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Abstract
Underground mining operations use several remedial measures to alleviate the miners’ exposure to respirable dust. This
includes maintaining the ventilation airflow, deploying scrubbers on equipment, and using water sprays to move air and dust
away from the miners and to capture them. Despite these engineering controls, recent research shows an increased occurrence
of exposure-related issues in the impacted miners. Masks and other PPE devices are considered the least preferred in the
hierarchy of controls. However, they show a high protection factor if designed properly and according to recommendations.
A Powered Air Purifying Respirator (PAPR) is a battery-operated personal scrubber that has found widespread application
in industries. This respirator uses a blower to move air through a high-efficiency particulate air (HEPA) filter, delivering
the purified air to the user. Its popularity is attributed to its high protection efficiency. This paper summarizes the current
applications and evaluation methods of PAPRs. It strongly recommends their usage in underground mines to reduce the risk
of mine dust lung diseases such as pneumoconiosis, asbestosis, silicosis, and others that do not have any conclusive treatment.
While the high efficiency of the respirators has been demonstrated, we recommend further studies to investigate the unique
challenges associated with their use in underground mines. Therefore, this paper also presents computational fluid dynamics
(CFD) simulations as a tool to understand the performance of PAPRs in underground tunnels, which could help to understand
not only the efficiency, but also the challenges associated with their implementation.
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1 Introduction

Almost all processes in a mining operation generate dust.
These include mechanical extraction of the minerals, trans-
portation, crushing, grinding, and others [1–3]. Dust particles
in a surface mine are transported away from the source due to
their small size and severely impact the vegetation, sources
of water, and other crucial components of the surrounding
environment [4, 5]. The consequences of dust particles in
underground mines, especially coal operations, are much
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more severe due to their impact on the health of the exposed
workers and the safety of the facilities. Mining operations
use several remedial measures such as ventilation air, water
sprays, scrubbers, and physical barriers to combat dust and
to lower the miners’ exposure [6].

Several factors control the dust particles’ toxicity. Out
of these, particle size, constituents, and surface proper-
ties are the most significant [7]. For example, the size of
the dust particles depends on the parent material and the
extraction process. Generally, particles of an aerodynamic
diameter smaller than 10.0 μm and a median cut-off size
(d50) less than 4.0 μm are considered respirable [8, 9].
These particles travel deep inside the human lung, affect
the oxygen-exchange mechanism of the alveoli, and impede
nominal breathing. Despite better engineering controls in
modern-day underground mines, recent reports have shown
an increased occurrence of exposure-related ailments such
as coal workers’ pneumoconiosis (CWP) and progressive
massive fibrosis. Recent research in the central Appalachian
region indicated that about 20.6% of the long-tenure coal
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miners have signs of CWP [10, 11]. Therefore, additional
measures are required to alleviate their exposure.

Respirators are usually requiredwhen there is a significant
concentration of contaminants (above the PEL). A Powered
Air Purifying Respirator (PAPR) is a battery-operated respi-
rator that uses a blower to force contaminated air through a
HEPA filter, delivering clean air to the user [12]. These respi-
rators provide better protection compared to traditional ones,
which include negative-pressure respirators and elastomeric
respirators with half-face and full-face masks. This is not
only due to the higher efficiency of its filters, but also the
positive pressure generated inside of the mask that prevents
contaminants from leaking in [13]. They are used in con-
struction, firefighting, agriculture, and other industries where
the workers are exposed to respirable particulates. PAPRs
are more expensive compared to disposable filters owing to
their complex setup and components. Figure1 shows their
basic components. The constituent elements differ depend-
ing on the models and their applications; however, the ones
shown below are found in all of them. This paper summa-
rizes PAPRs, their protection factors, applications in other
industries, computational fluid dynamics (CFD) modeling,
industrial standards, experiment-based studies, and makes a
strong case for the widespread use of PAPRs in underground
mines.

2 PAPR Protection Factors

Most respirators use fibrous filters as their main dust-
capturing element. These filters trap the particulates on
several layers at unique depths in their volume. This low-
ers the particulate concentration as the air passes through
the filter. PAPR’s performance is quantified in terms of the
decrease in the aerosol concentration downstream of the filter
compared to the upstream concentration.A general definition
of the protection factor is shown in Eq.1 below.

Protection Factor = Co

Ci
(1)

where Co is the contaminant concentration outside the respi-
rator andCi is the concentration inside it. Although these fac-
tors, in general, are calculated using similar methodologies,

unique names are assigned to them based on conditions
set during the measurement. Unique protection factors used
commonly in the industry are described below:

(a). Assigned protection factor (APF): The Occupational
Safety andHealthOrganization (OSHA) defines theAPF
as the workplace level of respiratory protection that a
respirator is expected to provide when used. To achieve
the APF reported by the entities, the American National
Standard for Respiratory Protection published in 1992
states that the respirator must be functional and should
not have any defects. Additionally, the respirator must
fit the user who must also be trained in its proper usage
[14, 15].

(b). Workplace protection factor (WPF): The workplace
protection factor (WPF) refers to the expected protec-
tion level at specific work conditions [15]. This factor
can be measured under simulated conditions (SWPF)
or real working conditions (WPF). Several studies are
focused on measuring the WPF as it allows companies
to understand the protection provided for their specific
field, considering the characteristics of the contami-
nants that are present. These studies will be addressed in
Section5.3 in this article [16–19].

(c). Fit factor (FF): The fit factor (FF) is a measure of the
protection factor of a specific respirator for a particular
individual [15]. Even though the tight-fitting PAPRsmay
have a higher APF, it is necessary to conduct a fit test
to ensure the desirable protection level is achieved. As
the FF depends on several factors and varies between
subjects, APF is assigned the value of the minimum FF
reported in at least 95% of the subjects.

Literature shows significant differences between theAPFs
reported by different agencies. Initial efforts to establish the
APF of respirators were made during 1969–1972 and were
based on quantitative fit testing conducted at Los Alamos
National Laboratory.APFvalues of 1000were recommended
for the PAPRs. However, these APFs were not determined
systematically. The APF suggested for PAPRs was obtained
by extrapolating data obtained from the performance of a
self-contained breathing apparatus (SCBA) [20]. NIOSH
recommended updating the values of APF with the WPFs

Fig. 1 PAPR basic elements: a
mask, bmotor blower, c filtering
elements. Elements shown
correspond to a CleanSpace
PAPR
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whenever available [21]. Currently, NIOSH suggests an APF
of 25 for any PAPR equipped with a hood or helmet and a
HEPA filter [22].

It is important to note that respirators, including PAPRs,
have tight-fitting designs to provide particulate-free air to the
user and to realize the highest possible protection to the user.
These respirators come in different sizes, and a fit test should
be conducted to ensure the size is appropriate for the worker.
Therefore, for userswith facial hair or other conditions affect-
ing the results from the fit test, a loose-fitting PAPR may
be a better option [23]. Several studies have used manikins
to calculate the manikin fit factor (mFF) [24, 25]. Based
on the assigned protection factors, PAPRs can be classified
as (i) loose-fitting and (ii) tight-fitting. Face-piece, hoods,
and helmets are usually considered loose-fitting units. Full
and half-face masks are categorized under the tight-fitting
PAPRs. The APF value of tight-fitting respirators could be as
low as 1000, while that of loose-fitting respirators is usually
higher than 25. Tight-fitting masks offer better protection.

3 Applications of PAPRs

During the last few years, the use of PAPRs has increased
significantly. This is attributed to their high protection fac-
tors, comfort to the user, ease of donning, and carrying
underground. This section summarizes their applications in
different industries, advantages, and drawbacks.

3.1 Mining Industry

Dust of different sizes and characteristics is generated in
mines. The mass median particle diameters recorded in ten
MSHA districts are shown in Table 1. Other studies found
particles with sizes of under 5μm for silica and under 20μm
for asbestos fibers [26, 27]. Their inhalation has a detrimental

Table 1 Coal dust d50 at different MSHA Health and Safety Districts
[34]

District No. of mines D (SD) (μm)

2 5 161 ± 23

3 7 149 ± 50

4 3 148 ± 33

5 4 134 ± 42

6 4 155 ± 35

7 4 126 ± 51

8 3 169 ± 42

9 4 160 ± 25

10 4 151 ± 25

11 6 116 ± 40

impact on the exposed miners. Therefore, in addition to the
remedial measures adopted by the mining operations, the
enforcement agencies regulate several aspects of the under-
groundmine infrastructure, procedures, and the environment
to lower the exposure. For example, the “New Dust Rules”
were enacted in 2014, which lowered the permissible coal
dust concentration to 1.5 mg/m3 [28]. In 2024, the Silica
Final Rulewas released, which lowered the PEL of respirable
silica to 50μg/m3. This new regulation also included control
methods and timelines for compliance [29].

PAPRs are not new to the mining industry. One of the first
uses of PAPRs was to protect uranium miners from daughter
products of radon in the 1960s. The experiments demon-
strated that PAPRs offer protection factors of up to 1000
under difficult work conditions, much higher than the pro-
tection factor of 20 required at that time [30]. A Ukrainian
study on negative-pressure half masks showed dust concen-
trations inside the mask between 8.6 and 24.7 mg/m3, which
is higher than the permissible exposure limit (PEL), making
PAPRs an attractive option. A study in Australia showed that
PAPRs can reach higher protection factors than the estab-
lished APF (25); the results are shown in Table 2 [31, 32].

Themain concernwhen implementingPAPRs in coalmin-
ing is the requirement of intrinsically safe devices, which
is not necessary in some other types of mines. While the
first PAPRs were implemented in the 1970s in coal mines,
and many improvements have been made since those early
models, they still require MSHA approval before implemen-
tation [33]. Table 3 shows some coal mining companies that
have petitioned for the implementation of PAPRs. These peti-
tions refer to specific PAPRmodels that are already approved
and meet the required standards. The TR-800 is manufac-
tured by 3M, and the PAS-0060 and EX are manufactured by
CleanSpace. All of these PAPRs are also intrinsically safe.

3.2 Healthcare Industry

Healthcare workers are exposed to several microorganisms
that may cause diseases like influenza and others. To lower
the risk of infection, respiratory protection equipment is
required [51]. As an example, with the emergence of severe
acute respiratory syndrome (SARS) disease in 2003, Singa-
pore implemented strict infection control measures where,
apart from other personal protective equipment, the use of
N95 masks was implemented. PAPRs were mandatory for
high-risk or aerosol-generating procedures. A study on 51
healthcareworkers showed that despite some communication
or visual limitations, the use of PAPRs in the SARS context is
strongly recommended. This is because SARS is considered
highly contagious and more deadly than tuberculosis [52].
A review paper that summarizes different publications on
the use of PAPRs against highly infectious diseases reported
many inconsistencies between the studies done in this area.
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Table 2 PAPRs used in the
Australian mining industry

Supplier PAPR Filter WPF

3M Australia 3M™ Airstream™ 060-23-11PAUS
(P2 rated*)

50

Dräger Safety Australia Dräger X-plore®8000 AR HE-F001
(P3 rated**)

100

CleanSpace CleanSpace 2 PAF-0037
(P3 rated**)

100

*Allows a 1.0% particle penetration
**Allows a 0.05% particle penetration

However, it found that, compared to normal APRs, work-
ers using PAPR observed much lower contamination on the
clothes and skin. Workers also reported an increase in their
comfort during work [53].

The recommendations on the precise level of respira-
tory protection for aerosol-generating procedures vary across
international governing bodies. However, they generally rec-
ommend different respirators including N95, FFP2, or FFP3
masks [54]. Results from the comparison of these respirators,
also including a P100 filter like the ones commonly found in
PAPRs, are shown in Table 4 [55]. The N95 standard refers

to a 95% efficiency when non-oil particles are present. FFP2
and FFP3 are classifications according to the European EN
149 standard, with efficiencies of 94% and 99%, respectively
[56]. The P100 has an efficiency of 99.97% and is resistant
to oil particles [57].

3.3 Other Industries

In the automobile industry, FFP2 andFFP3certifiednegative-
pressure half masks were studied for their protection against
diesel exhaust particles. The average filtration efficiencies

Table 3 Various petitions by US underground coal mine operators to use non-approved PAPRs

Docket Year Petitioner Regulation PAPR Ref.

M-2020-015-C
M-2020-016-C

2020 Westmoreland San Juan Mining
LLC, San Juan Mine 1
MSHA I.D. No. 29–02170
Waterflow, NM

75.500(d)
75.507–1
75.1002

TR–800
PAF–0060

[35, 36]

M-2019-067-C
M-2019-068-C
M-2019-069-C

2021 Peabody Twentymile Coal Mining
Foidel Creek Mine
Routt County, CO

75.500(d) TR-800
EX

[37–39]

M–2021–007–C
M–2021–008–C

2021 Mountain Coal Co. LLC
West Elk Mine
MSHA ID No. 05–03672
Somerset, CO

75.507–1(a) TR–800 [40, 41]

M-2021-010-C
M-2021-011-C
M-2021-012-C

2021 Consol Pennsylvania Coal Co.
LLC, Bailey Mine
MSHA ID No. 36-07230
Greene County, PA

75.507-1(a)
75.500(d)
75.1002(a)

TR-800
EX

[42–44]

M-2021-013-C
M-2021-014-C
M-2021-015-C

2021 Consol Pennsylvania Coal Co.
LLC, Harvey Mine
MSHA ID No. 36-10045
Greene County, PA

75.507–1(a)
75.500(d)
75.1002(a)

TR-800
EX

[45–47]

M-2021-016-C
M-2021-017-C

2021 Consol Pennsylvania Coal Co.
LLC, Enlow Fork Mine
MSHA ID No. 36-07416
Washington County, PA

75.507–1(a)
75.500(d)
75.1002(a)

TR-800
EX

[48, 49]

M-2021-045-C 2022 Signal Peak Energy, LLC
Bull Mountains
Mine No. 1 I.D. No. 24-01950

75.1002(a) TR-800 [50]
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Table 4 Filtration efficiency
comparison

Respirator class N95 FFP2 FFP3 P100
Manufacturer M1 M2 M1 M2 M1 M2 M1 M2

Mean penetration (%) 0.703 0.565 0.270 0.505 0.0098 0.0144 0.0034 0.0222

Standard deviation 0.200 0.525 0.096 0.275 0.004 0.011 0.002 0.036

were observed to be in the 80–86% range for the two tested
masks. The study also showed that the most penetrating par-
ticles were in the range of 30–300 nm [58]. During the 1970s,
PAPRs were introduced to the UK coke industry, lowering
the exposure of the coke oven workers to polycyclic aro-
matic hydrocarbons. Their prolonged inhalation can cause
lung cancer [59]. Studies focused on the lead industry showed
that PAPRs had a mean effective protection factor of 18.2.
This is lower than the assigned protection factor of 50 [60]. In
1983, a study during silica bagging operations suggested that
the respiratory protection of some PAPRs was lower than the
expected APF with particle mean size between 5.8 and 7.1
μm. However, the protection factors for PAPRswith full-face
masks were between 25 and 215, and for PAPRs with half-
face masks between 16 and 193 which was still higher than
for other types of masks [61]. These reports show the suc-
cessful implementation of PAPRs and related masks across
several industries.

4 PAPR and Industry Exposure Standards

Predominantly, three agencies in the USA work to regu-
late the workers’ workplace exposure. They are the National
Institute for Occupational Safety and Health (NIOSH), the
Occupational Health and Safety Administration (OSHA),
and the Food and Drug Administration (FDA). NIOSH
conducts research and makes recommendations to prevent
work-related injuries and diseases, including surface and
underground mining operations. It is responsible for the
testing and approval of any new respirator under the require-
ments defined in Title 42, Part 84 of the Code of Federal
Regulations (42 CFR 84) [62, 63]. NIOSH researches and
develops standards and user guidance. OSHA comes into
play when a respirator is needed in a general industrial
workplace. It establishes the respiratory protection standard,
which mentions that NIOSH must approve any respirator,
and employees must pass medical evaluations, fit testing,
and training. Finally, the FDA provides the marketing clear-
ance for the respirators. It also provides further review when
the respirators are intended to be used as a protection against
a specific disease or infection [64]. As the use of PAPRs
increases, new models continue to emerge. However, most
models could fail to meet the safety and protection require-
ments in certain regions due to the lack of unified standards.

Therefore, different countries started to implement standards
(see Table 5) for PAPRs [65].

It is also important that the PAPRs can keep concentrations
under the permissible exposure limits (PEL) for each type of
dust particulate. This reinforces the importance of WPF, as
this will indicate the protection level against the specific type
of dust in the workplace. The mandated permissible concen-
trations of some unique types of dust particles are listed in
Table 6. The time-weighted average (TWA) is the maximum
average concentration in 8h and is calculated using Eq.2,
where Ci is the concentration, Ti is the exposure time for
that concentration, and it is divided by 8h, no matter the real
exposure time. Short-time exposure is the maximum expo-
sure in 15min. Concentrations can be calculated in parts per
million (ppm), parts per billion (ppb), or mass per unit vol-
ume.

TW A =
∑

CiTi
8

(2)

5 Performance Evaluation of PAPRs

The respiratory protection level (respirator efficiency) of
PAPRs depends on several factors. These include breathing
airflow, blower airflow, user efforts, and leakages. Although
not quantifiable easily, the worker’s comfort and communi-
cation ability are also essential for PAPR evaluation. The
following subsections compare the PAPRs with other respi-
rators and describe their workplace performance, comfort,
and other factors.

Table 5 PAPR standards around the world

Country Standard

USA NIOSH 42 CFR 84. Section K PAPR

ANSI AIHA Z88.7-2010

Japan JIS T 8153:2002

JIS T 8154:2018

JIS T 8157:2018

UK BS EN 12941:1998+A2:2008

BS EN 12942:1998+A2:2008

China GB 30864-2014

GB/T 23465-2009

Other standards ISO/TS 16976-1:2007
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Table 6 Some exposure
standards

Chemical Standards Comments Reference

Coal dust 1.5 mg/m3 Respirable dust underground [66]

0.5 mg/m3 Concentration in intake air

Aluminum metal 15.0 mg/m3 Total dust [67]

5.0 mg/m3 Respirable fraction

Asbestos 100,000 fiber/m3 Collected in a 400L sample over 100 mins
(method # 7400)

[68]

Calcium Carbonate 15.0 mg/m3 Total dust [67]

5.0 mg/m3 Respirable fraction

Calcium silicate 15.0 mg/m3 Total dust [67]

5.0 mg/m3 Respirable fraction

Limestone 15.0 mg/m3 Total dust [67]

5.0 mg/m3 Respirable fraction

Silica (crystalline)
Respirable quartz

10mg/m3

(%SiO2)+2 Depends on the fraction passing a size
selector with specific characteristics

[69]

Wood 3.0 mg/m3 Hardwood [70]

5.0 mg/m3 Softwood

N-Methylpyrrolidone
(NMP)

82mg/m3 Maximum allowable concentration [71]

CO 9 ppm TWA [72]

Lead 0.15 μg/m3 3-month average

NO2 53 ppb Annual mean

O3 0.07 ppm TWA

SO2 0.5 ppm 3-h exposure

5.1 Performance Testing for Fit Factors

PAPRs have been compared with other types of respirators to
assess the differences in protection levels. A study at the Jew-
ish General Hospital in Quebec, Canada, compared a PAPR
with an N95 mask. The research showed that despite having
a higher filtration efficiency, using PAPRs presented commu-
nication difficulties. The power requirement for the blower
also impedes nominal operations. The users could not effi-
ciently use equipment such as a stethoscope [73]. Surveys
conducted in Singapore during the SARS pandemic showed
that 84% of healthcare workers prefer using PAPRs instead
of N95 masks [74].

Like any personal protective devices (PPEs), the PAPRs
must be used according to the recommendations for best per-
formance. For example, PAPR’s efficacy in protecting a user
from respirable dust depends strongly on its proper fit. There
must be an adequate seal between the user’s face and the
respirator to eliminate any leakage resulting in particulate
transportation within the respirator. Two studies compared
the Koken Sakai-Type 1180C-05 replaceable particulate

respirator (RPR) and the Koken BL-321S PAPR. Table 7
shows the leakages for the respirators against the wearing
conditions. The particles measured were atmospheric dust
with a particle size of at least 0.5 μm. Leakage rates for
RPRs range between 1.82 and 10.92%, while for PAPRs
range between 0.18 and 0.42%. In this table, the “recom-
mended” wearing method indicates the case where all the
manufacturer’s guidelineswere followed to achieve optimum
protection. However, workers sometimes place a knit or a
towel between the mask and their faces. At other times, the
workers use a helmet and place the straps over it, stretching

Table 7 Leakage (%) while using respirators under different wearing
conditions [75]

Wearing method RPR PAPR

Recommended 1.82 0.18

Knit 10.92 0.23

Towel 6.39 0.42

Helmet 3.19 0.23
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them and changing the fitting of the mask. Table 8 shows the
fit factors (FF) for an RPR and PAPR for these wearingmeth-
ods and different efforts by the users [75, 76]. Finally, the
protection with a PAPR and an N95 mask arranged in series
was evaluated under different airflow conditions, including
a PAPR failure scenario [77]. Some of the results are shown
in Table 9. Even though the results show high protection fac-
tors, the paper does not mention pressure drop or changes in
breathing difficulty.

A commentary published by Nicas mentions some possi-
ble errors that may lead to overestimating the APF reported
by OSHA in half-face masks [78]. This issue may easily
apply to PAPRs, too. He mentions that different factors such
as sampling errors, particle characteristics, or leakage were
not considered while establishing the protection factor for
the respirators. These errors may lead to reporting a higher
APF. One of the principal factors that may contribute to the
error is the particle deposition in the respiratory tract during
the inhalation and exhalation cycle. This deposition should
be corrected when calculating the APF, as it affects the sam-
pling of the particles.

5.2 Performance Testing for Physical Effort

Another widely tested parameter that determines the PAPR
efficacy is the influence of the physical effort by the user. The
user effort is usually quantified in terms of the variable oxy-
gen flow (VO2) rate. This is important as the PAPR should be
capable ofmaintaining positive pressure to avoid leakages for
all efforts. However, if thewearer’s breathing airflow require-
ment is higher than what is supplied by the blower, a negative
pressure is created. This causes contaminants to leak into the
mask. This condition is referred to as “over-breathing.” The
interaction between the work rate and airflow has a signifi-
cant impact on the FF. This has been shown through several
measurements during tests on manikins [24]. In a study that
used an automated breathing metabolic simulator, negative
pressures were detected at an average oxygen consumption
of 3.0 L/min [79]. Breathing airflow of persons exercising
at 80–85% of their maximum VO2 can reach peaks of up
to 400L/min. It is important to explain that while oxygen
consumption refers to the amount of oxygen a person con-
sumes, the breathing airflow is much higher, as it refers to

Table 8 Fit factors for an RPR and PAPR under different work rates
and wearing conditions [76]

Respirators RPR PAPR
Wearing conditions Rest Exercise Rest Exercise

Recommended 145.3 84.8 786.5 444.5

Knit 12.3 9.3 762.4 396.6

Helmet 118.7 68.2 737.2 468.9

Table 9 APF at different breathing air flows and with different mask
combinations [77]

Airflow (L/min) Combination APF

25 PAPR 31,552

N95 143

PAPR + N95 325,037

PAPR Failure 8

PAPR Failure + N95 1990

40 PAPR 33,741

N95 98

PAPR + N95 320,185

PAPR Failure 9

PAPR Failure + N95 1414

all the components of the air and not just the oxygen. This is
higher than theminimum170L/min required for loose-fitting
PAPRs and 115L/min for tight-fitting PAPRs. The study also
mentions that the battery charge can greatly influence the per-
formance of the blower, increasing the over-breath volume
as the charge decreases [80, 81]. Another study showed that
there is an influence of the airflow on the leakage into the
respirator. For the study, a hood and a blouse were used;
the results for the hood, as this is the most common one,
are shown in Table 10. These are two types of loose-fitting
PAPRs. The principal difference is the space inside the respi-
rator, known as the dead space. The amount of air available
in this space will impact the leakage when more air than
provided is needed.

The PAPR fitting also plays an important role in control-
ling leakage. A manikin-based study used two improperly
sized loose-fitting masks and a stretched-out mask to mea-
sure the impact thismay have on the protection factor. Results
showed that the manikin fit factor (mFF) decreases expo-
nentially as the mean inspiratory flow (MIF) increases. This
follows previous studies on the influence of over-breathing.
Research has shown that improperly sizedmasks still provide
acceptable protection up to a moderate workload. However,
the stretched-out mask did not reach the minimum APF of
25, not even at low workloads [25]. Another study showed

Table 10 Hood leakage and CO2 concentration at different flow rates
[82]

Flow rate (L/min) Leakage (%) CO2 concentration (%)

180 0.010 0.25

180 0.020 0.35

120 0.020 0.45

90 0.045 0.55

60 0.290 0.65

123



2750 Mining, Metallurgy & Exploration (2025) 42:2743–2759

the performance of a tight-fitting mask when the face seal
is compromised [83]. They used different diameter holes to
study the capability of the mask to compensate for the leak-
age through the holes. Results showed diminishing respirator
efficiency. This is shown graphically in Fig. 2. The figure
compares the efficiency as the hole diameter increases, sim-
ulating leakage rates increase. As expected, a higher leakage
means a lower efficiency of the respirator.

5.3 Workplace Protection Factor

The protection factor has also been tested under real or sim-
ulated work conditions. The factor obtained through this
process is referred to as the “workplace protection factor”
(WPF). However, neither NIOSH nor the manufacturers rec-
ommend a field test method [84]. There are very few studies
on the WPF determination of a respirator. For example,
two studies measured the WPF during aircraft sanding and
painting operations [19, 85]. The WPF was measured for
each operation and for different elements. Table 11 sum-
marizes the results obtained during these studies. For the
sanding operations, the samples did not reach the mini-
mum concentration required to measure the protection factor
scientifically. In a Japanese study that focused on a few
occupations that lead to workers’ exposure, three respirators,
including a PAPR, were compared using the WPF. Research
results showed that the PAPR showedWPFs between 16 and
993, with an average being 117 [18].

The healthcare industry uses PAPRs significantly due to
the nature of exposure ofmedical professionals. In research in
this setting, a simulated workplace protection factor (SWPF)
was evaluated before, during, and after chest compression
for the HALO CleanSpace PAPR model. This enabled the
understanding of WPF changes with work intensity [16].

Fig. 2 Hole diameter effect on PAPR performance [83]

Table 11 Aircraft sanding and painting WPFs

Operation/element Protection factor

Painting > 1000

Sanding N A

Strontium > 54, 000

Magnesium > 20, 500

The average values for the SWPFwere 3576 before the com-
pression, 4290 during the compression, and 4135 after the
compression. The principal limitation of the study was the
small number of participants. However, this research showed
that the SWPF does not change significantly with the extent
of work intensity. A larger study with 144 measurements per
device and 11 devices showed that the protection factor can
exceed 250,000 [17].

5.4 Comfort and Other Parameters

An important parameter to consider when using a PAPR is
the wearer’s comfort, especially if the device has to be used
for long periods. A common concern can be the effect on the
wearer’s mobility. One research project studied the user’s
comfort in a confined space (ambulance). It was shown that
the time taken by a user, with a PAPR, to complete four tasks
was 3–5s longer when compared with traditional equipment.
However, when the participants rated the ease of breathing
on a 1–5 scale, the PAPR obtained almost three more points
(favorable) than a regular air purifying respirator [74]. It is
also critical to note that breathing releases a higher concen-
tration of CO2 into the PAPR filter. Due to unique filter
characteristics, this leads to different concentrations inside
the respirator filter as shown in Table 12. The CO2 concen-
tration in the PAPR is much lower compared to other masks
or respirators.

Ease of communication is essential in many tasks. The
PAPR’s blower and the mask can affect the communica-
tion ability of the wearers. The noise produced due to PAPR
blower operations can reach 56 dB; this affects communi-
cation significantly [87]. A study using loose-fitting masks
showed that word discrimination decreases to 48% at 45 db
HL with an NU-6 word list test. It showed no difference

Table 12 CO2 concentration (%) inside different types of masks [86]

Face mask CO2 Concentration

No mask 0.26

PAPR 0.59

KN95 2.60

Valved respirator 2.40
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between having the auricle inside and outside of the mask
[88]. The HALO CleanSpace was also tested for speech
recognition under three parameters: a rhyme test that requires
the subjects to listen and select words from a list of similar-
sounding words; a medical phrases word understanding test,
where the subjects had to listen and write medical phrases;
and a medical phrases meaning test, where the amount of
keywords listened to correctly was recorded. The use of
a headset was also implemented as an option to improve
communication. Results are shown in Table 13. Therefore,
good communication is achievable with the help of a head-
set, reaching levels similar to the ones achieved by using a
surgical mask [16].

It is also important to note that many tasks rely on the
olfactory system to help detect contaminants that may be a
risk to theworkers’ health.One of the best examples is natural
gas, which does not have a smell. However, companies add a
harmless chemical called ethylmercaptan,C2H5SH, to give it
its distinctive odor so that people can detect any leaks swiftly
[89]. When using a PAPR or an N95 mask, the sensitivity to
odors is reduced. A study concluded that even though using
a PAPR can affect sensitivity, it does not affect odor discrim-
ination [90]. Further related studies were suggested by the
authors. This could be challenging for the miners, especially
if mines use a stench gas system for emergency alerts.

The use of a PAPR can cause different physiological
effects on the wearer due to inhalation of gases, pressure,
and temperature changes. As shown by previous studies, the
work rate greatly impacts the PAPR performance and the
wearer’s comfort. Even though all of these parameters may
have an impact on the wearer, the temperature difference
between ambient and inhaled air temperature may not be felt
by the wearer, as the minimum temperature change that men
can feel is 0.94 ◦C. Women, in general, are slightly more
sensitive to temperature changes and can detect changes of
0.80 ◦C. The maximum temperature difference was 0.90 ◦C
at rest and low energy expenditures [91, 92].

6 CFDModeling for PAPR Performance
Prediction

Computational fluid dynamics (CFD) is an efficient fluid flow
modeling and prediction tool. It works by approximating the

Table 13 Ratings (%) from communication tests for the HALO
CleanSpace [16]

Test Without headset With headset

Rhyme test 70 84

Medical phrases word recognition 98 97

Medical phrases meaning under-
standing

95 95

solution to Navier-Stokes equations through the discretiza-
tion of a demarcated flow volume. It has been used to study
the efficiency of different filtration media and to uncover the
performance mechanism of the filter elements. CFD models
also facilitate the understanding of the behavior of particles
in a closed environment [93, 94]. An underground mine is
one such confined environment where CFD modeling can
play a crucial role in improving worker protection. It can
simulate different conditions, including dangerous gas and
particle concentrations, and enable the creation of better risk
management plans to ensure workers’ safety. In the context
of PAPRs, it can help to understand the advantages and chal-
lenges associatedwith their implementation. Therefore, CFD
modeling studies can provide insights into their performance
under unique conditions.

The biggest problem when trying to simulate models
where small details are important (e.g., filters) is the compu-
tational power required. Themost general approach to reduce
the computational power required is to increase the size of
the mesh elements. However, this may result in a decrease
in the model’s accuracy. When using a coarse mesh, par-
ticles are grouped into large clusters; scaling is applied to
obtain the dominant forces and predict the particles’ behav-
ior. This may result in a lack of accuracy, as forces are not
calculated directly from the particles [95]. This is not use-
ful when trying to study filtration media, as particles cannot
be treated as a group. As any filtration media needs a very
fine mesh to capture every detail, the computational cost can
increase rapidly. Therefore, the subgrid approach is often
used [96]. It is important to mention that subgrid models
can also be used with turbulence models, large eddy sim-
ulations (LES), and even with more complex models such
as the energy-minimization multi-scale (EMMS) [97, 98].
Myers and Walters show an example of a one-dimensional
subgrid [99]. It uses a set of differential equations to solve
for the parameters used to calculate the primary grid solution.
The subgrid is shown in Fig. 3.

6.1 Porous Media FlowModeling

Several techniques are used to model flow through porous
media, including CFD-DEM coupling. This technique uses

Fig. 3 1D subgrid [99]
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the discrete element method to model the particle’s phys-
ical interactions. It, then, couples CFD to solve the fluid
flow [100]. However, this can be very expensive in terms
of the computational power required, as the mesh can be
too fine or complicated. For example, research has identi-
fied unique challenges while using different approaches to
porous media modeling. One such research focused on oil
filtration. For laminar incompressible flows, this research
suggested using the Navier-Stokes-Brinkman model, which
includes the equations of time-dependent momentum bal-
ance (Eq.3a), continuity (Eq.3b), and transport (Eq.3c) as
shown below [96, 101].

∂
−→u
∂t

− ∇ (
μ̃∇−→u ) + (

ρ
−→u ,∇) −→u + μ̃K−1−→u + ∇ p = −→

f

(3a)

∇−→u = 0 (3b)

∂C

∂t
+ (−→u ,∇C

) = D�C − αC (3c)

where −→u is the velocity, p is the pressure, C is the particles’
concentration, μ̃ is the viscosity, K is the filter media per-
meability, t represents time, and ρ is the fluid density. The
diffusion coefficient and the absorption rate for the porous
media are represented by D and α, respectively. The symbols
� correspond to change and ∇ to the spatial gradient.

6.2 Filter Simulation

HEPA filters are used as the primary filtration elements in
the PAPRs. They have a pleated design and can remove up
to 99.97% of particles of sizes 0.3 μm and larger. A rapid
increase in the pressure drop as the particle build-up occurs
is the major drawback of these filters (Fig. 4). This severely
limits the useful operation time in the short run (a shift, for
example). The life of the respirator is also affected on a
longer time scale if it is not maintained periodically. Pres-
sure changes within the mask have been studied by several
researchers. The authors of this article extracted the raw data
model from models developed by Cheberiachko et al. using
ImageJ software [102]. Plots of the best-fit polynomials for
those discrete points are shown in Fig. 5. Clearly, the pressure
within the mask progressively diminishes with the particle
accumulation.

Dust deposition can be modeled using the Lagrangian
particle trackingmethod, which can be implemented in open-
source or commercial software. These models assume that
the dominant force acting on a particle is the air drag. When
the particleReynold’s number (Rep) condition inEq.4a,with
inlet velocity uin , dp as the particle’s diameter, and air density

Fig. 4 Pressure drop as dust is accumulated [103]

ρ is met, the governing equation is Eq.4b, where vi p is the
particle velocity, t is the time,μ is the viscosity, and ρp is the
particle’s density.Cc represents the Stokes-Cunningham slip
correction given by Eq.4c, where λ is the molecular mean
free path, d is the pleat distance, and vi is the relative fluid’s
velocity [104, 105]. Figure6 shows the (i) trapezoidal and
(ii) rectangular structures of pleated filters [106].

Rep = (ρuindp/μ) < 1 (4a)

dvi p

dt
= 18μ

d2pρpCc
(vi − vi p) (4b)

Cc = 1 + 2λ

d
(1.257 + 0.4e−1.1d/2λ) (4c)

Fig. 5 Pressures inside the mask at different filter contamination [102]
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Fig. 6 Pleated filters’ structures: a trapezoidal, b rectangular

Differentmodels for pleated filters have been evaluated for
their accuracy. Comparisonwith the experimental data shows
that the Reynolds stress equationmodel (RSM) ismore accu-
rate when predicting the pressure drop across the filter under
turbulent flow regimes than the general κ-ε models. All of
these are turbulence models with second-order upwind dis-
cretization schemes. Table 14 shows the comparison between
the simulated andmeasured data [107]. TheCFD-DEMmod-
eling approach uses the discrete elementmethod tomodel the
behavior of the particles and a CFD model to simulate the
fluid behavior. When both models are coupled, interactions
between the particles and the fluid can be simulated. This
approach can give information such as interaction forces,
collision forces, fluid forces (e.g., buoyancy), and adhesion
forces. Yue et al. researched the filtration process using this
approach and calculated the filtration efficiency [108]. The
results are shown in Fig. 7. The efficiency was observed to
improve with an increase in the aerosol diameter.

6.3 Modeling PAPRs

There are not many studies on the development of CFDmod-
els for the PAPRs. For example, Xu et al. studied the flow of
exhaled particles inside the PAPR. The study used the Open-
FOAM software to track the particle distribution during a
breathing cycle; this is shown in Fig. 8. This study gives a
clear idea of the behavior of particles thatwere able to pass the
filters and the number of them that reached the wearer. It also
shows that leakage increases as the particle size decreases
[109]. Studies of respirator fit and leakages, critical factors

Table 14 RSM and experimental pressure drop comparison

Air velocity (m/s) Experimental (Pa) RSM (Pa)

0.5 37 30

1.0 81 71

1.5 123 123

2.0 179 185

Fig. 7 Filtration efficiency for different particle sizes with a fiber diam-
eter of 15 μm and an SVF of 19%[108]

for efficiency, can be carried out using these models. When
studying leakage, it is important to consider the path that the
particles will follow inside the mask to determine whether
they are reaching the user [110].

Another study developed CFD models to predict the
manikin protection factor (mPF) of loose-fitting PAPR and
then compared them to experimental values. The results
showed the models’ ability to accurately predict the protec-
tion factor of the respirators [111].With the software ImageJ,
an approximation of the results was obtained and is shown
in Fig. 9. This figure compares the real protection factor and
the estimation obtained through simulations. The study used
two different PAPRs and three different work rates.

7 Innovation and other Current PAPR
Research

As explained in the previous sections, PAPRs are efficient
personal scrubbers that can significantly lower the exposure
of users to harmful aerosols. Current research is focused on
solving different problems, such as the build-up of someCO2

concentration in the mask’s dead space, that PAPRs may
have. Minimizing or eliminating leakages while mimicking
human breathing patterns is also being studied extensively.
Suitable solutions to these problemswill encourage the adop-
tion of PAPRs widely.

7.1 Independent Breathing Simulation Studies

Breathing patterns are one of the most important factors that
may affect the results of any PAPR study. Factors such as
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Fig. 8 Distribution of particles
during a breathing cycle [109]

airflow, work rate, and sudden changes in the pattern need to
be addressed to replicate real human respiration.When simu-
lating breathing patterns, sine, triangle, and square waves are
generally used. This, however, is still far from a real pattern.
A study proposed a simulator capable of producing the three
patterns mentioned before, but it could also generate random
patterns from a PC or recorded data. It could also duplicate a
breathing pattern in real time. The aim was to be able to test
respirators under realistic conditions [112].

Fig. 9 Comparison between experimental mPF and CFD predicted
mPF [111]

Another study recorded different parameters during the
cleaning of an “Isolation Unit.” The objective of the study
was to define the minimum operational flow for loose-fitting
PAPRs, based on the breathing parameters of the wear-
ers. Data gathered included the minute volume (MV), mean
inhalation flow (MIF), and peak inhalation flow (PIF). The
results of this study are shown in Table 15 [113]. This table
shows the mean and maximum values for each parame-
ter. As can be seen, even the maximum values are lower
than the minimum requirement of 170L/min established by
NIOSH. However, these values can be higher as the work
rate increases.

7.2 Realistic Breathing under External Airflow

There are a few studies that have integrated realistic breathing
through masks under known ambient airflows. Two studies
added a fan directly in front of an N95 mask. The goal of
this arrangement was to lower the CO2 concentration. The
first study showed that exhaled air can contain up to 5.0%

Table 15 Breathing parameters

Parameter Mean Maximum

MV (L/min) 33 41

MIF (L/min) 74 97

PIF (L/min) 107 107
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Fig. 10 Experimental models
for CO2 reduction [114, 115]

of CO2 compared to the average of 0.03% found in ambient
air. The model added a fan in front of the mask as shown in
Fig. 10a. The experiments showed a decrease in the CO2 con-
centration to 2.0% and a decrease of 2 K in the temperature.
Computer simulations showed a reduction of CO2 concen-
tration to 0.3% when a fan was placed across the filter, as
shown in Fig. 10b. However, this may have compromised the
efficiency of the mask [114, 115]. As none of these studies
measured theAPFof the experimentalmodels through exper-
iments or simulations, further research should be performed.

A study was recently performed on the feasibility of an
ultra-portable low-cost PAPR in response to the high demand
for the equipment during the SARS-COV-2 pandemic. The
study converted a full-face snorkel mask into a PAPR with
the help of cost-effective equipment and 3D-printed adaptors.
The result was an 800g PAPR thatwas tested according to the
NIOSH guidelines. No protection factor was reported for this
respirator, and, even though it does not reach the minimum
required airflow, it could be proposed as an option to alleviate
supply shortages occasionally [116].

8 Summary and Recommendations

This paper summarizes different aspects of a Powered Air
Purifying Respirator (PAPR), which is a personal dust scrub-
ber. It efficiently captures respirable particulates having sizes
exceeding 0.3 μm. The level of protection depends on the
type of mask, the particle’s characteristics, and wearing

conditions such as fit, duration, and effort. PAPR’s cap-
ture efficacy is quantified in terms of protection factors;
a high protection factor implies a better reduction in dust
concentration inside the user’s breathing zone. This is cal-
culated as the ratio of the particle concentrations inside and
outside the mask. Different protection factors can be calcu-
lated depending on the test conditions. Depending on the type
of mask, the protection factor can range between 1 (which
means noprotection) and>1000. In the case of PAPRs,APFs
of 25 for loose-fitting masks and 1000 for tight-fitting masks
are considered the minimum. When compared with other
types of masks such as the N95, PAPRs can achieve higher
levels of protection. PAPRs also offer better comfort in ease
of breathing, temperature, and CO2 concentration than regu-
lar negative-pressuremasks.However, other issues have been
identified, such as difficulty in communication, the inability
to wear other types of equipment along with the mask, and
the blower noise. Despite these factors, PAPRs tend to get
higher scores in comfort studies compared to other types of
masks.

PAPRs are used in several industries where people could
be exposed to particulates. The healthcare industry is where
the use of these respirators ismore common. PAPRusagewas
prevalent, especially during the SARS-COV-2 pandemic.
The mining industry’s inclination towards using PAPRs is
attributed to their higher levels of protection against dust
particles that can cause serious health problems, including
pneumoconiosis. Manymining companies have already peti-
tioned to implement PAPRs in coal mines that meet safety
requirements. Other fields where PAPRs are used include the
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automobile industry, manufacturing operations, lead, and sil-
ica bagging. As the use of PAPRs increases, many countries
are developing standards and guides to ensure that a mini-
mum level of protection is achieved and that the use of the
equipment does not represent a hazard for the workers.

Although CFD simulation is a very useful way of study-
ing the performance of PAPRs, very few such studies exist.
However, there are several studies on the evaluation of filters,
the main dust-capturing element, using CFD simulations. As
PAPRs use a HEPA filter to purify the air, these studies will
help understand how dust accumulation, airflow, and other
factors alter the efficiency of the filters. These results, then,
can be extrapolated to the efficiency of a PAPR. The few
studies that use CFD simulation with PAPRs are focused on
particle behavior inside of the mask and protection factor
prediction. Current research focuses on further development
opportunities such as using fans to reduce the CO2 concen-
tration inside of the mask. Further research is required to
improve these models and to develop test setups. Another
study during the SARS-COV-2 pandemic proposed a low-
cost model that could be used during high-demand periods
to avoid shortage and, therefore, lack of worker protection.
This study could be an initial point in the development of
new PAPR models that are cheaper than the current ones.

This extensive literature review conclusively establishes
PAPR’s ability to supply clean air to the user. Several studies
present the efficiency (protection factors) and their com-
fort while donning the PAPR. Although not required by
law, the industry should encourage mine operators to adopt
the PAPRs as an additional layer of protection for miners.
Although there are very few studies, simulations of the per-
formance of the pleated filters suggest that the HEPA filters
used by PAPRs may be able to provide high protection in
underground mining environments. The authors recommend
more studies on workplace protection factors so that there is
industry-specific evidence of the protection provided by the
respirators. It is also recommended to develop more CFD
simulations for the specific HEPA filters used by PAPRs and
under the expected working conditions (e.g., underground
mine conditions). The effect of a PAPR on the surroundings
of the wearer is also a field that needs further study. Since the
blower pulls air from the ambient environment, the behav-
ior of the particles’ transportation around the breathing zone
should be studied.
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101. Čiegis R, Iliev O, Lakdawala Z (2007) On parallel numerical
algorithms for simulating industrial filtration problems. Comput
Methods Appl Math 7:118–134

102. Cheberiachko SI, Slavinskyi DV, Cheberiachko YI, Deryugin OV
(2023) Mathematical model of air flow movement in a motorized
filter respirator. Natsional’nyi Hirnychyi Universytet. Naukovyi
Visnyk, 97–103. https://doi.org/10.33271/nvngu/2023-3/097

103. Cagna M, Boehle M (2002) Application of CFD methods for
the simulation of the flow through a filter in dependency of the
operating time. 36150:1013–1017

104. Fotovati S, Hosseini SA, Tafreshi HV, Pourdeyhimi B (2011)
Modeling instantaneous pressure drop of pleated thin filter media
during dust loading. Chem Eng Sci 66:4036–4046

105. Li A, Ahmadi G (1992) Dispersion and deposition of spherical
particles from point sources in a turbulent channel flow. Aerosol
Sci Technol 16:209–226

106. Feng Z, Long Z, Chen Q (2014) Assessment of various CFD
models for predicting airflow and pressure drop through pleated
filter system. Build Environ 75:132–141

107. Tronville P, Sala R (2003) Minimization of resistance in pleated-
media air filter designs: empirical andCFDapproaches.HVAC&R
Res 9:95–106

108. Yue C, ZhangQ, Zhai Z (2016) Numerical simulation of the filtra-
tion process in fibrous filters using CFD-DEMmethod. J Aerosol
Sci 101:174–187. https://doi.org/10.1016/j.jaerosci.2016.08.004

109. Xu SS, Lei Z, Zhuang Z, Bergman M (2019) Computational fluid
dynamics simulation of flow of exhaled particles from powered-
air purifying respirators. Am Soc Mech Eng

123

https://shorturl.at/nbnyy
https://doi.org/10.1016/B978-0-12-386454-3.00637-0
https://www.epa.gov/criteria-air-pollutants/naaqs-table
https://www.epa.gov/criteria-air-pollutants/naaqs-table
https://www.ncbi.nlm.nih.gov/books/NBK294223/
https://www.ncbi.nlm.nih.gov/books/NBK294223/
https://getzschman.com/blog/what-does-natural-gas-smell-like/
https://getzschman.com/blog/what-does-natural-gas-smell-like/
https://doi.org/10.1016/j.jclepro.2019.01.273
https://doi.org/10.33271/nvngu/2023-3/097
https://doi.org/10.1016/j.jaerosci.2016.08.004


Mining, Metallurgy & Exploration (2025) 42:2743–2759 2759

110. Koh FC, Johnson AT, Rehak TE (2011) Inward leakage in tight-
fitting PAPRs. J Environ Public Health 2011

111. Bergman M, Lei Z, Xu S, Strickland K, Zhuang Z (2019) Val-
idation of computational fluid dynamics models for evaluating
loose-fitting powered air-purifying respirators. Springer

112. Yuasa H, Kumita M, Honda T, Kimura K, Nozaki K, Emi H,
Otani Y (2015) Breathing simulator of workers for respirator per-
formance test. Ind Health 53:124–131

113. Zhu J, He X, Bergman MS, Guffey S, Nimbarte AD, Zhuang Z
(2019)A pilot study ofminimumoperational flow for loose-fitting
powered air-purifying respirators used in healthcare cleaning ser-
vices. J Occupation Environ Hygiene

114. Zhang X, Li H, Shen S, Rao Y, Chen F (2016) An improved
FFR designwith a ventilation fan: CFD simulation and validation.
PLoS ONE 11:0159848

115. Birgersson E, Tang EH, Lee WLJ, Sak KJ (2015) Reduction of
carbon dioxide in filtering facepiece respirators with an active-
venting system: a computational study. PLoS ONE 10:0130306

116. Khoo D, Yen C-C, ChowWT, Jain P, Loh N-HW, TeoWW,Koh C
(2020) Ultra-portable low-cost improvised powered air-purifying
respirator: feasibility study. Br J Anaesth 125:264–266

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

123


	Powered Air Purifying Respirators (PAPRs) for Protection  from Respirable Dust in Underground Mines
	Abstract
	1 Introduction
	2 PAPR Protection Factors
	3 Applications of PAPRs
	3.1 Mining Industry
	3.2 Healthcare Industry
	3.3 Other Industries

	4 PAPR and Industry Exposure Standards
	5 Performance Evaluation of PAPRs
	5.1 Performance Testing for Fit Factors
	5.2 Performance Testing for Physical Effort
	5.3 Workplace Protection Factor
	5.4 Comfort and Other Parameters

	6 CFD Modeling for PAPR Performance Prediction
	6.1 Porous Media Flow Modeling
	6.2 Filter Simulation
	6.3 Modeling PAPRs

	7 Innovation and other Current PAPR Research
	7.1 Independent Breathing Simulation Studies
	7.2 Realistic Breathing under External Airflow

	8 Summary and Recommendations
	Acknowledgements
	References


