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ABSTRACT

The purpose of this paper is to famliarize the lay reader
wi th exanpl es of inhalable particles and how respiratory
filtration works to renmove them fromthe air.

Topi cs addressed are: Particles in the air, particles in
the lungs, filtration capture nechanisns and filtration
efficiency versus particle size. Conparisons are nmade of
silica dust, lead fune, and asbestos and how they are captured
ina fibrous filter.

INTRODUCTION

The purpose of this paper is to famliarize the lay reader
wi t h exanples of inhalable particles and how respiratory
filtration works to renmove them from the air. \Wen references
are cited, they represent excellent exanples of a great body of
work that has gone on for fifty years. In the past few years
the results of this research have been incorporated into the
field of filter design, and this is reflected in the content of
the references supplied.

PARTI CLES I N AI R
| magi ne an adult red blood cell. Mst of us have seen one

under magnification in a mcroscope, in a photograph, or on a
video screen. 1t's a fam liar object with an average di anmeter

of 7.5 mcrons (a mcron is one mllionth of a meter). G ant
ragweed pollen is about 16 m crons dianmeter or twice as big as
a red blood cell. Cigarette snoke is about .15 microns average
size, about 40 tines smaller than a red blood cell. The

approxi mate range of .2 to 15 microne is called inhal able,
dependi ng upon the prevailing definitions. It is this range of
sizes agai nst which respiratory filters are expected to
perform Because of this wi de range of sizes, it is only

| ogi cal that different outside forces will affect the particles
to di fferent degrees dependi ng upon the size range in which
they lie.

The shape of particles can affect their behavior in air.
Particles which have non-spherical, irregular shapes wil
settle differently from spheres. Particles with greater
density behave differently from particles with lesser density
even though their shapes are sim |l ar. Surface characteristics
can affect particle behavior when density and shape are
simlar. Electrostatic charge can affect particle to »narticle
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attraction, agglomeration rates and physical adhesion to
surfaces.

~Sone properties or nechani sms which govern the behavior of
particles in the air are:

Sedi nment ati on

Particles of significant mass are affected by gravity and
fall through the viscous air reaching a termnal velocity, or
settling velocity. Turbulence and convection currents in a
movi ng airstreammy not be enough to support them as they
fall. For heavy particles above 3 mcrons diameter,
sedi mentation can be the dom nate mechanisns affecting their
behavior.

I nertia

If a moving airstream changes direction particles with
enough inertia will cross the stream sideways, sonmetinmes to
i npact on the nearest obstacle. How nmuch a particle noves out
of its former path in a change of airflow direction depends on
its size, shape, density, and speed. |In order to sinplify our
under st andi ng of how aerosol particles having these different
properties behave, "pseudo" particle sizes have been develored.
Aerodynam c dianeter is the dianeter of a water sphere (density
= 1) with the same settling velocity as thé partircle. For
exanpl e, a heavy particle of 4.3 mcrons diameter with a
density of 4 g/cm3 would have the sanme aerodynam c di ameter as
a sphere of water 8.6 mcrons diameter with a density of 1
g/cm3 because they fall with equal terminal velocities through
the viscous air. Stokes diameter is the diameter of a sphere
with the same density and settling velocity as the actua
particle. These "pseudo" dianmeters provide a neans of |abeling
the behavior of irregularly shaped particles.

I ndustrial hygienists &Kpically use the aerodynam c
di amet er as the measure of at a particle of that dynam c size
will do if it enters the body. Below .5 m crons, however,
particles no |longer have enough inertia to move through air,
and the aerodynam c diameter 1s usually replaced by the actua
physical diameter.

Diffusion

Air molecules are constantly nmoving and randomy colliding

due to their kinetic energy. |In a random system however, a
good share of these nolecules may nove in the sane genera
direction at the sane tine. |If a particle is placed in the way

of these nolecules, they will nmove that particle a distance out
of its previous direction. A neasure of this novenment is the
diffusion coefficient.

Particles with large diffusion coefficients are constantly
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noving within a nmoving airstream: upstream, Cross-stream and
downstream Al though this ohenomenon greatly affects particles
bel ow .3 microns, particles up to 1 micron can also be affected
to a |esser degree.

The power of diffusion on particles is shown by the speed
by which cigarette snmoke can leave its thermal convection
currents and fill a roomin a matter of m nutes.

Particle physical characteristics can affect diffusion as
wel | as sedinentation and inertia. For exanple, a crocidolite
asbestos fiber with an aerodynam c dianeter of .8 m crons will
fall through the air the sane as a sphere of water of .8
m crons dianeter even though it may be .3 mcrons in diameter
and 3 mcrons long. The asbestos fiber, however, will have a
di ffusion coefficient the sane as a sphere of water of .54
m crons di anmeter (Centry, et al, 1983).

PARTI CLES I N THE LUNGS

The human body "breathing apparatus” is not an efficient
filter. A mjority of the particles entering the lungs are
breat hed out again. The capture of particles entering the
lungs is dependent on the particle characteristics and the
breathing rate and capacity of the lungs. Above 5 mcrons the
nasal and oral cavities take out particles by inpaction and
sedimentation wWith better than 75% efficiency. Al so,
exhal ation is always nuch less efficient than inhalation. The
following table is a representation of the avail abl e data
(Heyder et al, 1980) (Miller et al, 1979) (Lippman et al, 1983).
on the greatest percent capture of particles deleterious to
health in the pulnonary region of the lungs for nouth
i nhal ati on breathing:

% Capture
O Harnt ul Predominate
Particles in Capture
Particle Dianeter the Lung Mechanism
3 m crons, aerodynam c 70% | mpaction
2 microns, aerodynamc 50% Impaction,
Sed imentation
1 mcron, aerodynamc 35% Sed imentation
.5 mcron, aerodynam c 25% Sed imentation,
Diffusion
.2 mcron, physical 27% D ffusion

Not every particle that penetrates a protective
respiratory device, as shown in this exanple, is captured in
the lungs. Depending on the particle size, 30 to 75 percent of
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the particles will be breathed out again.
RESPI RATORY FI LTERS

The nost common particulate filters are of two types
absolute and non-absolute. Absolute filters contain pores
which are smaller than the particles to be removed. Their main
mechanism is screening of the particles. They are expensive,
have high flow resistances and clog rapidly.

The common respiratory filters are non-absolute and
contain pore sizes many tinmes greater than the particles to be
removed. Such filters nmay be 70 to 99% air by vol une. Thei r
main filtration mechanisnms take into account how particles
behave in moving airstreams. By placing many small fibers in
the path of noving particles, small particles can randomy
intercept and large particles can inpact these small fiber
targets. By using smaller and smaller fibers for the sane
wei ght and thickness of filter mat, a large fiber surface area
is presented for particle capture by diffusion and inpaction
The addition of electrostatic charges to the fibers and
particles also greatly enhances particle capture.

Non- absolute fibrous filters are presently the nost
economi cal neans for respiratory filtration. They can be
desi gned to achieve particul ate renoval efficiencies
approaching absolute filters with very low flow resistances.
These low flow resistances can be maintained over a w de range
of particle |oadings.

FI LTRATI ON- CAPTURE MECHANI SIMS -

In an absolute liquid filter, as particle size is reduced
an abrupt change in filtration efficiency occurs as the
particle diameter reaches the pore size diameter of the filter.
This is not true for air filtration even for absolute filters.
In air, conbinations of capture nechanisns occur at different
flowates and particle sizes to make the use of specially
designed, non-absolute, very low flow resistance filters

possi bl e. Each of these nechanisns and their combinations,
whi ch make up the total filtration efficiency, are well
under st ood. In general, the ability of researchers to predict

the initial filter efficiency with accuracy on |aboratory test
aerosols is good (Lee and Liu, 1980) (Lee and Liu, 1982).

To sinmplify the visualization of the different capture
mechani sns, imagine a fiber |lying perpendicular to a noving
airstream as in Figures 1-4. A good analogy is that the
airstreans are lanes on a suverhighway, and an obstacle
occupying nore than one |ane has been placed across the path of
traffic. Each capture mechani sm descri bes the probability with
which a certain vehicle will collide with the obstacle.
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Interception Capture

Interception is the only capture mechani smin which
particles do not deviate fromtheir original streamine paths
as shown in Figure 1. As the stream ines approach a fiber,
they split and conpress as they go around the fiber and rejoin
on the other side. |If a particle noving along these
stream ines comes within one particle radius of the surface of
the fiber, it is captured. As oarticle size increases and
occupies more than one streamline, capture becones nore
orobable. In our vehicular analogy, a car with the inability to
change |l anes (rush hour traffic) would end up becom ng part of
the obstacle depending upon its size with respect to the
obstacle.

Sed imentation Capture

Sedimentation affects only large particles (2 mcrons and
above). It is a contributor to canture efficiency only at |ow
flowmwates. As shown in Figure 2, the particle is affected by
gravity, a force conpletely external to the filter fiber, and
crosses the streamines to be captured by the fiber. One could
i mgine a car, affected by a |arge magnet on one side of the
road, crossing |lanes and becom ng part of the obstacle. The
i nhalation airflowdeflects particles into the filter from
their settling paths in the environment.

Inertial Inpaction Capture

When a particle with sufficient inertia encounters an
abrupt change in streamine direction as shown in Figure 3, it
will cross the streamines and inpact into the fiber. The
inertia of the particle depends on its size, density, speed
and shape. In our analogy, a large flat-bed truck |oaded with
iron pipes could be noving towards our obstacle at too high a
speed. The driver would find that the force of inertia is a
powerful one as the truck becones part of the obstacle which
smal | vehicles can easily pass around in their proper I|anes

Di ffusion Capture

Smal | er particles are constantly in notion due to
bombardment by air nolecules. As shown in Figure 4, the
particles can randomy cross the streamlines and their
probability of touching the fiber as they pass is greatly
enhanced as their diffusive activity increases. This random
motion of the particle is dependent oOn its size and the
temperature of the air. |Its chances of capture are greatly
enhanced by a high residence time near a fiber (low flow rates)
and the availability of fibers in its path. On the
super-highway, a driver with an alcohol blood |evel well above
prescribed limts would randomy change |anes while noving in
one general direction. The chances of being captured by
interception are increased.
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Electrostatic Capture

Electrostatically charged oarticles and/or
electrostatically charged fibers can greatly affect particle
capture. In our anal ogy one can imagi ne magnets of different
strengths and poles in both the vehicles and the obstacle
El ectrostatics enhances the other capture mechani sns,
especially diffusion and interception.

Combinations

Vehicle capture in the design of a super-highway is not
the goal of designers. To m nim ze such dangers the speed,
wei ght, and size of vehicles and their control ability are
taken into consideration. At high speeds a small, heavy car
has the sanme control problenms as a large truck of the same
mass. The sum total of possible capture mechanisnms and their
interactions are nore inportant than the close analysis of
each.

For a large heavy particle the conmbination of inertia

impaction and interception is inportant. For a large, |ight
particle, diffusion and direct interception are inportant. For
a very small particle, diffusion prevails. If each tota

capture mechanism is calculated to determne its degree of
contribution to capture, then a theoretical filtration
efficiency may be calculated from the sum of these
contributions representing a first approximation of the filter
per f or mance. Enmpirical testing of actual filter performance
and conparison with the theoretical results yield paraneters
which relate to filter structure, filter design, and other
"real world"™ respiratory protection device concerns.

PARTI CLE ADHESI ON

Wth the flows and particle sizes encountered wth
respiratory filtration, a particle touching a fiber or a
captured particle, remains captured. Van der waal's forces,
London forces, and electrostatic forces exert amazing
particle-to-fiber attraction on contact so that particles
cannot be dislodged in normal use. VWhile high relative
hum dities are of little value in affecting submicron aerosol
filtration efficiency, the formation of a |iquid nmeniscus
between the particles and fibers assures adhesion

FI LTRATI ON EFFI CI ENCY VERSUS PARTI CLE SI ZE

Wien the fiber used in the explanation of the capture
mechanisns is joined by other fibers to create a nmaze of a
certain average porosity and thickness, the different
mechani sms of filtration will conbine at different particle
sizes to affect total filtration performance. The capture
mechani sns of sedimentation, interception, and inerti al
I mpaction conbine effectively to renmove the particles above .6
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mcrons. The flow rates through respiratory filters at only a
few centimeters per second let diffusion olay its part very
effectively below .1 mcrons.

However, between these two particle size regions,
diffusion and inpaction are not as effective and a m ni mum
filtration efficiency exists as shown in Figure s. The |owest
point on this curve 1s callTed the nbst penetrating particle
size and can be predicted theoretically W th good accuracy (Lee
and riu, 1980) or neasured enpirically in the laboratory. The
weak capture nechanismeffective at this mnimmis an
I nteraction between diffusion and interception. It IS SO
predom nant that it is usually listed as a separate capture
mechanism The addition of electrostatic charge to the fiber
or particle directly inproves both diffusion capture and this
interactive nmechanismin such a way as to raise the capture
efficiency at the nobst penetrating particle size.

As an inportant point, nost respiratory filters have a
nmost penetrating particle size between .2 and .4 mcrons. This
Is the basis for the widely used dioctyl phthalate (pop) test
for high efficiency filters using a .3 mcron particle.
However, by challenging a filter with a varietg of uncharged
monodispersed particles in this size range or by using a
het er odi sperse aerosol and particle size instrumentation, the
actual nost penetrating particle size may be found. The filter
efficrency for quality filters will always be nmuch better with
any other particle size

Because a respiratory filter has a measurabl e penetration
of laboratory particles in the narrow range of .2 to .4
mcrons, it is easy to ignore the fact that anywhere else in
the wide respiratory particle size spectrum 1tfs filtration
efficiency 1S well over 95% [t Is the reduction of the entire
actual work environnent particulate challenge in particle
nunber or mass that is inmportant to orotecting the worker
NIOSH Certification tests are neant to differentiate
effectiveness by aimng at the highest penetration region, the
wor st possi bl e case. Uncharged |ow density |aboratory aerosols
are purposefully designed to be the nost penetrating particles
possible for fest reproducibility and resol ution.

COMPARI SONS OF DI FFERENT PARTI CLES AND HOW THEY ARE CAPTURED

One of the basic problens with filter design is that the
end use "aerosol challenge" nmay be very different from the
| aboratory test aerosol. Nhny particulate filter test aerosols
are based on spherical particles, while in reality, actual
environmental particles are of a vast variety of shapes, |ust
as a super-highway has many di fferent kinds of vehicles (see
photos 1,2,3). Silica particles are jagged, and they
aggl onerate because of the ease in charging of their surfaces.
Metallic fumes, on the other hand, consist of seed particle
condensates which can grow and agglonerate into |arge
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aggregates of high oorosity. Although mcroscopy shows the
shape and size of particles, it does not explain their total
behavi or when airborne.

Industrial filtration capture mechani sns can be nodel ed
for different aerosol particles and conbined or treated
together, and a total % efficiency can be calculated for
different particle sizes. Yeh and Liu (1974) and Lee and Liu
(1982) are excellent exanples of this technique. In order to
generate the graphical exanples used in this paper of the
filtration of different particles the technique in Hinds (1982)
was used. The addition of electrostatic capture was not done
because of its complications, and the fact that it is an
enhancenent of the other mechanisns. Lundgren and whitby
(1965) and Brown (1979) are good exanples on electrostatic
t echni que.

SI LI CA DUST

Silica dust is the result of drilling, grinding, mlling,
or pulverizing quartz-bearing rock. The silica dust aerosol
used in respirator testing is generated froma ground silica
feed stock (rGs Corp.: Supersil), and in the process of sizing
and di spersing the aerosol nost particles greater than 2
m crons are renoved. As can be seen in Photo 1, silica is
rough, jagged, small, but roughly "spherical".

An uncharged filter media for respiratory filtration
shoul d have many small fibers to enhance capture, have a high
porosity to facilitate ease of breathing and be of a practical
thickness. In this exanple a typical dust, m st respirator
filter media is nodeled theoretically and challenged with
different particle sizes. Such an uncharged, theoretica
respiratory filter material would have the follow ng
characteristics: fiber diameter = 2 mcrons, % porosity = 95%
thickness = 1 nm after Hinds (1982). Challenging this filter
with silica at a velocity of 5.3 cm/sec. gives the % efficiency
versus particle size performance against silica in Gaph 1.

The contributions of the various capture mechanisns and their
changi ng predom nance across the particle size spectrumis
shown. A mninmum % efficiency does exist at around .2 mcrons,
and above .5 mcrons the efficiency is greater than 99%

Does this have anything to do with real silica air
filtration? The answer is yes, since it directly relates to
filters in the field. 1In the real world free silica is
el ectrostatically charged, agglonerated and, in general, only a
smal| part of dusts of other compounds. For exanple, quartz is
only a small portion of the conpounds in dusts generated by
quarrying granite. In the |aboratory, however, pure silica
dust can be used and % efficiency curves generated on real
filters.

The trends in Graph 1 are followed in |aboratory filter
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testing. Gaphs 2, 3, and 4 are actual silica dust initial %
efficiency versus particle diameter curves for three very
different filters. Graoh 2 is from fiberglass paper. Gaph 3
is fromresin-wool filter material (a typical dust, m st
respirator filter) which conmbines electrostatic and nechani cal
filtration. Gaph 4 is from3MBrand Filtrete Type G-¢120¢, an
electret filter media which uses electrostatics as the

princi ple capture nechani sm NOTE the change in % efficiency
scale in Gaphs 2, 3, and 4 from G aph 1.

WIIl the theoretical filter in Graph 1 protect the worker
even though the m ni mum capture efficiency is 86%2 The answer,
again, is yes as shown in Graph 5 |If the theoretical curve
(Gaph 1) is applied to a pure NIOSH | aboratory silica dust
particle size distribution (white bars on Gaph 5), only a very
few particles penetrate (black bars on Graph 5). The total
count % efficiency is 94.06% Renenber that 75% of these

penetrating particles will be breathed out again. Each of the
white bars in Gaph 5 represents the nunber of silica particles
at a certain particle dianmeter. |If the volume of the particle

at that dianmeter is calculated and nmultiplied by the density of
silica (26 g/cm3) the mass of that particle results.
Multiplying this particle mass by the nunber of particles at
that size range and repeating the process for each particle
size range gives the total mass challenge. Repeating the
process again for the penetrating particles gives mass
penetration. From these two nunmbers a nmass % efficiency of

99. 76% i s gener at ed.

Does this respirator protect the worker? Yes, the
Threshold Limt Value (TLv) of pure, free silica is .098 mg/m3
concentration below which a respirator is not needed. Above
ten tinmes that value a_respirator cannot be worn by |aw
(greater than .98 mg/m3). At 99.76% nass efficiency a
respirator of this filter material w thout significant face
leaks will lower the highest concentration of silica (.98
mg/m3) to .0024 mg/m3, well below the TLV. The worker is thus
protected .

METALLI C OXI DE VELDI NG FUMES

Metallic oxide welding funes consist of primary, small
particles and conplex aggregates of those particles. If a
surface of nmetal is heated above the nelting point, nmetal vavor
IS generated and chem cal reactions with the air occur, mainly
in the form of oxidation. The speed in growh and subsequent
size of particles are based on the concentration of netal vapor
and the atnospheric conditions. Tonb et al (1976) and
Jarnuszkiew cz (1966) confirmed that the majority of welding
fume aggregate particles sized by m croscopy were below .5

m crons in dianeter. Iron oxide, zinc oxide and |lead oxide had
remarkably simlar size distributions. Photo 2 shows what they
saw. | arge aggregates of high vorosity made of "seed"

condensate particles of a density based on their oxide
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compound. A large range of sizes of these feathery aggregates
is present in any fune atnosphere

Fume particles may be sized with two different methods.
One nethod is to collect particles on a slide and take photos
under magnification (Photo 2 for example). The dark area of
each of the porous aggregates can be totaled, and each
aggregate particle can be assigned an equival ent area sphere
"image diameter". This image di ameter conservatively estinmates
the size of the aggregate as a filter fiber would view it on
approach for interception capture. Another nmethod is to
measure the Stokes diameter by diffusion battery sizing or
electrostatic nobility sizing at the sane tine as the
m croscopy sanple slide is taken so both an "inage" and a
"dynam c" assessnent can be nmade. The Stokes diameter can be
used to estimate how the particle behaves for inpaction capture
and di ffusion capture

Japuntich and Johnson (1983) characterized |ead oxide fune
under a variety of atnospheric conditions and found that the
St okes di ameter (how the particle behaves) as neasured by
electrostatic nobility is nuch smaller than the image di aneter
(how the particle |ooks under the microscope).

An analysis into netallic fune filtration starts with the
fact that these big, porous particles act like nmuch smaller
particles. This is an inportant point since it means that for
a fume aggregate, while the interception capture nechanism is
the same as for a sphere of the sane inmage diameter, the
diffusion and diffusion-interception capture mechani sms are the
sane as for a nmuch smaller particle. Aalso, since the densities
of the fume oxides (5-9.5 g/cm3) are nuch greater than that of
| aboratory test aerosol unit density spheres (1 g/cm3), the
i mpaction capture mechanism comes into play at much smaller
particle sizes. One can imagine a very large particle
approaching a filter fiber which changes course by diffusion in
the same fashion as a particle many times smaller. An exanple
of the relationship between imge and Stokes dianeter for |ead
fume is given bel ow

Equi val ent Area St okes
I'mage Di a. Di a.
.10 m cron .015 m cron
. 239 . 045
. 551 .14
. 868 .24
1.35 .47
2.15 .93

The expectation from the theory of particle capture is
that fume aggregates will filter efficiently in relatively open
filter media since each capture mechani sm cones strongly into

pl ay.
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Chal I enging the same theoretical filter as used for silica
dust with lead oxide fune gives the results shown in G aph 6.
The interception capture mechanism was cal culated from the
m croscopi c inmage diameter distribution, and the inpaction and
di ffusion capture mechanisms were calculated from the Stokes
diameter distribution in Japuntich and Johnson (1983). The
diffusion-interception interaction nechani sm was cal cul ated
from a conbination of both distributions.

G aph 6 shows that lead oxide fume is nore easily filtered
than silica dust (Gaph 1). The problemwith fumes is not
filtration efficiency. The problemis that they clog fiTters
and elevate the flow resistance of filters very fast when used
agai nst high mass concentrations.

It should be evident that any dense particle (with an
i mage dianeter nuch larger than the diameter sinmulating its
dynam c¢ behavior) wll filter out nore easily than |ighter test
particles with equal inmge and dynam c diameters. Also,
consider that a large percentage of fumes are generated by arc
welding, which inparts high electrostatic charges to the small
particles, greatly enhancing filtration.

If the filter in Gaph 6 were less efficient, the m nimum
% efficiency aggregate equival ent area diameter would be around
.4 mcrons (at which the particle behaves like a .1 - .15
m cron sphere) .

As an exanmple of respirator lead fume filtration, twelve
3M Brand 8710 Dust, M st Respirators were challenged with |ead
fume at 32 1pm for 5 hours, 12 minutes.:

NI10SH LEAD FUME 3M 8710
DUST, FUME, M'ST  RESPIRATOR

SPECETCATIONS ~ RESULTS
TOTAL LEAD OXI DE FUME 160 mg 160 ng

MASS CHALLENGE
(16 mg/m3 mass concentrati on)

32 LPM LEAD <1.5 ngy Avg.=.15 ny
MASS PENETRATI ON S.D.=.07
85 LPM FI NAL | NHALATI ON <50 mmH,0 >100 mmH,0

FLOW RESI STANCE ( PRESSURE DRCP)

This is a good exanple of a respirator which gives
good protection against deleterious nmetallic oxide fumnes,
but under the high challenge test concentrations clogs and
does not pass a different part of the government
certification requirements: final flow resistance. The
respirators do pass initial flow resistance specifications.
Note that the 16 mg/m3 challenge concentration is 320 times
the Threshold Limt Value (.05 mg/m3), and 32 tines the
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limt for lead fune above which respirators cannot be used.
Even so, the mass % efficiencies were an average 99.9%

The NIOSH test is meant to anplify flow resistance
differences in respirators under intense mass | oading.

ASBESTOS

The rod-1ike shape of asbestos has made the study of
the filtration properties of this particle difficult to
model. Here is presented a proposal for an approximte
filtration assessment. Because of its acicular nature, for
| ung deposition studies these rod-like fibers have been
characterized by the aerodynam c di ameter derived from
particle diameter and | ength (John et al, 1977) (Stoeber,
1972). Using this diameter to calculate the filtration
i mpaction capture nechanismis a worst case. The diffusion
capture can be avpproximated by a calculated diffusion
coefficient (Gentry, et al, 1983).

The interception capture nechanismis the interesting
problem A rod may approach a filter perpendicular to each
filter fiber, parallel to each filter fiber, or anywhere in
between.

Fine rods in the air are affected by diffusion even
when their aspect ratios (length/diameter) are |arge
(Gentry et al, 1983). Rods |arge enough to settle by
gravity will be randomy oriented horizontally and may not
necessarily be parallel to the ground. \Wen inhaled Into a
respirator filter the angul ar approach of these rods wil
be random Once inside the filter the tortuous flow paths
(Kuwabara flow field), diffusion action and the fact that
one end of a rod can occupy a faster streamine then the
other end ensure that the angul ar approach to each fiber
wi Il be random (Note: this is not true for non-fibrous
capillary filters; i.e. Nuclepore filters in which a
cross-section of the flow field through a hole in the
filter is roughly parabolic, not like the torturous path
through a system parallel cylinders).

A probability approximation of the capture position of
an incomng rod to a fiber is shown by the normal
distribution in Gaph 7. The probabilities of a rod
approaching end on (90°) or parallel (0°) to a fiber are
low. The average approach angle is 45° with respect to the
fiber.

Capture by interception is strongly influenced by rod
length. The longer the rod, the easier the capture. an
aspect ratio of 3 was chosen as the nobst penetrating case
which still neets the US Occupational Exposure Standard
definition of a fiber.

Asbestos rod length and dianeter also may affect the
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degree of possible harmto the lungs. Pott et al (1983)
state, "...many ani mal experinents showed that long, thin
fibers have the strongest carcinogenic potential, while the
carcinogenicity decreases with decreasing fiber length and
i ncreasing dianmeter. These relationships have been
illustrated in a net hypothesis (Figure 6) (Pott 1978).
The different size categories are nade up by intervals of

| ength and di ameter of the fibers. Thus, they are also
related to certain ranges of aspect ratios. The schematic
curves, rising fromthe right, describe in principle the
increase of the carcinogenicity of fibers with increasing
| ength.  The hi ghest degree of carcinogenicity is defined
to be 1g9".

By holding the aspect ratio to 3 and varying the fiber
diameter to obtain different aerodynam c dianmeters, the %
efficiency of the asbestos rods with the m ni mum
I nterception capture nechani sms (worst case) may be
cal culated. As can be seen in Figure 6 the hypothesized
most carcinogenic rods have |engths greater than three
m crons and aspect ratios much greater than three, so our
model at an aspect ratio of 3 is quite conservative (for
exanple, a .25 mcron diameter asbestos fiber is nost
carcinogenic at a 20 mcron length, an aspect ratio of 89).
This aspect ratio of 3 and its shape factor were included
in all calculations.

Graph 8 displays the calculated % efficiency of the
sanme filter used in Gaph 1 for silica and in Gaph 6 for
| ead oxide fune at different asbestos rod angul ar approach
position probabilities. If all the rods were lined up |ike
gui ded m ssiles perpendicular to each filter fiber, Curve A
% efficiency would result at different aerodynamc particle
di ameters. Curve C at 45°, however, shows the nost
probabl e % efficiency.

Using the 45° approach position for a weighted average
% efficiency calculation gives the results shown in Gaph
9, showing the contributions of the various capture
mechani sns.  On conparison with Gaph 1 for silica it
appears asbestos, even in the worst cases, IS easier to
filter than silica dust.

Photo 3 shows a photomicrograph of chrysotile
asbestos, the material used in 90 to 95% of asbestos
applications. "The 'curliness' of these fibers, as well as
the many frayed and projecting fibers greatly increases the
probability of capture or renoval of these fibers by
interception with a surface or with other fibers" (Ayer and
Zumval de, 198¢). QO her asbestos materials such as amosite
and crocidolite are hard, brittle and, as in the nodel,
nmore rod-like. Also, asbestos aerosols in work
environnents have very high electrostatic charges, greatly
enhancing filtration capture over the proposed nodel (Jones
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et al, 1983).

Does a filter nmade to keep out silica dust perform
wel | agai nst asbestos? Yes, such a respiratory materi al
wor ks wel | against asbestos. As an example, in Gaph 10
the theoretical filter is challenged with an actual
aerodynam c¢ di ameter asbestos particle size distribution
from John (1983) (NOTE AcTuaLLy, THE FI BERS THAT MAKE UP
THI'S AERODYNAM C DI AMETER DI STRI BUTI ON HAVE ASPECT RATI OS
FROM 3 TO 30. OUR MODEL AT ASPECT RATIO OF 3 IS VERY
CONSERVATIVE). As in Graph 5 for silica, the black bars
are the penetration particle counts. The total % count
efficiency is 98.77% better than silica dust at 94.06%

Weeks and Burns (1970) di d nass % efficiencies of
Bureau of M nes approved dust, m st respirators against
respirable size asbestos fibers in high concentrations and
found them nore than 99.7 mass % efficient against
chrysotile asbestos. In their tests, even unapproved
respirators had nmass % efficiencies above 97% O course,
since workplace fiber concentration |imts are in fiber
count specifications, nmass efficiencies are an incorrect
assessment of a respiratory filter.

W B. Johnston (1978) at the Institute of Occupational
Medi ci ne, Edi nburgh, Scotland challenged 3M Brand 8710
dust, m st respirators (MSHA-NIOSH approved TG 21G 132)
with two types of asbestos: UICC (International Union
Agai nst Cancer) chrysotile and crocidolite at flow rates of
30 and 90 liters per mnute. Results of count efficiency
by m croscopy:

CHRYSOTI LE CRCCI DOLI TE
% COUNT % COUNT
FLOW RATE EFFI Cl ENCY EFFI Cl ENCY

MEAN S D MEAN S. D

30 1pm 99.99% .02 99.98% .02
90 1pm 99.99% .92 99.98% .03

Fi ber challenge concentrations averaged 90 fibers per
milliliter. Percent count efficiencies represent
performance over a one hour challenge time. All particles
with a dianeter in the range 0.2 to 3.0 mcrons, which
conformed to the aspect ratio of a fiber, were counted.
The results indicated that the respirators preferentially
filter the longer fibers (greater than 5 mcrons) .

Most of the work on asbestos and how it affects the
human | ungs has been done with no respiratory protection in
mnd. |t seens, however, that the nobst inexpensive,
government approved respirators provide anple protection
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agai nst asbestos, and the respiratory filtration nodel used
in this report does support this fact.

SUMMARY

Respiratory particulate filtration technol ogy has been
presented in this paper to give an understanding of how a
wor ker can be protected against del eterious particulates.
The design of respirators is, of course, nuch nore
conplicated by other factors: confort, worker acceptance
face-fit, and manufacture cost. Added to these factors is
the great cost of good quality control, which in the case
of respirators is a high technology in itself, involving
conplicated |aboratory particulate tests and strict
statistical procedures. However, good respiratory
particul ate protection can protect the individual worker
agai nst a variety of harnful substances.
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PHOTO 2. LEAD OXIDE FUME 19,800X
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FIGURE 5, Schematic Filter Efficiency vs. Particle Size
lllustrating the Different Filtration Regimes
after Lee & Liu (1980)
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The Contribution of the Different
Calculated Capture Mechanisms
for Silica Dust
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Actual Silica Dust
% Filtration Etficiency
versus Particle Diameter
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Actual Silica Dust
% Filtration Efficiency
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Silica Dust Challenge and Calculated
Filter Penetration Particle Count
versus Particle Diameter
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Normal Distribution Approximation of an Asbestos
Fiber Random Position (Degrees)
with respect to a Filter Fiber
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Calculated % Efficiency of Asbestos
at Different Asbestos Fiber Positions
With Respect to a Filter Fiber
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The Contribution of the Different
Calculated Capture Mechanisms
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Asbestos Challenge and Calculated
Filter Penetration Particle Count

versus Aerodynamic Particle Diameter
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