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Abstract

The efficacy of readily available materials, such as cotton fab-
rics, toweling, a surgical mask, and a single-use respirator, for
providing emergency respiratory protection was evaluated by
determining the filtration efficiency as a function of aerosol
particle size over the size range ot 0.001 to 5.0 um and as a
function of filtration face velocity. Filtration face velocity
was set at 1.5, 5.0, and 15.0 cm/s. This report describes the
equipment and procedures used to obtain efficiency measurements
for particles 0.5 um in diameter and smaller, and summarizes
the results of all three phases of this research. Particles with
diameters from 0.10 to 0.50 um proved to be the most difficult
sizes of particles to remove. Particles smaller than 0.10 um
were removed due to diffusion while particles larger than 0.50 um
were removed due to inertia and gravitational settling. Deposi-
tion of the smallest particles was favored by the use of low face
velocities. A fractional efficiency curve was determined for
each material at each velocity for comparison. Values of the
quality factor, ([-ln(penetration)/(pressure drop), were calcu-
lated. Quality factors were less for wet materials than for dry;
less at high velocities rather than low; and best for the single-
use respirator mask, next best for the surgical mask and often
third best for the toweling (washcloth).
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Introduction

Testing of six materials has been continued from earlier work ', where the efficiency of each
material for removing aerosol particles as a function of particle size and face velocity was meas-
ured for aerosol particles 0. 40 to 50 um in diameter The present work was carried out in two
parts. The first part involved the use of a forward-light-scattering laser instrument (Particle
Measuring Systems Inc., Boulder, Colorado), similar to the instrument used in the earlier work,
but capable of sizing aerosol particles over the range of 0.10 to 1.0 gm i diameter In the second
part, particles 0001 to 010 pm in diameter had their size distributions and concentrations de.er-

mined by using a diffusion battery device in conjunction with a condensation nucler counter.

The earlier two phases of this project included investigation of the effect of humidification
on aerosol removal for several materials. However, due to time constraints this effect was only

investigated in the first part of the present work.

A description of each material tested is shown in Table [ The lower-quality toweling
reported in the earlier work was replaced by use of the Johnson & Johnson surgical mask in the
present work. Thus, the data for particles from 040 to 50 um in diameter were collected at this

time for the surgical mask.

Experimental Apparatus

Part I Particle diameters from 01 to 1.0 ym

To determine the penetration of aerosol particles 0.10 to 10 um in diarieter through each
material, the Dynamic Aerosol Test System (DATS) was used as done in the previous work.
Shown in Figure I, DATS consists of a main test chamber where the test aerosol flows past a 47-
mm open-faced filter holder containing & test material. Total air flow through the DATS was
monitored by a calibrated orifice meter, while separate exhaust and sapply blowers along with a
purge line provided means for running as a closed-loop system or exhausting up to 100% of the

flow. By partially exhausting the system flow, one can maintain the test chamber at ambient

-



static pressure, thus preventing leakage of particle laden air into or out of the system. For experi-
ments done at 95 relative bumidity, the purge line provided a means to introduce steam gen-
erated by an electric steam generator (CHROMALOX, Wiegand Co , Pittsburgh, PA; 5 kg/hr
capacity ).

Upstream of the test chamber, a port directs the mineral oil aerosol (Arco Prime 200 oil)
generated by a DeVilbiss #40 aebulizer nto the clean air stream. A 90-degree sampling probe
located parallel to the filter holder was used as the upstream sampler for monitoring the aerosol
concentration in the test chamber. To determine aerosol penetration through the test materials, a
downstream sample was taken from the air drawn through the filter holder and compared with
the upstream sample. Samples were analyzed using the PMS Active Scattering Aerosol Spectrome-
ter Probe (PMS model ASASP-X), which sized and counted particles 0.09 to 3.0 ym in optical

equivalent diameter.

Each filtering material was cut into 47-mm diameter circles to fit inside the filter holder and
enough layers were placed to give a resistance of about 0 40 inch of water (0 40 inch water = 1.0
em water = 100 Pa) at a face velocity (volume air flow per unit filter face area) of 5 em/s. The
single-use 2M respirator and the Johnson & Johnson surgical mask were tested using only one
layer, since a single layer would be the normal usage. The wash cloth (toweling) thickness
prevented layering more than two layers in the filter holder Pressure drop data for the materials
at the three face velocities for the dry conditions are shown in Table Il and for the wet conditions
in Table XiI. An experiment consisted of sampling for five one-minute periods, starting with the
upstream sample and alternating with the dowastream sample, to give a total of three upstream
and two downstream measurements. This procedure was done to improve the precision of the
penetration measurement by lessening the effects of changes in the challenge aerosol concentration
during the duration of the experiment (approximately 20 minutes). Penetration is defined as the

ratio of downstream to upstream concentration. Flow through the DATS was set at 160 cfm

(0075 m*/sec) to provide adequate dilution of the aerosol generated  Air flow through the test

materials was set at face velocities of 1.5 50 and 15.0 em/s using a calibrated rotameter Pres-



sure drop across the filter material was measured using an inclined water manometer. A Wang
2200 computer system facilitated data storage and performed the computations for determining

aerosol size distributions and fractional penetrations from the particle counting and sizing data.

For the high humidity conditions the DATS system air was raised to 97% £ 3% RH by
injecting steam. After equilibrium was reached, testing of each material was done in the same

manner as for the dry conditions.

Part 2: Particle diameters from 0001 to 0.1 pm.

Penetration measurements for aerosol particles in the range 0.001 to 0.10 um were per-
formed by using a diffusion battery (In-Tox Products, Albuquerque, N M., Model 02-1900) in con-
junction with a manually operated condensation nuclei counter known as the Pollak counter. Fig-
ure 2 shows the set-up' room background aerosol was drawn from a 90-m* exposure chamber that
was also being used in a study on the efficiency of various air cleaning devices for the removal of
attached radon progeny found in atmospheric dust. Aithough the size distribution and concentra-
tion of the aeroso! from the chamber changed week to week, due to the use of different air clean-
ing devices, sufficient concentrations of particles were present to challenge the test materials. The
advantage in using the aerosol from the exposure chamber was that its concentration was found
to be quite constant (+£10) during the course of an experiment; in contrast, the general room air

aerosol in the laboratory was found to vary considerably.

The challenge aerosol was drawn through a charge neutralizer before entering the test filter
holder, where a test material was placed Since the diffusion battery was calibrated at 8.0 liters
per minute, it was used at this flow rate and air was supplied to or exhausted from the aerosol
stream in order to vary the total air low rate through the filter holder (to vary the face velocity).
A calibrated rotameter was used to monitor the addition or removal of air to insure that the
total flow through the system was correct. Along the diffusion battery a series of sample ports
were located to allow one to draw the air stream into the Pollak counters to measure the aerosol

concentration. The diffusion battery stage configuration is described in Appendix A The



mechanism of collection and penetration for each stage was «lescribed by Cheng and Yeh ° By
measuring the particle concentration at each of the stages of the diffusion battery and applying
the mathematical solutions available for determining the penetration of an aerosol flowing
through the screens, one can Jetermine a size distribution and number concentration. The test
apparatus had a single diffusion battery, so it was necessary to run a set of measurements with
the test material placed in the filter holder to determine a downstream size distribution and then
remove the material from the filter holuer to run another set of measurements to determine an
upstream size distribution. To insure that the conditions did not change during the course of the
experiment and to enhance the precision of the penetration measurement, a repeat of the down-
stream measurements was done. Each measurement was done using two Pollak counters operated
in parallel, which gave paired measurements of the particle concentrations for determining the

aerosol size distributions.

Data Analysis

Part I: Particle diameters from 0.1 to 1.0 um.

For measuring the particle sizes from 0.12 to 050 um, the PMS ASASP-X forward-light-
scattering probe was used. The measuring system is capable of sizing particles of diameters from
0.09 to 3.0 ym in 45 non-overlapping channels. A problem was encountered in sizing the aerosol
generated by the DeVilbiss #40 nebulizer (at 4 psig) operated under the same conditions as in the
previous study of penetrations of particles 0.3 to 50 um in optical diameter, sized using the PMS
Classical Scattering Aerosol Spectrometer Probe (PMS CSASP-100). The aerosol concentration
was found to be so high that a coincidence error was found to influence counting of the smaller
particles. At high number concentrations small particles tend to be interpreted as larger particles
due to limitations of the scattering collection optics. Hinds * calculated that the number concen-
tration giving a 5% coincidence error is 2700 particles per cubic centimeter. The approach used

here was to determine a concentration generated by the DeVilbiss nebulizer, operated at the same



pressure of 4 psig (so as to not to change the size distribution), which would not cause a coin-
cidence error. Thi was achieved by drawing off a fraction of the nebulizer aerosol for use in chal-
lenging the materials. It was found that under the stated operating conditions, drawing off 7.0
liters per minute of the total output by use of a tee fitting located on the exit tube of the nebu-
lizer, a particle concentration of 6250 particles per cubic centimeter was challenging the test
materials. Higher concentrations demonstrated significant differences in the fractions of 0.12 and
0.25 uym present in the distribution, indicating coincidence problems. Lower roncentrations did

not demostrate significant differences.

For analysis of the data, only particles from narrow size intervals were selected. The basis
of selection was to choose the smallest size particle from the PMS spectrum which had little
influence from electronic noise from channel switching. Then this siz: was doubled for the next
selected size and the resulting size doubled for the next. We selected three particle diameters
(0.12, 0.25 and 0.50 um). Therefore, on RANGE 3 of the PMS ASASP-X, channels 4 and 5 were
combined to give an average diameter of 0.12 um; the next size, 025 uym, was obtained from
channels 10 and 11 of RANGE 2. Finally, channel 7 of RANGE 1 was selected, which gave a par-
ticle diameter of 0.50 um. Above 0.50 um the number distribution of the chalienge aerosol was
too low to give a useful count within the time limit of sampling. A typical upstream size distribu-
tion is given in Appendix B. From analyzing the data from the PMS ASASP-X unit, we con-
cluded that the problem of electronic noise might have been present in the analysis of the earlier
work done with the PMS Classical Scattering Aerosol Spectrometer Probe (CSASP-100) which
sized and counted particles 032 to 200 ym in diameter. On this basis, the earlier data were re-
analyzed: instead of combining many channels that might include problemmatic channels and
then reporting a mid-point diameter value, we selected one or two channels that corresponded to
the previous mid-point sizes. The re-analysis determined that the 051 size range was influenced
by the first channel of RANGE 3 which contained spurious counts. By selecting channel 7 of
RANGE 3 to give an average size of 0.51 um, we believe that a better estimate is obtained for
the counting of this size particle. Similar selections were done for 1.1, 2.1, and 4.4 um diameter

particles. A typical size distribution from the earlier work along with the two methods of analysis



are given in Appendices B and C.

For all of the data, sampling was done in a fashion where upstream sample and downstream
samples were alternated until three upstream and two downstream samples had been collected for
each material at each of the three face velocities. Background counting in the DATS before and
after each test determined that only the mineral oil aerosol was present during a test Several
tests were done without a test material in the filter holder to determine any difference oetween
the upstream and downstream sampling lines and whether the material support screen was remov-
ing a significant fraction of the aerosol Results indicated agreement between the upstream and
downstream particle counts. Once selected, the material was tested at each of the three face velo-
cities, chosen to be random. This only partially random procedure was selected because great
effort was needed to place a test material into the filter holder and determine that there was no
leakage past the matenial. Replicate experiments were done for selected materials to obtain an

estimate on the experimental variability.
From the PMS data, we combined counts from the selected particie diameter interval for
the three upstream samples to determine an average upstream count and then the same technique

was carried out for the two downstream samples. Penetration for each of the selected particle

diameters was calculated by dividing the downstream average by the upstream average.

Part 2: Particle diameters from 0001 to 0.1 gm

In sizing particles of diameters smaller than 012 um, we used an eleven-stage diffusion bat-
tery device capable of classifying aerosol particles of 0.001 to 020 um in diameter. By measuring
the total number of particles penetrating each of the screened stages with the Pollak condensation
nuclei (CN) counters and comparing the results with the theoretical penetration based on the
geometry of the collecting stages, one can infer the size distribution of the aerosol Cheng and

Yeh ? have developed a theory for the multiple-screen diffusion battery, and a detailed explana-

tion that describes the experimentally determined characteristics for the device is available®.

The diffusion battery does not separate particles perfectly into sharp diameter (mobility)

categories, but the fraction (by number) of the aerosol found in a particular stage Y, can be



approximately related to the true fraction X, (by number) of the aerosol in a size range associated

with that stage by use of an integral equation that can be approximated by a set of simultaneous

linear equations:

Y= 0, X, + b o+ .....

or

N
Y, = ._‘_: b,X,
=

The bu values are determined by calibration of the diffusion battery and by approximation of the
integral equation. Calibration errors and these approximations, combined with errors in measure-
ment of the Y, can cause problems when the set of simultaneous linear equations is solved to
determine the XJ. Unphysical values (XJ <0 or Xj > 1) for the size distribution components some-
times arise. There is a voluminous literature on the solution of such "ill-conditioned™ inverse
problems. The two major approaches (e g, Cooper and Spielmans" are 1) to solve a slightly
different set of equations, made different by the incorporation of an adjustable “smoothing”
parameter of one sort or another, or 2.) to solve the equations through a search procedure that

limits the search to acceptable values of XJ. The variant of smoothing that we employed was

“ridge regression” (RR) (Draper and Smith)®. We were not able to find values of the smoothing
parameter that were readily defensible beyond an appeal to the plausibility of the distributions
'hat resulted, and we did not like the fact that the values that appeared best for the smoothing
parameter ranged over an order of magnitude. We settled on the use of a non-negative least-
squares search procedure (LSNN) that limited the search to physically possible values of the parti-

cle size distribution variables )«'J This gave answers that were generally plausible when used on

our data and gave the correct answers when used on simulated data. See Appendix D.

For a typical experiment the size distribution was determined twice for a downstream sam-

ple and once for an upstream sample taken between the two downstream samples. The size distri-




bution was determined by using the Pollak CN counters to measure the particle number cencen-
tration after each of the eleven stages on the diffusion battery. Three total count samples of the
particle concentration upstream from the diffusion battery were taken: as an initial measurement,
as a repeat after the 5th stage (mid-way), and as a final sample, to give an indication as to the
consistency of the particle concentration during the measurement period (15 minutes). For deter-
mining the three size distributions for an experiment the total elapsed time was approximately 2.5
hours. Analysis for the size distribution resulted in a number concentration in four particle size

ranges, the mid-points of which are reported : 00015, 0.0059, 0.023, and 0.10 um.

Results

Penetration measurements have been combined from the three phases of experiments (see
also our earlier reports)' to determine a penetration-versus-particle-diameter (fractional penetra-
tion) curve for each material at the three face velocities. Tables 11l through VIl detail the pene-
tration measurements for various particle diameter and face velocities for each of the six test
materials listed in Table . Figures 3 through 20 are fractional penetration curves corresponding to
the results outlined in Tables III through VIII. For example, Table Il outlines penetration meas-
urements for the handkerchief material, and the data are plotted for each face velocity in Figures

3, 4, and 5 respectively

Tables XIII through XVI detail the penetration measurements for three face velocities for
four materials listed in Table XII tested under wet conditions (95% relative humidity ). Figures 3
through % and 12 through 17 are the corresponding fractional penetration curves for each face

velocity, plotted along with the dry condition data for comparison.

Discussion

The influence of face velocity is seen for three selected particle size ranges in the test

results. From aerosol physics theory, particles 0.001 to 0.10 um are largely removed by diffusion,



which effect decreases as the face velocity increases. Particles 1.0 to 4 4 um in diameter were col-
lected due to impaction, interception, and gravitation, primarily. As velocity increases, impaction
increases, interception changes little, and sedimentation decreases. Particles 0.10 to 0.50 um are
collected most inefficiently since diffusion, impaction, and gravitation are not strong in this parti-
cle size range Here interception is the major method of particle removal that would be relatively
independent of face velocity. The trend of decreasing penetration as velocity increases for parti-
cles 0.10 to 0.50 um is probably due to the increase in impaction. Other forces contributing to

particle collection, such as electrostatic forces, we believe not to have had a significant role.

Handkerchief:

Table Il details the penetration results for the 10 layers of the handkerchief tested under
dry conditions (normal humidity: 20 to 40% RH) for particle diameters 00015 to 44 um at the
three face velocities 1.5, 5.0, and 150 cm/s. Here and elsewhere, the use of many decimal places
does not indicate that there are many significant digits; more likely, there are two. Plots of these
data are given in Figures 3. 4 and 5 respectively In general for each of the velocities tested. par-
ticle penetration is relatively low for particles 0.0015 to 0023 um, increases to a maximum for
particle diameters from 0.10 to 0.50 um, and then decreases again for particle diameters from 1.0

to4.4um.

In detail (from Table [11), penetration of particles 0.0059 um in diameter was fairly stable,
from 0.0190 to 0 0296, while penetration for 0.023 um particles increased from 0.0203 to 0 1668 as
face velocity increased. The same trend was noted for particles of diameters 0.12 and 0 25 pm,
where penetration increased from 0.5371 and 05600 to 0.7532 and 0 7549 respectively as face
velocity increased from 1.5 to 15.0 em/s. Insufficient data were collected to determine a penetra-
tion trend for particle diameter as a function of face velocity for particle diameters 0.0015 and

010 um.

A discrepancy exists in the penetration measurements for particle diameters 050 and 0 51
pm. These measurements represent the overlap of the two PMS laser probes. An explanation of

the disagreement would be a lack of sensitivity for counting 0.50 um particles by the ASASP.X



probe due to low number concentrations. Both the ASASP-X and the CSASP-100 probe were cali-
brated at several points by generating singie-size particles (polystyrene latex spheres) and found
to be within £10% for sizing. The results from both probes demonstrated an increase in penetra-
tion as face velocity increased from 1.5 to 50 cm/s but a decrease in penetration as velocity
increased from 50 to 150 ecm/s. Since the change in penetration as the face velocity s changed is
on the order of 109, 0.5121 te 0.5679 and 0.7667 to 0.8294, an argument could be made that the
penetration did not statistically have significant change. Perhaps, the actual penetration for this
size particle is between the two extreme measurements, from G512 to 0829, as the increased
penetration with increasing face velocity and the disagreement between the two instruments can-

not be explained easily.

For particle diameters from 1.0 to 4.4 um, penetration decreased as face velocity increased
and particle diameter increased. An exception is the 50 cm/s measurement of 06179 for 1.0 um
which is greater than the 05776 penetration for the 1.5 cm/s measurement. but perhaps identical

within the experimental error.

Sheet:

The penetration results for the sheet material are presented in Table IV and Figures 6
through 8 The same trends for particle size removal as a function of velocity are noted here as
for the handkerchief. The penetration values reported for the 0.10-um diameter, 1 873 and 2386,
were unrealistic since penetration > 1.0 is not possible and thus were excluded from the graph
shown in Figure 7. The particle counts for the upstream and downstream measurements were
found to be low, which could give higher downstream counts than upstream counts due to either
counting errors or a change in the challenge particle concentration during the period between the
upstream and downstream measurements. Experiments without materials in the filter holder and

no aerosol demostrated that particles forming from condensation was not occuring,

SM Respirator:



The single-use 3M respirator results shown in Table V rigures 9 through 11 demonstrated
the lowest penetration for all particles at all face velocities for the materials tested Again, the
same trends are evident including the discrepancy between the 0.50 and 0.51 ym measurements.
Even this NIOSH-approved respirator did not effectively remove particles between 0.10 and 0 51

um. Penetrations were as high as 0.6650 for 0.12 um particles at 150 em/s.

Shirt:
Penetration results for the shirt material are presented in Table VI and Figures 12 through

14. These results are in line with results for the handkerchief and the sheet,

Wash Cloth:

Results for the wash cloth shown in Table VII and Figures 15 through 17 show that the
penetrations for this material were lower than the other fabric materials for the majority of the
measurements. An “nrealistic measurement, 6121 penetration for 00234 um at 50 em/s, is
reported but is excluded from the graph shown in Figure 16. Again low counts are assumed to
have given such results.

Surgical Mask

The last material reported on is the surgical mask respirator have results shown in Table VII
and Figures 18 through 20. Although it can be classified as a type of respirator, it is not designed
to be as high a quality respirator as the (NIOSH-approved) 3M respirator. Penetration results are
lower than those for the wash cloth material as well as for those for the other fabric materials but

significantly higher than the single-use 3M respirator.

Quality Factor:

To compare effectively each of the tested materials from the results of the penetration meas-
urements for each particle size and face velocity is a difficult task. Lower face velocities favor
small particle removal due to diffusion while higher velocities favor large particle removal. Pres-
sure drop across the material is a factor to consider, since a benefit of decreased particle penetra-

tion at high velocities is offset by a penalty of increased resistance to flow. The number of layers

11



of material used must also be taken into consideration, since pressure drop would increase as the
number of layers used increases. A measure that incorporates these factors must be used so that

an overall comparison of each material can be done: a "quality factor™ has been calculated for

each material for each particle size at each face velocity. The quality factor, as defined, by Fuchs’

18
- "‘ t'/t‘,)
Y
where:

q = quality factor, Pa’'
c/e, = ratio of downstream to upstream particle concentration

AP == pressure drop across material, Pa

The rationale for this calculation is as follows: the penetration for n layers of the same
material would decrease as (c/c )* while the pressure drop would increase as n times the pressure
drop of one layer The quality factor depends on the material, the particle size, and the face velo-
city. but not on the number of layers. Tables IX through X1 detail the caleulation results for the
quality factors for the materials tested under dry conditions. These quality factors can be used to
predict the penetration of the materials at any chosen pressure drop for the particle diameter and
the velocity tested. The higher the quality factor, the less penetration at a given pressure drop
or, equivalently, the less pressure drop for a given penetration. Where penetration was measured
as zero the quality factor is reported as an asterisk, since the logarithm of zero is ill-defined A
penetration of 1.0 would resuit in a quality factor of zero. The quality factors have been plotted
in Figures 21 through 23 for the three velocities as a function of particle diameter for all materi-
als. Clearly the NIOSH-approved, single-use 3M respirator performed best followed by the surgical
mask and then the wash cloth The remaining fabric materials were quite similar in comparison

to each other but significantly lower in quality factor than the wash cloth.



For a given face velocity (thus pressure drop), the quality factors follow qualitatively the
same particle size dependence as does collection efficiency. At a given particle size, the quality
factors tend to diminish as velocity increases, in agreement with predictions (Cooper)® This
means that the use of large-area masks is favored over the use of small-area masks, if the leakages
are the same and the number of layers is adjusted to give the same pressure drop In practice,
however, it may be found that holding the material over the mouth and breathing only through

the mouth may give a better seal to the face than trying to cover both mouth and nose.

Wet Materials.

Each of the fabric materials were also tested under wet conditions where the test material
was wetted and the test air low was kept above 95% RH to prevent drying to determine if parti-
cle collection could be enhanced The single-use 3M respirator and the surgical n sk were not
tested wet, as the pressure drop would be excessive. Penetration measurements were done for par-
ticle diameters from 0.12 to 4.4 um using the two PMS laser probes. Penetration measurements
for the handkerchief are shown in Table XIII and plotted in Figures 3 through 5 for each of the
face velocities and include the data from the dry condition experiments to facilitate comparison.
In general, the penetration results are lower for the wet conditions for particle diameter greater
than 1.0 um. However, note that for particle diameters from 0.10 to 0.50 gm penetration is higher
under the wet conditions. Results for the sheet, shirt, and wash cloth are similar, in that the wet
penetrations are higher for the 0 10 to 0.50 um and lower for the particles greater than 1.0 um as
compared to the dry condition penetrations. Penetration decreases with increasing face velocity
for particles larger in diameter than 0.50 um, as was also seen in the dry condition results. The
highest penetration values were found for particles 0.12 um in diameter, and there is evidence
that penetration of these particles increases with increasing face velocity Particles 025 pm in
diameter seem not to have been influenced by face velocity. Calculated quality factors are shown

in Tables XVII through XIX for the wet condition tests and plotted in Figures 24 through 26

Table XX shows some details of the calculation of the mass fraction of a hypothetical aero-

sol expected to penetrate face masks made of toweling. (This material is presented to illustrate
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the calculational technique and should not be relied on as an example of predicted performance )
The aerosol is assumed to have a lognormal particle size distribution, with a mass median diame-
ter of 2 um equal to its aerodynamic mass median aerodynamic diameter (the particle density was
chosen to be that of water, 1 g/cm®), and with a geometric standard deviation of 20. The masks
are assumed to be held to the face with nylon hosiery and thus have a leakage fraction of 5%,
comparable with that found for handkerchiel material held onto the face of a manikin with nylon
hosiery ® It is assumed that the number of thicknesses are adjusted by the wearer to give sub-
stantial but not uncomfortably high flow resistance, taken to be a pressure drop of 5 Pa It is
assumed that the area of the mask is chosen large enough to cover nose and mouth and that the
breathing rate is appropriate for moderate exertion or less, giving a face velocity between 1.5 and
50 em/s, so penetrations are calculated for both these values. Mass penetration 1s determined by
finding the aerosol fraction by mass in a size interval and multiplying this fraction by the average
of the penetrations calculated for the upper and lower size limits of the size interval, then sum-
ming these products. (This is equivalent to "trapezoidal rule™ numerical integration of the product
of penetration and aerosol mass size distribution ) The penetrations are determined from the qual-
ity factors by raising the base of the natural logarithms, e, to the negative power of the product

of the quality factors and the pressure drops:
Pn = exp (-q AP)

The total penetration for the wash cloth at 1.5 em/s is calculated to be 0.15 and for the wash
cloth at 50 em/s it is calculated to be 0.54. Thus, between about one-sixth and about one-half of
the aerosol would be expected to penetrate. Other conditions can be explored similarly, and any
such predictions should take into account the range of pressure drops and face velocities (and par-

ticle size distributions) likely to be encountered in practice.
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Summary

The material presented in this report allows calculation of fabric penetration from the qual-
ity factors. Combined with the leakage test results from the Phase Il report, these results can be
used to estimate the eflectiveness of such materials for use as expedient methods of respiratory

protection in accident situations.
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TABLE |

Materials Tested For This Report

Surgical Mask

Barrier-Surgikos

M - C T T) 1 Coun! Manuf_Cod ]
Wash Cloth B8% cotton, Lady Pepperell
12% polyester dacron Grandeur
Handkerchief 100% cotton 57/in X 64 /in RN#16810
(121/in%)
Shirt 40% fortrel polye