26 JOURNAL OF THE INTERNATIONAL SOCIETY FOR RESPIRATORY PROTECTION Summer 1991

Evaluation of Portacount for Deter mining
Respirator Fit Factors, Part 1 1:
Laboratory Breathing Machine Tests of Stability and
Comparison with an Aerosol Photometer

A.H. Biermann, R.A. daRoza, SR. Sawyer,
K L. Foote, C. McCormack, and C.R. Sackett

Hazards Control Department, L-386
Lawrence Livermore National Laboratory, Livermore, CA 94550

Abstract

We compared the performance of a portable condensation nucleus counter (the
model 8010 Portacount by TSI.*) to that of an aerosol photometer for quantitative fit
testing of respirators. Breathing conditions of 40 1pm at 23.6 respirations/min were
simulated in a full-face respirator on a mannequin head. Two types of chalenge
aerosols were used in our experiments. an oil mist aerosol and the ambient room
aerosol. For experiments using the oil mist aerosol, we found that fit factors as
measured by the two instruments agree well at fit factors below 1000. For higher fit
factors, the Portacount measures significantly lower fit factors than the photometer,
with differences increasing as leak rates decrease. In 1-hr stability tests of fit-factor
measurements, the Portacount performs as well as the photometer. In experiments
using the room aerosol as the chalenge agent, fit factors as measured with the
Portacount were 2 to 7 times higher than those measured with the oil mist aerosol at
identical leak-rate conditions. In large part such variations can be explaned by
differences in the size distributions of the challenge aerosols. In most workplace
environments, the Portacount can be expected to accurately measure fit factors of up
to 1000.

| ntroduction

Weconductedanexperimental comparisonof mance. Aerosol photometers have long been the

how aportablecondensationnucleus counter (CNC)
and an aerosol photometer measured thefit factor
of arespirator under simulated breathingand leak
conditions. Theportable CNC(thePortacount) has
only recently become commercially available. Its
portability and sensitivity tosmall aerosol particles
have advantagesin monitoring respirator perfor-

* TS isaregistered trademark of TSI, S. Paul, MN.

instrument of choi cefor assessing both the protec-
tion affordedby respiratorsandthe performance of
filters. In addition to these two aerosol detectors,
we included measurements using a laboratory-
type CNC. Experiments were performed using
both an oil mist aerosol and thelaboratory ambient
aerosol asthe challenge to the respirator.



Summer 1991

JOURNAL OF THEINTERNATIONAL SOCIETY FORRESPIRATORY PROTECTION

27

Aerosol photometers have historically been
used to mea-sure the performance of both respir-
ators1-3andhigh-efficiency particulateair (HEPA)
filters.* Because photometer-type instruments
measure the amount of light scattered from a
system of particles, their measurement of aerosol
concentration depends upon the size distribution
of the particulates, their shape, and their index of
refraction. Tomeasurethe performanceof devices
offeringhighlevelsof protection, achallengeaero-
sol havinghigh concentrations, perhaps20mg/m3,
must be generated. Only then will a detectable
amount of aerosol be present inside the protection
device for an adequate concentration measure-
ment to be made.

CNCs measure the aerosol concentration by
countingindividual particles. Aswiththephotom-
eter, the CNC aso uses light scatter to detect the
particle. However, to detect the light scatter from
individual particles, condensation of somevaporis
induced on the particles. This resultsin particle
growth and increased light scatter, so that even
very small particles (<0.1 um in diameter) can be
detected. Therefore, CNC-type instruments are
much more sensitive to small aerosol particles
than photometers, and lower concentrationsof the
challenge aerosol can be used to measure aerosol
penetration.

An added advantage is that their concentra-
tion measurement generally does not depend on
the characteristics of the aerosol. CNC instru-

Experimental

To conduct this evaluation, the relevant labo-
ratory instrumentation was assembled and con-
figured in the arrangement shown in Fig. 1. This
experimental test system permitted the assess
ment of respirator performance under asimulated
breathingconditionandvariousleak conditions. A
1-m3 chamber was used to contain the challenge
aerosol, MSA Ultravuerespirator, and mannequin
head. MSA Type H filter cartridges were used,
yielding no greater than a +1.4 in.w.g. pressure
drop at the breathing rate ssmulation used here.
The respirator mask was fitted tightly, so that a
typical no-leak conditionresultedinfitfactorswell
over 30,000. A continuous air flow of 283 1pm,
monitored with a venturi flowmeter, was main-
tained through the chamber. By controlling the

ments have aso been used to assess the perfor-
mance of protection devices.?% However, much of
the work hasbeen done in conjunction with other
aerosol instrumentation so that the relationship
between penetrationand aerosol particlesizecould
be investigated.

Becausethe CNC andphotometer instruments
use different methodsto detect aerosols, it should
not be surprising that their assessment of the level
of protection offeredby arespirator may differ. We
havepreviously shownhow suchdifferencescanbe
explained from a theoretical standpoint and also
experimentally intestsusingfilters under constant
flow conditions.” Wefoundthat several functions,
which are generally dependent on particle size,
interact to contribute to the differences. These
include the particle-size distribution of the chal-
lenge aerosol, thefilter efficiency of theprotective
device, and the response function of the photom-
eter to particle size.

For our experimentsin thisinvestigation, we
used anMSA Ultravuefull-facerespirator fitted on
a mannequin head. Breathing conditions were
simulated using a breathing machine operated at
23.6 respirations/min, yielding aflow of 40 1pm.
L eakswere simulated by introduction of the chal -
lenge aerosol into the respirator using either cap-
illary tubes or a variable valve arrangement. In
addition to comparing the response of the instru-
mentsfor variousfit-factor measurements, stabil-
ity and reproducibility testswere also conducted.

Configuration

chamber inlet and outlet valves, a negative pres-
sure of about 0.1-0.2 in.w.g. was maintained dur-
ingthetests.

To simulatethecyclicbreathing condition, the
mannequin head and mask were connected to a
breathingmachine.8 A cyclicbreathingrate of 23.6
respirations/min was used for all tests, resulting
in a moderate work-rate breathing condition of
40 1pm.

Two aerosolswere used in these experiments,
an oil mist aerosol and the ambient laboratory
aerosol. The oil aerosol, dioctylseba-cate (DOS),
was produced using a Phoenix Precision SG-20
cold-bubbler generator operated at 6 psi. This
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Figure 1. Configuration of Portacount experiment.

produces an aerosol similar to those used in quan-
titative fit testing of respirators. Fow control
alowed ahigh aerosol concentration of 30 mg/m3
or alow concentration of 5mg/m3 to be selected. A
photometer (see Fig. 1)wasusedtoinitialy setand
then monitor the generator output to facilitate
adjustments during atest to ensure concentration

stability. The aerosol from the generator was
mixed with HEPA-filtered pressurized air before
entering the chamber.

For experiments using the ambient aerosol of
thelaboratory, theinlet to the chamber was simply
opened to the room. Aerosol size distributions of
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the challenge aerosol were measured over arange
of 0.01-3.0 umin diameter using instrumentation
describedelsewhere.?

To smulate leaks, a paralel arrangement of
different sized capillarieswasinserted through the
mask near the forehead of the mannequin. How-
ever, because this did not result in reproducible
leaksfromday to day, the approach wasdiscarded.
For better reproducibility, asystem of two parallel
valves was used to regulate the leak aerosol from
the chamber into the mask through a 1/4-in. port.
Toachieveveryhighleak conditionscorresponding
to fit factors of 30 or less, another valve was
required to alow additional aerosol directly from
the generator to enter the leak (1/4-in. port).

Three aerosol instruments were used to mea-
sure the penetration of aerosol into the mask.
Theseincluded aSinclair-Phoenix model JIM-7000
aerosol photometer, the Thermo Systems model
8010 Portacount, and the Thermo System model
3020 CNC. The output of al three instruments
was directed to an LSI-11/23 computer for data
storageandanalysis. Thephotometerhas acontin-
uous anal og output with adynamic operatingrange
of five decades over aerosol mass concentration
typicaly ranging from 0.001 to 100 mg/m3. Under
carefully controlled laboratory conditionsusing a
breathing machine, aerosol fit factors of 100,000
can be measured. Because the precise aerosol
concentration depends on the physical properties
of the aerosol, the photometer was calibrated at a
fewhigher concentrationsof theDOSaerosol using
gravimetric filter anaysis.

The laboratory model CNC has a dynamic
operating range of nine decades in particle num-
ber concentration ranging from 0.01 to
1 x 107 particles/cm3. However, it accomplishes
thisby operatingin either of two modes. The first
mode is analogous to the Portacount in that indi-
vidual particlesare counted after they have grown
to a detectable size by condensation of butanol.
Thismode is used for concentrations below 1000
particles/cm3. For higher concentrations, the CNC
operatesinaphotometricmodethatisconvertedto
an absolute number concentration by a factory
calibration.

The Portacount has adynamic operating range
from 0to 500,000 particles/cm3. Theentirerangeis
coveredby individual particlecountingwith correc-

tionsfor coincidenceatthe highconcentrationlevels.
For our experiments, we used it in either the fit-test
or count mode of operation. Inthe count mode, the
instrument collects samples a 1-s intervals and
reports only particle counts. We used thismodeto
check theinstrument zero and aso for some periods
while the photometer and CNC were sampling the
chamber challenge aerosol.

In the fit-test mode, the Portacount samples
dternatively from the chamber and mask in a
preprogrammed manner. After aninitial chamber
sampling, theinstrumenthas a 30-scycleconsisting
of an 11-s purge, a 10-s mask sample, a4-s purge,
and a 5-s chamber sample. In this study, the fit
factor is calculated as the ratio of an average
chamber sampleto mask samplewherethe average
chamber is based on the samples immediately
before and after that of the mask. A fit factor is
reported about every 30s. Samplingflowrates are
0.7 Ipm, with only 0.1 1Ipm actually being counted.
In the fit-test mode, zero counts in the mask are
arbitrarily set to 1, or 0.05 particles/cm3.

Sampleflowsfor the photometer and the CNC
wereheld at 0.9 and 0.3 Ipm, respectively. Sample
switching between the chamber and mask for the
photometer and CNC was controlled manually.
Preliminary tests indicated that switching the
photometer and CNC from chamber to mask and
the reverse resulted in detectable variancesin the
leak rate as measured by the Portacount. Thisin
turn caused discrepancies in reported Portacount
fit-factor measurements. Asaconsequence, aby-
passflow system was designed and implemented.
This alowed the same flow to be taken from the
mask even when the photometer and CNC were
sampling from the chamber. Thus, the simulated
leak could be accurately maintained throughout
the experiment.

Three types of experimental protocols were
established. Thefirst protocol wasusedto compare
the fit factor as measured by the threeinstruments
a different leak conditions. The range of leaks
investigated corresponded to fit factors from 10 to
the no-leak condition, a protection level of over
30,000. This protocol was aso repeated on differ-
ent days to assess the reproducibility of the
Portacount relative to the photometer and CNC.
The second protocol was used to assessthe stability
of the Portacount in making fit-factor measure-
ments. Stability periodsinvestigated ranged from
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1to8 hr of continuousoperation. Thethird protocol
involved the use of the ambient aerosol for the
challenge.

The photometer and CNC have larger internal
air-sampling volumes. Hence, athough the Porta-
count can Switch from mask to chamber and back in
30 s, the other instruments required considerably
morepurgetime. However, by usngthebypass flow
system previoudy mentioned, this purge time was
reduced by manually increasing theflowthrough the
instruments during the purge period.

Neverthel ess, the chamber-to-mask cycletimes
for the photometer and CNC are much longer than
thatfor the Portacount. Fitfactorsasmeasured by
the photometer and CNC are based on averages of
alternate mask and chamber samples: the cham-
ber issampledfor a2- to 5-min period, themask is
sampled for 2-8 min, and the chamber isrepeated.
The actual computer sample rate of signas from
the photometer and CNC was usually one per
second during each sample period. Inthe stability
protocol, themask samplelasted aslong as 15 min.

To help determine the sensitivity of the
Portacount, additional tests were conducted to

determine the background signa each instrument
detects in the presence of no aerosol. This back-
ground concentration may be important in the
cases of high fit factors, if the concentration of
particles leaking into the respirator is not much
greater than the background.

To establish thisbackground level, filtered air
was passed through dl the instruments at the
beginning of each experiment. Thislevel servesas
the photometer sgna zero. The Portacount and
CNC reported zero particle countsfor the filtered
ar. However, it was later found that the volume
within the mask contained a nonzero particle
background level due to the breathing machine
itself. Therefore, at the end of most experiments, a
second background (breathing-machine back-
ground) sample was taken. This was done by
bringing the chamber to a dightly positive pres-
sure with particulate-free air and the breathing
machine off. After establishing that the chamber
was indeed free of particulates, the breathing ma-
chine was started and the breathing-machine
background was obtained by sampling from the
mask volume.

Results

We will discuss the results of this study, in-
cluding size-distribution measurements, back-
ground concentrations, fit-factor comparisonsand
sability tests using the DOS aerosol, and fit factor
and stability tests using the laboratory ambient
aerosol.

Aerosol Size-Distribution
M easur ements

Reasonswhy we might expect discrepanciesin
fit-factor determinationsfrom the photometer and
Portacount and discrepancieswhenusingdifferent
challenge aerosols have previously been investi-
gated.” |t was not part of this study to delve into
thetheoretical nature of the problem. But, because
the ambient |aboratory aerosol is considerably dif-
ferent from the DOS aerosol, aerosol size distribu-
tions were taken to offer some explanation of
experimental results. The ambient agrosol is com-
pared with the low-concentration DOS aerosol in

Fg. 2. The geometric median diameter and stan-
dard deviations are 0.092 um and 2.05, respec-
tively, for the ambient aerosol and 0.32um and 1.8,
respectively, for the DOS aerosol.

Background Deter mination and
I mplications

Aswe haveal ready mentioned, two background
counts were usually taken during each experiment
for dl instruments. These background levels are
important in determining the minimum detectable
leak that the instruments can sense. Table 1
summarizestheinitial testing conductedfor finding
these background levels. The firstwas established
using air filtered through a HEPA cartridge filter.
In Table 1, this corresponds to a chamber with
filtered air and the breathing machine off. The
Portacount (and CNC) measured zero counts. The
photometer zero would be adjusted according to
this background, usually at 0.002 mg/m3.
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Figure 2. Sizedistributionsfor the DOS and laboratory room aer osols.

Table 1. Background concentration levels.

Portacount particle counts (per cm?)

Sample Breathing Directly Through filter
location machine to mask to mask
Chamber OFF 0.0 0.0
Mask OFF 0.0 001
Mask 40 1Ipm 126 001

- Mask 60 1Ipm 148 0.01

The second background is denoted as the
breathing machine background, because it origi-
natesfromthebreathingmachine. Itistypicaly 1
to 2 particles/cm3 for the 40-lpm breathing rate
used in our experiments. Further experiments
confirmedthattheleakageoccurredfromtheinter-
nal mechanism ofthebreathingmachineaswell as
leakage into the machine from the surrounding
environment. Although the background level is
very low (1 particle/em3), it is significant when
compared to the minimum detection limitsfor the
Portacount and CNC, 0.05 and 0.01 particle/cm3.
Thus, thisbackground level could limit the maxi-
mum fit factor that these instruments could mea-
sure.

This breathing machine background could be
reducedto near zero by placement of afilter between
themachine and the mask. However, aportion of
the leak would also be filtered. After some
discussion, it was agreed to tolerate the nonzero
breathing machine background. The primary
reasoning is that an analogous background is
present in humans when wearing respirators.
Researchers have measured particulate con-
centrations of 0.1 to 3 particles/cm3 from human
subjects.l® The Portacount manufacturer aso
warnsinitsoperational manual to avoidfittesting
of subjects who have smoked within the previous
30 min because of excess particlesbeing expired.11
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Withtheinclusion of abackground concentra-
tion measurement, fit factors can be calculated
using the following equation:

F=cCxC,, -B) (@)
where:
F = fit factor,

C,= chamber concentration,
C,, = mask concentration, and
B = background concentration in the mask.

If we assume a background of 1 particle/cm3
and arbitrarily require a measurable leak to be
threetimesthebackground, then the maximum fit
factor, F__, that can be measured using the
Portacount or CNC isshown below:

p

Judt:F 4

Challenge aerosol concentration
(2particles/cm?)

2

To determine afit factor of 1000, a challenge
aerosol concentration of at least 2000 par-
ticles/cm3 would be required. The expected maxi-
mum measurable fit factor using the Portacount
and photometer at variouschallengeconcentration
levelsisindicated in Fg. 3.

Two sets of calculations are included for the
Portacount. The first isbased on the fact that the
Portacount sets a zero concentration in a mask
sampling period to 1 count—or 0.05 particle/cm3.
The second, incorporating a breathing-machine
background concentration of 1 particle/cm3, pre-
dicts maximum measurable fit factors 20 times
less. The dotted linesindicate concentrations that
are normally restricted from use because the
Portacount isinternally set to not make fit-factor
measurements with challenge aerosol concentra-
tions less than 1500 particles/cm3. Aerosol con-
centrationsinworkplace environmentshave been
reported to be 2000-30,000 particles/cm3.

Two data sets are also shown for the
photometer, one with DOS challenge aerosol and
the other using the room ar. With the room
aerosol, only very low fit factors are measurable
because of the low photometer response to this
aerosol. Becausethe Portacountisa more sengitive
instrument to individual particles than the
photometer, itcanawaysmeasurehigherfitfactors
at any specific challenge concentration.
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Figure 3. The maximum fit factorsthat can be measured
at various challenge aer osol concentrations.
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DOSAerosol Challenge
sol, leaks corresponding to fit factors from 10 to
Oneoftheprimary objectivesof our investiga= 15,000 were simulated with the valving arrange-
tion is the comparison of fit factors as measured by ment. The comparison of fit factorsas measured by
the Portacount and the photometer at different thePortacount, photometer,and CNCare presented
leak conditions. Using DOS asthe challenge aero- in Table 2.

Table 2. Comparison of fit factor s as measured by the photometer,
Portacount, and CNC at variousleak conditions.

Leak Por t acount DCs Ft factor
condi ti on (seria no.) (mg/m3) Phot onet er Por t acount aNC
1 337 30 >100,000 17,600 3,600
(N0 | eak) 337 30 >100, 000 14,810.0 26,50.0
337 30 >100,000 11,700 21,780
250 30 97,600.0 vx10.0 23600
337 5 >100,000 6340.0 12 40.0
2 337 30 12,270.0 546.0 AR0.0
337 30 10,9900 3340 6156.0
337 30 11,400 4a2.0 827.0
250 30 000 A#A0.0 730.0
3 337 30 3x4.0 2020 48%0.0
337 30 2212.0 12680 2136.0
337 30 284.0 1834.0 5307.0
250 30 1970.0 1370.0 2500.0
337 5 1930.0 1470.0 28L0
4 337 30 BLO ™4 1277.0
337 30 730.9 5/8.6 1016.0
337 30 &L0 628.0 1248.0
250 30 3.0 1200 1120.0
337 5 1066.0 TA.0 1230.0
5 337 30 2618 2139 246.9
337 30 26.7 281 2%6.0
337 5 317.0 30 4.0
6 337 30 0.5 8 &6 107.3
337 30 800 788 97.98
337 30 D 8 73.33 B 70
250 30 6.0 119.00 119.00
337 5 B 132.00 132.00
7 337 30 8B 2L B 23.40
337 30 24.70 2.2 25.50
250 30 2.0 2.0 2.0
337 5 30.00 27.00 27.0
8 337 30 1135 8x 10.06
337 30 843 723 1.3
337 30 814 6.3 6.3
250 30 10.00 7.0 80
337 5 10.00 10.00 10.00
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In this set of experiments, the mask sampling
period rangedfrom 5to 8 min, resultingin 10to 18
Portacount measurements at each leak condition.
Test results using a lower DOS challenge concen-
tration of 5 mg/m3 were reported, as well as those
using a second Portacount. For fit factors above
1000, we see a considerable discrepancy in the
values from the three instruments. The largest fit
factor isusually predicted by the photometer data,
with the CNC and the Portacount reporting lower
vaues. The most extreme case is for the no-leak
condition. Here, fit factors as measured by the
photometer are 6 to 10 times those by the Porta-
count. Conversely, for larger leaks—and corre-
sponding lower fit factors—the instruments show
better agreement.

With the high-concentration DOS chal-
lenge, aerosol number concentrations as measured
by the Portacount ranged from 1.71 X 10%particles/
cm3 for the chamber t0 9.1 particles/em3 inside the
maskfortheno-leak condition. Mask concentrations
a the no-leak condition are ill nearly 10 times
higher than the breathing machine background
resulting in a credible fit-factor value. However,
for theno-leak case asmeasured by thephotometer,
the mask concentration approachesthe photometer
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zero. Erroneously high or negative fit factors can
result. Such valueshave beenlisted as>100,000in
Table 2.

In one experiment, the Portacount filter zero
could not bereducedto 0. We suspect thiswas due
to an overfilling with alcohol, though we aways
exercised care during filling. This unit was re-
turned to the manufacturer for servicing before
reuse. Table 2 results are also shown graphicaly
in Fig. 4, where the geometric average fit factors
have been taken for each leak condition.

To depict the reproducibility of the Portacount
and photometer data at different leak conditions,
the Portacount-to-photometer ratio of fit factorsis
shownin Fg. 5. Thistype of absolutereproducibility
comparison entails the careful measurement of
both the breathing machine and leak flows.
Unfortunately, we did not have this capability
until later in the study’s progress, so absolute
reproducibility was not determined in these
experiments.

We conducted one additional test using lower
DOS concentrations. Inthistest, aninitial smu-
lated leak yielding a fit factor of approximately

IllIIIIIII IIIIIIIIII 1111
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Photometer fit factor

Figure 4. Comparison of fit factors as measured by the Portacount and photometer for

various leak conditions.
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Figure 5. Ratio of fit factors as measured by the Portacount and photometer.

1000 was mai ntai ned whilethe chamber wasincre-
mentally purged with clean air. After each purge
thefit factor was again measured. Theresults are
shown in Fig. 6. We haveillustrated two cases, one
with thebreathing-machinebackground subtracted
and the other without, or showing how the
Portacount would actually report. At the lowest
concentrationpoints, the mask concentrationswere
about three times the background.

Stability TetsUsingthe DOS
Aerosol

Four 1-hr stability tests were conducted to
assess variations in fit factors over the sample
period. The tests were performed using the
high-concentration DOS aerosol at fit factors of
350, 980, 9600, and 11,100, as measured by the
photometer. Thetest having afit factor of 11,100
was conducted at a constant flow rate of 40 1pm
rather than the normal cyclic flow. We did thisto
ascertain if any of the variations in fit-factor mea-
surements was due to the cyclic flow operation.
The results of these stability tests are presented in
Table 3.

The values listed in Table 3 are percent stan-
dard deviationsrelative to the averagefit factor for
the particular instrument. Each 1-hrtest contains
about 120 Portacount measurements and 3000
measurements each for the photometer and CNC.
The standard deviation of the Portacount does
increase at higher levels of protection. Thisistobe
anticipated because there arefewer particle counts
duetothe lower aerosol concentration in the mask.

The higher standard deviations seen for the
photometer and CNC are due to their faster sam-
pling rates. For example, averaging photometer
mask samples over the Portacount cycle before
computing the average and standard deviations
reducesthe percent standard deviationsto 2.8, 5.0,
and 130 for the first three photometer tests in
Table 3. At the constant flow condition, both the
photometer and CNC had lower standard devia-
tionsin thefit factors, athough the Portacount did
not.

In addition to the above tests, one 8-hr stabil-
ity experiment was conducted. Thefit factors and
their respective percent standard deviations are
compiled in Table 4. The standard deviations are
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Figure 6. Portacount fit factors with decreasng concentr ations of DOS aer osol challenge.

Table 3. Stability of fit-factor measur ements during 1-hr testing

Photometer Percent standard deviation

Aerosol fit factor Photometer Portacount CNC
DOS 3500 44 18 74
DOS 9320 74 40 250
DOS 9600.0 180 50 36.0
DOS?2 11,100.0 126 55 71
Ambient 98.0 — 120 78
Ambient 200.0-300.0° — 180 140
Ambient 10600 — 230 95

aThis experiment was done under a constant flow condition through therespirator (40 1pm).

bEstimated value.

cumulative covering the period listed. During the
5- to 6-hr periods, the standard deviation in the
Portacount fit factor increased dramatically. This
occurred approximately 30 min before the low-
battery indicator was displayed on the Portacount.
At this time the Portacount fit factor decreased
significantly. The fit factor during this period is

compared with that of the photometer in Fg. 7,
which also includes the following period after re-
placingthebattery. Here theinstrumentfitfactors
track normally. Although such behavior may be
expectedinbattery-poweredinstruments, it should
occur after the low-battery-level warning.
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Table 4. Percent dandard deviations of the fit factor 8-hr stability test.

Percent standard deviation

Photometer Photometer Portacount CNC
Hours fit factor cumulative cumulative interval cumulative

0-1 9930 84 47 47 6.2
0-2 9490 9.6 50 44 73
0-3 9250 99 53 35 78
04 9080 102 54 45 79
0-5 8920 105 56 44 79
0-6 - 8780 107 88 10.12 80
0-7 8740 105 90 57 79
0-8 8750 104 86 47 78

& Ggnal variation in the Portacount dueto batiery failure prior to low-level indicator.
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Figure 7. Thefit factor as measured

by the photometer and Portacount

for the5- to 6-hr and 6- to 7-hr periods of the 8-hr stability test.

Ambient Aerosol Challenge

Whenusingthelaboratory room aerosol asthe
chalengeagent, thechalengeaerosol concentration
is severdy reduced from that of the high DOS
concentration. Challengeconcentrationsfromour
|aboratory roomaerosol variedfrom3000to 10,000
particles/cm3 as measured by the Portacount. This
is two orders of magnitude less than that of the
more concentrated DOS aerosol. For leak condi-

tionsyielding fitfactorsover 1000, particleconcen-
trations within the mask can approach the back-
ground level produced by the breathing machine.

In the case of the photometer, the situation is
even worse because of itsresponse to particle size.
Because the room aerosol distribution is signifi-
cantly smaller, the photometer measures this
ambient aerosol to be 1000 times less than the
DOS. Thus, using the room aerosol, the photom-
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eter can only measure fit factors of 10 or less, and
with dl instruments we cannot expect as great a
sensitivity in leak detection using the ambient
aerosol.

Three 1-hr stability experiments using the
Portacount were conducted with the |aboratory air
as the challenge aerosol. The protocol for these
experiments was the same as that for the DOS
challenge aerosol stability tests with the following
exception: prior to the test, the leak condition is
adjusted to the desired fit factor using the DOS
aerosol as measured by the photometer. Subse-
quently, the chamber is purged with the ambient
aerosol. Therelative standard deviationsfor these
experimentsarepresentedinTable3 for comparison
to smilar datafor the DOS aerosol. The photom-
eter fit factorslisted in Table 3 are those using the
DOS aerosol. No actual standard deviations are
shown for the photometer because it is unable to
make credible fit-factor measurements at these
leak conditions using the ambient aerosol.

For the Portacount, standard deviationsrange

from 12 to 23 percent—or 2 to 3 timeshigher than
those encountered when using the DOS aerosol.
The increased standard deviations are a direct
result of the decrease in particle counts within the
mask. The decrease in the standard deviation for
the CNC is due to an increased integration time
within the instrument for these lowered counts.

Aswith theambient stability tests, theleak for
experiments involving the Portacount’s perfor-
mance over arange of fitfactorswas set according
to the DOS penetration. With the leak condition
unchanged, the chamber is then purged with the
room air for the challenge aerosol. This gives a
direct comparison betweenfit factors asmeasured
by the photometer/oil-mist method and the
Portacount/ambient method. Of course, the com-
parisons are vaid only for this particular aerosol
sze distribution. Table 5 presents the results of
these experiments.

Table5. Fit-factor comparisons between two challenge aerosols. DOS and the laboratory

room aer osol.
Aerosol Photometer Portacount CNC
First set of experiments:
DOS 1270 1800 1840
Ambient® — 340 14800
Ambient? — 13200 14900
DOS 836.0 10400 —
Ambient?® — 4400.0 —
Ambient? — 61600 —_
DOS 21500 1690.0 2000.0
Ambient® — 42900 65780
Ambient? — -38,000.0 -71,000.0
Second set of experiments:
DOS 4700.0 3177.0 4527.0
Ambient® — 3021.0 4471.0
Ambient® — 5717.0 7767.0
DOS 104.0 1048.0 —
Ambient® — 2278.0 —
Ambient? — 2085.0 —
DOS 3230 358.0 583.0
Ambient® — 621.0 881.0
Ambient? — 689.0 1004.0

* Calculated assuming the minimum detection limit of the Portacount (0.05 particles/cm?®).
b CNC and Portacount values calculated using the br eathing-machine background for the experiment.
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With the room aerosol and the same leak, fit
factors as measured by the Portacount are much
higher than with the DOS challenge as measured
by either the photometer or the Portacount.
Portacount fit factors six times higher were
encountered when the photometer/DOS fit factor
equaled 836. Similar results are seen using the
CNC. Such differences can be corroborated by
theoretical cal culations, given appropriate choices
for the aerosol sze distribution and penetration-
size function.

Fit factors as measured by the Portacount
without the subtraction of the breathing-machine

backgroundareasolisted. Thesevaluescorrespond
to those taken directly from the Portacount itself
andyield lower fit factors. The negativefit factor
at the highest DOS fit-factor level occurs because
the concentration within the respirator is less
thanthebreathing-machine-producedbackground.
Chamber concentrations range from 6620 to 7280
particles/cm3 in this experiment. Note that at this
fit-factor level, the Portacount and CNC unableto
make accurate measurements. Thisfit-factor point
agreeswell with the predicted value of 3000 for the
maximum measurable fit factor from Fig. 3.

Discussion

Our study of the Portacount as an instrument
for the determination of respirator performance
involved experiments to assess its stability,
reproducibility, and sensitivity, and to compare fit
factors as measured by an aerosol photometer. In
fit-factor comparison experimentsusingthe DOS
aerosol, we found that the Portacount usually
measured lower fit factors than those of the
photometer. The discrepancy in measurements
between the two instruments was accentuated at
the fit-factor levels above 1000, or the low-leak
conditions.

Similar findings between a laboratory-model
CNC andthe photometer were al so noted. For our
no-leak condition, measuredfitfactorswere 15,000
and 100,000 for the Portacount and photometer,
respectively. The higher photometer-measured fit
factors occur because the photometer’s response
function makesthe challenge aerosol appear larger
insze.

Stability tests of 1-hr duration indicated that
percentage standard deviations relative to the
average fit factors from the Portacount can be
expected to be less than or equal to 6 percent.
Lower standarddeviationswerefoundfor lower fit
factor levelswhere higher particle concentrations
arefoundintherespirator. Standard deviationsas
high as 23 percent were encountered using the
room aerosol asthe challenge agent.

Correlation of fit factors measured by the
Portacount with those measured by a photometer
is a difficult task at best. Discrepancies in fit

factors between the two instruments are attribut-
abletothe aerosol characteristics, theinstrument's
response to the aerosol, and the fact that the
aerosol penetration of therespirator is af unction of
particle size. Thenuclei counter type, such asthe
Portacount, measures a fit factor based on the
detection of individual particles. The photometer
measures a fit factor based on the detection of
scattered light. Both instruments integrate the
dependence of particle Size in their determination
of fitfactors. Photometer-measured fit factors are
more closely associated with the surface or volume
(mass) of the challenge aerosol.

For identical |eak rates, thefit factors as mea-
sured by the Portacount and the laboratory CNC
were 2 to 7 timeshigher when the laboratory room
air, as opposed to DOS, was used as the challenge
aerosol. Thisdramatic difference is due to varia
tions in the size distributions of the challenge
aerosols relative to the respirator penetration
function as afunction of particle size. The room
aerosol distribution is a smaller aerosol having a
number median diameter lessthan 0.1 pm and has
adifferent penetration than the larger DOS aero-
sol. Thus, with an identical fit, a wearer may
encounter adifferent protection level ashe moves
from one environment to another.

Aside from the discrepancy in absolute fit
factor values, the Portacount performed aswell as
the photometer in measuring respirator fit factors
using an artificially generated oil-mist aerosol. Its
short-term stability (1 hr) was as good as—if not
better—than our state-of-the-art photometer.
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The Portacount presents a number of advan-
tages for the measurement offit factors, especially
in the workplace environment. Its smal sze offers
portability, alowing measurement of protection
levels in the workplace. Because of its sengitivity
(0.05particle/cm3), artificial challenge aerosolsneed
not be generated if the workplace aerosol concen-
trations are adequate. However, as we discussed,
individuals generate aerosol particles from their
own respiratory system. These particles, which
are indistinguishable from those leaking into the
respirator, result in a background contamination
when measuring respirator performance.

This background limits the advantage of the
Portacount’s higher sensitivity over photometer-
type test methods. Even though the instrument
may be over 1000times as sensitive as the photom-
eter (depending upon the aerosol characteristics),
a respiratory background of 1 particle/cm® can
limit its use for fit-factor measurements using
ambient aerosols to levels of 1000 to 3000. Thisis
afactor of 10 less than is routinely achievable in
guantitative fit testing using the photometer/oil-
mist performance test.
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