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Aerosol Research and Respiratory Protection Laboratory, Department of
Environmental Health, University of Cincinnati, Cincinnati, OH 45267-0056
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Several studies have found that aerosol size, testing method, leak
size, leak position, sampling probe location, and the mixing
condition inside the respirator affect the results of fit factor
measurements. This study focuses on the effect of leak shape and
filter resistance because leaks have been reported to vary in
shape from circular to slit-like. Four leaks of different shape but
the same cross-sectional area were used to study their effect on
aerosol penetration. Dust-mist and high-efficiency particulate
air filtering facepieces provided different filter resistances. An
aerodynamic particle sizer and a laser aerosol spectrometer
were used to measure the particle size-dependent aerosol con-
centrations inside and outside the respirators. The filtering
Jfacepieces were sealed to a mannequin and artificial leaks were
inserted near the right cheek. Aerosol penetration was mea-
sured for five flow rates ranging from 5 to 100 Limin. The
pressure drop across the mask was monitored with an inclined
manometer. At a given pressure differential, a slit-like leak and
multiple circular leaks have been found to pass less aerosols than
a single circular leak of equal cross-sectional area because the
leak flow decreases with an increase in leak shape complexity.
If there is substantial lack of face seal fit and the breathing rate
is low, a HEPA respirator may provide less protection than a
dust-mist respirator because the pressure drop is considerably
higher for a HEPA respirator, resulting in more aerosol flow

through the leak.
R inhaling hazardous substances in the workplace. The

logic for selecting an appropriate respirator is well
documented.” Prior to using a respirator in the workplace, the

espirators are commonly used to protect workers from
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Institute for Occupational Safety and Health through Grant
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for graduate education awarded by the University of Cincin-
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worker has to pass a fit test to ensure that the contaminant
entering the respirator cavity is below the regulated limit.?

Two factors, the fit factor (FF) and the assigned protection
factor (APF), are normally used to quantify respirator perfor-
mance. The FF measures the degree of the fit to the wearer’s face
and is defined as the ratio of the challenge aerosol concentration
to the aerosol concentration inside the respirator cavity. The
regulated minimum FFs for air-purifying half-face and full-face
respirators are 100 and 1000, respectively.” If the test subject
cannot find an appropriate respirator to meet this minimum
requirement, he or she must use a positive-pressure respirator,
APF is a measure of the minimum anticipated workplace level
of respiratory protection that would be provided by a properly
functioning respirator or class of respirators to a percentage of
properly fitted and trained users. An APF of 10 has been assigned
to air-purifying half-mask respirators, including disposable par-
ticulate respirators, if they have been properly fitted by using a
quantitative fit test.?

Several fit test methods have been reported for selecting an
appropriate respirator.”? Several parameters have been found
to affect the FE.* The following may contribute to its vari-
ability: design and size of the sampling probe, location and
depth of the sampling probe,™® leak site,'*''61920 preathing
pattern,"? sampling flow rate,"*'¥ aerosol size,">'® type of
respirator, and the mixing condition inside the respirator.*-'®

Photographic recordings of the aerosol deposition patterns
on the wearer’s face have shown that the leaks may be circular
or rectangular in shape.”®*® There may also be more than one
leak. Circular or near-circular leak channels may occur because
of wrinkles in the wearer’s face; rectangular or slit-shaped leak
channels may occur when the respirator does not fit snugly to the
face or when the perimeter of the respirator deviates from the
facial contour, e.g., near the nose and the chin.

In order to deal with the different shapes in a uniform
manner, the effective diameter,?" D, will be used to index the
shape effect.

_ . Cross-sectional area

D.=4 - (1)
perlmeter

€
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For a circular leak channel, the effective diameter equals
the hole diameter. For any other shape, the effective diameter,
also referred to as the hydraulic diameter, is less than the
diameter of a circular hole of equal cross-sectional area. In the
present study, the effects of leak size, shape and length, and
filter resistance on FF have been examined for filtering face-
pieces (also referred to as disposable respirators). Filtering
facepieces are becoming very popular among workers be-
cause in comparison with re-usable respirators they are light-
weight, less burdensome, obstruct vision less, and allow easy
communication with co-workers. Because aerosol penetra-
tion through a leak site depends on pressure difference and
the-shape and size of the leak, many of the conclusions from
this study are relevant for elastomeric respirators with air-
purifying filter cartridges as well.

EXPERIMENTAL MATERIAL AND METHODS

One brand of a dust-mist (DM) and one brand of a hi gh-efficiency
particulate air (HEPA) filtering facepiece were chosen to repre-
sent low and high pressure drops, respectively, across the filter
material at a given flow rate. In order to have a statistically high
number count of aerosol particles inside the respirator cavity,
particularly of supermicrometer-sized particles, a circular hole
diameter of 3.18 mm (4/32 in.) with a cross-sectional area of
7.92mm* was chosen as the reference hole size for several
leak tests. Leakage through leak channels of the same cross-
sectional area, but of a smaller effective diameter, was tested
by use of 4 holes of 1.59 mm (2/32 in.) diameter, 16 holes of 0.79
mm (1/32 in.) diameter, and a long slit of 0.50 mm x 15.84 mm,
as shown in Figure 1. The leak channels were 15 mm long.
The effect of leak length was tested at leak lengths, L, of 1, 15,
and 30 mm.

The leaks were studied by inserting and gluing circular
and rectangular tubes into the filtering facepieces about 6.5
cm from the centered sampling probe. Each filtering facepiece
was sealed to a mannequin by use of petroleum jelly. Aerosol
penetration was measured for five constant sampling flow
rates ranging from 5 to 100 L/min, i.e., for each test the entire
flow through the filter material and the leak(s) was sampled
by the probe inserted in the facepiece halfway between nose
and mouth.®” The airflow was controlled by a mass flow
controller. Thus, the effects of probe and leak locations and
the associated dependence on mixing in the respirator cavity
were avoided. The pressure drop across the filter was mea-
sured with an inclined manometer.

The design and characterization for the challenge aerosol
generation and sampling system used in this study have been
detailed elsewhere® and are outlined here. Selected corn oil
aerosols were generated by use of a size-fractionating aerosol
generator that was developed for filter and respirator fit test-
ing.?” A 10-mCi Kr-85 radioactive source neutralized these
aerosols to Boltzmann charge equilibrium. The aerosols were
then diluted by filtered air and introduced into the test cham-
ber. The aerosol concentrations inside and outside the filtering
facepieces were measured by an aerodynamic particle sizer

CROSS-SECTIONAL AREA = 792 mm®  Ljeg= 15 mm
HOLE NO. OF EFFECTIVE
DIAMETER, mm ~ HOLES  DIAMETER, De, mm
3.18 | 318
1.59 4 159
0.79 16 0.79
- 15,04 + (05
I 097
FIGURE 1. Leak sizes used in study

U

(Model APS33B, TSI Inc., St. Paul, Minn.) over a size range
of about 0.8 to 5 um, and a laser aerosol spectrometer (Model
LAS-X CRT, PMS Inc., Boulder, Colo.) over a size range of
about 0.1 to 3 pum. The optical equivalent diameter reported
by the latter instrument was converted to its physical diameter
through calibration with an electrostatic aerosol classifier
(Model 3071, TSI Inc.). The aerodynamic diameter was then
calculated through knowledge of the particle density. The chal-
lenge aerosol concentration was about 650 particles/cm® (mea-
sured by the APS) with a count median diameter of 2.3 pum,
which caused no coincidence effects in the size spectrometers
and resulted in a sufficient number of supermicrometer-sized
particles inside the respirator.

RESULTS AND DISCUSSION

Figure 2 shows the aerosol penetration characteristics as a
function of particle size for the two filtering facepieces with
two different leaks added, each being a single, 15-mm long,
circular hole. The corresponding FFs are shown as well. The
value of an FF is the inverse of the fractional penetration
value. The aerosol penetration data for the HEPA respirator
are approximately those for the leak because aerosol penetra-
tion through the HEPA filter is of the order of 0.01% to 0.1%
or less at the indicated flow rates. The percentage of aerosol
penetration is highest for the lowest flow rate and lowest for
the highest flow rate, i.e., the amount of aerosol penetration
through the leak relative to the aerosol penetration through the
filter material is lowest for the highest flow rate, given a leak
of fixed dimensions. At a low pressure differential, the flows
through both leak and filter material are laminar. At a high
pressure differential, the flow through the filter material is still
laminar, but the flow through the leak hole is in the transition
regime between laminar and turbulent flow. In general, leak
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flow Q, relates to pressure differential Ap through exponent n
and proportionality factor K.

Q,=Kap" @

For viscous laminar flow n = 1; for turbulent flow n = 0.5. In
the transitionregion 0.5 < n < 1. Therefore, the fraction of leak
flow at a higher pressure differential is less than expected for
laminar flow.®'?

All the filtering facepieces have about the same surface area,
but a DM respirator is made of considerably less filter material
than a HEPA respirator. Accordingly, the particles reside for less
time in the filter layer of a DM filtering facepiece than a HEPA
one, given that the DM and HEPA filtering facepieces are made
of the same material and same packing density. Therefore,
aerosol penetration through the DM respirator is significant,
particularly in the submicrometer-size range.*” The pressure
differential, Ap, is correspondingly less, as shown by comparing
the pressure data for the DM respirator to those for the HEPA
respirator in Figure 2. In the submicrometer-size range, aerosol
penetration for the DM respirator is highest for the highest flow
rate that reflects its filtration characteristics and is the opposite
of the leak characteristics seen for the HEPA respirator. In the
submicrometer-size range, most of the filtration removal ina DM
respirator is by electrostatic attraction.*® Mechanical removal
mechanisms, such as interception and impaction, dominate in the
supermicrometer size range for filtration and leak flow, which

results in the crossover of the

curves near 1 um for the DM

F,LTER”\JG FACEPIECES: l—leok: 1 5m m respirator, as shown in Figure 2.

Because a HEPA filter is

. HEPA RESPIRATOR DM RESPIRATOR close to 100% efficient, the

R - LARGE LEAK 100 Qs Ap test data with the HEPA filter
- B e A ap | Dieck=3.18mm _min_ (om wg) reflect the aerosol penetration
a il WA 5(1) | Q2 s through the leak. As seen, only
-~ Ot 1.7 a low particle size—dependence
Z 15¢ W 10(2.4) gg & exists over the measured par-
8 ol i " J1o ticle size range when the leak
< A\ 57 x rate is 5 to 10 L/min. At these
o St 0.7 | 1% O flow rates, representing the ini-
L__] ol B . .. 1100 tial and final phases of the
Z 30 A - 2 inhalation cycle, the pressure
E 25 (lgf) - f:.) SMAiH 'S-S'f:m (83“) (m{}R ) Lo differential is low and a rela-
o S 5 03 — tively high proportion of the to-

6’ 20 [ S 18 %:g 7 06 5 L tal flow enters the leak (n=1in
N 15l 3 88 1 g.g ;:Z Equation 2). The curves are fairly
O % 100 275 5.6 flat in the supermicrometer-size
QZ 10} . 10 range because the particle mo-
% 5 3 120 tion in the inlet portion of the
S S : | tioo leak is gentle and passage

8 05 1 5 100.1 05 T 5 10 through the relatively large

leak channel is nonturbulent. At

AERODYNAMIC DIAM ETER’ Doe’ Mm higher flow rates, reflecting av-

FIGURE 2. Combined filter and leak aerosol penetration data for typical high- erage and high inhalation rates,
efficiency particulate air (HEPA) and dust-mist (DM) filtering facepieces strong particle size dependency

exists in the supermicrometer-

size range, as previously ob-
served." These are attributed to impaction losses in the
inlet portion of the leak and increased losses in the leak itself
where the flow is now in the transition or turbulent regime, as
indicated above.

For the large leak hole in the DM respirator, the aerosol
penetration curve for the highest flow rate is about the same as
for the small leak hole, suggesting that the high flow rate curves
for the DM respirator reflect primarily its filtration charac-
teristics. Only for the low flow rates is the percentage of aerosol
penetration significantly different for different leak sizes. At low
flow rates, small particles passing through the filter material are
effectively removed by electrostatic attraction and the percent-
age of flow through the leak is increased, as also seen for the
HEPA filter. Examination of the 5-L/min curves for the large leak
indicates that the DM respirator may—at moderate flow rates—
provide more protection than a HEPA filter when there is sub-
stantial leakage because the high pressure drop across the HEPA
filter at a given flow rate pulls in more aerosols through a leak
of a given size.

The effect of leak size is shown in Figure 3 for singular
circular holes of 0- to 3.18-mm diameter. A HEPA filtering
facepiece was chosen for this test because the percentage of
aerosol penetration, P, is essentially zero for all particle sizes,
as shown by the lowest curve in Figure 3. The other curves,
therefore, represent aerosol penetration through the leak of
the indicated sizes. As seen, P increases with leak size, as
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HEPA, Qs=100L/min, Liea=15mm

12.5

o Dleak

(mm)

Ap

(mm w.g.)

[0 4]

o))

25

~
FIT FACTOR, FF

50

N

AEROSOL PENETRATION, P, %
o
o

_C)O

10
AERODYNAMIC DIAMETER, Dge, um

FIGURE 3. Aerosol penetration dependence on leak size

_

expected. Pressure drop, Ap, decreases with increasing leak
size, as flow through the leak channel offers less flow resis-
tance. The percentage penetration of submicrometer-sized
aerosols is 0.4% for a leak diameter of 0.79 mm and 6.6% for
a leak diameter of 3.18 mm; i.e., the large leak passes about
16 times more aerosol than the small leak, corresponding to
the area ratio of the large to small hole. With little or no aerosol
particle removal in the submicrometer-size range, small par-
ticles move through leaks of the same shape approximately in
proportion to the flow rate.

The large leak hole allows more flow to pass through than
the small leak; therefore, it induces a lower pressure drop, as
indicated in Figure 3. However, the difference in pressure drop
caused by the leaks is small. Thus, aerosol penetration through
the HEPA filter material is approximately the same, and the
measured increase in aerosol penetration is primarily caused by
the increased amount of aerosol penetration through the larger
holes, which leads to the conclusion that aerosol penetration of
submicrometer-sized particles is approximately proportional to
the cross-sectional area ratio of the leaks, if the leaks have the
same shape. Very small leaks, however, do incur increased
particle losses in the submicrometer-size range.’>'® In the
supermicrometer-size range, Figure 3 shows a significant
reduction in aerosol penetration, which is caused by me-
chanical removal mechanisms.*® The aerosol penetration of
supermicrometer-sized particles falls off rapidly as the flow
increases; this decrease is attributed to particle impaction.

Figure 4 shows the effect of leak length. The percentage
of aerosol penetration at low flow rates is higher than at high
flow rates because the fraction of leak flow decreases with
increasing sampling flow,” as also shown in Figure 2. An
increase in leak length results in higher pressure drop and
less aerosol penetration percentage. The difference in acrosol
penetration between long and short leaks is more pronounced
at a low flow rate than at a high flow rate. At a low flow rate
through a leak of given size, the Reynolds number is lower

HEPA RESPIRATOR, Dieg= 3.18mm
25

R Ap
CﬁZO {mm .9} Liea(mm)
& : B
< ]
£ 5
L =
& Q
a 10 i
= =
e} o
8 st
o
LJ
< 1100

o0

AERODYNAMIC DIAMETER, Dg., pm

FIGURE 4. Effect of leak length on aerosol penetration

and, therefore, the flow is more viscous than at a high flow
rate. Thus, the leak flow rate is more affected by the length of
the leak channel at the low sampling flow rate of 10 L/min
than at the high flow rate of 100 L/min, as seen in Figure 4.
Aerosol penetration at the high flow rate drops off more
rapidly with an increase in supermicrometer particle size than
at the low flow rate, as seen in the discussion of Figure 2.
Some of the new commercially available filtering facepieces
have larger sealing surfaces, which provide not only a better
face seal but may also lower the aerosol penetration because
of the increase in leak length.

Figure 5 shows that the pressure drop across a HEPA filtering
facepiece, sealed to a mannequin, increases linearly with flow
rate through the respirator. This test indicates that the flow
through the filter material is laminar over the entire range of
inhalation and exhalation flow rates. When the circular 3.18-mm
reference leak is added, some of the flow goes through the leak,
thus reducing the flow through the filter material and with it the
pressure drop. The difference in flow rate between the curves
with and without a leak at a given pressure, therefore, equals the
flow through the leak. At a total flow rate of 100 L/min, Figure
5 indicates that about 7 to 8 L/min (determined from the curves)
pass through the 3.18-mm diameter hole; the remaining 92 to 93
L/min pass through the filter material. The difference in pressure
drop between sealed and leaking respirators at a given total flow
rate is, thus, a measure of leak flow rate. Because this change is
small relative to the total pressure drop, it may be difficult to use
as a basis for fit testing.

Figure 6 shows that the difference in pressure drop from
the sealed case becomes less as the effective diameter of the
leak decreases from that of a circular hole. As the leak area is
divided into several holes or a long slit of the same total
cross-sectional area, the air molecules are in contact with
more inner wall surface area, which increases the flow resis-
tance and, therefore, reduces the magnitude of the leak flow.
The HEPA filtering facepiece used for the tests shown in
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HEPA RESPIRATOR, L= 15mm
- 40 CROSS—SECTIONAL AREA OF LEAK= 7.92mm?
o
z
£ D SEALED
mm
£ 30 L - 79e( ) .
g : 0.97 ssm)
ot
c 27 Fiow
I (FOR 3.18 mm HOLE)
W | 4 HOLES
S0t E1 HOLE))
7 L
175} L
Ll L
m -
D"’ O 1 1 1 1 1 1 [
0 20 40 60 80 100
SAMPLING FLOW, Q,, L/min
FIGURE 5. Effect of leak shape and sampling flow rate
on pressure drop. The lowest curve is for D, = 3.18 mm.

—

Figures 5 and 6 had the artificial leaks attached, resulting in
a smaller filtration area and a slightly higher pressure drop
than in the previous tests.

Figure 7 shows the aerosol penetrations through respira-
tors with leaks of four different effective diameters. Aerosol
penetration increases with the effective diameter of a leak
of given cross-sectional area

HEPA RESPIRATOR, Qs= 100L/min, Lew= 15 mm
) CROSS—SECTIONAL AREA OF LEAK= 7.92mm?
o
s /—SEALED
31.5
£
S
a
< 305 +
o 16 HOLES
5 0
o
()]
W 95 | 4 HOLES
) 1 HOLE
)]
wn
Ll
&
1 i A 1
28'50.0 4.0

1.0 2.0 3.0
EFFECTIVE DIAMETER, D, mm
FIGURE 6. Effect of effective diameter on pressure drop

The authors conclude from this that the shape of a leak of
given cross-sectional area affects the leak flow and, therefore,
the penetration of aerosols.

Figure 9 shows aerosol penetration as a function of effec-
tive leak diameter for 2-um particles. This particle size was
chosen for this illustration because it reflects the transition
region between sub- and supermicrometer particle-size be-
havior. The leak penetration data theoretically approach zero

because air resistance and aero-
sol deposition decrease with
increasing effective diameter. HEPA RESPIRATOR, Leak= 15 m m-2
The percentage of aerosol CROSS—SECTIONAL AREA OF LEAK= 7.92mm
penetration and the range of 30 D=3 18mm D.=1.59mm
penetration values for the indi- 25 °(1 HOLE) (4 HOLES
cated flows decrease with a de- -~ Qs(L/min) |
crease in effective diameter. Q- 2 St 18
The influence of effective = e R T P 0 TR

leak diameter on aerosol pene- o R A A L ik t
tration is shown for one fixed = 10} w\"w‘“\\ . w 110
sampling flow rate in Figure 8. < [ W 0 | W be o
Aerosol penetration is only E— I W &0 i 1o ©
moderately dependent on parti- Ll © e e e — B
cle size in the submicrometer =z 30 D.=0.97mm D.=0.79mm D7
size range but is strongly de- E 251 (SLIT) (16 HOLES) L
pendent on particle size for par- —
. _ 120 y 45 -
ticles larger than about 1 pum. o L
The curves for the different ef- o 15t
fective diameters converge at C 71

. oy 1or . +10
about 5 um for the indicated ot
flow rate. The aerosol penetra- < 57 - 420
tions of submicrometer-sized | L A L e 10
aerosol particles through the 8. 05 1 5 1001 05 1 5 10
circular leak hole and the long AERODYNAMIC DIAM ETER’ qu, um
slit of equal cross-sectional ) )
area are about 7% and 5%, re- FIGURE 7. Effect of leak shape on aerosol penetration

spectively, a difference of 40%.
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HEPA RESPIRATOR, Qs=100 L/min, Lga=15mm

8 CROSS—SECTIONAL AREA OF LEAK= 7.92mm? 195

" .
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4t 255
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S o 1.59 (4 HOLES) N
& & 0.97 (SUT) a 4100
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FIGURE 8. Aerosol penetration dependence on effective
leak diameter

—

HEPA RESPIRATOR, Dge= 2um, Leg= 15mm

30 CROSS~SECTIONAL AREA OF LEAK= 7.92mm?
®
G251t
= | Qs(L/min)
(@) L
=20r 5 15"
x L [
o 10 o
o
E 15+ 5
a r 30 =
10 F 1o,
3 Q/ﬁﬁ w0 1%k
[ /;fﬁ::rk._,—i——”—”"* 100 4o
SNy

0 Gl ) . 1 1 1100

0.0 1.0 2.0 3.0 4.0

EFFECTIVE DIAMETER, D,, mm

FIGURE 9. Effect of leak shape on the penetration of
2-um aerosol particles

as the effective diameter approaches zero. The effective di-
ameter dependency is stronger for low sampling flows than
for high sampling flows because the leak flow fraction is
higher at low sampling flows (see also Figure 2).

CONCLUSIONS

If there is substantial lack of face seal fit and the wearer
performs a light workload (low breathing rate), a HEPA res-
pirator may provide less protection than a DM respirator. This
may occur because the high pressure drop across the HEPA
filter pulls a greater amount of aerosols through a leak of given
size than the much lower pressure drop across the dust-mist
respirator. Thus, the sum of aerosol particles penetrating the

filter material and leak may be lower for the dust-mist respi-
rator than for the HEPA respirator. If the leak size is small, the
HEPA respirator always performs better than the dust-mist
respirator, as intended.

Aerosol penetration through leaks of the same cross-sectional
area decreases with an increase in leak shape complexity. In-
creasing leak length may decrease aerosol penetration signifi-
cantly at very low flow rates. Large sealing surfaces, therefore,
may increase the seal and, in addition, decrease the aerosol
penetration for a given leak size.
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