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Abstract

Performance of multiple stages of High Efficlency Particulate
Alr (HEPA) filters agalnst aerosols similar tn those produced by rlu-
tonlum processing facllitlies has been verified as part of an experi-
mental program. é sybtem of three (3) HEPA filters in seriles was
tested against 238py aerosol concentrations as high as 3.3 x 1010
d/s-m3. An air nebulization aerosol generatlon system, using ball
milled plutonlum oxide suspended in water, provided test aerosols with
slze characteristics similar to those defined by a field sampling pro-
gram at several dilfferent AEC plutonium processing facilities. Aero-
sols have been produced ranging from 0.22 um activity median aerodyna-
mic diameter (amad) to 1.6 um amad. The smaller size distributions
yleld 10 to 30% of the total activity 1n the <0.22 um size range al-
lowlng efficlency measurement as a function of size for the first two
HEPA filters 1in series. The low level of actlvity on the ssampler
downstream of the third HEPA filter (~0.01 ¢/s) precludes aerosol size
characterization downstream of thils filter. For the first two HEPA
filters, overall effilclency, and efficlency as a function c¢f size, ex-
ceeds 99.98% including the <0.12 um and the 0.12 to 0.22 um size in-
tervals. Efficliency of the third HEPA fllter 1s somewhat lower with
an overall average efficlency of 99.8% and an apparent minimum effi-
clency of 99.5%. This apparently lower efficlency 1s an artifact due
to the low level of activity on the sampler downstream of HEPA #3 and
the varlatlons due to counting staitistics. Recent runs with higher
concentrations, thereby improving statistical variations, show effi-
clencies well within minlimum requirements.

I. Introduction

Most AEC facillitles use multiple stages of HEPA fllters to pro-
vide the necessary level of control assoclated with the release of
radiocactive particulates. Whlle emlsslon standard? ?ave not been es-
tablished for radioactive particulates, AECM 0524 has been inter-
preted to require that emlssion concentrations be controlled so that
effluent concentrations at the boundary between controlled and uncon-
trolled areas does not exceed speclified limits wlthout any credit for
atmospheric diffusion and dilutlon between the point of discharge and
the boundary. Thls extremely conservatlive interpretation limits the
release of plutonium to 6 x 10-14% uCi/ml, as measured at the point of
discharge. Some operations involving olutonium willl generate exhaust
alr streams with concentrations as h%%? as 10=5 pCi/ml Just upstream
of the bullding ailr cleaning system and to reduce thls contaminant
concentration to that specified by AECM 0524, the building air clear.-
ing system must provide a decontamination factor of approximately 109

¥fork supported by the U. S. Atomic Energy Commission
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To satilsfy this requirement, muitiple stages of HEPA filtratlion have
generally been used, and these are quality controlled tested to assure
a medla efficien?g x 99.97% against 0.3 ym monodisperse dioctyl
phthalate (DOP) (3),

Because of the potent%g} problems assoclated wlth handling and
irstalling these filters , most deslgns assume that tlic installed
f%lters will perform at a somewhat lower level (99.9 to 99.95%) (5, 6,
'/ with this performance level confirmed by 1n-pla?§ 5?st1ng the en-
tire system with 0.8 um polydisperse DOP aerosols'®,7/,

While these concepts are generally accepted for a slngle stage
HEPA fillter, unresolved problems are introduced by the need for multi-
ple filter stages to provide the decontamination factors of 109 re-
quired to satisfy the previously noted conservative interpretation of
AECM €324, While filtration theory predicts that ? a um aerodynamic
diameter aerosols are the most difficult to remove 1 ), and the 99.97%
quality rcontrol efficiencies will be exceeded by the first HEPA fll-
ter, and at least satlisfled by back-up filters, substantiating experi-
mental data does not exist for the specific problem at hand. In addil-
tlon, existing multiple HEPA filter cystem designs generally do not
permit routire testing to assure that 2fficlencles for each bank con-
tinuously satisfy or exceed 99.9%, nor do the exlsting test methods
provide sufficient sensitivity to confirm decontamination factors
(over several HEPA filters in series) of 109.

To guarantee the adequacy of existing HEPA filter systems or de-
signs which do not permit routine in-place testing of each successlive
stage, it 1s necessary to provide assurance that the filter media will
perform against plutonium aerosols at the levels suggested by theory,
and monltored by DOP quality control tests on 1ndividual filters. To
provide this information, an experimental program was iritiated to (1)
define size charactnristics of the source terms from the major AEC op-
erations using plutonium; (2) simulate these aerosols under laboratory
test condltions; and (3) define the performance >f multiple stages of
HEPA fillters agalnst these laboratory aerosols. The possibility of
obtaining simllar inforuation via a field test program was consildered,
but thils approaczh was discarded since existing HEPA filter systems
handling large quantities of plutonium do not permit testing of indi-
vidual stages, and 1t would not be possible to distingulsh between
plutonium aerosol penetration due to the 1lnadequacy of the media 1in
successive stages (due to changes in the aerosol size characteristics)
in contrast to leaks around the fllters, due to improper installation.

IT. Fleld Sampling--Source Term Characterization

Fleld sampling to determine Pu particle size characteristics and
alpha activity concentration was performed immedlately up-strean of
the exhaust HEPA fllters at flve locatlons: two each at Mound Labora-
tory and Rocky Flats Plant, and one at LASL. These locatlons were
selected to monitor Pu aerosols prgdgced by Sggical research and pro-
duction operatlons utilizing both 236py and Pu. Samples were ob-
tained during the most active periods of the working day, when acti-
vity concentrations could be termed "worst normal" and most source

Y
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operations would be normally contributing plutonium aerosols to the
process ventilatlon system. Many varlables were expected to affect
size characteristics and activity concentration, resulting in a range
of these parameters for each facility. The relationship between some
of these varlables and the individual sampling sites are summarilzed
in Table I. The predominant chemical form at each plant was reported

to be Pulp, although a detalled chemical analysls of each sample was
not performed.

Aerodynamic dlameter was considered the signiflcant aerosol para-
meter of concern in preference to physical (microscopic) diameter
since 1lnertlal impactlon 1s the chilef mod? 8; particle collection by
HEPA filters operating at rated capacity 10), " pctivity median aero-
dynamic diameter (amad) 1s a convenlent unit bclause it 1s not af-
fected by changes in lsotopic ratio, particle shape, or partlicle den-
sity. Particle size characteristics were determined by radlometric
analysls of each of the nine stages of Andri'ser. impactors (eight im-
pactlon stages plus backup membrane fllter). Errors due to possilble
rebound of particles were minimized by covering the impactlon surface
with fllter medla.

Table II summarlzes the results of this fleld sampling program
in terms of the mean values of amad and geometric standard devlation
(0,). Detalled analysls of the 1ndividual sampling results(11) shows
thgt the two fabricatlion facilitlez have aerosols with amad's ranging
from 2 to 5 um; the two research and development facilltles indicate
amad's ranging from 1 to 4 um; and the yrecovery facllity consistently
shows a sub-micron aerosol with a typical amad of 0.3 to 0.5 um. This
recovery facility (location 11) also produces aerosols as small as
0.1 um amad, has the highest actlvity concentration, and constltutes
the most difficult alr cleaning problem.

III. Performance of Multiple HEPA Fllters

A. Experimental Procedures

A two-module laboratocry test system was designed %na constructed
to permit testing three HEPA filters in seriles, using 3%Pu test aero-
sols wlth size characteristies similar tc those defined by the field
sampling program. HEPA t'ilter effilclency would be determined in terms
of gross plutonium activity passing each fllter as well as a functlon
of aerosol size. Filgure 1 shows the first module, a 9 ft. glove box
housing the aerosol generators, (1); sampler #i, (2); and HEPA filter
#1, (3). Each test HEPA filter has a design flow rate of 0.012 m3/s
(25 2fm) and its construction and filtration veloclity 1s identical to
the typlcal 0.472 m3/s (1000 cfm) units used in most alr cleaning sys-
tems. The only difference 1s that the 0.472 m3/s (1000 cfn) units are
generally uvpen faced, while the test filter 1s designed fo- in-line
installation with 2-Jnch plpe nipples at each end. Filgure 2 shows the
second niodule and its major components which consists of samjler #2
(4) immedlately upstream of HEFA filter #2 (5); sampler #3 (6) imme-
diately upstream of HEPA filter #3 (7); sampler #4 (8) downstream of
HEPA filter #3; and a vacuum pump (9).
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Samplers #1, #2 and #3 are dual samplers simultaneously collect-
ing a gross membrane filcer sample for 2erosol concentration, and an
Andersen impactor sample for measuring aerosol aerodynamic size char-
acteristices. The gross filter measurements determine cverall HEPA
filter efficlencles, while impactor data are used to calculate HEPA
filter efficlency as a function of plutonium aerosol aerodynamic size.
Sampler #4 consists of nine 2-inch open face glass fiber filters (Fig-
ure 3) and is designed to filter all the exhaust air. This was re-
quired because of the very low levels of activity existing at this
point which preclude impactor measurements to define aerosol size
characteristics downstream of the third HEPA filter.

To obtaln sufficlent activity downstream of the third HEPA filter
in_serles it was calculated that an activity concentration of ~1010 to
1011 d/s-m3 nad to be produced by the aercsol generating system. This
high activity level upstream of the first HEPA filter resulted in ac-
tivity levels collected on the first impactor which are virtually im-
possible to handle with the counting facllities available. To circum-
vent this problem, a sample dilution system was designed to draw a
relatively small sample 2.33 x 10~5 ﬂ3/§ (0.05 ¢fm) .2t the sampling
probe, to be diluted with 4.48 x 10™" m3/s (2.95 c¢fm) flltered air.
Even so, samples obta'ned from this first sampler required preparation
of extensive serial dilutions prior to counting. Andersen impactors
located downstream of the first and second HEPA fillters did not need
dilution systems because the activity concentration at those positions
are sufficilently low. A gross filter sampler was used at each loca-
tion, concurrently with the Andersen samplers, to monitor total aero-
sol concentratlon. Sampling times varied for each sampling position
with one mlnute peing sufficlent for position number one (upstream of
first HEPA filier) and up to two hours for position number three
(downstream of uncond HEPA filter). With these gross differences 1in
sampling times, 1t was necessary to take several samples at position
number one durlng each run to monitor the degree of variation in aero-
S0l generator output as a function of time.

Several plutonium aerosol generating me%hg?s were Investigated
before choosing the modified ReTec nebulizer(l2), Modification en-
talled enlarging holes in the cap and jet to twice their original size
to provide a threefold increase in aerosol output, from ~300 ul/min to
“900 ul/min at 3.45 x 105 pascals (50 psig) operating pressure. The
generator solutlon reservolrs were constructed of brass to a capacilty
of 70 ml to allow generation times up to one hour per loading, O-
ringed for elimination of leaks and Teflon coated to minimize wall
losses. Six of these nebulizers attached to a central duct (Figuge
4), with a generator solution concentration of up to 8.0 mg/ml 23 Pu0,
suspended in water, ylelded the plutonium aerosol concentrations re-
quired to test three HEPA fillters in series.

To keep the suspension well stirred and achieve a constant aero-
sol output, the reservoirs were partially immersed in an ultrasonic
bath throughout the aerosol generation run. Because the aerosol was
produced from a water suspension, care was exercised to assure that
all water was dried from the particles before arriving at the samplers
and the firat HEPA filter. This required supplying heated air at the
system air inlet, raising the temperature of the system air about 10°C.
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To approximate plutonium agrosols with 0.1 to 5 um amad's meas-
ured under fleld conditilons, Pu0, powders were dry ball milled for
various time intervals and suspende in water to a concentration of
2.5 -8.0 mg/ml. Ultrasonic agitation of the suspension broke up ag-
glomerates, and addition of anlonic surfactant kept the suspensinas
well dispersed. Selective ball milling provlded some control of size
characteristics over the range of interest with some limlitations at
either end. By adjusting the ball milling time, it was posslble to
produce aerosol with amad's ranging from 0.7 to 1.6 um, with og's
ranging from 2.1 to 2.9. Even wlth extensive dry ball milling, it was
not possible to produce an aerosol with an amad smaller than 0.7 um,
However, these aerosols contalned a significant fraction of particles
smaller than 0.4 um, which 1s the smallest size fraction which can be
characterized by the Andersen impactor operated at its normal sampling
rate of 0.48 x 10-3 m3/s (1 cfm).

To provide aerosols similar to those measured at the chemical
processing facllity (location 11; amad ranging from 0.1 to %80 um) a
centrifugal ball mill was used to mill varlous batches of 2 Pu0, for
varying time intervals. Smaller sizes could be attalned because of
higher rate of energy input. Milling was carried out using a carrier
liquid to reduce agglomeration. 1Initially, ethanol was used, but high
pressures generated within the mil) enclosure necessitated a change to
water as the carrier liquid. Additional problems were encountered as
a result of alpha activity breaking down the water to Hp, 0,5, and
Ho0o, agaln creating high pressures and explosive mixtures within the
mili Jar. A continuously vented mill enclosure was developed to elim-
ilnate these problems. The new milling procedures ylelded aerosol
amad's ranging from 0.22 um to 0.66 um for milling times ranging from
by to 167 hours. Though not reaching the desired 0.1 um amad, these
size distributions yield 10 to 30% of the material in the size range
of iIntevest, 1.e., <0.22 um.

The previously described sampling system ahead o§ egch HEPA stage
was modified to allow impactor sampling at 1.42 x 10~3 md/s (3.0 efm).
As previously utilized in the field sampling program at location 11,
operation of these lmpactors at higher flow rates shifts the effective
range of particle size classification downward to include the lower
limit of the range of interest (0.1 umz. Caiculated and 3xperimenta1-
ly measured effective cutoff diameters{13) for 1.42 x 10-3 m3/s (3.0
cfm) flow rates are in adequate agreement to permit characterization
of the test aerosol using this technique.

B, 7Test Results

For the plutonium aercsclu produced vhrough dry ball milling
(amad range of 0.7 to 1.6 um), overall HEPA filter efficlencies deter-
mined by gross filter samples for each filtration stage are detailed
in Table III and summarized in Taule iIV. HEPA filter stages are num-
bered 1-3 with stage 0 representing tiie 2erosol concentration and size
characteristics upstream of HEPA filter ¥#1., Aerosol size character-
istics 1n terms o amad and Oy generally decrease at succeeding
stgges. Activit conceqtrations upstream of HEPA #1 ranged between
109 to 2.3 x 101U d/s-m3. As expected, filter efficlency is highest
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for the first stage, but the measured HEPA filter efficlencies iemaln
well 1E91n the present minimum AEC performance %uidelines for each
stage 1 ; L.e., 99.95% for first stages and 99.8% for succeedlng
stages. In fact, the second HEPA filter efflclency always exceeds
99.99%.

Minimum efficlency noted for the third stage 1s slightly below
the 99.8% guideline. This 1s due to statistical problems erncountered
with count rates below .01 c¢/s downstream of the third HEPA filter,
and counting problems due to gaseous contaminants from radon-thoron
daughters. Contamlnatlon probably accounts for the two tests 1ndil-
cating an efficlency less than 99.8%. Greater confidence in third
HEPA stage erficlencles was obtalned using longer run times wilth
greater aerosol concentration (10 mg/ml), and longer counting times,
allowing a minimum of one week for decay of gaseous contaminants.
These modifications to the original test procedure have resulted 1in
consistently higher efficlencies for the third HEPA filter (for the
last seven test runs), and indicate ?Eﬁ? a third HEPA filter in series
will satisfy existing AEC guidelines .

Table V shows HEPA fillter efficlenclies as a function of aerosol
aerodynamic size. The first column denotes the impactor stages for
an 8-stage impactor plus a backup filter (MF #2). The next column
gives the impactor particle collection interval for each stage in um.
Mean ef'ficlencies of HEPA filters #1 and #2 are well above the minimum
criterlia, and actually exceed the DOP quality control requlirement of
99.97% for all size intervals characterized by the impactor. Although
impactor data downstream of HEPA #3 are not avallable, the efficlen-
cles reported for HEPA #3 are essentially against particles <l.1 um
aerodynamic diameter, with Barticles <.U43 um aerodynamic diameter ac-
counting for approximately 40% of the total activity.

Based on the fleld data obtalined at location 11, the eed for
characterizing HEPA filter performance for aerosols as small as 0.1 um
was indicated. As previously detalled, wet centrifugal milling pro-
vided plutonium aerosols with amad's as small as 0.22 um, with a sig-
nif'icant fraction of the aerosol smaller than 0.22 um. Overall HEPA
filter efficlencles against these aerosols are detalled in Table VI,
and summarized in Table VII. The first Tﬂ? second stag:s were all
well within minimum criteria guidelines( » with the minimum meas-
ured efficiency for each of the first two filters In series of
>99.58%. HEPA filter #3 i1 the series shows an average efficiency of
99,84, with a minimum efficlency of 99.50%, signif:icantly lower than
HEPA #1 or #2. However, these lower efficiencies &re probably an ar-
tifact, and can be attributed to poor count statistics at sampler #4
downstream of HEPA #3., More recent tests (last 8 tests in Table VI)
having higher inicial aerosol concentrations, thereby increasing the
challenge aerosol to HEPA filter #3, show efficlencies exceeding the
minimum criteria guidelines.

Table VI also shows that aerosol size distributions do not chenge
significantly with subsequenit filter stages, in contrast to the obser-
vation previously noted with larger plutonium test aerosols. The Og
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1s decreased somewhat, indlcating an asrosol with a narrower slze
range downstream of successive HEPA fllters. However, “hese minor
aerosol size varilations suggest that the aerosol challenging the third
HEPA filter 1s comparable to that for the second HEPA, and fillter per-
formance for these filters should be the same.

Efficiency of the first and second HEPA filters in series as a
function of size was also well within minimum requi-ements. A typical
computer print-out 1s reproduced as Table VIII. Thls shows the HEPA
filter efflclency as functilon of particle size; the comblned protec-
tion factor (HEPA's #1 and #2) as a function of particle size for the
first two HEPA's; fillter efficlency based on gross MF-1 filter sam-
plers upstream and downstream of each HEPA; and the overall protection
factors for two or three HEPA's in cerles. For all tests complefed,
protectign factors for two HEPA's 1in series ranged from 1.6 x 10° to
1.7 x 1011 against aerosols 0.22 to 0.66 um amad, while for thrig
HEPA's the protection factor ranged from 2.1 x 1012 to 4.7 x 1013,
Tab%e VIII shows these protection factors to be 1.97 x 10 0 and 2.35 x
1013, Overall efficiencles based on total Andersen impactor actlvity
agreed quite closely wilth the overall efflciencies as glven by the
gross MF-1 filter samplers. Aergsol concentratlions for these rgns
have ranged from 3.3 x 109 d/s-m3 up to approximately 1.9 x 101 .
d/s-m3. The closer the initial aerosol concentration is to 1.9 x 1010
d/s-m3, the fewer are the low level counting problems assoclatecd with
the sampler downstream of HEPA #3.

Summary

Recent effort in the area of test methods and efficlency studles

on multi-bank HEPA fillter systems has been prompted primarily by a
need to specify design requirements of alr cleaning systems for sever-
al new plutonium processing plants. Primary interest lay in attalning
decontamination factors above 109, and establishing test methods to
permit routine efficliency testing of each stage. In the absence of
experimental data to substantiate individual stage efficlency against
Sgeactual plutonium aerosol, a laboratory study was initiated using

Pul0> as the test aerosol. A fileld study preceding the laboratory
phase determined the source term at three AEC plants for typica. plu-
tonlum processing operations in terms of aerosol size characteristics
and activity concentrations. It was against similar aerosols that ef-
ficlency of a three stage HEPA test system was evaluated.

Aerosol slze characteristics in terms of amad and o, of the gen-
erated aerosol and the aerosol passing the first two stages were de-
termined by Andersen 8-stage cascade impactor samples. Efficiency of
each stage was provided by gross samples on membrane filters. Quality
of the HEPA filter installation was removed as a variable by ggélizing
fully enclosed, quality control tested fllters. Aerosols of Pul,
ranging from 0.22 uym to 1.6 um amad were generated upstream o the
three_stage system in activity concentration as high as 2.3 x 1010
d/s-m3. Measured HEPA filter efficliencies remained high for all thres
stages and was, as expected, highest for the first stage. Mean effi-
clencies by stage, including values obtainnd against 0.22 um amad,
were as follows:
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first stage, 99.99+%; second stage, 99.99+%; and third stage, 99.84%.
Several early tests indicated stage 3 efficiencies below the 99.8%
guldeline (99.49% minimum) but these observations have been considered
artifacts after improved test methods resulted in efficlencles con-
sistently above 99.8%. The tests show that second and third stages do
not suffer gross efficlency loss for plutonlium aerosol as small as
0.22 um amad.

This study was done under 1ldealized conditions to assure that
only aerosol penetration, and not leakage around the filter medla was
monitored. Therefore, proper installation of good, quzllty control
tested HEPA filters 1s of prime impcrtance to achleve the protectlon
factors determined by thils study.
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TABLE I
SUMMARY OF OPERATING CONDITIONS AT EACH SAMPLING LOCATION
(c) Relative
Prefilter Quantities
Locatlion Operations Isotope Efficlency Handled
00 RE&D Both Unknown Small
ol R&D 238 High? Moderate
08 Fabrication 238 High?® Moderate
11 Recovery 239 Unknownb Large
14 Fabrication 239 Unknown Large

13th AEC AIR CLEANING CONFERENCE

2Routine monitoring and replacement.

bProbably unreliable due to presence of high concentrations of
corrosive acid vapors.

“Prefilter i1s small HEPA located at glove box.
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TABLE II
MEAN Pu AEROSOL SIZE CHARACTERISTICSY' AND ACTIVITY CONCENTRATICN

Activity Concentration

Location Type Isotope amad (um) gg_ d/s-m3
00 R&D Both 1.9 2.1 2.0 x 10°
04 RE&D 238 2.9 3.0 2.0 x 107
08 Fabrication 238 4.1 1.7 1.0 x 103
11 Recovery 239 0.5 3.9 1.5 x 10°
14 Fabrication 239 2.6 2.9 2.7 x lOu

®Assuming particle diameters are lognormally distributed.

TABLE III
OVERALL HEPA FILTER EFFICIENCY

HEPA Plutonium Aerosol Activity HEPA
Run giigzr amad (um) gg_ Concg;;z; tons Ef?iiggicy
P2-1 0 0.7 2.26 2.80 x 107
1 0.6 1.50  9.60 x 103 99.99+
2 0.7 1.8 2.38 x 1071 99.99+
3 —- - 1.20 x 1073 99.49%
P2-3 0 1.3 2.94 2.12 x 107
1 0.59 1.6 5.17 x 103 99.99+
2 0.57 1.84 8.63 x 1072 99.99+
3 - - CONTAMINATED
p2-4 G 1.3 2.7 1.86 x 10°
1 0.45 2.0l 5.55 x 103 99.99+
2 0.48 .54 .04 x 1072 99.99+
3 - - CONTAMINATED

#Probable contamination from radon-thoron daughters.
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TABLE III (continued)
OVERALL HEPA FILTER =FFICIENCY

HEPA Plutonium Aerosol Activity HEPA
Filter Concentrations Tilter

Run Stage amad (um) gg_ a/s-m3 Efficiency
P2-5 0 0.65 2.2 5.04 x 107

1 0.64 1.6 9.22 x 10" 99.99+

2 0.55 1.4 1.6€ 99.99+

3 - -- CONTAMINATED
p2-6 ¢ 0.75 2.7 4.36 x 107

1 0.59 1.6 6.25 x 10" 99.99+

2 0.51 1.5 1.39 99.99+

3 -- - 7.67 x 1077 99.94
P2-7 5 1.0 2.70 1.68 x 107

1 0.64 1.7¢ 7.52 x 103 99.99+

2 0.43 1.31 7.69 x 1072 99.99+

3 - -- 1.67 x 107 99.78
P2-8 0 6.79 2.51 1.24 x 107

1 0.67 1.74 2.35 x 10" 99.59+

2 0.56 1.47 2.50 x 1071 99.99+

3 - - 1.21 x 1073 99.52%
P2-0 0 0.84 2.07 5.17 x 107

1 0.45 1.93 8.10 x 10 99.99+

2 0.42 1.66 2.07 99.99+

3 - - 5.77 x 107 99.97

®Probable contamination from radon-thoron darghters.
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TABLE III (continuri)
OVERALL HEPA FILTER EFFICIENCY:

HEPA  Plutonium Aerosol Activity HEPA
Run gtiggr amad (um) gg_ Concggztg rons Efgiiiz:cy
P2-10 0 0.80 2.09 7.34 x 107

1 0.52 1.67 1.04 x 10° 99.99+

2 0.36 1.79 2.15 99.99+

3 - - 4.02 x 107" 99.98
P3-1 0 0.71 2.12 1.59 x 10*°

1 0.66 1.58 3.34 x 10° 99.99+

2 0.42 1.79 8.79 99.99+

5 -- -- 9.64 xllo‘" 99.9)
P3-2 0 0.77 2.18 2.14 x 1010

1 0.61 1.65 3.78 x 10° 99.99+

2 0.60 1.40 1.12 x 10t 99.99+

3 - - 7.80 x 107" 99.99+
P3-3 0 1.45 2.79 7.30 x 107

) 0.82 2.00 1.99 x 10° 99.99+

2 0.50 1.60 2.57 99.99+

3 -- - 9.36 x 107" 99.96
P3-4 0 0.78 2.55 7.31 x 10°

1 0.57 1.75 8.39 x 10" 99.99+

2 0.50 1.65 1.37 99.99+

3 -- -- 3.71 x 107" 99.97
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TABLE III (continued)
OVERALIL HEPA FILTER EFFICIENCY

HEPA Filter

Plutonium Aerosol Activity HEPA
Concentrations Filter
amad (um) 9 d/s-m3 Efficlency
0.80 2.54 2.28 x 101°
0.58 1.69 2.12 x 10" 99.99+
0.49 1.49 3.31 x 1072 99.99+
- - 3.22 x 107" 99.90
TABLE IV

OVERALL HEPA FILTER EFFICYENCY
Range of Size

Efficiency Range (%)

Stage amad (um) Oy Min.
1 #* 0.70 - 1.6 2.07 - 2.9 99.99+
e ® 0.4 - 0.82 1.5 - 2.04 99.99+
3 0.36 - 0.70 1.31 - 2.54 99.49

#Total of 14 test runs.

#%Total of 11 test runs.

Mean Max.

99.99+ 99.99+
99.99+ 99.99+
99.86 99.99+



13th AEC AIR CLEANING CONFERENCE

TABLE V

HEPA FILTER EFFICIENCY AS A FUNCTION OF AEROSOL SIZE

Sampling Aerodynamic

Mean Efficiency (%)

Impactor Diameter
Sﬁgggr Réfﬁ; HEPA #1 HEPA #2
0 >11 99.999 99.999
1 7.0 - 11 99.999 99.996
2 4.7 - 7.0 99.999 99.5999
3 3.3 - 4.7 99.999 99.998
Y 2.1 - 3.3 99.999 99.999
) 1.1 - 2.1 99.999 99.999
6 0.65 - 1.1 99.997 99.998
7 0.43 - 0.65 99.997 99.998
MF#2 <0.43 99.998 99.997
OVERALL . 99.998 99.998
TABLE VI.
HEPA FILTER EFFICIENCY
HEPA Plutonium Aerosol Actlvity HEPA
Run g;;;;i amad (um) O Congﬁztg vions Efficiiiz;?il
P4-1 0 0.31 2.87 8.06 x 10°
14 0.31 2.01 5.79 x 103 99.99+
X 0. 40 1.69 6.19 x 10° 99.98+
3 - -- 3.67 x 107 99.94
PU-2 0 0.37 2.46 1.42 x 10°
L - -- 4,90 x 103 99.99+
2 0.34 1.65 0.10 x 10% 99.99+
3 -- -- 4,33 x 107% 99.50
* Broker btackup tllter.

##Bpoken backup filter - no activity.



Run

P4-3

Py-4

PU-5

P4-6

Pl-T7
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TABLE VI (continued)

HEPA FiITER EFFICIENCY

Plutonlium Aerosol

HEPA

Filter

Stage amad (um)
0 0.38
1 0.37
2 0.36
3 -
0 0.34
1 0.36
2 0.34
3 -
0 0.66
1 0.38
2 0.39
3 --
0 0.48
1 0.u4
2 0.42
3 -
0 0.48
1 0.47
2 0.42
3 -

-2
2.51
1.76

1.68

3.00

1.99
1.89

3.28
2.10

2.09

3.76
1-69
1.66

2.98
1096
1.68

Actlivity HEPA
I a1 L

3.26 x 107

2.90 x 103 99.99+
6.86 x 1072 99.99+
2.98 x 107" 99.55
4,06 x 10°

2.78 x 10" 99.99+
1.47 x 1071 99.99+
9.23 x 107 99.92
5.22 x 107

6.52 x 103 99.99+
9.95 x 1072 99.99+
3.30 x 10~ 99.63
9.14 x 107

2,21 x 103 99.99+
5.01 x 1071 99.99+
1.81 x 10~" 99.60
474 x 10°

2.60 x 10" 99.99+
2.08 x 1071 99.99+
1.95 x 10~"  99.89
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TABLE VI (continued)
HEPA FILTER EFFICIENCY

HEPA Plutonlum Aerosol Activity HEPA

o RS om e R R
PY-8 0 0.47 3.26 6.29 x 10°

1 0.48 1.70 2.11 x 10" 99.99+

2 0.41 1.69 1.81 x 1071 99.99+

3 - -- 6.23 x 10™°  39.96
PY-9 0 .36 3.17 3.56 x 10°

1 .40 1.85 4,12 x 103 95.99+

2 .37 2,00 b,04 x 1072 99.99+

3 - - 1.29 x 107 99.64
P4-10 0 b 3.06 1.07 x 1010

1 .53 2.28 1.66 x 10° 99.99+

2 42 1.72 5.83 x 10 99.99+

3 - -- 4.23 x 1073 99.99+
PU-11 0 43 3.36 1.94 x 1010

1 A7 2.36 1.94 x 105 99.99

2 .39 1.86 6.49 x 10* 99.99+

3 - -- 3.87 x 1073 99.99+
PU-12 0 .33 3.56 1.38 x 1030

1 -- -- 1.09 x 107 99.9%+

2 .15 1.93 1.07 x 10% 99.99

3 - -- 9.67 x 107" 99.99



P4-13

P4-14

P4-15

P4-18

P4-19
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TABLE VI (continued)
HEPA FILTER EFFICIENCY

HEPA Plutonium Aerosol Activity HEPA

g%;;gr amad (um) O Congjgfz tions Errfiigizy(%)
0 .27 3.86 1.04 x 1010
1 - - 9.29 x 10" 99.99+
2 .20 2.5 9.15 x 10° 99.99
. - - 6.11 x 107 99.99+
0 .22 2.59 1.68 x 1010
1 - - 2.54 x 10° 99.99+
2 .28 2,34 1.41 x 10t 99.99+
3 - -- 1.10 x 1073 99.99+
0 .26 3.20 1.12 x 1010
1 .29 2,18 9.1 x 10" 99.99+
2 - - 1.29 x 10% 99.98
3 - -- 1.14 x 1073 99.99
0 .37 3.16 9.29 x 10°
1 .30 2.52 4.23 x 10" 99.99+
2 .22 2,50 2.90 x 10° 99.99+
3 -- - 1.69 x 107" 99.99+
0 .32 3.65 5.40 x 107
1 .30 2.10 1.08 x 10° 99.99
2 .28 2.4k 1.31 x 101 99.98
3 - - 3.25 x 107%  99.99
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TABLE VII

SUMMARY OF HEPA FILTER EFFICIENCY

HEPA Pu Aerosol

Filter amad Range
Stage (ym)
1 0.22 - 0.66
2 0.29 - 0.53
3 0.15 -0042

HEPA Filter®

Efficiency (%)

Minimum Avg.
99.99+ 99.99+
99.98+ 99.99+
99.50 99.86

*Total of 17 experimental runs.

aximum

99.99+
99.99+
99.99+



13th AEC AIR CLEANING CONFERENCE

‘vABLE VIII
MULTIPLE HEPA FILTER EFFICIENCY RUN NUMBER P4-7

RATIO CONCENTRATION ANDERSEN TO CONCENTRATICN MF1

SAMPLE LOCATION
RATIO

ONE
1,2662

INDIVIDUAL FILTER EFFICIENCIES

BY CASCADE IMPACTOR STAGES

ECD# FILTER 1 FILTER 2 FILTER 1 & 2
>5.40 99.999954 100.000000 .20397E.13
5.40 99.999950 100.000000 .18518E.13
3.39 99.999951 100.0000650 .19279E.13
2.30 99.999886 99.999903 .U5993E.12
1.54 99.999674 99.999915 .17018E.12
.96 99.999070 99.998994 -10935E.11
4l 99.999264 99.999188 .165972.11
.22 99.999645 99.998973 .28(75E.11
.12 99.999748 99.998957 .39029E.11
SUM 99.999478 99.999170 100.000000

THREE
1.2038 1.0907

PROTECTION FACTOR
FILTER ONE AND TWO

TOTAL FILTER EFFICIENCY AS GIVEN BY MF 1 FILTERS AND

FINAL STAGE FILTERS

FILTER 1
99.999451

FILTER 2
99.999056

FILTER 3
99.890966

PROTECTION FACTORS AS GIVEN BY FILTER COLLECTIONS

FILTER 1l42=

.19681E+11 FILTER 1+2+3=

FEffective cutoff diameter.

.23U56E+14



13th AEC AIR CLEANING COMFERENCE

Glovebox module.

Figure 1.
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Hocod module.

Figure 2.
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Sampler #4,

Figure 3.
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Figure 4.

Aerosol Generation GSystem.
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