by the pressure cylinder, a ventilation-free jet was created within the
first four meters of the roadway from the head-on face. Upon striking
the head-on face, the airflow formed a wall jet. Constrained by the con-
fined space, the airflow migrated laterally along the sidewall (when the
pressure cylinder was arranged on the right, middle, or left side, the
airflow would migrate laterally to the left, both sides or right side
respectively, as indicated by the red arrows in Fig. 6) and flowed
toward the end of the roadway. As the airflow moved to approximately
24m from the head-on face, its velocity gradually decreased due to
resistance along the roadway, eventually stabilizing. In all three layouts,

the driver of the roadheader was located within the recirculation zone,
where the airflow was more turbulent. This might increase the risk of
driver being exposed to high dust concentrations.

Figure 7 provides the detailed velocity distribution in the driver’s
coronal and sagittal planes when the pressure cylinder was positioned
on the right side. It can be observed that the high-velocity jet from the
cylinder, after impacting the head-on face, moved toward the lower
left corner of the roadway (i.e., the driver’s side). This caused the for-
mation of a distinct high-speed region in the lower-left corner of the
roadway in the coronal plane (see the small figure in the upper-right
corner of Fig. 7). From the sagittal perspective, the high-velocity jet
rebounded after striking the head-on face. Induced by the ground and
the surface of the roadheader, the airflow then moved toward the driv-
er’s face, which may potentially carry a significant amount of dust into
the driver’s respiratory zone. The airflow velocity near the driver
decreased to approximately 0.5m/s, with part of the airflow being
obstructed by the driver’s body, forming two recirculations around the
upper body and legs. These recirculations might lead to substantial
dust accumulation in these areas.

Figure 8 depicts the velocity distribution around the driver when
the cylinder was in the middle. Similarly, the high-velocity jet generated

FIG. 8. Velocity fields in the driver’s coronal (x¼ 6.26m) and sagittal (z¼ 3.01 m) planes at a given air supply velocity of 11 m/s (layout M).
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FIG. 9. Velocity fields in the driver’s coronal (x¼ 6.26m) and sagittal (z¼ 3.01 m) planes at a given air supply velocity of 11 m/s (layout L).

FIG. 10. Velocity profiles along a 1-m line in front of the driver’s face under three ventilation layouts at air supply velocities of 11 and 17m/s.
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by the cylinder rebounded after impacting the head-on face and was
further obstructed by the roadheader, resulting in a larger recirculation
zone in front of the roadheader. The velocity distribution on the driver’s
coronal plane, shown in the upper-right corner of Fig. 8, revealed there
were relatively higher velocity regions in the lower-left and lower-right
corners of the roadway. Additionally, vortices with opposing directions
were observed in the upper-left and upper-right corners, which might
promote a more uniform dust distribution across the coronal plane.
Compared to the cylinder positioned on the right side, the airflow veloc-
ity near the driver was much lower. However, the velocity vector pat-
terns remained similar, with airflow directed toward the driver’s face
and the presence of two vortices near the upper body and legs.

The velocity distribution in the coronal and sagittal planes of the
driver when the cylinder on the left side is shown in Fig. 9. In contrast
to the configuration with the cylinder on the right side, the high-
velocity jet hit the head-on face and was bounced back, moving toward
the lower-right corner of the roadway. A higher velocity was observed
near this lower-right corner of the roadway (see the upper-right sub-
plot of Fig. 9). The airflow field in the vicinity of the driver had a lower
velocity, and the airflow was blowing from the upper-right corner of
the driver, differing from the first two layouts where the airflow was
directed to the driver’s face.

To carefully analyze the local environment around the driver, a
1-m line along the x-direction was extracted in front of the driver’s

face, and the velocity along this line was compared under different
working conditions, as shown in Fig. 10. Overall, the velocity profile
tended to decrease as it approached the driver’s face. Among the vari-
ous ventilation layouts, positioning the cylinder on the right side (i.e.,
layout R) had the most significant impact on the local airflow velocity,
with the highest velocity observed along this line. When the air
supply velocity was 17m/s, the airflow velocity at the point closest to
the driver’s face could be up to 0.85m/s. This can be attributed to the
airflow characteristics of layout R, where the airflow moved toward the
driver’s face.

With the airflow field analyzed in detail, the dust transport char-
acteristics within the heading face were further studied. Figure 11 dem-
onstrates the spatial distribution of particles for the three layouts at an
air supply velocity of 11m/s with the same injection position. It can be
clearly noticed that the dust dispersion was vastly affected by the local
airflow pattern. In layout R and layout L, since the cylinder was
arranged on one side of the roadway, the dust was transported with
the airflow close to the other side of the wall toward the exit of the
roadway. The dust appeared to be stratified, with larger particles hav-
ing a tendency to settle and smaller particles spreading throughout the
roadway. Similarly, when the dust injection position moved to the left
half of the head-on face, the airflow carried the dust along the left wall
toward the direction away from the head-on face in layout M. It was
worth noting that the ability of the airflow to carry dust for

FIG. 11. Particle spatial distribution of the
dust field for (a) layout R, (b) layout M,
and (c) layout L.
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transportation seemed to be weaker and dust with larger particle sizes
was more easily deposited when the cylinder was arranged in the mid-
dle (i.e., layout M) compared to when the cylinder was arranged on
one side of the roadway (i.e., layout R and layout L). Additionally, dust
contaminants were dispersed to the side where the driver was located
with the induce of the airflow in layout R. This inevitably resulted in a
large amount of dust entering the driver’s respiratory zone, posing a
significant exposure risk. In contrast, when layout L was applied, the
air flowed to the opposite side of the driver, reducing the dust reaching
the driver’s respiratory zone and thereby achieving a lower risk of
exposure to dust contaminants.

Figure 12 presents the spatial distribution of particles when the
dust injection position was aligned with the cylinder. In comparison
with Fig. 11, there was no significant stratification of dust contaminants
in Fig. 12. The dust was fully mixed and dispersed in front of the road-
header induced by the ventilation jet, without obvious deposition of
larger particles, as seen in Figs. 12(a) and 12(c). However, in Fig. 12(b),
when the cylinder was arranged in the middle of the roadway, the
momentum of the ventilation jet dissipated rapidly toward both sides of
the roadway. This reduced the carrying capacity of the airflow, causing
larger particles to settle due to gravity, while smaller particles remained
virtually unaffected and diffused throughout the roadway.

Figure 13 further investigates the impact of different layouts on
dust transport characteristics by comparing the average residence time

of dust particles with varying diameters within the heading face
throughout the simulation period. Figure 13(a) depicts the average res-
idence time of dust particles at an air supply velocity of 11m/s. It can
be found that as the particle diameter increased, the average residence
time tended to decrease, with the magnitude of change becoming pro-
gressively smaller. Notably, the residence time was highly sensitive to
the particle diameter of dust smaller than 25mm. When the particle
diameter increased to 40mm, the residence time stabilized and showed
minimal variation. This behavior could be attributed to the larger mass
of bigger particles, where gravity became the dominant force, causing
them to deposit on the ground more rapidly. In contrast, smaller par-
ticles were more influenced by airflow and remained suspended for
longer durations. A further comparison of different layouts revealed a
consistent general trend in residence time, and the difference was not
significant between layout R and layout L. For dust particles smaller
than 20mm, the average residence time was significantly longer in lay-
out M (i.e., 51.28 s) compared to layout R (i.e., 46.1 s) and layout L
(i.e., 40.62 s), showing reductions of 10.1% and 20.79%, respectively.
For particles larger than 40mm, the shortest residence time was also
observed in layout M (i.e., 9.47 s). When the cylinder was positioned
centrally, the high-velocity jet struck the head-on face, generating two
large recirculating flows in front of the roadheader. The dust interacted
with the airflow, with smaller particles being continuously carried
along, resulting in a longer residence time. In contrast, as

FIG. 12. Particle spatial distribution of the
dust field for (a) layout R, (b) layout M,
and (c) layout L when the dust injection
position was aligned with the cylinder.
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aforementioned, along with the weaker carrying capacity of the airflow,
larger dust particles tended to settle on the ground more quickly, lead-
ing to a shorter residence time.

Figure 13(b) shows the average residence time of dust particles
with varying sizes when the air supply velocity is 17m/s. It is evident
that the trend in the average residence time was similar to that
observed in Fig. 13(a). However, the residence time of the dust was sig-
nificantly reduced compared to the case with the air supply velocity of
11m/s. For instance, the average residence times for particles smaller
than 20mm in layout R, layout M, and layout L were 34.9, 39.18, and
30.25 s respectively, representing reductions of 24.3%, 23.6%, and
25.53% compared to those at 11m/s. The higher air supply velocity
reduced the air exchange time within the roadway, resulting in more
dust being discharged through the outlet by the airflow, rather than

remaining in the roadway for the same duration, facilitating the
removal of most dust and improvement of the overall environment in
the roadway.

B. Dust distribution in the driver’s local environment

To further investigate the particulate exposure of the driver
within the heading face, detailed data on the particles entering the
respiratory zone were extracted. The total number of particles entering
the respiratory zone during the entire simulation was calculated, nor-
malized, and compared across six different scenarios (see Fig. 14). It
can be clearly observed that layout R resulted in a higher number of
particles entering the driver’s respiratory zone, while the number of
particles entering the respiratory zone was similar with layout M and
layout L. Specifically, layout R increased the number of particles enter-
ing the respiratory zone by approximately 202.72% compared to layout
M and 186.75% compared to layout L. Furthermore, increasing the air
supply velocity did not significantly affect the number of particles
entering the respiratory zone. This suggested that adopting a reason-
able cylinder layout might be more effective in reducing the driver’s
exposure to particulate contaminants than simply increasing the fresh
air flow rate.

Figure 15 compares the particle size distributions of dust entering
the driver’s respiratory zone throughout the simulation process across
six different cases. It is evident that the particle size distributions enter-
ing the respiratory zone were similar for layouts with the same config-
uration. Specifically, smaller respirable dust (i.e., dp < 7.07mm) was
more likely to enter the driver’s respiratory zone, while the proportion
of larger particles decreased as their size increased. Among the various
layouts, layout R exhibited the highest proportion of particles larger
than 60mm. This was due to the airflow being directed toward the
driver, allowing even larger particles to overcome inertia and follow
the airflow into the respiratory zone. Moreover, when adopting layout
M, the weaker carrying capacity of the airflow resulted in a significant
reduction in the proportion of larger particles (i.e., dp > 40mm) enter-
ing the respiratory zone, and the proportion of respirable dust was
highest. This suggested that positioning the cylinder in the middle may

FIG. 13. Dust average residence time with various layouts: (a) Vsupply ¼ 11m/s and
(b) Vsupply ¼ 17m/s. FIG. 14. Normalized number of particles entering the driver’s respiratory zone.
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not be optimal, as it increases the risk of the driver inhaling respirable
dust. Overall, layout L appeared to present the driver with a relatively
low risk of particulate exposure compared to the other configurations.

To understand the dynamic characteristics of dust entering the
driver’s respiratory zone across multiple layouts, a source-tracking
analysis was performed on all particles entering the respiratory zone
during the entire simulation. Each particle was reverse-traced to deter-
mine its initial release position, and the dust injection area on the
head-on face was divided into 0.5� 0.5m2 grids. The proportion of
particles originating from each grid cell was calculated based on their
initial positions, as shown in Fig. 16. The particle source patterns were
similar for the same layout, and the air supply velocity didn’t signifi-
cantly affect the source pattern of particles. In layout R, the majority of
particles entering the driver’s respiratory zone originated from the
upper-left corner of the dust injection surface, with relatively fewer
particles from the lower half of the surface reaching the respiratory
zone. For layout M, most particles entering the respiratory zone origi-
nated from the left half of the dust injection surface, primarily due to
the driver being positioned on the left side of the roadway. In layout L,
dust particles from the upper-right corner of the dust injection surface
were more likely to enter the driver’s respiratory hemisphere. In all, it
can be found that dust from the upper part of the dust injection surface
was more likely to enter the driver’s respiratory zone across all layouts.

The existing airflow pattern would suspend the particle to the lower
level, thereby increasing the likelihood of particles reaching the respira-
tory zone.

IV. LIMITATIONS

This study developed a full-scale heading face model to investi-
gate the effects of different ventilation layouts on dust dispersion and
driver’s particulate exposure, while several limitations should be
acknowledged.

This study primarily employs the RANS model. Due to the inher-
ent limitations of RANS, it cannot capture instantaneous and intense
turbulent fluctuations. In particular, the ventilation jet flow zone is
characterized by strong unsteadiness and intermittency, which RANS
may inadequately resolve, potentially affecting the accuracy of particle
transport predictions. Future research could consider higher-fidelity
models, such as large eddy simulation (LES), to better capture these
complex turbulent structures.

Moreover, due to the significant local fluctuations in the airflow
field within the heading face, the Saffman lift force induced by strong
shear and the Basset history force resulting from rapid variations in
fluid velocity may affect local particle dispersion. In this study, the par-
ticle motion model primarily considers drag, buoyancy, and gravita-
tional forces, consistent with modeling approaches commonly adopted

FIG. 15. Particle size distribution of dust entering the driver’s respiratory zone.
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in related research.40,41,43,49 To better capture the particle dynamics in
complex flow regions, future work could incorporate additional forces
such as the Saffman lift and Basset history forces, particularly in areas
characterized by intense shear or rapid velocity fluctuations.

V. CONCLUSION

In this study, a full-scale heading face was numerically modeled to
assess the dust exposure risk to the driver under three different ventila-
tion layouts, i.e., layout R (pressure cylinder on the right side), layout M
(pressure cylinder in the middle), and layout L (pressure cylinder on the
left side). The dynamic dust dispersion pattern from the head-on face
during the mining process was implemented using a user-defined func-
tion (UDF) and further tracked using the Euler–Lagrangian model.
Detailed airflow patterns and dust transport characteristics within the
heading face and the driver’s local environment were thoroughly evalu-
ated, with a particular focus on the driver’s respiratory zone. The major
findings of this study were summarized as follows:

(1) When forced ventilation was applied, the airflow field within
the heading face could be divided into three regions: the jet flow
zone, the recirculation zone, and the stable zone. In all three
layouts, it was found that the driver was located in the turbulent
recirculation zone. Under layout R and layout M, two vortex
areas were observed around the driver’s upper body and legs,
where dust particles were more likely to accumulate, increasing
the risk of particulate matter inhalation.

(2) The average residence time was highly sensitive to dust particles
with diameters smaller than 25 mm, while particles larger than
40 mm were more likely to be deposited on the ground rapidly.
For layout M, with a total suspension time of 300 s and an air
supply velocity of 11m/s, particles with a diameter less than

20mm exhibited the longest average residence time (i.e.,
51.28 s), which was 11.24% and 26.24% longer than the resi-
dence time in layout R and layout L. Therefore, layout R and
layout L, i.e., the cylinder was on the right and left side, are
expected to be more effective in improving the overall working
environment within the heading face compared to layout M.

(3) Among all layouts, the source-tracking analysis revealed that
particles from the upper part of the dust injection surface were
more likely to enter the driver’s respiratory zone. The number
of particles entering the respiratory zone was highest in layout
R, being approximately 202.72% greater than in layout M and
186.75% greater than in layout L. The largest proportion of par-
ticles entering the respiratory zone was respiratory dust with
small particle sizes (i.e., dp < 7.07 mm). Additionally, it was
found that raising the air supply velocity had minimal impact
on the number of particles entering the respiratory zone, indi-
cating that merely increasing the fresh air supply rate was insuf-
ficient to reduce the driver’s particulate exposure risk.

(4) Compared to layout M, layout R, and layout L could inhibit the
suspension of small particles to some extent, which was more con-
ducive to improving the overall environment within the heading
face. However, with layout L, the driver’s exposure risk was reduced
by approximately 65.12% compared to layout R. Positioning the
pressure cylinder on the same side as the driver (i.e., layout L) was
found to be the relatively optimal configuration.
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