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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• Designed a blowing-type wind tunnel
for simulating coal mine dust deposition
using ANSYS Fluent.

• Implemented a constant particle de-
livery system for consistent dispersion.

• Simulated miner inhalation of coal dust
using MALDA and custom dust
injection.

• Verified airflow and turbulence using
dust sensors and a hot-wire
anemometer.

• Demonstrated wind tunnel effectiveness
in modeling dust deposition for miner
safety.

Design and Performance Validation of Wind Tunnel for Respirable Dust Deposition Studies.
Description: This study presents the design and validation of a wind tunnel to investigate respirable dust
deposition relevant to coal mining. Key features include a constant particle delivery system, ANSYS
Fluent optimization, and the use of MALDA for realistic dust inhalation simulations.
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A B S T R A C T

This study presents the comprehensive design and performance validation of a wind tunnel specifically devel-
oped for advanced investigations into respirable dust deposition pertinent to coal mining environments. The
design integrates a constant particle delivery system engineered to maintain uniform particle dispersion, which is
critical for replicating real-world conditions in coal mines. Our methodology involved using ANSYS Fluent for the
design and optimization of a blowing-type wind tunnel, with a focus on controlling turbulence levels and
minimizing pressure drops, which are crucial for accurate dust behaviour simulation. The core of our research
emphasizes the deployment of the Aerosol Lung Deposition Apparatus (ALDA) alongside a custom dust injection
system to measure particle distributions within the test section. This setup enabled us to simulate the inhalation
of coal dust particles, providing a realistic scenario for assessing potential hazards to miners. Validation of the
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tunnel’s performance was achieved through extensive testing with dust sensors and a hot-wire anemometer,
which verified the airflow velocity and turbulence against the initial design specifications. The findings affirm
the wind tunnel’s capability to effectively model dust deposition and its impacts, thereby offering opportunities
for enhancing miner safety and health standards.

1. Introduction

Respirable coal mine dust (RCMD) is an inherent byproduct of coal
mining activities that raises extraordinary health and safety concerns.
Recent findings underscore a significant resurgence of black lung disease
among long-tenure coal miners in central Appalachia, USA, with over
20 % of tested miners affected, highlighting persistent failures in disease
prevention despite longstanding regulatory efforts [1]. Cumulative
inhalation of RCMD can lead to chronic pulmonary diseases including
Coal Worker’s Pneumoconiosis (CWP), silicosis, mixed dust pneumo-
coniosis, Dust-related Diffuse Fibrosis (DDF), and progressive massive
fibrosis (PMF) [2–6]. Additionally, high concentrations of coal dust
create a hazardous atmosphere inside the mines by increasing the risk of
explosions, which is one of the most serious hazards in underground
mines, which can lead to high mortality rates and great economic loss
[7,8]. Therefore, low dust concentrations are required to provide a safe
working environment for the coal miners [9].

In [10], researchers evaluated a smart spraying system designed to
mitigate airborne PM10 and PM2.5 dusts. Their study included both
lab-based tests and field applications in an undergroundmine to validate
the spraying system’s efficacy under realistic operational conditions.
These experiments were pivotal in examining the interactions between
water droplets and dust particles, optimizing the system for enhanced
dust suppression in mining environments. However, the integration of a
simulated underground coal mine environment, such as the one pur-
posed in the current study, could potentially streamline the evaluation
process by consolidating lab and field tests into a single, controlled
experiment. Moreover, [11] underscores the utility of specialized envi-
ronments like dust wind tunnels or consistent particle delivery systems.
Their findings demonstrate how such controlled settings can refine dust
control strategies by closely replicating real-world conditions, thereby
improving health and safety standards in mining operations. [12]
further highlights the importance of controlled environments, such as
wind tunnels, for the development, testing, and optimization of air
curtain dust control technologies. These settings allow for precise
manipulation and monitoring of variables that influence dust behavior,
which is crucial for effective dust management across various industrial
settings. Additionally, [13] discusses the limitations of laboratory ex-
periments in fully capturing the generation mechanisms of coal dust in
mines. They advocate for testing environments that more closely mirror
actual mine conditions, supporting the relevance of our wind tunnel
design as a more representative approach for studying coal dust
dynamics.

The utility of dust wind tunnels and consistent particle delivery
systems is paramount in advancing our understanding of particle
behavior in coal mining environments, where controlling respirable dust
is critical for miner safety. Studies such as those by [14] have demon-
strated the effectiveness of biopolymers as dust suppressants in wind
tunnel experiments, highlighting their potential as environmentally
friendly alternatives in mining operations. Similarly, [15] discusses the
key design parameters for creating specialized low-density dust wind
tunnels that can simulate complex dust dynamics relevant to both
terrestrial and Martian environments. Moreover, comparative studies on
the transport mechanisms of microplastics and mineral dust by [16]
provide crucial insights into particle dynamics, employing wind tunnel
methodologies to explore fundamental transport behaviors. This is
complemented by [17], who utilized wind tunnel experiments to
investigate volcaniclastic dust emissions, further underscoring the
importance of controlled experimental setups in understanding particle

dispersion under various environmental impacts. Lastly, [18] made
study using wind tunnel experiments demonstrated that trees, particu-
larly cypress, significantly reduce PM2.5 concentrations around build-
ings, enhancing particle removal by approximately 20 % and thereby
improving urban air quality.

Having a dust wind tunnel for studying lung dust depositions offers
several significant benefits to respiratory health research and occupa-
tional safety. First, it allows for the controlled simulation of various
environmental conditions, including wind speed, particle size distribu-
tion, and humidity, which can affect how dust particles are inhaled and
deposited in the lungs. This level of control is critical for understanding
the specific conditions that lead to increased risks of respiratory dis-
eases. Second, by replicating real-world scenarios in a controlled setting,
researchers can study the efficiency of protective equipment, such as
masks and respirators under different conditions, leading to improved
design and recommendations for their use. Additionally, the data ob-
tained from these studies can inform regulatory standards for workplace
and environmental safety, helping to minimize the risk of lung diseases
associated with dust exposure. Lastly, the insights gained from such
research can contribute to the development of targeted therapies and
preventive measures for those already affected by or at risk of devel-
oping dust-related pulmonary conditions, ultimately enhancing public
health outcomes.

This study’s primary contribution to process safety and risk engi-
neering is through the innovative application of a custom-designed wind
tunnel, which provides a controlled environment for the rigorous testing
and optimization of dust control measures pertinent to coal mining
operations. By simulating realistic underground mine conditions, this
research directly addresses critical safety challenges associated with
respirable dust exposure, one of the most significant hazards in mining
environments. This focus on replicating actual working conditions al-
lows for a detailed analysis of how various dust mitigation strategies,
such as the newly tested water spray system and different types of face
masks, perform under specific environmental conditions. The outcomes
of these experiments provide essential data that can inform safer
workplace practices and engineering controls, ultimately leading to
reduced health risks and enhanced protection for miners.

In this work, a dust wind tunnel was designed and built to perform
several dust-related experiments. Initial sizing of the tunnel was applied
using classical wind tunnel design procedures [19]. Using this initial
sizing, a design optimization was conducted to reduce the tunnel pres-
sure drop and reduce the turbulence level in the test section. Dust in-
jection mechanisms as well as injection of water droplets were
simulated. The manufactured wind tunnel is anticipated to be used
along with a 3D-printed innovative Aerosol Lung Deposition Apparatus
(ALDA) to investigate respirable dust lung deposition and its adverse
effects on the health of mine workers.

2. Wind tunnel design and optimization

The wind tunnel designed here is unique because it allows injection
of dust and water droplets into the free-stream flow which then passes
into the test section. The design is a non-traditional design with a large
settling chamber where the particles are injected, then a nozzle section
which accelerates the flow to the test section, as shown in Fig. 1. The
wind tunnel design process began with the specifications of the test
section, which included a cross-sectional area of 0.25 m2 and a wind
speed range from 0.5 m/s to 3 m/s. The flow velocity range was deter-
mined by representative conditions in a mine [20].
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The settling chamber is composed of three individual stages: flow
conditioning, Dust Injection Section, and Water Injection Section. The
alignment of these sections and their interactive dynamics are shown in
detail in Fig. 1. The settling chamber sections allow injection, settling,
and even distribution of the dust particulates and water droplets. The
flow conditioning section includes screens and a honeycomb filter which
reduce the turbulence level in the tunnel [21]. The Dust Injection Sec-
tion was designed to allow for particle injection, where a wide area
section with low speeds ensures a good mixture of the dust with the air.
In the Water Injection Section ultrasonic and atomizing water spray
nozzles are placed to allow investigation of dust control methods
[22–24]. The tunnel was equipped with a rail for installation and
droplets’ injection into the stream along with an optimized drainage
system for optimal water removal. The settling chamber, with its screens
and honeycomb structure, has an approximate length of 2.37 m.

The settling chamber preceded the wind tunnel’s nozzle location
directly. The nozzle serves the purpose of increasing the flow stabiliza-
tion and making the flow region more uniform. The nozzle incorporates
a sevenfold reduction ratio, resulting in a cross-sectional area of 3.5
square meters for the settling chamber. Here reference [25] provided
valuable insights into the relationship between the length and width of
the nozzle. The present design was achieved through application of the
computational formulas documented in reference [26], which serve as
the foundation of the design process, enabling optimal performance and
efficiency. The nozzle was attached to the is the test section, which
houses the ALDA. After the test section the flow stream is ejected from
the laboratory into the outside atmosphere.

A "push" design was chosen due to the particular characteristics of
the particles that will be introduced into the flow stream. By placing the
blower at the onset of the wind tunnel, it effectively prevents any dust
particles from having an adverse impact on the motor. Moreover, the
expulsion of the dust particles from the wind tunnel and the laboratory
premises itself serves the purpose of maintaining low concentrations of
dust, subsequently safeguarding the researchers who are involved in the
experiments. A variable speed blower was selected based on the pressure
drop and volumetric flow rate needed through the wind tunnel and to
allow continuous variation of the flow velocity.

Due to space constraints on the total length of the wind tunnel, a
wide-angle diffuser was incorporated. Drawing on empirical insights
from [27], the diffuser is constructed with a 45-degree inclination and
an area ratio of 4. Additionally, a single mesh screen is carefully
incorporated at the center of the diffuser to ensure optimal flow control.
This segment of the design process culminates in a measured length of
1.5 m. Relatively poor flow quality is expected with the wide-angle
diffuser, but this is mitigated by the flow control screen section and
ultimately by the nozzle into the test section. The mesh size is 1.65 mm,
which will inevitably capture some laboratory dust, as is typical with
wind tunnel setups. Despite the injection of coal dust occurring

post-screen, periodic cleaning of the screens will be conducted to
maintain clarity and functionality, as the design of the wind tunnel fa-
cilitates easy access to these components.

The optimization of wind tunnel components was important to
ensure accurate test results with the desired low tunnel speeds. A critical
aspect of the testing process revolves around the nozzle and diffuser, as
their shapes have a profound impact on the flow characteristics. ANSYS
Fluent software was chosen for conducting in-depth analysis and opti-
mization of these components. The computational fluid dynamics (CFD)
analysis, executed via ANSYS Fluent, adhered to the Reynolds-Averaged
Navier-Stokes (RANS) equations, pivotal for delineating flow behavior
in engineering contexts. The continuity and Navier-Stokes equations are
solved finite volume methods to discretize the equations over the
computational domain. The incorporation of the k − ϵ turbulence model
enabled the accurate depiction of turbulent kinetic energy and its
dissipation, crucial for elucidating complex flow dynamics within the
wind tunnel. Precise airflow simulation facilitated the optimization of
the tunnel’s nozzle and diffuser designs.

Pressure-velocity coupling was implemented using the SIMPLE al-
gorithm, facilitating stability and accuracy by iteratively refining pres-
sure and velocity fields to satisfy continuity constraints. The simulation
employed a hexahedral mesh comprising approximately 300,000 ele-
ments, balancing computational efficiency with the granularity required
for detailed flow analysis.

The initial nozzle geometry, seen in Fig. 2 and depicted by the yellow
line, was derived from the original dimensions of the tunnel. By utilizing
control points on the curve of the nozzle, as described in [17], its shape
was iteratively adjusted by both vertical and horizontal (V and H)
control point movement. Each modification subsequently provided
valuable information for the computation of airspeed and flow unifor-
mity at the nozzle’s exit. The ultimate goal was to achieve a configu-
ration that maximized wind speed while simultaneously maintaining
flow uniformity. To achieve this, an exhaustive exploration of various
design points was carried out, with wind speed and flow uniformity
parameters being recorded as shown in Figs. 2b and 2c. These results
were analyzed using a response surface methodology, which involved
mapping the variations of design points against wind speed and flow
uniformity then employing amin-max search on the response surface. As
shown in the response surface results there are two surfaces, one pre-
sents the relation between V, H, and the air flow uniformity (U), While
the other one is the relation between V, H, and the air flow speed (Vo),
based on the color maps chosen, the red values are the highest values.
Unfortunately, it is impossible to obtain a design point which could
simultaneously provide the highest values for the flow uniformity and
the airspeed. However, the design point shown in the figure was chosen
to obtain a compromise value between these two. The optimization of
the nozzle design resulted in a velocity increase from 3.4 m/s to 3.5 m/s,
an improvement of approximately 1.8 %. In contrast, flow uniformity

Fig. 1. Schematic representation delineating core components of the wind tunnel.
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slightly decreased by − 0.448 %, changing from 0.986 to 0.981.
Following the optimization process, the finalized shape of the nozzle,

denoted by the gray contour in Fig. 2a, was modeled using ANSYS
Fluent. This allowed for the visualization of salient flow features such as
velocity vectors and pressure contours, as depicted in Figs. 3a and 3b,
respectively. The design of the wind tunnel utilized ANSYS Fluent’s
Discrete Phase Model (DPM) to precisely simulate the dust injection

process. This model is adept at capturing the interactions between
discrete particles and a continuous fluid phase, ideal for monitoring
particle trajectories and behavior in airflow. Dust particles, introduced
at the nozzle entrance with specified properties (density of 2400 kg/m3

and diameter of 0.0006 m), were thoroughly tracked to assess dispersion
uniformity and integration effectiveness. These parameters were chosen
to simulate extreme conditions within the wind tunnel, ensuring the

Fig. 2. Design optimization of the tunnel nozzle. a. Optimization of the nozzle shape using ANSYS fluently. b Results of the shape optimization study for wind speed
design parameter. c Results of the shape optimization study for uniformity design parameter.

Fig. 3. Results from the CFD analysis. a Velocity streamlines of the optimized nozzle shape. b Pressure contours of the optimized nozzle shape with Path lines of
injected dust.
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system’s robustness by testing with larger and heavier particles than
typically encountered. This approach validates the wind tunnel’s per-
formance across a broader range of potential real-world scenarios,
guaranteeing its effectiveness with various dust particle sizes and den-
sities. These simulation results are depicted in Fig. 3b, effectively illus-
trating the uniform distribution and successful integration of dust
particles within the tunnel’s airflow.

3. Fabrication of the dust tunnel

The wind tunnel’s structure was constructed using 6 mm thick steel.
The nozzle and diffuser pieces were fabricated using a laser cutting
process, then welded to the frame. An additional layer of a 2 mm thick
sheet metal was then applied to sheath the interior of the nozzle and
diffuser. This addition not only contributed to the structural rigidity but
also enhanced the streamlined flow dynamics within these specific
sections. To optimize visibility, the settling chamber and test sections of
the wind tunnel were made from a 10 mm thick acrylic sheet. The final
wind tunnel post manufacturing is shown in Fig. 4. The various sections
of the wind tunnel were interconnected using external bolts and nuts,
enhancing structural integrity. To ensure airtight sealing at the in-
tersections between sections, silicone sealant was applied.

4. Characterization of the coal sample

Representative Pennsylvania Coal dust was injected into the tunnel.
The coal used was characterized in terms of the size, shape, and mineral
composition of the particulate. A scanning electron microscope from the
Center of Integrated Nanotechnologies (CINT) was used to measure the
particle size distribution. The results showed that the majority of the
coal dust particles displayed smaller sizes than 10 µm (supra-micron),
and only 7 % of the particles within the sample had sizes of over 10 µm
[27]. Fig. 5 shows scanning electron microscopy (SEM) images of the
samples as well as the counts for length and width dimensions in µm. The
mean width and length of the particles and the size fractions are shown
in Table 1.

4.1. Minerals in the sample

To determine the prevalent minerals present in the sample an X-ray
diffraction (XRD) analysis was carried out. Fig. 6 shows the overall XRD
spectrum, and the peak list generated by the primary components. The
results obtained from the sample corresponding to Pennsylvania coal
present three main peaks, that correspond to the main mineral compo-
nents as well as significant deviations which modify the reference for
measuring each peak. These deviations indicate the presence of signif-
icant content of amorphous material, which corresponds to organic
matter. Coal is characterized for having organic matter randomly

distributed along with two components: minerals and macerals. During
comminution processes, the resulting particles may contain variable
proportions of the three components. In consequence, coal is a
remarkably heterogeneous material, posing challenges in terms of
characterization [28].

The abundance of the compounding minerals was estimated by
choosing the highest individual peak for each one. The highest peak was
found in the position 2θ ~ 26.65◦, which corresponds to quartz. The
following peak was located at 2θ ~ 12.38◦ angle that corresponds to
kaolinite. The last representative peak is indicative of pyrite. Finally the
sample presented traces of possibly Illite, which is a secondary mineral
as a result of the weathering of muscovite, and displays the same crys-
talline structure [29,30]. Muscovite is mainly present in metamorphic
and acid igneous rocks [31], which makes it improbable for this mica to
be present in the sample, since coal is of sedimentary genesis.

4.2. Elements in the sample

A total digestion process was carried out to identify the elements in
the sample. In this case, the equipment used was equipped with a high-
performance microwave system (model ETHOS UP). The concentration
of the elements in the sample was determined and both results were
compared to identify the elements most likely present in the sample [27]
as reported in Table 2.

From Figure it can be observed that the element that presented the
highest concentration in the sample was silicon, which is congruent with
the results obtained by the XRD in which quartz (SiO2) was identified as
the mineral with the highest prevalence. The other two major compo-
nents are also aligned with the XRD result due to the fact that kaolinite is
a hydrated aluminosilicate (Al2Si2 O5 (OH)4) and pyrite is an iron sulfide
(FeS2). From the trace element information, titanium has a compara-
tively higher concentration than the other elements which exhibited
concentrations below 60 µg/g [27].

Numerous coal characterization studies have identified titanium as a
common trace element in coal samples. In a significant 1975 campaign,
the United States Geological Survey (USGS) analyzed 799 coal samples
from various deposits across the country. Specifically, over 90 anthracite
samples from the Pennsylvania coal region were examined, all of which
contained titanium [32]. These findings revealed that titanium consti-
tuted 0.15 % of the anthracite samples, surpassed only by more abun-
dant elements such as Fe, K, Na, Mg, Ca, Al, and Si, which collectively
represent a greater proportion of the earth’s crust at 0.57 % [32].
Further USGS research indicated that the average titanium content in U.
S. coal deposits is approximately 0.08 %. This research also highlighted
that titanium is linked to both organic and inorganic processes,
contributing to its widespread presence in coal formations [33].

Recent characterization studies have identified titanium, in the form
of TiO2, as a significant component in the ashes of several coal samples

Fig. 4. Wind tunnel manufacturing. a Detailed scheme of the wind tunnel. b The wind tunnel settling chamber. c Wind tunnel nozzle and test section.
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from Pennsylvania mines, with concentrations ranging between 1.5 %
and 3 % [34].

Titanium is recognized for its bio-inert properties and is extensively
used in medical and dental applications. Generally, this element poses
minimal health risks. However, with the increased use of titanium for
biological purposes, there has been a growing interest in conducting
more comprehensive studies on its effects. In the field of dentistry,
certain studies indicate that corrosion from titanium-alloy dental parts
may release particles that lead to bone loss, infections, and conditions
such as yellow nail syndrome [35]. Animal tests have demonstrated that
when ingested, titanium can cross the intestinal barrier, enter the
bloodstream, and potentially cause stomach inflammation, liver necro-
sis, and cardiovascular lesions. Furthermore, TiO2 has been classified as

a Type 2B carcinogen by the International Agency for Research on
Cancer (IARC), suggesting it is possibly carcinogenic to humans and
highlighting the need for further research to clarify its safety levels [35].
Despite ongoing studies, the full scope of titanium’s toxicity in humans
remains under-explored.

4.3. Specific surface area and micro-pore composition

The surface area of the sample was determined using a seven-point
Ns absorption isotherm. For this sample, it was found a specific area
of 7.11 ± 0.23 m2/g. Later the micro-pore analysis showed the sample
to be mesoporous, which is a material with a large and uniform pore
structure. The pores are characterized for having diameters within

Fig. 5. SEM Results from Pennsylvanian Coal Sample [13].

Table 1
Mean width and length for Pennsylvania coal sample [13].

Coal sample Mean Width (µm) Mean Length (µm) PM1.0 % PM2.5 % PM4.0 % PM10 %

Pennsylvania 3.24 ± 2.00 5.07 ± 3.10 4 44 73 99

Fig. 6. XRD Results-Pennsylvania Coal.
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0.2–2.0 nm[36,37]. The half-size pore distribution was determined to be
58.81 Å [36].

4.4. Comparative analysis of laboratory and mine-generated Dust

In a previous study, bulk samples from coal seams at mining faces
were collected alongside dust samples to perform a comparative anal-
ysis. This was intended to closely represent the material converted to
dust during mining activities. Analysis confirmed that the lab-generated
dust shared similar characteristics with mine-generated dust, particu-
larly in terms of particle size distribution and shape. The particles were
predominantly irregular in shape, with sizes ranging from 1.55 to
3.8 µm. Over 60 % of these particles were PM4, falling within the
respirable range, and the entirety was classified as PM10 [38].

X-ray diffraction (XRD) analysis of these samples identified primary
components including quartz, kaolinite, and smaller quantities of pyrite,
muscovite, and calcite—comparable to those used in this experiment
[38].

Additional characterization of coal dust samples was conducted in
2019, involving 79 samples from four underground mines across
different coal regions in the U.S. These samples, collected using an escort
EFL pump equipped with a 10-mm nylon Dorr-Oliver cyclone, also
predominantly comprised respirable particles (PM10), aligning with our
experimental samples. Chemical analyses of these samples confirmed
major elements such as Si, Mg, Al, K, Fe, and Zn, with trace elements
including Cu, Ba, Co, Ni, Mn, Cr, and Ag, demonstrating a correlation
with the major elements found in our study’s samples. Notably, some
elemental variations reflect the distinct geological characteristics of the
coal deposits [39].

5. Wind tunnel airflow analysis

Hot-wire anemometry was used to measure the velocity and velocity
fluctuations throughout the wind tunnel test section. It was essential to
accurately determine both the speed of airflow and the turbulence, as
these factors greatly affect how coal dust is distributed and concen-
trated, ultimately impacting where the particles end up in the respira-
tory systems of workers. To ensure the reliability and accuracy of the
hot-wire measurements, a careful calibration procedure was carried
out. This involved designing and implementing a calibration setup that
precisely aligned the hot-wire probe with the flow of air. To calibrate the

hot-wire anemometer to the desired standards, a pitot tube was used as a
reference. Fig. 8a and b exhibit the arrangement utilized for the
implementation of hot-wire anemometry within the dust wind tunnel,
which is made possible by the presence of a traversing system. The
traversing system allows for precise placement of the hot-wire probe in
different sections of the wind tunnel, namely the inlet section (i), the
middle section (m), and the outlet section (e).

The boundary layer was also measured using a grid consisting of 14
points, with each point being 1 mm apart from the others. This careful
arrangement allows analysis of the airflow in close proximity to the
tunnel walls.

Moreover, Fig. 8c and d provide an outline of the freestream char-
acterization which was measured at points positioned at a fixed distance
of 10 cm from each other across the tunnel cross-sectional area.

The depicted results of the boundary layer in Fig. 9 show that the
boundary layer is less than about 2 mm in heights across the inlet,
middle, and outlet sections. The overall trend and pattern of wind speed
remains largely and predominantly consistent. This consistency may be
attributed predominantly to the stability and steadiness of the airflow
within the tunnel. Furthermore, the consistent profiles of the boundary
layer that are observed across the inlet, middle, and outlet sections
strongly and convincingly suggest and indicate that the design and
structure of the tunnel effectively and efficiently manages the develop-
ment and progression of the flow from the beginning to the end.

The contour plots in Fig. 10 representing various frequencies shows a
detailed visualization of the average wind speed and turbulence levels
within the distinct sections of the wind tunnel. The depiction of wind
speed manifests through a color gradient, showing the intensity and
spatial distribution of airflow throughout the different segments, namely
the inlet (i), the middle (m), and the outlet (e), for the frequencies of
10 Hz, 20 Hz, 30 Hz, and 40 Hz.

The analysis of these plots reveals several noticeable observations of
significant importance. First and foremost, the contours showing wind
speed demonstrate a varied and diverse distribution across the sections,
with higher speeds mainly concentrated in the central regions. This
interesting phenomenon suggests the presence of a well-organized and
consistent airflow within the tunnel’s core.

When looking at the contours illustrating turbulence levels, a fairly
consistent pattern is visible. Localized areas of heightened turbulence
can be attributed to the interaction between the airflow and the tunnel’s
structural components.
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Fig. 7. (a) Major components in the Pennsylvania coal sample. (b) Trace elements components in the Pennsylvania coal sample [26].

Table 2
Elements present in Pennsylvania coal sample.

Sample Al
%

Si
%

Fe
%

Ti
µg/g

Sr
µg/g

Ba
µg/g

Pb
µg/g

Mn
µg/g

Ni
µg/g

Cu
µg/g

Zn
µg/g

As
µg/g

V
µg/g

Cr
µg/g

Pennsylvania coal 1.03 2.46 1.13 1040 69.2 45.0 8.7 8.0 16.0 13.0 36.3 14.8 55.4 26.1
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Furthermore, an interesting trend emerges when examining the
impact of higher frequencies on average wind speed and turbulence
levels. It becomes clear that both variables experience a slight increase
as the frequency rises. This intriguing phenomenon can be traced back to
the greater sensitivity of the measurement equipment used at these
higher frequencies. As a result, the equipment can capture a wider range
of fluctuations in wind speed and turbulence, including the smaller
details that may have gone unnoticed before. Usually, the underground
coal mines will have flow fluctuation and relatively high turbulence
level. However, the current wind tunnel offers similar conditions which

purpose a good fit tool in simulating these mines.
Table 3 provides a summary of the results depicted in Fig. 10. The

data shows that the maximum average airspeed recorded is 3.2 m/s,
with turbulence levels ranging from 8 % to 11 %.

6. Dust injection experimental setup and procedure

An aerosol generator from Topas (SAG 410/U) was used to inject
dust as shown in Fig. 11a. The aerosol generator allows it to work within
a wide range of dust concentrations. For analyzing the distribution of the

Fig. 8. Installation of Hot-Wire Anemometer in Dust Wind Tunnel. The image displays the traversing system used for the precise positioning of the hot-wire probe
across inlet, middle, and outlet sections of the tunnel, with a detailed schematic of the measurement points for airflow and boundary layer analysis at 1 mm and
10 cm intervals, respectively.
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dust concentrations inside the tunnel test section, several blower fre-
quencies from 10 Hz to 40 Hz with a step 10 Hz and aerosol injection
rates between 10 % to 50 % with step of 10 % from the overall injection
rate were tested.

To measure the dust concentration in the test section, four dust
sensors were installed as shown in Fig. 11 b and c. SENSIRION SPS30
was used as it can measure dust with a range of 0.3 micrometer to 10
micrometers. The dust sensors were placed in two configurations. In the
initial configuration, the sensors were placed at the four corners of the
test section. This configuration enables a comprehensive analysis of the
spatial distribution of the dust concentration across the entirety of the
cross-section of the wind tunnel. In the subsequent configuration, the
sensors were placed in a linear fashion, directly coinciding with the
direction of the flow. This linear arrangement was used to gauge the
longitudinal variations in dust concentrations. The significance of this
arrangement lies in its ability to effectively assess the uniformity of dust
distribution along the flow direction.

Placing the sensors at the corners can reveal the presence of vortices
or secondary flows that may impact the concentration of dust. On the
other hand, the linear arrangement can give information about the
primary flow characteristics and how they affect the movement of dust.
This approach of using two configurations was found to be good to study
the complex dynamics of particulate matter in the controlled aero-
dynamic environment.

During each experiment, the blower was turned on first, followed by
the aerosol generator, to create uniform dust concentration inside the
settling chamber and minimize any deviations in the results. The
equipment was allowed to run for 5 min before taking measurements
with the sensors. Once the sensors started recording, each experiment
lasted for 20 min and was repeated at least twice. During this time, the 4
sensors provided measurements every second in µg/m3. After each
experiment, the outlet and the hose connected to the tunnel were
thoroughly cleaned to remove any dust buildup.

Fig. 11 d shows the interaction of the dust sensor with air with the
help of flow visualization using laser and smoke. Based on the BL
measurements in the pervious section and the BL shown in the figure,
the dust sensor high is larger than the BL (about 2 mm), which shows
how the sensor is measuring the dust in the free stream. The measuring
location of the sensor should not be pointed to the behind the sensor as
there is the separation vortex as shown in the figure. Also, it is good to
locate the measuring point at the start location of the sensor, so the
measurement is not affected by the BL on the sensor surface itself.
Placing the sensors behind each other should consider at least 5 times

the sensor length to avoid the interference in dust measurement due to
afterbody vortex.

6.1. Results and discussion of dust experiments

The primary findings were summarized in a series of time history
results and bar graphs. First the dust time history for the inline sensors
arrangement is shown, the results show the sensitive response of the dust
concentration level inside the wind tunnel as a function of changing the
dust injection rate. The bar graph distilled the averaged readings from
all four sensors in the corner’s arrangement. These visuals gave a clear
comparison of dust mass concentrations in various operational settings.
To gain a deeper understanding, our analysis was expanded to provide
specific average mass concentration values for each sensor. This exercise
illuminated nuances like particle dispersion uniformity and pinpointed
potential concentration gradients or aberrations within the test section.
The first set of results in Fig. 12 presents the bar charts of the average of
the four sensors dust mass concentration for different dust generator
injection rate (aerosol generator), each figure is for a different wind
tunnel motor operation Hz.

The outcomes of this validation experiments underscore several
noticeable insights into the wind tunnel’s performance and operational
characteristics:

1. Particle Distribution and Tunnel Effectiveness: One of the observations
is the uniform distribution of dust particles within the test section.

2. Correlation Between Dust Injection and Particle Mass Concentration: As
anticipated, a discernible relationship was evident between the
volume of injected dust and the resultant particle mass concentration
in the test section. As dust injection quantities increased, there was a
proportional rise in particle mass concentration. Such a trend ac-
centuates the sensitivity and adaptability of our apparatus to changes
in operational parameters.

However, amidst these positive outcomes, there are specific nuances
and anomalies that warrant deeper scrutiny:

1. Non-Linearity in Aerosol Generator Injection: The injection dynamics of
the aerosol generator revealed a non-linear characteristic. This sug-
gests potential fluctuations or inconsistencies in the generator’s
output across its operational spectrum. Such non-uniform behavior
could inadvertently affect concentration gradients within the wind
tunnel. Future experimental designs and result interpretations
should duly account for this factor.

2. Anomaly in S3 Sensor Readings: Throughout our experiments, the S3
sensor consistently presented anomalous readings, showcasing an
offset. To determine the root cause, we interchanged its position with
the S2 sensor. The deviation remained unchanged, thereby ruling out
its location within the tunnel as a contributing factor. Instead, the
anomaly appears to be intrinsic to the S3 sensor. To ensure the
integrity of future data collection, it might be imperative to recali-
brate or replace this sensor.

These observations, both affirmative and critical, provide a roadmap
for further enhancements, calibrations, and adaptations in our wind
tunnel setup and experimental framework.

6.2. ALDA dust experiments

The Aerosol Lung Deposition Apparatus (ALDA) experiments
inspired from [40] represent a cornerstone of the current investigation,
designed to bridge the gap between theoretical models and real-world
respiratory dynamics in dusty environments. By simulating human
respiration within a controlled wind tunnel setting, these experiments
provide invaluable insights into the behavior and deposition of aero-
solized particles during inhalation. This section details the experimental

Fig. 9. Boundary Layer Velocity Profiles in Wind Tunnel Sections. The graph
delineates the wind speed profiles at varying heights within the inlet, middle,
and outlet sections of the wind tunnel, captured at 10, 20, 30, and 40 Hz fre-
quencies, underscoring the stability and consistency of the boundary layer
across the tunnel’s length, essential for accurate dust dispersion analysis.
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setup that replicates the upper respiratory tract of humans, incorpo-
rating a throat-like structure to enhance the realism of the simulations.
Through these experiments, it was amid to quantify the size and distri-
bution of particles that penetrate deep into the lungs, thereby assessing
the associated health risks. This comprehensive approach allows for a
more accurate evaluation of dust exposure impacts in occupational
settings, particularly in the mining industry.

The experiment depicted in Fig. 13 aims to simulate the process of
human inhalation within the confines of the wind tunnel environment,

specifically for the purpose of evaluating the inhalation of aerosolized
particles. The model, which imitates the upper respiratory tract found in
humans, has undergonemodifications in order to incorporate a structure
that resembles a throat omitting the complex structure of the nasal
cavity to specifically focus on assessing dust distribution within the
ALDA. This particular alteration plays a vital role in establishing a
pathway that is more akin to reality, allowing for the measurement and
analysis of particles that are inhaled.

Attached to this model is a device designed to measure the size of

Fig. 10. Contour Plots of Wind Speed and Turbulence Levels. The series of contour plots illustrates the distribution of average wind speed and turbulence levels
across inlet, middle, and outlet sections of a wind tunnel at 10 Hz, 20 Hz, 30 Hz, and 40 Hz frequencies, providing a multi-faceted view of the aerodynamic con-
ditions for each section, vital for the assessment of dust dispersion and aerodynamic studies.
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aerosol particles. This device is to be used to determine the range of
particle sizes inhaled. It is important because smaller particles can go
deeper into the lungs and pose a greater health risk.

The picture also shows a vacuum pump suction line, which is an
essential part of this experiment. The pump creates negative pressure to
simulate inhalation, drawing air and dust particles into the model’s
throat structure. This process mimics the way humans breathe in a dusty
environment, allowing researchers to study the quantity and charac-
teristics of particles that enter the respiratory tract.

Fig. 10. (continued).

Table 3
Average Vo and Average Tu in all sections.

Hz
Parameter

10 20 30 40

Average Vo m/s 1.723 2.416 2.850 3.233
Average Tu % 10.90 8.17 8.30 8.16
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The hot wire anemometer’s placement is crucial for measuring the
speed of the air as it enters the model. Accurately measuring airflow
velocity is essential for simulating the conditions of human respiration,
including the rate and pattern of airflow.

The results in Fig. 14 show the association between the flow rate of
the pump and two pivotal parameters: the speed of airflow within the
model and the concentration of dust inside the model. This experiment
was carried out in a wind tunnel under a fixed frequency of 20 Hz and a
dust injection rate of 20 %.

Fig. 14 a show the relationship between the speed of airflow and the
“inhalation” pump flow rate. The graph reveals a positive correlation

between these two variables. As the flow rate of the pump increases, the
airspeed within the model also increases. This demonstrates that the
system responds in a predictable manner to variations in the pump flow
rate. This relationship is of great importance when it comes to simu-
lating inhalation since the flow rate must replicate the different speeds
at which humans breathe under varying levels of exertion.

Fig. 14 b, on the other hand, showcases the connection between the
concentration of dust and the pump flow rate. Interestingly, the dust
concentration reaches its peak at a specific flow rate and subsequently
decreases as the flow rate continues to increase. There are several
possible explanations for this phenomenon. It is possible that the

Fig. 11. Performance Validation Instruments: A comprehensive view of the integrated aerosol generator at the dust injection section, the strategically placed dust
sensors in both linear and circumferential configurations.
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Fig. 12. Bar Graphs of Dust Mass Concentration: Comparative analysis of dust mass concentrations under wind tunnel frequencies of 10, 20, and 30 Hz, with the
aerosol generator operating between 10 % to 50 % of its maximum capacity.
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increased airflow aids in the dispersion and dilution of particles,
resulting in a decrease in their concentration. Alternatively, there may
be more intricate interactions between the flow dynamics and the
behavior of particles within the model that contribute to this pattern.

Fig. 14 c provides a visual representation of the history of dust
concentration throughout the duration of the experiment in the wind
tunnel using the external dust sensors. While there are fluctuations in the
concentration of dust over time, it generally remains within a certain
range. This suggests that there is a relatively stable dispersion of parti-
cles over time. The different lines in the graph, corresponding to parti-
cles of different sizes (1, 2.5, 4, and 10 micrometers), illustrate how each
size behaves within the simulated environment over time. It is worth
noting that smaller particles tend to remain airborne for longer periods
due to their lower settling velocity. The data supports this notion, as the
concentration levels of 1 µm particles consistently appear higher.

Finally, dust measurement inside the model was made using TSI
particle sizer, the results can be seen in Fig. 14 d. In these 8 samples each
sample for 20 s were made, the mean and stander division of them were
made. The results show the size range of injected particle between 1 to
15 µm. The experimental setup offers a great opportunity to measure the
dust concentration inside the model and outside it (the test section).

These results hold significant value because they showcase the sys-
tem’s ability to replicate real-world scenarios within a controlled envi-
ronment. The capacity to manipulate the pump flow rate and observe
the corresponding changes in airspeed and dust concentration is
particularly relevant when it comes to evaluating the risks associated
with inhalation of particles of different sizes under varying exertion
conditions.

In recent advancements, the dust wind tunnel has broadened its
scope to test and optimize a suite of dust mitigation technologies and
protective measures. This includes a water spray system specifically
designed to reduce dust concentrations—a crucial initiative for
enhancing safety in coal mining environments. Fig. 15 provides a visual
overview of the experimental setup within the wind tunnel, where this
system, among others, is rigorously evaluated. The effectiveness of the
water spray system in capturing and settling respirable dust particles is
meticulously assessed, yielding essential insights that inform the opti-
mization of this method for practical, real-world applications.

Furthermore, the wind tunnel’s capabilities are leveraged to test
additional dust control technologies such as electrostatic precipitators
[41] and air curtains [42] or flooded-bed dust scrubber with vibrating
mesh [43,44]. These systems, designed to remove or deflect dust
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particles from work areas, can be fine-tuned within the controlled
environment of the wind tunnel to evaluate their effectiveness under
various operational conditions. This allows for the development of
highly effective, customized solutions tailored to the specific needs of
mining operations.

This research further investigates the efficacy of various types of face
masks and respirators under simulated conditions. This evaluation in-
volves testing existing models and prototyping new designs with
advanced filtration materials and ergonomic features for improved fit
and comfort, as demonstrated in Fig. 15. Here, the effectiveness of face
masks and shields is assessed in the dust wind tunnel. A specific focus is
on the concentration entrained in ALDA compared to the dust concen-
tration in the wind tunnel (concentration ratio %), showing that the face
shield reduces the dust concentration entering ALDA by 69.4 %. The
ultimate goal is to equip miners with masks that provide optimal pro-
tection against fine dust, enhance comfort, and improve usability,
thereby reducing wear-related issues [45].

Additionally, the wind tunnel is used to simulate the effectiveness of
real-time dust monitoring systems, which can trigger automatic activa-
tion of dust suppression technologies based on detected dust levels. This
integration of responsive control systems represents a significant step
forward in proactive dust management. The dust wind tunnel can be
used in different applications as well and it is not primarily for coal dust;
for example, it could be used to evaluate the effectiveness of various
biogenic materials in suppressing wind-induced dust emissions in min-
ing environments [46].

By utilizing the dust wind tunnel, we can conduct comprehensive,
precise testing of these innovative solutions. Each aspect of this study
supports the advancement of dust suppression technologies and en-
hances our understanding of protective gear performance, directly
impacting health and safety protocols in mining operations. Through
these investigations, the wind tunnel proves to be an indispensable tool
for advancing occupational health and safety, enabling precise testing
and development of dust management strategies and protective
equipment.

7. Conclusion

The research presented herein has systematically addressed the
challenge of simulating the aerodynamic conditions prevalent in un-
derground coal mines, with a focus on the associated dust dispersion and

its potential impact on workers’ health. The methodology encompassed
a comprehensive approach that included the design, optimization, and
validation of a specialized wind tunnel tailored for this purpose. The
optimization of the wind tunnel design was conducted through the
integration of computational fluid dynamics (CFD) and response surface
methodology, ensuring that the simulated conditions were refined to
closely replicate those of an underground coal mine environment.
Empirical studies conducted within the wind tunnel provided a wealth
of data on dust behavior, facilitated by a bespoke dust injection system
and the utilization of hot-wire anemometry for precise airflow mea-
surement. The incorporation of a respiratory tract model, equipped to
simulate inhalation through a vacuum pump and to measure dust con-
centrations via an aerosol particle sizer, was instrumental in elucidating
the interaction between inhaled particulates and human respiratory
function. Adjustments to the pump flow rate mirrored various breathing
intensities, allowing for a nuanced exploration of how changes in airflow
affect dust concentration and distribution within the respiratory tract
model. These experiments yielded critical insights into the dynamics of
dust inhalation and the factors that influence exposure levels. The im-
plications of this research for occupational health are substantial. By
providing a quantitative assessment of dust exposure risks under varied
aerodynamic conditions, the study contributes valuable knowledge to
the domain of mine safety and worker protection.

Laboratory-generated dust exhibited characteristics akin to those of
mine-generated dust, with predominantly irregular particle sizes
ranging from 1.55 to 3.8 µm. Over 60 % of these particles were classified
as PM4, categorizing them within the respirable range. Additionally,
laboratory analyses detected titanium in coal samples at concentrations
of 1.5 % to 3 % in the form of TiO2, further validating that the labora-
tory conditions effectively replicate the physical attributes observed in
mining environments.

The wind tunnel operated at airflow speeds between 0.5 m/s and
3.0 m/s, successfully maintaining a uniform flow with turbulence levels
consistently below 10 %. This setup was designed to mirror the actual
aerodynamic conditions prevalent in underground mines, ensuring the
relevance and applicability of the simulation results.

Quantitative analysis from the dust experiments illustrated the
impact of adjusting the dust generator settings on spatial dust distribu-
tion within the tunnel. Notably, increasing the output from 10 g/min to
50 g/min caused a significant escalation in dust concentration, with
peak values reaching up to 200 mg/m3 in certain scenarios.

Fig. 13. Upper Respiratory Tract Simulation Model in Wind Tunnel. This experimental setup features a modified mannequin equipped with a throat-like structure
connected to an aerosol particle sizer and vacuum pump to simulate inhalation, alongside a hot wire anemometer for measuring the velocity profile of inhaled air,
facilitating detailed studies of aerosol inhalation dynamics.
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In the face shield experiments, there was a marked reduction in dust
penetration into the ALDA, with a decrease of approximately 70 % in
dust entry. This result underscores the effectiveness of protective mea-
sures in mitigating respirable dust exposure.

To further validate the findings from this study and enhance the
practical application of the technologies developed, it is essential to
extend our research beyond simulated environments. Future studies
should focus on field validation in actual underground coal mine set-
tings. This step will allow us to test the effectiveness of the dust man-
agement strategies and protective equipment in real-world conditions,
ensuring that the dust wind tunnel is both practical and effective in
enhancing miner safety. Such field tests will provide critical feedback for
refining our wind tunnel simulations and contribute to more robust
occupational health practices. Continued research into the mechanisms
of dust and water droplet injection in wind tunnels is essential for
advancing our capabilities in environmental control within such set-
tings. Future investigations will focus on refining the injection tech-
niques to achieve more uniform distribution and enhanced interaction
between dust particles and water droplets. These efforts are expected to
significantly improve the design and efficiency of wind tunnels,

contributing to more effective dust suppression technologies and prac-
tices that can be applied not only in laboratory settings but also in in-
dustrial applications where air quality control is critical.

Environmental Implication

The design and validation of this wind tunnel have significant
environmental implications, particularly in enhancing occupational
health and safety in coal mining. By accurately simulating real-world
conditions, this research allows for the precise assessment and mitiga-
tion of respirable dust hazards. The findings can inform the development
of more effective dust control strategies and protective equipment, ul-
timately reducing the health risks faced by miners and contributing to
cleaner, safer mining operations. Additionally, this research supports
regulatory efforts to improve air quality standards in industrial envi-
ronments, promoting broader public health benefits.
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