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A methéd has been déveloped to Identify .the location and shape of
fesplrator faceseal leak slites by the deposition of a fluorescent
tracer. An aerosol generatloﬁ, condltlohlng and expésure system to
provide a tést edVlronment with stable aerosol concentration and slze
distributlon of d4-methyl-7-dlethylaminocoumarin was designed and
tested. Faceseal leak sltes on a resplraior mounted on a mannequln and
worn by human subjects were lIdent!fled by deposition of the tracer
asrosol and subsequent observatlon under longwave ultraviolet IIghtlng.
Test parameters were Identified for the optimal definltlon of leaks.

Photographic techniques were deveioped to document the Identifled leak

sltes.
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INTRODUCT ION

This Is the first of two papers whlch report the development and
applléatlon of a technique to ldentify faceseal leék slites on half-mask,
alr-purifying resplrators. Thls paper describes the aerosol and methods
which were developed for thls purpose, and the tests conducted to
identify faceseal leak sltes on mannequins and human subjects. A
subsequent paper discusses the distributions of leak sltes and shapes,
and thelir assoclation with faclal dimenslions for a panel of subjects
wearlng one brand of half-mask resplrator.(1)

The past two decades have brought ‘slgnlflcant advances In
resplrator research. Most of those have been dlrected toward the
quantlflcatlon of respirator leakage through the use of quantitative fit
‘testing. That technology ha§ resulited In the deveiopment of the
assigned protectlion factor concept and iIts Incorporation Into the ANSI
188.2 Amerlcan National Standard for Resplratory Protectlon(z) and OSHA
comprehensive health standards such as those for lead and asbestos.(s)

However, few studlies have been reported In which the Investligators
attembted to Identify Ieak slfes on resplrétors. in an early
qua||tatlve fit test, coal poﬁder was sprayed around the faceplece of a
resplrator and leakage was Ident!fled by observing the coal deposlted at

leak slte(s). ¥

Later, a quantitative fIt test which could be modifled to Indlcate

leak sites was reported.(5)' This method used freon gas as a test agent

and a halide meter to measure leakage. To Identify leaks, a small

capllfary tube atfached directly to a freon supply was moved around the



faceplece. When the capllliary was near a leak slte, a strong deflection
of the meter was noted.

Using this method, the authors found that the leakage of half-mask
respirators varied substantially, even on multiple tests wlith the séme
Individual wearing the same mask. They stated that the differences |In
flt were due to varlabllity of leaks around the nose. No Indicatlon as
to the amount of thlé» varlénce. the degree of penetration, or the
prevalence of l|eakage around the nose was provided, and no other leak
sites were Indlicated.

Leak sltes could also be Identifled by a method which utliized
photosensitive paper placed beneath the faceplece and light as a test
agent.(e) In this method, the paper was cut Iinto templates and placed
Inslde the faceplece In a darkroom wlth bhotosafe llghts. Tﬁe subject
then donned the resplrator, and a high Intensity Ilght was moved aroﬁnd
the faceplece. After the paper was developed, the locatlon and degree
of leakage was Indicated by the presence of grey or black areas. Elght
subjects wearlng‘a half-mask resplrator and a dlsposablie resplrator were
tested with this method. It was noted that most leaks occurred around
the nose and chin, and that leaks occurred over a large area of the
face. A Ilimlitatlon of this hethod was that since Ilight travels In
stralght 1lnes, It may ﬁot detect‘leaks that change direction.

ldentiflication of respirator leak éltes with a fluorescent tracer
has also been reported.(7) In that method, a trace aerosol of optilcal
brlghtenef was applled to the Immedlate area of the resplrator seal, and
aerosol deposition at leak sites was documented by photogréphs taken

under ultraviolet (UV) Illghts. Several types of half-mask respirators




with Iimposed Ieaks. were tested on a smail number of subjects.
Quantitative flt testing conducted Immediately prior to the fluorescent
aerosol test. The method was able to Ildentify Imposed leaks with
corresponding flt factors up to. about 200. Aerodynamic streamlining
within the resplrator faceplece was also observed In mannequin tests
using static (noncyclilic) alrflow, but not on any of the human subjects.
The purpose of thls work was to develop a method to Identlfy
faceseal leak locatlon and shape on human subjects whlle wearing a well-
fitting half-mask respirator by deposition of a tést aerosol at the Ieak
and subsequent visual detecflon and photographic | documentation.
FeasIbillty of this approach was based on studies which had demonstrated
Apartlcle deposition at resplrator leak sltes(8'9’10) and others which
demonstrated the abillty to detect very small quaﬁtltles of fludrescent
tracers deposited on the skln.(11) Utilizing these flindings, the

authors selected a suiltable test materlal, constructed an aerosol

exposure system, and developed photographlc techniques and a test

protocol.

MATERIALS AND METHODS

The primary conslderatlons for selectloh of a test agent were: 1)
that It be essentlally non-toxlec, 2) that very small qu;ntltles be
vislble on the skin, and 3) that It cou]d be generated !n concentratlons
and partlcie slzes used {n current quantitative flt test methods which
employ aerosols. After a review of the physical, toxlcological and

optlcal propertlies of a number of fluorescent compounds, the fluorescent



whiltenlng agent 4-methyl-7-diethylaminocoumarin (MDC) was selected for

use In the study.(11'12'13-14.15)

MDC Is a member pf a famlly of flgg[escent whiltening agents which
absorb energy from long-wave UV Ilght\?320-460 nm) and convert It to
visible |1ght In the blue reglon (430-500 nm). It blnds strongly to
protelns on the outermost layers of the stratum corneum, and Is very
highly visible under UV Illghts. Vislble concentrations of MDC on the
skin may be as low as 10 Pg/cmz.(11)

‘The aerosol generation, condltioning and exposure‘system used In
the sfudy was patterned after that of Burgess et al.(16) A schematlc
dlagram of thls system is shown In Flgure 1. Thls system nebullzed an
ethano!l solutlion of MDC.whlch was drled to produce a resldual aerosol.
The statlc charge on the aerosol and ethanol vapor In the carrler alr
were reduced before lntrodﬁctlon Into the exposure chambér.

The nebullzer was a modiflcatlon of a des]gn by Llu and Lee.(17),
It allowed for the constant feed of fresh solution to bé nebdllzed, thus
avolding an Increase In solute concentration and a corresponding
Increase In the slze of the resldual aerosol.(18)‘ The mass and slze
distribution output of the nebullizer was found to be very stable, but it
“requlred a refatively high |lquld feed rate of about 2 mi/min.

Spatlal and temporal measurements of chamber’aerosol concentrations
were made wlfh a Dynatech-Frontier forward |lght-scattering photometer.
‘ Photometer oﬁtputs measured across the chamber In'perpendlcular 8-point
traVerses were wlthin ¢t 4X of the mean value. Photometer outputs

measured at 1 minute Intervals over a 2 hour test run were found to

decrease sllightly with time, but the value at the end of the test was




within 10% of tﬁe value at the beglinning of the test. Aerosol mass
concentrations In fhe test chamber were measured by gravimetric
metﬁods. Concentratlions were found to range from 18 to 50 mg/m3 under
varlous system operating conditions.

The aerodynamic slze distributlions of tﬁe asrosol produced under a
varlety of nebullzer operating conditions were measured wlith a Marple
Personal Cascadg Impactor. The Impactor was operated at the upper IImit
of .Its operating range (5 L/min) wlith coated mylar substrate. The
sampling conditlons used were within the IlImit recommended for coated

mylar to controi particile bounce.(19)

The sampling data from 17 tests were analyzed by a cascade impactor
data reductlon program whlch summarized Cunnlngham Correctlon Factor,
aerodynamlic cut size, cumulative frequency, and Reynolds Number values
for each stage. it also tested for a log-normal dlistribution and
calculated a least squares regression curve, an aerodynamlc mass medlan

(20) The results of these

dlameter, and geométrlc standard devlatlon.
analysls_fevealed that the test aerosol had an average aerodynamic mass
median dlameter of 0.55 pm and an average geometri¢ standard devlatlon
of 1.6. Thesé values were wltﬁin those recommended In Appendix A of

ANS| 188.2-1980 for quantitative flit testing, ?’ and would Include

particles shown to be deposited In resplrator leaks by previous

studles.(8'9'1°)

The llquld aerosol was dried in a heated tube, and statlc charge on
-the particles was feduced by .passing them through a heutrallzer
constructed to specifications of Carsey.(21) -Static charge remaining on

the particles was not measured. However, It was noted that fhere was no



observable accumulatlion of particles on the chamber watls as woufd be
expected If there were a high resldual static éharge. |

The aerosol and carrier air then passed through two dlffusloh
columns packed with 8-12 mesh actlvated carboﬁ to reduce the
concentratlion of ethanol vapor. The concentration of ethano! vapor In
the test chamber remalned at about 700 ppm which requlired resplrétors
worn by test subjects to be equipped wlith combination HEPA fllters and
organlc vapor cartridges.

After leaving the diffusion drlers, the condlitioned aerosol was
injected Into the chamber dllution alr. The dlluthn alr, which was
flltered through a tower packed with 8-12 mesh actlvated carbon and a
HEPA fllter, was blown Into the exposure qhamber at 0.2 to 0.25 m3/mln
with a variable speed high volume blower.

The chamber was constructed of clear plexlgiass and clear, flexlble
vinyl. It conslisted of a rigld top 55 cm In dlameter on which two
concentrlc plexliglass rings were attached. The diameter of the Inner
ring, which formed the chamber wall, wés 46 cm. Wafls of the chamber
and the exhaust plenum were formed by flexlblervlnyl which hung from the

‘rlngs; A plastic shroud was added to outer wall to prevent aérosol from
escapling Into the laboratory environment In uncontrolled alr currents
arouhd tést subjJects seated In the test chamber.

Dilution air and aerosol were Introduced through the two Intet
ports in the top of the chamber and were distributed Into a shallow
plénum by Impaction plates. They then passed through a 2 cm Iayér of
open cell polyurethane foam to Insure a homogeneous dlstrlbutlbn within

the test chamber. Alr veloclty through the test chamber was calculated



to be between 2 and 3 cm/sec at the dilution alr flow rates of 0.2 and
0.25 m3/mln. Since these velocltles were below the range of avallable
anemometers, theyAwere not veriflied. Howsever, smoke tube checks of alr
flow within the chamber lndlqated that fiow was evenly dlistributed
across the chamber and was laminar. Alr was exhausted to the outslide

through the annulus formed at the bottom of the chamber wall and the

outslide wall.

MANNEQUIN TESTS

The aerosol generating and exposure system was used with the MDC
aerosol to conduct a serles of quantitative fit teéts on a manhequlh to
determine I|f the method of Ideﬁtlfylng leak slites was feaslible. The
tests conslisted of a pre-exposure photograph under ultraviolet |lights,
fitting the mannequin head form with a ha]f—mask resplrator equlbped
with high efflclency cartridges, exposure of the mannequin to the MDC
aerosol, and a post-exposure photograph under ultraviolet lights.

Alr flow through the rgsplrator was by both simulated respiration
and contlnuous flow. Resplration was approximated with a pulmonary
resuscitator connected to the mannequin head. A resplratofy minute
volume of about 9 L/min was produced using thls system. Thls was beslow
the aQerage resplratory mlnute volume of about 14 L/min for an adult at
a work rate of O kllogram-metcr (O KQ-M).(zz) At avresult, a2 serles of
tests was also conducted at contlnuous floﬁ of 15 I/mln'through the
mannequin.

The mannequin head was prepared by coating with an opaque latex

flim to eliminate fluorescent Interference. The pre-exposure photograph



was made to confirm the absence of any Interfering mateflals. Lighting
for the photographs was with 2 Spectroline Model XX-15N lights with UV
transmitting flliters. MaxIimum emisslon wavelength for these Iights was
365 nm with a range of about 300 to 430 nm. The Ilght provided about
1.8 PW of ultraviolet Irradlation when placed at a distance of 35 cm
from the mannequlin face.

The photographs were taken with a Nlkon FE camera using an RMC
Toklna 35-105 mm zoom lens and a Kodak 2E Gelatin Flliter to remove
ultravlolet llght. Kodak TfI-X—Pan 400 SO black and whlté fliim pushed
to 1200 ISO was exposed at 5.6f for 1.0 second for. the pre-exposure
photograph and 0.5 second for the post-exposure photograph. The exposed
flim was developed and printed wlth Kodak chemicals. Speclial attention
was glven to proper time, temperature, agltation, and chemical dilution
to enhance flim contrast.

A resplratof was mounted on the mannequin with a wire placed
between the facepiecs and the headform to produce an artificlal leak.
The mannéquln was placed in the test chambér. the generator was started
and the aerosol concentration In the test chamber was allowed to
equillbrate. Quantliatlve flt tests were conducted using a Dynatech-
Frontler Mode! 264 Quantitative FIt Test System. At the concluslon of
the tests, the resplrator was carefully removed and the mannequin head
"agaln was 1lluminated with ultraviolet f1ght and photographed.

| The post—exppsure photographs showed clear evidence of aerosol
deposition at the location of tﬁe artificlal leaks. An example of post-
exposure pﬁotographs of . the mannequin Is shown In Flgure 2. 'lf

I1lustrates artificlal leaks on both sides of the face wlth continuous
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alr flow of 15 L/min through the faceplece. Note the aerosol deposlition

patterns Indlicating aerodynamic streamlining Inside the faceplece.

HUMAN SUBJECT TESTS

Before human sublect tests were Initlated, minor modliflcatlons were
made to the generatlon and exposure system to provlide hlghef and more
consistent aerosol concentrations. Test duration to obtain visible
deposlitlion of aerosol was estlmated from chamber aerosol concentratlion,
measured penetration, and respiratory mlnute volume. Using these
factors, humans tests were conducted for about'40 minutes at an average
MDC concentration of about 38 mg/ma. Uv llighting and photographle
technlqués were the same eicept that a darkroom wlth mounted UV |lghts
and a camera tripod were used to provide more consistent exposure
conditions.

Test procedures for human subjects were developed from experlience
galned In conducting the mannequin tests. The protocol Includéd: 1)
screening of potentlal subjects, 2) anthropometric measurements, 3) pre-~
exposure photographs. 4) resplrator fitting, 5) quantlitative fit test,
and 6) post-exposure photographs. Criterla for selection of test
sub)ects were: 1) age between- 21 and 50, 2) absence of any faclal
features which may have resulted In obvious respirator leakage (creases
or>fo|ds !n the skin, scars, sunken cheeks, or beards), and 3) absence
of any medlcal cbndltlons which would put sublects at risk as a résult
of wearing a respirator or belng‘exposed to the test aerosol.

Faclal anthropometric dimenslons to be measured were developed from

a review of previous research on resplrator anthropometry,(23'24'25'26)
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and consultatlion wlith fhe Staff of Anthropology Research ProJécts. lnc.,-
of Yellow Springs, Ohlo. Those dlmenslons are |llustrated In Flgufe 3.
27)

Prior to the pre-expoéureibﬁdtogfaphs. subjects’ faces were wilped
with with alcohol swabs to remove fluorescenf materials, and thelr
clothing was covered with a black shrouq to eliminate Interference from
clothing. Thelr eyes were covered with opaque goggles whlle exposed to
the UV lights.

After the pre-exposure photograph, the subjects were fltted with a
resplrator, and a negatlive pressure flit check performed. Ca;e was taken
not to disturb the faceplece untii after compietion of the fit test.
The resplrator used In the study was the U.S. Safety Serles 200 Half-
Mask which was avalilable In small, hedlum. and large slzes. The
faceplece configuration was thought to be typlcal of most half-mask
resplrators. The slze worn by each subject was determined by thelr face
length ﬁnd I1p width. The resplrdtors were probed for fit testing at a
point on the vertical midline between the subject’'s nose and moufh.

The aerosol generating system was started and the chamber aerosol
concentration allowed to equilibrate. The subjects were carefully
fitted with the appropriate slize resplrator to insure the best possible
flt. After It was observed that the subjects could breath througﬁ the
respirators without difficuity, they were seated on a chair with thelr
heads and shoulders In the test chamber.

Real-time asrosol concentration In the test chamber and beneath the
resplrator were measured with a Dynatech Model 264 Quantltative FIt Test

Phbtometer. An Inltlal check was made of the aerosol concentration
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Inside the resplirator to insure that the leakage was less than 10%. The‘
test was stopped If leakage of less than 10%¥ could not be attalned after
adjustment of the faceplece. A standard quantitative flt test which
Included head movement exercises and talking was performed.(Z)

Integrated photometer output for measurements In the test chamber
and beneath the resplirator were used to calculate flt factors. Under
these samplling condlitlions, the measured concentration Inslde the
resplirator would be less than that expected from leakage alone due to
aeroso!l measurement during exhalation. As a resuit, the measured fit
factor would be hlghér than the true fit factor. Fit factors were not
corrected for this blas, which has been estimated to be about 5% to 12%
by previous studles.?8:2%) |

At the conclusion of the test, the subjects were removed from the
test chamber, and the resplrator was careful]y removed. Post-exposure

photographs to document visible aerosol deposition were Immedlafely

taken by the same procedure used for the pre-test photograph.

DISCUSSION

Leak sites which could be detected visually and by photographle
methods were classlifled as to thelr locatlon.(nose. cheek or chin) and
their one-dimensional shape (point or diffuse). Examples of post-
exposure photogfaphs are shown In Flgures 4 and 5. Note that the
deposited aerosol bn the squect in Figure 5 follows a streamllnlng
pattern from the leak to the subject’'s nostril. Stream!ining was
hypotheslzed as belng the cause of sampling blas In the determination of

(30)

flt factors. This observatlion confirms that thls phenomenon occurs
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within the resplrator facepliece worn by human subjécts, and could
account for the very high measured fit féctor for this éubject.

This study demonstrates the feasibllity of Identlfylng resplrator
w:}aceseal leak 'sltes with an aerosol of MDC using the described
generation, condlitloning and exposure system. The system was found to
be capablé of providing a constant output of an aerosol with the deslired

slze dlistribution characteristics. Suffliclent deposition of the
fluorescent tracer to allow visual detectlion of faceseal leak sltes on a
mannequln and human subjects was obtalned. Photographic documentation
of ldentifled leak sltes |Is presented.

This method could be used to determine the distributions of leak
sites and shapes for groups of wearers, for types of resplrators, for
var ious breathlng rates and Interactlons of these varlables. This
Infofmatlon may lIdentlfy an assoclation of critical faclal dlmensldn(s)
with resplirator fit or faclal shapes which might be accommodated by a

speclflc resplrator type or conflguratlon.
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Flgure 1 -~ Aerosol generatlon, conditloning and exposure system.



Flgure 2 -— Aeroso! deposition on mannequlin after exposure
with continuous alr flow.
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Flgure 3 —- Faclal dimenslons.



Figure 4 -- Aerosol deposition on a subject with
a diffuse chln leak. (fit factor = 600).
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from a point nose leak (flt factor = 2300).
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