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INTRODUCTION

The wi despread and growi ng use of devices giving or claimng to give
respiratory protection to the wearer against airborne material nakes the
testing of these devices of paranount importance. It is vital that those
people who rely on respirators for their safety can have confidence that there
is a very high probability of a device they are wearing neeting the standards
that are claimed for it.

O the range of functional tests that can be applied to a respirator the
measurenent of fit is unique. Al other tests make the |evel of performance
predictable for any unit to a high level of probability. Facial fit however
is a function of the highly unpredictable geometry of the human face, its
resilience and its interaction with the respirator. As no tw faces are
identical the quality of fit of a respirator will never be predictable, indeed
repeated fittings on the same face are unlikely to give identical results.

How then can we give an assurance to the user of a respirator that the

equi prent with which he has been supplied will afford himthe degree of
protection required? Probably the only way to achieve certainty is by regul ar
nmonitoring at their place of work, of every individual wearing a respirator.
Such an exercise could only be justified where the risks were very high and
the majority of users must continue to rely on type testing assurance of
correct fit. It is therefore vital that test nethods used for type approval
of respirators are accurate, as closely as possi bl e reproducible, and are
applicable to a high proportion of the popul ation.

This paper is concerned with methods which are used or have been consi dered
for use in the W for the testing of |ung powered respirators.

CURRENT TEST METHCD

The nethod currently used in the WK to neasure the facial fit of respirators
is described in British Standard 2091.

The test agent used is a pol ydi spersed aerosol of sodium chloride generated by

a Qllison spray atomser froma 1% solution of salt. The particle size
distribution is given in Fig 1 and this shows the mass nedi an particle size to
be 0.6 mcroneter. The factors which governed the choice of sodium chloride

as the test agent were, the availability of a relatively simple, high
sensitivity instrunent for the analysis of the salt and the total absence of
any toxic hazard in the material so making it suitable for use with hunman
subj ect s.

The method used for the quantitative analysis of the aerosol is flane
photometry and the construction of a suitable high sensitivity flane

phot oneter has been descri bed by Webb, Poynting & Dorman (1). A hydrogen flane
burns in a vertical glass tube which is connected to a horizontal tube through
whi ch the sanpl e passes. A proportion of the sanple passes up the flame tube
as a result of convection induced by the hydrogen flame. Any salt particles
present are vaporised by the flane and produce the characteristic sodium
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emssion at 589 nm. The emission is detected by a photomultiplier the output
of which is anplified for measurement and recording. It is necessary, because
of the limted senistivity range of the photomultiplier, to introduce neutral
density filters between the flane and the photormultiplier to attenuate the
light levels at higher sanple concentrations.

The light output fromthe flame is linearly proportional to the aerosol
concentration up to approximately 0.2 mg m™3. At concentrations higher than
this re-absorption takes place within the flane resulting in an exponenti al
reduction in response with increased concentration. The upper limt for
measurement is in the region of 15 ny m=3 andthe lower limt 3 ng/m3/. A
typical calibration curve is given in Fig. 2.

The tests for face seal penetration are carried out on a panel of ten subjects
chosen to cover a range of facial types and sizes. The only specific
requi renents being that they have no facial hair which will interfere with the
fit of the respirator and that significant abnormalities are excluded.

If the respirator is manufactured in nore than one size, the full range nust
be available and the nost appropriate size selected for each individual. An
adaptor is fitted to the exhal ation valve housing of the respirator under test
and this is connected to the photometer by a |ight weight tube. To prevent
penetration of the respirator filter interfering with the neasurenent of face
seal penetration it is required that a high efficiency filter having a maxi mum
penetration of 10% of the expected face seal penetration be substituted for
the normal respirator canister.

The measurements are nade on each subject in turn seated in a transparent
enclosure to which the aerosol is fed. The measurenent of sodium chloride in
the exhalate is measured for a time sufficient to obtain a stable value. The
subjects are required to renmain as still as possible to prevent any
penetrations being caused by novenent.

Account nust be taken of the aerosol retained in the respiratory tract of the

subject. The amount retained is typically in the region of 80% To neasure
this the respirator filter is renmoved causing the subject to breath the
undi l uted aerosol. The concentration of the exhalate is then nmeasured in the

sane way as before and the value obtained is used as the base |evel against
whi ch the penetrations are measured.

DEVELCPMENT CF THE METHOD FCR USE WTH VALVELESS MASKS

The increasing use in industry of disposable valvel ess nasks as a suppl enent
to a replacenment for conventional oro-nasal respirators has produced a
requirenment to provide a quantitative nmeasurenent of their performance. This
type of respirator cannot be tested by the conventional method because this
relies on collecting the exhalate from the outlet valve. As these respirators
are constructed fromfilter fabric, the wearer inhaling and exhaling through
the material, no valves are required. An alternative nmethod of assessing the
penetration into the masks is to extract a sanple continuously. The anount of
air renoved nust be snall with respect to the respired volunme to prevent the
pressure conditions inside the mask being changed significantly and hence
changi ng the penetrati on.
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The test agent used for val vel ess masks is sodium chl oride generated by the
sane nethod as is used for conventional nmasks. The subject wearing the nask
under test is placed in a transparent enclosure and surrounded by the test
aerosol. A snall rubber disc is stuck to the fabric of the nask and this is
pi erced by a |large bore hypoderm c needl e through which the sanple is renoved
using an ejector punp as the notive power. The sanpling rate is 1 litre per
m nute which is adequate for analysis but is unlikely to have any significant
effect on the penetration into the respirator.

The arrangenent by which the sanpling equipnent is attached to the test
subject is shown in Fig 3. An adjustable headband with a flexible armis used
to hold the sanpling needle in position and very |ight weight rubber tubes of
a sufficient length to permt unhindered novenent of the head are used to
connect the sanpling unit to connections on the headband. Al though no
sanpling nethod can avoid disturbing the fit of the mask to sonme extent this
met hod has been chosen to minimze the possibility of the penetration being
significantly altered.

In conditions of high hum dity water vapour condenses on sodi um chloride
particles dissolving the salt and increasing the particle size. This increase
in the particle size of the aerosol results in enhanced particle |osses due to
i ncreased sedinentation velocities and inertial inpaction, particularly in
narrow bore sanpling tubes. Wen sanpling frominside a respirator the air
sanpl ed during the inhalation half of the cycle will be sonewhat above the
anbient level but will probably fall during the inhalation phase. During
exhal ation the humidity will be constant 100% Hence during a full
respiratory cycle it is probable that the aerosol particles will change froma
dry solid with the standard size range to a liquid with an unpredictabl e but
greatly increased size. The percentage of particles renmoved in sanpling tubes
will therefore vary during the respiratory cycle giving variable and

unreliabl e results.

To overcome the problem of enhanced particle losses due to this effect the air
drawn fromthe respirator is mxed with an equal vciume of dry air close to
the tip of the sanpling probe. In order to mx the tw air streans together
as close as possible to the sanpling tip a prcbe is constructed (Fg 4) from
two hypoderm ¢ needles one of 12 G and the other 18 G. A hole is cut in the
side of the 12 Gneedle and the 18 G needle is bent into a Uand inserted in
the hole so that the diluent is injected parallel to the sanple flow A snall
bl ock of epoxy resin is cast around the joint to seal it and provide
structural rigidity.

The sanple flow fromthe nmask is powered by a niniature ejector punp. This
type of punmp is particularly good for use with aerosols as having no novi ng
parts the loss of particles by inpaction is snmall. The punp is adjusted to
induce a flowof 2 litres per minute, 1 litre per ninute of which is the
metered flow of dry air. The notive power is provided by a flowof 14 litres
per minute through the ejector which when nmixed with the sanple and drying air
gi ves an adequate flow for analysis in the flame photometer. This method of
test neasures both the penetration of the filter material and the face seal
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penetration giving a value for the total inward | eakage (1IL). To determne
the TIL of the respirator from the analysis of the sanple it is necessary to
make an allowance tor the aerosol retained in the respiratory tract of the
subject. Wth valveless masks it is not possible to measure this retention
factor in the way that is used for conventional respirators. Retention
measurements were made on twenty-eight subjects and the nean val ue was found
to be 81.67 with a standard deviation of 4.3%. It was therefore decided to
assume a constant retention factor for all subjects of 8% This will

obvi ously cause sonme snmall errors in tne individual values for TIL, however it
will not produce a systematic error and the individual errors will be + 10%
which is considerably smaller than the individual reproducibility, which is
unlikely to be less than 25%

A further assunption is made that the inhalation and exhal ation phases of the
respiratory cycle are of equal length and therefore the actual penetration,
Py will be related to the neasured penetration, Pg, by:

PA = 1.67 PR
| MPROVEMENTS TO THE BRI TI SH STANDARD TEST METHOD

The existing British Standard requires the measurenent of facial fit to be
made on sedentary subjects and indeed it requires the subjects to remain as

i mobile as possible to minimze the possibility of novement of the respirator
on the face. It has been recognized for some time that this method gives an
unsatisfactory measurement of the facial fit likely to be achieved in
realistic conditions. The devel opment of a new standard for filtering
facepiece respirators provided an opportunity to consider how the test could
be altered to reflect conditions in the workplace more accurately.

As it is inmpossible to reproduce the range of actions likely to be undertaken
by respirator users 1t is necessary t0 devise a range of exercises which
represent those actions which are likely to cause an increase in the TIL.

Only a small proportion of respirator users remain sedentary and therefore the
primary requirenment is to test the respirator on subjects during excerise.
This will increase the respiration rate and probably (though not necessarily)
the T1L. Movenents of the head are also inevitable and have the potenti al,
particularly in respirators witn a poor fit, to cause an increase in TIl.u.
Speech is also necessary when wearing a respirator, although it is unlikely to
occur during nmore than a very snall proportion of the wearing time, and may
cause 1increased penetration.

The standard for filtering facepiece respirators requires testing to be

carried out on a treadm |l wusing the follow ng excerises.
a. Counting aloud from 1-60 1 min
b. Wal king on level surface at 6.5 km/h 3 mn
c. Head novenents while wal king on level surface at 6.5 kmh
i. moving head from side to side 20 times 1 mn
ii. moving head up and down 20 times 1 mn

d. St andi ng 3 mn



The TIL of the respirator is estimated by combining the final two m nutes of
excerises b. and d. (thefirst mnute is excluded so that measurements are

made at equilibrium with exercises ci. and cii. on a time wei ghted basis
Exercise a. is excluded from the estimation of TIL as it is unlikely in
practice to take place over a significant period. It is excluded in the

exerci ses however to ensure that no permanent increase in TIL takes place
following speech

ALTERNATI VE TEST AGENTS

There has been considerable interest in the UK and Europe during recent years
in alternatives to sodiumchloride aerosol as the test agent for the
measurement of facial fit. The reasons for seeking such an alternative are
generally given as:

a. A requirement to record the penetration continuously throughout the
breathing cycle.

b. The variable loss of aerosol particles in the respiratory tract.

C. The assunption that a gaseous test agent will show greater
penetration than an aerosol

A considerable number of gases and vapours have been considered as candi date
test agents but only a very few have proved to be worth further
investigation. There are a nunmber of requirements for suitable test agents
some of which are listed below...

1. Non-toxic

2. Non—-flammable

3. Not present in any significant quantities in the atmosphere

4. Sufficiently volatile to maintain a concentration of at |easet 1% at

room temperature.

5. Suitable for quantitative analysis at concentration reductions ot at
| east 107
6. | nexpensi ve

Even if some latitude is allowed on the Iess vital of these points, the
requi rements exclude all but a very small number of volatile compounds. The
two met hods described bel ow use respectively dichlorodifluoromethane (Freon
12) and Argon. Both methods have been used by the author although only the
former was devel oped at CDE
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METHOD USING FREON 12

The met hod of conducting the test is not different in principle to that in
whi ch sodium chloride aerosol is used. A concentration of 1% of Freon in air
is used. The gas is mxed with the airflow to the test chamber and is set to
give a velocity in the chanber of 120 mm/s. This velocity has been found by
experiment to be the mninum necessary to keep the test agent concentration
constant in the vicinity of the respirator. In the test enclosure used this
velocity required a flow rate of 5 m3/minute which resulted in an
unacceptably high consunption of Freon. To reduce this consumption a second
enclosure of 15 m3 was built around the test equi pment and the air fromthis
was recirculated to the primary chanber.

The concentration both in the respirator and in the test enclosure are
measured using quadrupole mass spectrometer. The particular instrument used
has a theoretical sensitivity of 0.2 ppm for Freon 12 which gives practical
quantifiable limt of 0.5 ppm  The maxi mum penetration which can be measured
using this method is therefore 0.005% The instrument was modified to accept
dual sanple 1inputs from the respirator and test enclosure. These samples are
wi t hdrawn through heated stainless steel capillary tubes at a flow rate of 20
m /m nute which gives a response tinme for the instrument of 100 ms. tach of
tne capillaries can be closed by a needle valve which permts a rapid
changeover from one sanmpling point to the other.

When the test method was first devel oped an exercise to conpare the results
obtained by this nmethod and the sodium chloride aerosol method was

undertaken. A high efficiency respirator was adapted so that the sampling
units of the mass spectrometer and the flane photometer could both be

connect ed. Initially eleven subjects were tested by both methods. To
elimnate as far as possible any changes in the face seal penetration the
subjects did not remove the respirator between tests and every effort was made
to ensure that alterations to fit were minimzed. The results of the exercise
are given in Table 1.

TABLE 1

Penetration (%)

Test A Test B
Subj ect (Freon 12) (Sodium Chloride B/ A
1 0.012 0. 076 6.3
2 0.006 0. 037 0.2
3 0. 027 0. 017 0.6
4 0. 013 0. 081 H.2
5 0. 009 0. 041 4.6
6 0.00> 0. 038 7.6
7. 0.010 0.071 1.6
8. 0. 037 0. 059 1.8
9 0.017 0.031 1.0
10 0. 087 0. 090 1.0
11 0. 020 0. 037 1.9




The nmean ratio of the penetrations obtained by the two method is 4.1 and this
shows a significant difference between the methods at the 0.01 probability

| evel .

The result not only showed a large and significant difference between the

met hods but al so appeared to show that sodium chloride aerosol was the nore
penetrating test agent. If any real difference were to exist between the test
agents it would be expected that the aerosol would be |ess penetration as
there is some potential for the loss of particles by impaction. |t was
therefore concluded that the difference nust be due. to the nmethods of testing
and the details of both methods were carefully exam ned for possible errors of
t echni que. No mechanisns for the loss of test agent in the method using Freon
could be found nor were any inaccuracies in the method of analysis

di scover ed. However two problenms were found with the sodium chloride aeroso
met hod which had been adapted to use continuous sanpling at a flow rate of 1
[/ m nute. It was found that the punp used to withdraw the sanple was giving a
variable flow due to the pressure variations within the mask and al so the
tubes connecting the nmask to the flame photonmeter were heavier and nore
restricting than the sampling capillary used for the Freon test.

The suspected causes of excessive penetrations in the aerosol test were
remedied and a further conparison exercise was carried out. To elimnate as
many variables possible this was made using a respirator with a variable |eak
which was fitted to a dummy head and connected to a breathing machine set at
20 breaths per mnute of 1.5 litres capacity. The results of a series of ten
trials is given in Table 2.

TABLE 2

Penetration %

Test A Test B
Subj ect (Freon 12) Sodi um Chloride B/A

aer osol
1 0. 008 0.010 1.25
2 0.011 0.014 1.27
3 0.09 0.08 0. 89
4 0.11 0.13 1.18
5 0.19 0.17 0.90
6 0.25 0.22 0.88
7 0.48 0.45 0.94
8 0.60 0. 67 1. 12
9 0.90 0.90 1.00
10 1.15 1.05 0.91
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The results showed a nean ratio of 1.03 (S 0.15) for the methods whi ch was
not a significant difference. It was therefore provisionally concluded that
the difficulties with the nodified aerosol method had been overcone. This was
confirmed over a period of tine by testing a nunber of respirators on several
subj ect s. Exam nation of thirty-six results shows a ratio between the two
test methods of 0.95 (D 0.19) which confirnms that there is no significant
difference in results obtained by the two methods,

The test method using Freon 12 as a tracer has proved useful as a research
tool enabling a detailed examination to be nade of the pattern of penetration
during the breathing cycle. Aso specific activities which nay tend to cause
transi ent |eaks can be exam ned and nethods of elimnating them tested.
However as a routine test method it has no significant advantages over the
sodi um chl ori de aerosol nethod and several disadvantages including |ower
sensitivity, higher cost and a higher level of operator skill.

METHCD USING ARGCN

This method of measuring facial fit was first described by Giffin and Longson
(2).

The basis of the nethod is that a subject wearing the respirator under test is
surrounded by an atnosphere of 100% Argon in a transparent enclosure. Oxygen
is supplied for respiration and a sanple is continuously w thdrawn from the
exhaled flow and anal ysed for Argon content.

It is clained that the method will give accurate determ nations of face seal
| eakage in the range 0.001% to 80% wi th oxygen containing up to 0.005% Argon.

The requirenent to supply oxygen to the mask and to collect the exhalate for
analysis calls for great care to prevent the face seal being distorted by the
wei ght of tubes. A lung governed denand valve is required to regulate the
flow of oxygen to the nmask and if the test is to be realistic a restriction
must be included to sinulate the resistance of the filter.

In order to sanple the exhaled gases the mask is connected to a bladder of 5
litres capacity the exit of which is restricted to maintain a slight positive
pressure. A continuous sanple is renoved fromthe bladder for analysis by
nass spectrometry.

During the test the subject is surrounded by an inert atnmosphere and therefore
there is a danger that a gross leak in the respirator under test could reduce
the partial pressure of oxygen to a dangerous level if air was used for
respiration. The use of oxygen renoves this risk as a leak in excess of 80%
woul d be necessary to reduce the oxygen to below the level present in air. A
second reason for using oxygen is that the Argon content is less than that of
air and so the base |evel against which | eakage nust be neasured is lower.

There are no nedical hazards inherent in the use of oxygen for these tests but
their safety nust be carefully considered. (Constant supervision by a

responsi bl e person of all tests is required as a m stake nade in connecting
the gas supplies or the loss of the oxygen supply during a test could result
in the wearer breathing pure Argon.
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The reasons often given for selecting Argon as a test agent are; its conplete
lack of toxicity, its cheapness and ready availability. |In order to reduce
the problem of its presence in the atnosphere the test subject is supplied
with medi cal oxygen in place of air - the oxygen containing a |ower
concentration of Argon than air. The concentration of Argon in nedical oxygen
is clained to be approximately 50 ppm (2). Enquiries with British Oxygen
Conpany however reveal that Medical xygen contains |less than 3000 ppm Argon
but the concentration is variable and no exact figure is available. Research
grade oxygen containing 50 ppm Argon is available but the cost is 700 Pounds
for 2000 litres which would make the cost of routine testing prohibitive. The
reason for concern with the level of Argon in the oxygen supply is that any

| eakage nust be neasured agai nst this background. 1If the background
concentration is of the sane order of magnitude as the m nimum | eakage it is
required to measure, then no problemarises? if, however, the background is
greater than the | eakage by an order of nagnitude or nore neasurenent becones
difficult if not inpossible. The nethod clains to give accurate

determ nati ons of | eakage between 80% and 0.001% To illustrate the
difficulties of measuring above a background the followi ng exanpl e nmay be
consi der ed.

Exanpl e The concentration of Argon in the nedical oxygen supplied to the
test subject is 0.3% The Argon in the exhalate is measured using a
quadrupole nmass spectrometer, the output of which is roughly proportional to
the gas pressure in the vacuum system The nornal working pressure of the
machine is approxinmately 3 x 10™® torr, but this may vary slightly with the
tenperature of inlet systemor due to slight occlusion of the inlet. If the
pressure were to increase to 3.1 x 1076 this would not be detectable from
the ion gauge neter but would produce a 3.3% increase in the signal due to
Argon, thus appearing to give a concentration of 0.31% This could result in
giving a false leak of 0.01% or disguising a real |eak of the same magnitude.

Errors can also arise due to snall instabilities in the quadrupole field, the
ion source and the electron nultiplier, increasing the probability of
i naccur at e | eakage measurements.

The retention of tracer in the lungs has the potential to be a source of error
in the neasurenent of face seal |eakage. Two forns of retention occur;
reversible and irreversible. Irreversible retention occurs when the tracer is
an aerosol (such as NaCl aerosol) and a proportion of the particles is
retained by the lung or dissolves in the body fluids. Reversible retention
occurs when the tracer is a gas or vapour which is soluble in the body fl uids
and absorption or desorption occurs according to the direction of the
concentration gradi ent across the |ung.

The solubility of Argon in the body fluids is approximately 2.2 m Ar/100 m
fluid at atmospheric pressure and if the volume of extracellular body fluid is
taken as 14 litres (3) the total Argon content of the body would be 300 m of
free gas. Inert gases have a half-life during washout of about 5 m nutes for
the nost accessible fluids (3,4 and therefore if we assune a breathing rate
of 30 litres/min the concentration of Argon exhal ed during this period would
be 0.05% if we further assume that the nost accessible fluids conprise 50% of
the extracellular fluid. It would therefore appear that when conducting

| eakage tests using Argon as the tracer adequate tinme should be allowed for
washout before begi nning the test.



- 88-

Havi ng achi eved equilibriumwi th the reduced partial pressure of Argon in the
oxygen the body fluids have the capacity to absorb Argon should the
concentration increase. Thus should transient leaks in the respirator seal
occur they may be absorbed by the body fluids and so remain undetected. No
reference on the absorption dynamcs of Argon has been found so this problem
is difficult to quantify w thout experinental work.

From the above considerations it is clear that there are many serious
difficulties associated with the use of Argon as a test agent with few
compensating advantages.

INDIVI DUAL FITTI NG CF RESPI RATCRS

It is widely recognized that some individuals have much greater difficulties
than the najority of the population in obtaining the required |evel of
protection froma respirator. Such individuals conprise a sizeable mnority
of the population and appear not to be readily identifiable by their facial
characteristics. Wiuere respirators are used in conditions that pose an
imediate threat to life or are required to provide a very high |evel of
protection is is inportant to identify such individuals to ensure that they
are provided with the degree of protection necessary.

The only practical nethod of ensuring a universal |evel of protection is to
measure the facial fit on every individual using their personal respirator.

A nethod by which these neasurenents can be nade has been devel oped. A
portabl e flame photometer, originally designed for the on-site testing of
filter installations has been adapted to the requirenents of respirator
testing. This is used together with a sodium chloride aerosol generator
(@llison atom zer) and a portable transparent enclosure in a test based on
British Standard 2091

The equi pnent is now being used in a research project which ains to measure
the facial fit of 5000 industrial respirator wearers and will attenpt to
correlate this with anthropometric data.

CONCLUSI ONS

1. The neasurenent of the facial fit of respirators should be carried out in
a manner which at least attenpts to simulate realistic conditions of wear.

2. For routine testing the sodium chloride aerosol nethod appears to have the
greater ratio of advantages to di sadvant ages when conpared with other
known net hods.

3. No basic difference has been found between results obtai ned using an
aerosol and a gas as the test agents.

4. Certain gaseous test agents such as Freon 12 may have advant age over the
aerosol nethod for particular applications.
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