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I. Contributor Information

We would like to thank John Kovac for his help with the preparation of this
report.
II. Executive summary

A. Contract Objective

The objective of this contract is to formulate new comprehensive test
recommendations for certifying multifunction Powered Air Purifying Respirators
(PAPR). The specific PAPR involved is the Centurion Max Multifunction PAPR
manufactured by Martindale Protection, Norfolk, UK but testing standards are to be
applicable to all similar protective devices. There is a focus on the Centurion because
manutacturers wanted to use this type of respirator in the mining industry but there were
no NIOSH standards for these multifunction PAPRs.

B. Summary

Although this contract specifically targeted certification of multifunction PAPRs
such as the Centurion MAX, some more general questions were posed that related to all
PAPRs, both loose-fitting and tight-fitting. The opportunity to extend the state of
knowledge was seized, and experiments were conducted. Each of these research
questions resulted in a prepared manuscript that either has been, or will be, submitted for
publication in a peer-reviewed journal. Current drafts of these manuscripts are appended
to this report.

It needed to be determined it the current NIOSH standards were sutficient to test
the multifunction PAPR or if there needed to be more. Applicable standards and testing

recommendations are reviewed in Appendix 1.




The first question posed addressed the possibility of overbreathing a PAPR. Peak
flows during strenuous work are likely to exceed blower capacity. Also, PAPR worn for
long periods of time are likely to have discharged batteries, and these would have less
power to blow air to their full capability. In either case, overbreathing the air capacity of
a PAPR blower is likely. The first study Exercise Performance While Wearing a Tight-
Fitting Powered Air Purifying Respirator with Limited Flow (Appendix 2), was designed
to see what the impact overbreathing would have on wearer performance. It was found
that a decrease in flow rate did lead to a decrease in the time subjects were able to
perform while wearing the mask.

Next it needed to be determined, in the event of overbreathing, how much air is
overbreathed. The study Overbreathing a Loose-Fitting PAPR (Appendix 3) was
conducted to answer this question. All subjects inhaled more air than was supplied by the
PAPR blower, but only one of them exceeded the 1.4 L dead volume of the PAPR
facepiece. This indicated that the dead volume of the PAPR was protective.

The next study, Inhalation Flow Rates During Strenuous Exercise (Appendix 4)
was conducted to characterize peak inhalation flow rates during heavy exercise.
Knowing this information is essential in determining if the respirator blower can satisfy
the demands of the wearer. Because the blower, batteries, and filter of PAPRs are often
located on top of the wearer’s helmet., powerful blowers require more mass to be carried
on the head. The study titled Effects PAPR Helmet Weight on Voluntary Performance
Time at 80-85% of Maximal Aerobic Capacity (Appendix 5) was performed to determine
the effect on wearer performance when the power of the blower was increased. It was

found that performance time decreased linearly with an increase in helmet weight.
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The next four studies were performed to examine flow patterns within
multifunction PAPRs. In the study Flow Visualization in a Loose-Fitting PAPR
(Appendix 6), a novel approach was developed to visualize air as it is drawn into the
PAPR through the filter and travels to the wearer’s mouth. Using this method with a
breathing machine, it was determined that there was leakage in a loose-fitting PAPR.
However, in a situation where contaminants entered the facepiece, up to 1.4 L could be
inhaled before the contaminant reached the mouth. Using similar flow visualization
techniques in the study Inward Leakage in Tight-Fitting PAPRs (Appendix 7), it was
determined that tight-fitting PAPRs would provide adequate protection for the wearer
because contaminated air would not reach the mouth. Flow visualization was next used
to test leakage in a loose-fitting PAPR when human subjects were used in the study
Human Subject Testing of Leakage in a Loose-Fitting PAPR (Appendix 8). This study
confirmed that the dead volume of a respirator is protective. The subjects could inhale up
to 1.1 L of air before any contaminants that entered the facepiece would reach the mouth.

Protection Factors and Net Contaminant Volumes Inhaled While Wearing
Respirators (Appendix 9), the final study of this report, was conducted to determine how
much contaminant could be expected to be inhaled when overbreathing of a respirator did
occur. In this study, we investigated measurement of respirator protection factors using a
different method of a challenge gas and collection of exhaled breath. Other methods to
measure protection have shortcomings. Visual detection of fog is not a direct indication
of contaminant protection offered by the respirator. Respirator protection factors, which
are defined as contaminant concentration outside the facepiece divided by contaminant

concentration inside the facepiece, cannot be used accurately for rapidly changing




particle counts. This concentration ratio can also be influenced by moisture particles
from and deposition of particles in the respiratory system. Therefore, a different
technique was needed to assess protection provided by a respirator when more air is
inhaled than is supplied by the PAPR blower.
I11. Background

The multifunction PAPR is a personal protective device incorporating respiratory
protection, head protection, hearing protection, and eye protection. Respiratory
protection is provided by a battery-powered blower and filter supplying air to the face
piece; head protection incorporates a helmet and head harness able to absorb impact
loads; hearing protection is supported by ear muffs perhaps supplemented with ear plugs;
eye protection is given by a visor or eye lenses. The Centurion Max is a loose-fitting
device with face shield, hearing protection, helmet, and blower with particulate filter. A
blouse around the edges of the face shield provides a partial barrier to air flow from
outside of the shield. The Centurion Max PAPR is worn voluntarily by miners in
contaminant conditions that do not require respiratory protection. Other multifunction
PAPRs may or may not be worn by miners, construction workers, medical personnel, or
others. None is presently NIOSH certified.

NIOSH standards (Appendix 10) for the multifunction PAPR offer cranial, eye,
hearing, and respiratory system protection. Current NIOSH standards show that the
multifunction PAPR can be tested with all of these except for the respiratory protection

standards.



IV. Scope

The scope of this report is to first review existing standards and suggest standards
applicable to testing multifunction PAPRs. New test standards will be recommended as a
result of the findings of additional experiments conducted. Authority to decide whether
these standards will be used rests with NIOSH and not with the authors.
V. Approach

After reviewing existing standards, it was concluded that there needed to be
additional respiratory protection standards in order to adequately test the multifunction
PAPR. Eight studies were performed to help make new testing recommendations for the
multifunction PAPR. This report aims to answer a series of questions that developed as
each study was completed. Might there be a problem with wearers overbreathing the
PAPR? If there is a problem with overbreathing, to what degree? What peak inhalation
flow rates could be expected with PAPR wear? How would increasing blower power to
meet these flow rates atfect wearer performance? After these questions were answered
(Appendices 2-5), techniques were developed to visualize the air flow pathway from the
environment to the subject’s mouth. These flow visualization techniques were used to
test both loose and tight-fitting PAPRs on breathing machines (Appendices 6 and 7).
Human subjects were then used to test leakage with loose-fitting PAPRs (Appendix 8).
Finally, the last study (Appendix 9) was performed to address the problem of current

methods of measuring respiratory protection being inadequate.




VI. Test Methodology
A. Test equipment used

The first four studies used human subjects exercising on a standard treadmill.
Prior to the start of each experiment, a maximal oxygen consumption test ( VOzmax test)

was performed on each subject using a Quinton (Bothell, WA) motorized treadmill and a
modified Bruce incremental treadmill exercise protocol. Subjects were asked to warm-up
and stretch for approximately 5-10 minutes prior to the start of the test, and were then
equipped with a Hans Rudolph (Kansas City, MO) one-way breathing valve configured
with a rubber adaptable mouthpiece. This apparatus was interfaced with a standard
Fleisch (Phillips and Bird, Richmond, VA) pneumotach and Perkin Elmer (Pomona, CA)
model 1100 mass spectrometer to monitor continuous expired airflow.

In the first study, Exercise Performance While Wearing a Tight-Fitting Powered
Air Purifving Respirator with Limited Flow (Appendix 2), all subjects wore the PAPR
blower and filter (FR-57, 3M, St. Paul, MN) on their waists without the battery pack.
Subjects exercised on a standard treadmill and electrodes were used to monitor heart rate
continuously during the test. The PAPR was powered by a dc power supply to give flow
rates of 0%, 30%, 66%, 94%, and 100% of rated maximum blower capacity of 110
L/min.

The second study, Overbreathing a Loose-Fitting PAPR (Appendix 3), had
subjects exercising on a treadmill while wearing the Centurion MAX loose-fitting PAPR
inside a Portable Breathing Chamber.

In the study, Inhalation Flow Rates During Strenuous Exercise (Appendix 4),
instantaneous inhalation flow rates for subjects exercising on a treadmill have been
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measured for the following conditions: 1) at 80-85% V02 max without a respirator, 2) at

100% VO2 max without a respirator, and 3) at 80-85% VOJ max while wearing a breath-

responsive PAPR.

In the fourth study, Effects PAPR Helmet Weight on Voluntary Performance Time
at 80-85% of Maximal Aerobic Capacity (Appendix 5), subjects were tested with four
lead-weighted construction helmets of 0.54, 1.03, 1.85, and 3.36 kg.

Tests in the study Flow Visualization in a Loose-Fitting PAPR (Appendix 6) were
conducted with the Centurion MAX and the Racal AirMate 3 respirators mounted on a
head form. This setup was placed inside a portable breathing chamber. Visible glycerol
fog was introduced into the chamber and the flow pathways of the air in the facepiece
were recorded with a digital video recorder.

In the next study, Inward Leakage in Tight-Fitting PAPRs (Appendix 7), a
combination of fog flow visualization and local flow measurement techniques was used
to determine the inward leakage for two tight-fitting Powered Air-Purifying Respirators
(PAPRs), the 3M Breathe-Easy PAPR and the SE 400 breathing demand PAPR. They
were mounted on a breathing machine head form and flows were measured from the
blower and into the breathing machine. A bronchoscope was located at the mouth of the
headform to detect inhaled fog and capture digital video images.

For the study Human Subject Testing of Leakage in a Loose-Fitting PAPR
(Appendix 8), ten human volunteers were asked to wear the Centurion MAX inside a fog-
filled chamber. Their inhalation flow rates were measured with small pitot-tube
flowmeters held inside their mouths. They were video imaged while they breathed

deeply, and the points at which the fog reached their mouths were determined.
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In the final study, Protection Factors and Net Contaminant Volumes Inhaled

While Wearing Respirators (Appendix 9), CO, was used as a tracer gas in the ambient
air, and several loose-and tight-fitting respirators were tested on a breathing machine.
CO, concentration in the exhaled breath was monitored as well as CO, concentration in
the ambient air. Respirators tested were the Racal AirMate 3 (Racal; Frederick, MD)
loose-fitting PAPR; Breathe Easy (3M; St. Paul, MN) tight-fitting PAPR, Butyl Head
Cover with Cape, #522-02-23 (3M) loose-fitting hood, Centurion MAX (Martindale
Protection; Thetford, Norfolk, UK) multi-purpose loose-fitting PAPR, SE 400 (SEA;
Meadowlands, PA) breath-responsive PAPR, and FRM 40 (3M) air-purifying respirator.
Pneumotach were adapted to blower inlets for the Racal, Centurion, and SEA devices.
Pneumotachs were placed in the connecting hose between blower and facepiece for the
two 3M powered devices. An inlet hose was connected to the filter of the FRM40.

B. Test subjects

Human test subjects were used in 5 of the studies (Appendices 2, 3, 4, 5, and 8).
Subjects were healthy volunteers between the ages of 18 and 42. Most were college
students.
VII. Results

It was found in the study, Exercise Performance While Wearing a Tight-Fitting
Powered Air Purifying Respirator with Limited Flow (Appendix 2), that as flow rate was
reduced, so was performance time. There was a 20% reduction in performance time as
blower flow changed from 100% to 0% of maximum. Significant differences in
Breathing Apparatus Comfort and Facial Thermal Comfort were found as flow rate

varied.



In the study, Overbreathing a Loose-Fitting PAPR (Appendix 3), all subjects

inhaled more air than was supplied by the PAPR blower, and all of them exceeded the 1.4
L dead volume of the PAPR face piece. The PAPR blower provided only 110 L/min
instead of the 205 L/min specified by the manufacturer.

Results from the third study, Inhalation Flow Rates During Strenuous Exercise
(Appendix 4), showed that there is a linear relationship between peak flow rate and

average minute volume. A peak inhalation flow rate of up to 379 L/min (BTPS) was
measured for subjects exercising at 80-85% VO, max without a respirator. Peak flow
rates of up to 440 L/min (BTPS) have been measured for subjects exercising at 80-85%
VO, max while wearing a breath-responsive PAPR

It was discovered in the fourth study, Effects PAPR Helmet Weight on Voluntary
Performance Time at 80-85% of Maximal Aerobic Capacity (Appendix 5), that
performance time in minutes was linearly related to helmet mass. A linear least square
regression line to describe the data was: time = 20.25 - 2.552 * kg.

In the study Flow Visualization in a Loose-Fitting PAPR (Appendix 6), it was
found that the loose-fitting PAPR without a scarf offered no protection against the fog,
whereas the PAPR with a scarf allowed up to 1.4 L of inhaled breath before the fog
reached the mouth. Tilting the head affected the amount of protection given by the
PAPR.

Results from the study Inward Leakage in Tight-Fitting PAPRs (Appendix 7)
show a small amount of leakage through the exhalation valves of both tight-fitting
PAPRs. However there was no evidence of contaminant reaching the mouth of the

breathing machine.



In the study, Human Subject Testing of Leakage in a Loose-Fitting PAPR
(Appendix 8), results showed that an average of 1.1 L could be inhaled before
contaminated air reached the mouth. As long as the blower purges contamination from
inside the face piece during exhalation, the 1.1 L acts as a buffer against contaminants
leaked due to overbreathing of blower flow rate.

Results from the final study, Protection Factors and Net Contaminant Volumes
Inhaled While Wearing Respirators (Appendix 9), show that protection factors were
found to range from 1.1 for the Racal AirMate loose-fitting PAPR to infinity for the 3M
Hood, 3M Breath-Easy PAPR and SE 400 breath-responsive PAPR. Inhaled contaminant
volumes depend on tidal volume, but ranged from 2.02 L to 0 L for the same respirators,
respectively. Blower effectiveness was about 1.0 for tight-fitting APRs, 0.18 for the
Racal, and greater than 1.0 for two of the loose-fitting PAPRs. With blower effectiveness
greater than 1.0, some blower flow during the exhalation phase contributes to the
subsequent inhalation.

VIII. Findings

The first study, Exercise Performance While Wearing a Tight-Fitting Powered
Air Purifying Respirator with Limited Flow (Appendix 2), showed that when flow rates
are not adequate, there is a performance decrement. Reducing blower air flow rates also
causes a decrease PAPR comfort and facial cooling.

Two major findings came out of the study Overbreathing a Loose-Fitting PAPR
(Appendix 3). First, the Centurion MAX PAPRs should only be used in atmospheres
containing minimal, if any, contamination. The level of contamination must be below the

Permissible Exposure Limit. Second, one reasonable recommendation would be that a
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more powerful blower be used with this PAPR to supply higher air flow rates.

In the study Inhalation Flow Rates During Strenuous Exercise (Appendix 4), it
was discovered that instantaneous inhalation flow rates were found to vary greatly among
subjects and at different times for each subject. Measured flow rates for the pressure-
demand PAPR are higher than breathing flow rates. Estimated peak flow rates can be
calculated for various strenuous work conditions.

It was found in the study, Effects PAPR Helmet Weight on Voluntary
Performance Time at 80-85% of Maximal Aerobic Capacity (Appendix 5), that an
increase in blower capacity leading to an increase in helmet weight would lead to a
decrease in respirator wearer performance. Each additional kilogram mass on the head
could be expected to result in 2.5 min performance penalty at this rate of work.

Results of the study, Flow Visualization in a Loose-Fitting PAPR (Appendix 6),
indicated that the dead volume (1.4 L) of the PAPR was protective. In other words, 1.4 L
of contaminated air could be inhaled before any contamination reached the wearer’s
mouth. The presence of the Centurion MAX scarf makes the Centurion much more
protective than the Racal.

It was concluded from the results in the study Inward Leakage in Tight-Fitting
PAPRs (Appendix 7), that the tight fitting PAPRs tested would provide adequate
protection for the wearer because contaminated air would not reach the mouth.

In the study, Human Subject Testing of Leakage in a Loose-Fitting PAPR
(Appendix 8). the average volume inhaled before contaminants (fog) reached subjects’

mouths was 1.11 L. For tidal volume less than this value, airborne contaminants leaking
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in from around the periphery of this respirator would not be inhaled by an average
wearer.

In the last study, Protection Factors and Net Contaminant Volumes Inhaled
While Wearing Respirators (Appendix 9), a new way to measure respirator efficacy was
developed. It was found that wearer protection factors do not match well with OSHA
assigned protection factors. PAPR blower flow rates are not constant flow for the tight-
fitting PAPRs. Finally, as confirmed by earlier studies dead space can be effective against
inhaling contamination.
IX. Summary and Conclusions

There was found to be potential for an overbreathing problem for the loose-fitting
PAPR (Appendix 3). Peak inhalation flow rates were explored and it was discovered that
increased blower power may be necessary (Appendix 4). However, increasing blower
power has the disadvantage of decreasing wearer performance (Appendix 5).

The four flow visualization studies (Appendixes 6-9) provided valuable
information about the protection provided by loose- and tight-fitting PAPRs. It was
found that there was significant leakage in a loose-fitting PAPR but not the tight-fitting
PAPR. It was found in the last study (Appendix 9) that measurements of contaminant
concentration inside the face piece can be incorrect, given that there are regions of high
and low contaminant concentrations in close proximity. Wearer protection factors do not
agree well with expected respirator protection factors.

Each study confirmed that dead volume in the PAPR proved to be important in
adding protection against inhaling contamination. This is a different way to look at dead

volume. Dead volume in air-purifying respirators is considered to be a problem,

12



accumulating CO» and limiting physical work performance. Dead volume in powered air-
purifying respirators (PAPRs) in contrast, can actually be a significant help to provide

wearer protection. PAPR dead volume might be purposely designed to be large in order

to achieve protection goals. A recommendation to be made is that PAPR blowers do not

need to supply peak flow rate, but should function by cleaning dead volume of

contamination during exhalation phase. Also, the method of taking the ratio of CO, in

exhaled air to the concentration in ambient air may be a better way to measure respiratory

protection than methods currently used.
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