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Electric Air Filtration: Theory, Laboratory Studies,
Hardware Development, and Field Evaluations*

ABSTRACT

He summarize the results of a seven-year research project for the UJ. S.
Department of Energy (DOE) to develop electric air filters that extend the
service life of high-efficiency particulate air {HEPA) filters used in the
nuclear industry. This project was unigue to Lawrence Livermore National
Laboratory (LLNL), and it entailed comprehensive theory, 1laboratory studies,
and hardware development. We present our work in three major areas: (1)
theory of and instrumentation for {ilter test methods, (2) theoretical and
laboratory studies of electric air filters, and (3) development and evaluation
of eight experimental electric air filters.

EXECUTIVE SUMMARY

The high-efficiency particulate air (HEPA) filters used in the nuclear
industry to remove radioactive airborne contaminants are extremely effective
and practical devices, and they will continue to be so despite a large number
of new control devices presently available, HEPA filters, however, generate a
significant volume of radioactive waste and are costly to purchase and operate.
The actual cost of materials and labor to buy, change, test, and dispase of
HEPA filters is several tines that of their initial purchase price. Moreover,
valuable material trapped in HEPA filters cannot be recovered conveniently.

In an effort to reduce the operational cost and the vaolume of radioactive
waste that HEPA filters generate, the Airborne Waste Management Program Office
of the Department of Energy's (0OE) Defense Nuciear Materials Program contract- ;
ed with Lawrence Livermore National Laboratory (LLNL) to develop an enhanced
filtration system that would extend the service life of HEPA filters and allow
the recovery of radioactive materials. Our approach to solving this complex
probiem consisted of using electric prefilters to reduce the load on the HEPA :

¥This work was performed under the auspices of the U. S. Department of Energy
by Lawrence Livermore National Laboratory under contract No. W-7405-ENG-48.




filters, We felt this approach had greater potential for successfully
lengthening HEPA-filter life than other approaches in which scrubbers or
electrostatic precipitators are used to reduce the load on the HEPA filter.

An electrified (charged or polarized) filter is an ideal candidate for
remaving sub-micron airborne particles in nuclear ventilaticn systems.
Compared to a conventional fibrous filter, an electrified filter has a much
higher efficiency and a significantly lower pressure drop at the same level of
particle loading, This dramatic increase in filter performance due tc added
electrical forces has recently created world-wide interest in this method.

The concepts used i our electric air filters are improvements in a
relatively old filter technology. Electrostatics have been used to improve the
performance of fibrous filters since 1930.] Although these filters can have
a number of different configurations, all are based on either charging or
palarizing of the filter fibers. An electrical force between the fibers and
particles is generated, and this results in a significant increase in filter
efficiency and filter life. The four primary methods of creating electric air
filters incluge precharging the aerosols, polarizing the filter media with
electric fields, combining these two methods, and permanently charging the
fibers, We have not investigated precharging methods in our program because of
the increased fire hazard of this method in nuclear applications,

The first of three major areas of this project was the development of new
filter-test methods and instrumentation to provide needed experimental data on
filter efficiency unavailable with existing tests and instrumentation. For
example, we created three fully computerized filter-test apparatus (two
small-scale with a 0«70 cfm flow and one large-scale with a ,00-2000 cfm flow)
for determining .ilter efficiency as a function of particle size from
0.07 um to 3.0 pm diameter. (These routine filter tests are performed in
less than ten minutes.) The computerized filter test apparatus alsc showed
the inadequacy of the present test method used to certify HEPA filters. Our
experiments show that ten times more particles penetrate the HEPA filter than
measur=d by the current dincty! phthlate (DOP) test. We recommend further
development of our filter test method and instrumentation to replace the
current test.

Prompted by the strong effect of particle charge on filter efficiency, we
also developed two devices that measure particle charge as weil as particle
size. One instrument that we developed at LLNL s based on a repeated sequence



uf separating the aerosols first according to electrical mobility and then
measuring the size distribution of these aerosals. The other instrument,
developed at the University of Arkansas, determines the size and charge of
individual particles by monitoring the changes in particle motion in an
oscillating electric field using laser doppler velocimetry. Both of these
experimental instruments involve a complex operating procedure and are not
developed sufficiently for routine measurements.

The second major emphasis in our project focused on fundamental studies
that characterized electric air filters. We lcoked at theoretical modeling and
small-scale laboratory experiments. The objective of our theory and laboratory
experiments was to understand the mechanical and electrical filtraticn
mechanisms for both clean and clogged (or loaded) filters in enough detail so
that we could develop design criteria for experimental electric air filters.
We conducted a wide and varied range of tests and calculations, all of which
helped establish determined criteria for experimental filters to be developed
later on. We determined the effect of filter structure on filter efficiency
and pressure drop, studied the efficiency of electric air filters using
high-valtage electrodes under a variety of operating conditions, and
experimented with increased particle-loading on electric air filters.

New theories were developed that predict the two key features of electric
air filters: the increased filter efficiency and the increased particle
loading. The experimental and theoretical studies showed that the optimum
electric filter design should have a minimum air velocity through the filter
medium and use electrodes having a maximum DC voltage and good electrical
contact with the filter medium. We also determined that the optimum filter
medium should have a minimum value of electrical conductivity, fiber packing
density, compressibility and water adsorption.

The third and final area of our project was the development and evaluation
of eight different electric air filters., The first two filters were develaped
for use in glove boxes; one design was evaluated in a uranium powder box at
LLNL and the other was evaluated in a plutonium dust box at Rockwell Inter-
national, Rocky Flats Plant, Golden, Colorado. The electric air filter in the
LLNL box extended HEPA service 1ife eight times the usual amount and allowed
for recovery of 70% of the uranium dust. The Rocky Flats design extended HEPA
service iife over 50 times and allowed recovery of over 98% of the plutonium
dust.



The third and fourth experimental filters were designed for standard
2' % 2' ventilation systems. One filter uses permanent electrodes with
replaceable filter media while the other filter has a disposable filter with
electrodes incorparated into the filter media. We evaluated the disposable
electric air filter in LLNL's uranium burn box. The filter showed an average
efficiency of 98% with electrification and 91% without electrification. A
durability evaluation in the urapnium burn box showed the necessity for cleaning
the Tilte; while it was in place in order to achieve the large extensions in
HEPA service 1ife and material recovery observed with the glove-box filters.
We will recommend design changes in the filter and ventilation system in this
report.

The fifth experimenial electric air filter we developed was a recirculat-
ing air filter designed to increase ventifation in small, confined spaces.
This experimental filter is extremely valuable in existing nuclear facilities
where increasing the existing ventilation system would be prohibitively
expensive. We aesigned and built several self-contained units that can be
placed inside a confined space to provide additional air cleaning independent
of existing air-cleaning systems, These units recirculate contaminated air
from a confined space through an electric air filter and blower and then bazk
into the same confined space.

We developed a theory of recirculating air filters to relate the room-
cleaning efficiency to the size of the room, existing ventilation system, and
the efficiency and flow rate of the recirculating air filter. Laboratory
experiments conducted in a confined chamber using NaCl aerosols showed that
the recirculating air filter reduced the aerosol concentration by 6% when
using a 96%-efficiant media and by 33% when using a 23%-efficient media.

We evaluated one such unit in a 23Ebu-powder—handling cell at the
Savannah River Plant, Savannah River, South Carolina. Recause of severe re-
strictions on the chemical contamination of the Pu powder. we could not use
our standard glass-fiber media and used palypropylene=7ilter media instead.
The results of the field evaluation showed that the 238Pu powder which had
been collected on the media had also melted the medja. The high specific
activity of 238Pu raised the temperature ¢f the powder and created localized,
high-temperature zones. The efficiency of the melted mediui was only 50% for
the Puﬂb particles and the pressure drop increased to 0.6 inches. In our
laboratory tests with NaCl aercsols, the same filter had an 85% efficiency and



a pressure drop of 0.2 inches. Since we could not substitute high-temperature
media in our recirculating filter because of chemical contamination, we had to
design a new electric air filter.

This sixth experimental filter used a stacked-disk design with multiple
disks fabricated from stainless-steel filters and alumina-fibrous filters.
Potential contamination from the alumina fibers was avoided by sandwiching the
alumina media between the stainless-steel Tilters and welding all of the edges.
Laboratory tests of this design showed that the efficiency with Nall aerosols
increased from 77% to 99.9% when the filter was electrified. In addition to
its hign efficiency, this filter also can withstand high temperatures and rapid
surges in air flow due to its rigid stainless steel construction. This filter
is an ideal candidate for applications requiring a HEPA filter in high
temperature, high pressure environments.

The seventh experimental filter we developed was a rolling electric
prefilter for applications where high aerosol concentrations result in a rapid
plugging of the HEPA filter. Our evaluations, conductad in the ventilation
duct of LLNL's large-scale fire test facility, showed the rolling prefilter
was very successful in preventing HEPA plugging, a major accomplishment not
achieved by any of the alternative air-cieaning devices evaluated so far.

Qur eighth and final experimental filter was an electric HEPA filter for
which we increased the DOP efficiency from 99.97% to 99.997% with an applied
elactric field of only 1.9 kV/cm. Since the design of this experimental filter
was far from ideal, designs that we can optimize will yield significantly
better results,

Although the increased efficiency of the electric HEPA filter is more
importan: for clean-room appiications than for nuclear applications, the
potential for increased service life of electric HEPA filters is very
attractive in nuclear applications. HWe anticipate that the electric HEPA
filter wiil double the service 1ife of a conventional HEPA filter based on
similar studies with electric prefilters.

~¢ developed a quantitative method for determining the cost/benefit of
using electric prafilters to extend the life of HEPA filters. Equations were
develaped relating the total cost and volume of waste ta the filter, aerosol
and operating variables for a single filter and for a prefilter-HEPA filter
system. These equations were used to calculate the cost/benefit ot electric
and mechanical prefilters in the glove-box evaluations at LLNL and Rocky Flats.
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The calculations show that electric prefilters extend the HEPA Tife by more
than four times the life extension achieved with identical mechanical filters,
The two glove-box evaluations alsa showed that large extensions in HEPA life
were abtained even for mechanical prefilters if the particle size is large.
for example, the mechanical prefilter in the Rocky Flats evaluation extended
the HEPA life by almost 30 times due to the large plutonium aerosols (the
activity median diameter was 3.5um). In these applications, there is little
motivation to kave further extensions in HEPA life by using electric
praefilters. The use of electric prefilters is most attractive in applications
where particles are smaller than lum and, therefore, hard to remove by
mechanical filters,

We will elaborate on the three project areas outlined above, looking first
at the development of our filter-test methods and instrumentation, secondly at
our various fundamental studies on electricaliy enhanced filtration, and lastly
at our eight experimental electric air filters in some detail.



PRESENT FILTER-TEST McTHODS

INTRODUCTICN

The experimental investigation of electric-filtration concepts requires
measurement of filter efficiency and pressure drop at given air flows.
Pressure drop depends primarily upon the velocity of the air flow through the
filter media and on media properties such as filter thickness and size,
orientation, and packing density ¢f the fibers. In adilition to thesz
parameters, filter efficiency also depends upon particle size and charge.
Since many of these parameters vary significantly with divrerent filter media
and test conditions, we felt that as many parameters as possit’e had to be
measured in order to provide the best possible interpretation of test results.
This knowledge was especially impertant for cur eventual work with experimental
electric air filters since we would need to know what parzmeters to change in
order to jmprove a particular filter design.

Unfortunately, standard filter-test methods do not provide necessary
jnformation on the effect that impcrtant parameters, 1ike filter size or
packing density, have on filter efficiency. Current methods tentd vo inteyrate
individual parameters, such as particle size and charge, into a singie valu~,
thereby giving an average value, not a specific one.

PRESENT FILTER-TEST METHODS BASED ON INTEGRATED [IEASUREMENTS
OF HETERODISPERSE AEQ0SOLS

A1l of standard filter-test methods used by the U. S. and other countries
are based, more or less, on a heterodisperse test aerosol to challenge the
filter and integrated measurements of the sample aergsol concentratijon before
and after the filter. Table 1 compares the four most widely used filter-test
methods.

It is impartant to note that the same fiiter tested with each of the four
methods described in Table 1 has different penetration resuits, with the U. S.
ASHRAE test yielding the lowes: penetration and the French uranin test the
highes>. In general, for these four test metheds, the smaller the particle
size, the higher the penetration. This trend is iilustrated in Fig, 1 where we
have plotted the HEPA fiiter fzunetration as a function of paticle diameter
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Table 1. Comparison of the four major filter-test methods
today.

used wo 'd-wide

Volume average Aerosol
Method Test aerosol diagmeter of aerosoil measurement
U. 5. ASHRAE atmospheric dusty, variable aerosols first
solid aerosci 0.5 - 1.0 um collected on filter
sampie and measured
by optical
extinction of dirty
Tilter
British NaCl nebuli:ing NaCl (.35 um flame photometer

water solution,
solid aerosol

U. S. DOP thermal-g<nerated 0.30 um
DOP, liquid
aernso]l

French uranin nebulizing uranin 0.12 um

water solution,
solid aercsol

measures aeroscls
directly

light-scattering
photometer measures
aerosols directly

aergsols first
collected an filter
sample; uranin
dissolved from
filter and measured
by fluorimetry

0.10 T T T T T
0.08 — |
Uranin
32.. ——
5 a.06 —
g
(3
€ 0.04|- —
& _ por
0.02 - NaCl ~
ASHRAE
2 ! | il
\} 0.1 0.2 0.3 2.4 0.5

Particle diameter, pm

Fig. 1 Comparison of four major filter-test methnds showirg the portion of

tne filter-penetration curve measured by each technique.



and have superimposed the approximate size ranges of the test aerosals used in
the various filter-test methods. Note that the difference in the average
particle size results in considerable variation in measured penetrations.

Since the aerosois listed in Table 1 also have a broad range of particle sizes,
filter-penetration tests thus represent, at best, an average penetration
integrated over the particle-size range.

THEORY OF PRESENT FILTER TEST METHODS

The basic problem with present filter-test methods is that the measured
filter penetration, PM’ varies with the number of particles in g given size
range, r, designated as N(r) [or the particle-size distribution], and the
instrument response function, R{r).

In genera), the way in which the instruments in Table 1 respond varies
approximately with the volume «F particles, although the light-scattering
photometer and the cpticai-extinction meter depart the most from a true
measurement of volume. The measurement of aerosols sampled before the filter,
MB’ therefore, is an integated measureient of the product of N(r} and R(r}):

My = [ N Rt & %
2= [ Mo Re - ,

where r is the particle size. This measurement of aerosols sampled before the
filter is illustrated in Fig. 2, where we have plotted relative values of N(r),
R(r), and their product as a function of r. Note that the instrument-response
function gives primary weight to the Targer particles in the tail of the
particle distribution.

The measurement of aerosols sampled after the filter requires an
additional factor to take into account that the filter has removed particles
and thus has altered N(r). The particle-size distribution of aerosols sampled
after the filter is the product of filter penetration, PF(r), defined by the
fraction of particles passing through the filter, ¢nd the initial) particle-size
distribution of aerosols before the filter, M(r}. Figure 3 illustrates this
type pf particie-size distribution. The measurement of aerosals sampled after
the filter, ﬂq, is b
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Fig. 2 The me2surement of a typical neterodisperse aerosol with a
single-valued detector (e.g., a photometer)} equals the number of particles,
N{r), multiplied by the instrument response, R(r), at aach particle size, r,

sumoel over all particle sizes.

Relative valuas

' \
4 AN
S Nir) Ppir: “\
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Particle radius, r, pm

10.0

Fig. 3 The particle-size distribution of aerosols sampled after the filter
equais the particle-size distributions befare the filter, N(r), multiplied by

the filter penetration, Pp(r}.
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MA=[ N() Pe(r) R(c) dr (2)
0
and is illustrated in fig. 4 where we have plotted the curves for the particle-
size distribution of aerasols after the f:lter, N(r)PF(r), R(r), the product
of all three terms.

The complete filter-penetration measurement, Pys is

wa(r) Pg(r) R(r) dr
W=E=L?—_——,

Ma L N(r} R(r) dr (3)

The primary effect of a widely ranging particle-size distribution is an
underestimation of the actual filter penetration, Pr, by the measured
penetration, Py {or conversely, an averestimation af the filter efficiency).
We would 1ike to be able to measure the filter penetration directly, and that
is only possible if we have monodisperse particles. In that case, the siz=
distribution function becomes a deita function, s(r-ro), where g is the
monodisperse size.

In order to avoid this overestimation of filter efficiency in U. S. certi-
fication tests on HEPA filters, a large and complex vaporizer/condenser is
used to generat. monodisperse aerosols. Recent findings, however, have shown
that UOP is not a manodisperse aerosol.

DOP Filter-Certification Test and Filter Penetration

Several investigators have found recently that DOP aerosols in the HEPA-
filter-certification tests are not monodisperse 0.3-um-diameter particles as
had been assumed, but rather, heterodisperse aerosols with a count median
diameter of 0.18:m and a genmetric standard deviation of 1.4. There was
serious concern that, becausa of the heterodispersion of this aerosol, the
measured values of filter penetration were underestimations aof the true filter
penetration [PF(O.S)]. This concern was compounded when researchers also
discovered that the "owl" particle-sizing instrument gave the same reading for
a large number of different particle-size distributions.

The owl is an instrument that measures the size of monudispe~se aerosols
by measuring the ratio of scattered Tight at two polarizations. Parameters

11
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i
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\\ N{r) P (r} Rir}
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Particle radius, r, um

Fig. 4 The measurement of aerosols sampled after the filter with a
singte-valued detector (e.g., a photometer) equals the number of particles
after the filter, N(r)Pp(r), multiplied by the instrument response, R(r}, at
each particle size, summed over all particle sizes.
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that contrgl the DOP-aerosol generator are adjusted until the proper “awl"
reading is obtained corresponding to 0.3m-diameter particles. A filter-
penetration measurement can then be made by measuring an aerosol sample with a

1ight scattering photometer betore and after the filter.
The owl's problem with the discovery that DOP aerosols are not monogis-

perse is its inability to uniquely define the particle-size distribution and
the possible underestimation of the filter penetration. This is iliustrated
in Fig. 5 where three particle-size distributions yield the same owl reading.
The broadest distribution in Fig. 5 is representative of the DOP aerosols used
in HEPA-certification tests. Hinds et al. have determined that the owl sees
an average particle size weighted to the power 8.12:

Rou(®) = Kyr® (4)

where R{r) = the owl response to a particle of radius r and K] is a
propartionality factor. :
Any number of particle~size distributions, 1ike the ones in Fig. 5 that ;
have the same weighted average size given by Eq. 4, will yield the same ow}
reading. Thus, the validity of current DOP tests has been placed in question
by the inability of the ow! to uniquely measure the particle-size distribution.

Owl Vs Laser Spectrometer Tests

There is a concerted effort to replace the owl in the present JQP tzst
with an instrument )ike the PMS-laser spectrometer, an effor: which we fezel is
urwarranted if filter penetrations are still measured with a light-scattering
photometer., Independent tests with a PMS-laser spectrometer have shown that
DOP aercsols have a broad range of particle-size distributions with a signifi-
cant number of particles exceeding 0.3 um in diameter. The concern is that
these larger particles create deceivingly low HEPA-filter penetrations; a small
increase in the size of DOF aerosols will result 1n a large decrease in filter
penetration {Fig. ;). We feel that replacing the owl with a lasser spectrometer
may create serious problems with filter-efficiency tests.

Our own analysis of the DOP filter tests has shown that the owl performs

2 complicated and necessary function in the filter test. The owl adjusts the
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particle-size distribution so that the light-scattering photometer sees the
heterodisperse DOP aerosal as monodisperse 0.3-um-diameter particles.

Figure 6 shows that the owl and the photometer have a similar instrument
response as a function of particle diameter. Thus, as a first approximation,
the photometer also sees the various particie-size distributions shown in
Fig. 5 as monodisperse 0.3-pm-diameter particles. This is only an
approximation, and, as Fig. 6 shows, the two curves do not overlap exactly,
The comparable equation for the photometer response is

Rphm(r) = KZ ré_z 4 (5)

where K, is a proportionality constant. This egvaticn is valid fram
diameters of 0.1 to C.4 um. If the particles have 3 log-normal distribution,
then it is possible to calculate an equivalent monodisperse diameter that will
give the same readings on either the photometer or the owl. The egquivalent
monodisparse diameters for the owl and the photometer are given by Egs. 6 and
7, respectively:

In Dy = In Degyg + 405 In%s, and (6)
Do = N Dy = 31107, ,

(7)
where D ., is the count median diameter and 9g is the geometric

standard deviation of the particle-size distribution.

Equation 7 can be used to calculate equivalent monodisperse-particle
diameters for heterodisperse aerosols as measured by the photometer. Figure 7
shows the equivalent diameter plotted as a function of increasing heterodis-
persion for three cases. The two identified as DCmd = 0,3 and Dcmd = 0,2
represent particle-size dis ~ibutions in which the count median diameters are
kept constant and the heterodispersion is allowed to increase. HNote the* the
equivalent photometer diameter increases significantly with increasing hetero-
dispersion. The curve labeled owl 29° represents a series of increasingly
heterodisperse aerosols, as shown in Fig. 5, in which the owl sees an
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Fig. 6 Response of 1ight scattering photometer and owl to different particle

sizes.
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Fig. 7 The equivalent photometer diameter calculated from Eq. 9 for three
different particle-size distributions as a function of increasing
heterodispersion. The particle-size distributions for two of the curves have
3 constant count median diameter, Ocmp, as the heterodispersion, g4,
increases. The particle-size distribution for the cwl with a 29° reading is
Getermined from Eq. 7 and shown in Fig., 5.

17



equivalent 0.3-um-diameter aerosol as given by Eq. 6. Note that the equiva-
lent photometer diameter for a constant owl value decreases only slightly as
the heterodispersion of the aerosols increases. Thus, we see that the owl
provides an approximate measure of 0.3-um aerosol as seen by the photometer
even for heterodisperse aerosals, We would therefore expect that the filter-
penetration measurement using heterodisperse aeroscls having a photometer
equivalent diameter of 0.3 wm would yield similar results to penctration
meacs-ements using monodisperse (.3-um aerosols.

To test this hypothesis, we computed the penetration of a HEPA filter
using £9. 3 for varicus particle-size distributions, N{r}, all having the same
owl reading. Particle-size distributions with various Ucmd and 7, Were
selected that had Doy1 = 0-3 wm in Eq. 6. The filter-penetration
Funct far, PF(r). used in these calculations f5 the salid curve thomtt in Fig.

8 that .represents a least squares best fit of a log-normal distribution to the
experimental measurements shown as triangles. The hest fitting log-horinal
curve is characterized by Dcmd = 0,143 um and ¢ = 1.47 The

photometer response function R(r) used in these calculations is given by Eq. 5
which is derived from data presented by Tillery et a1.3 Figure 9 shows

that increasing the heterodispersion of particle size distributions ihat have
the same owl reading of 29 degrees {Fig. 5 shows three of these distriL_tions)
causes anly a small change in filter penetration. In c¢ontract, increasing the
heterodispersion while maintaining a constant count medium diameter of 0.2 um
causes a major shift in the filter penetration. Tre purpose of measyring the
particle size in DOP filter certification tests is to ensure that the filter-
penetration measurements are made with DOP aerosols having an effective
diameter of 0.3 mm. It is clear from Fig. 9 that the owl is better suited

Foir measuring the effective particle size in the current filter test than
instruments like a laser particle-size spectrometer.

DOE is proposing a filter-test standard in which the cha’lenge aerosol is
specified to have a Dcmd = 0.2 um and a %Y = 1,4, DOOE is proposing
that an aerosol-size spectrometer, either optical or electronic, be used for
establishing these parameters. Although these aerosol-size specirometers are
ablu to uniquely define the particle-size distributions, they are unable to
perform the function that the owl so simply and so elegantly performs,

Figure 9 shows that potentially serious errors in filter penetration coutd
arise with the replacement of the owl by an optical spectrometer. Only when
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Fig. 9 Calculated fiTter penetration using Eq. 3 as a function of increasing
heterodispersion for various particle size distributions, N{r). The curve for
Owl 29° was calculated for particle size distributions satisfying Eq. 6 with
Dpyy = 0.3um. The curve for Ppyp = D7 was calculated for particle

size distributions having a constant Dpyp.
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the o is within a narrow range of about 1.4 will the fiiter efficiencies
obtained with a photometer have results comparable to that of using an owl.
Recognizing the jotential error in specifying the size of the DOP aerosal with
a laser particle-size spectrometer, the propesed DQE fiiter-test standard will
continue to use the owi for measuring the DOP particle size. However, to avoid
the ambiguity in the owl measuremant seen in Fig, 5, DOE is .roposing that a
laser particle-size spectrometer be used to restrict the particle-size distri-
bution to that characterized by Dcmd = 0.20+ 005 anda _ =

1.4 # 0.1. As seen in Fig. 3, the ow] and the laser particle-size spectro-
meter will yield the seme filter-penetration measurems: s in this ragion.

The use of an aerosnl-size spectrometer requires diluting the concentratec
aerosol to meet counting restrictions on o-:tical counters and m2intenance
requirements in electronic counters. The dilution requirement is the most
serious impediment to the use of a spectrometer since dilutors are notaorious
for losing the larger-sized particles. The loss of even a small fraction of
the larger particle sizes would produce a major error in the photometer
measurement since its response is heavily weighted toward the large
particles. However, with proper calibration of the diluter, the measured
particle-size distribution can be corrected for particle Joss.

CURRENT DOP TEST AND HEPA FILTER PENETRATION

The current test, as well as the proposed DOE method, for certifying HEPA
filter greatly underestimates the penetration of aerosols through HEPA filters.
The penetration of aerosois is more than ten times greater at 0.15 ym than at
the 0.3 um diameter at whick hEPA filters ure teste. {Fig. 8). The selection
of 0.3 um for testing HEPA filters was based cn the theoretical and experi-
mental findings of Langmuir and B]odgett4 forty years ago, who showed that
0.3 um was the most penetrating particle size. The concept of testing HEPA
filters at their most penetrating particle size is highly desirable since the
filter penetration in any application will never exceed that determined in the
certification test. Unfortunately, the current HEPA certification test fails
far short of this goal. Moreover, recent findings by Lee and L1'u5 have shown
that the most penetrating particle size is not a constant, but varies with
filter and gperating variables, Thus, it is apparent that without knowing the
size of maximum penetration a priori, a filter-test proceaure must determine
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the penetration curve over a range of particle sizes in order t¢ determine the
maximum penetration.

We developed a test for the routine mzasurement of filter penetration as a
function of particle size as shuwn in Fig, 8. The test uses heterodisperse DOP
ari-osols generated with a Laskin nozzel (or similar 1iquid), and a differential
mability analyzer coupled to a condensation nuclei counter and a las2r par'icle
zounter as particle-sizing instruments. A dilution capability of 1000:1 is
required for the laser particle counter to permit one particle to be counted
at a time. A complete description of this system is given in the next section
on filter penetration as a function of particle size.

We suggest that our filter-test system can serve as a model for developing
a HEP! -filter certification test based on the measurement of maximum
penetration. There are no major obstacies to the successful implementation of
our filter~test procedure. The aerosal generator, particle-sizing instruments,
and dilutor are commercially availabie. We have already develnped the computer
interface for rapid data acquisition and data reduction. Moreover, a routine
filter test can be conducted in less than two minutes if the primary intarest
in the filter test is the reajion of maximum penetration. The test resdlts
shown in Fig. 8 took 10 minutes in order to accumulate sufficient particle
counts in the outer wings of the penetration curve. ! 2 believe that our filter
test system ¢an be successfully implemencted in ME f.lter-test scations.

OEVELGPMENT OF FILTER PENETRATION METHOD AS A FUNCTION OF PARTICLE SIZE
INTRGDUCTION

Al thouyh Tilter-penetration measurements based on the integration aver a
broad range of particle sizes may be satisfactory for relative comparisons of
filters, they are hard to interpret when exploring new filter concepts and
developing prototypes. Representing the fiiter-penetration curve with a single
value is a gross simplification that hices impurtant capture mechanisms
involvea in aerosol filtration, Moreover, the curve ic not a fixed one; it can
shift to smaller or larger particle sizas, oecome braader or more compressed,
and change dramatically in magnitude with changes in air velocity, Filter
thickness, fiber-packing density, fiber size and orientation, and external
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forces. In designing new filter media or experimental filters, it is critical
to obtain the entire curve of filter penetration as a function of particle
size.

We built a computerized filter-test facility to support our development of
electric air filters. The unique features of this facility include a computer-
diagnostic system and filter-test apparatus that can determine filter
efficiency as a function of particle size for 0.01 to 3.0 um in diameter in
addition to the standard integrated afficiency measurements (this facility
will be described in more detail later on).

TEST AERQSOL GENERATION

We used a variety of test aerasols, hoth monodisperse and heterodisperse,
depenaing upon the test objective. Monodisperse aerosols are generally used
for calibrating the particle-sizing instruments, but they aiso are used for
measuring filter penetrations. The mpst frequently used monodisperse aerosals
are Uow Chemical's polystyrene latex (PSL) spheres that cover a diameter range
from 0.3 pm to 2 ym. (The lower size range is Timited by debris aerosois
in the residue while the upper size range is limited by low particle
concentration.) These monodisperse aerosols are generated by nebulizing a
suspension of PSL spheres in water {alcohol may alsa be used for faster drying)
with a Wright-type nebulizer. Monodisperse aerosols of NaCl, DOP, and
methylene blue in a 1.0 um-10 um diameter rangeare made with a vibrating-
orifice generator. A variety of 1igquid or solid monodisperse aerosols may be
generated using this device provided that the material can dissolve in the
solvent.

For monodisperse particles in the 0.01 u~™ 7 J ym diameter range, we
used a Thermal Systems, Inc., Model-3077, elect: wstatic classifier. This
instrumeat extracts a narrow range of particle sizes from a heterodisperse
aerosal by passing the aerosol through a column with an applied electric
field. At a fixed electric field, only those particles of a given size are
extracted through a slit in the column. Smaller particles are deflected into
the column wall before reaching the slit while larger particles are not
sufficiently deflected and so pass by the s1it. A variety of monadispersc
solid and 1iquid aerospls can be generated by this procedure. Since the
techniques for generating monodisperse aerosels described here are well-
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established and are fully documented elsewhere, we will not describe the
details.6’7

We generated heterodisperse solid aerosols of NaCl by nebulizing a 1% by
weight solution of NaCl in water using one or more Wright nebulizers. To
minimize the increase in the sait concentration due to evaporation, which
increases the particle size, the solution is recirculated through a large
reservoir. Heterodisperse liquid aerosols were generated using a Laskin nozzle
generator in which compressed air is bubbled through the desired ligquid. The
aerosols are produced as the bubbles burst. Although any variety of liguids
may be used in this generator, low-vapor-pressure 0ils 1ike DOP are generally
used to avoid tre rapid evaporation of the small liquid particles. Bath of
these heterodisperse aerosols have rather broad particle-size distributions
characterized by mass median diameters of 0.8 um and geometric standard
deviations of’Z.U.B

We chose not to use dust feeders in our filter tests even though a variety
dust feeders are commerically available. Dust feeders generate heterodisperse
aerosols that have mass median diameters greater than § ym and these large
particles sizes are far removed from the maximum filter penetration.

DETERMINATION OF FILTER PENETRATION WITH MONODISPERSE
OR HETERODISPERSE AEROSOLS

If monodisperse aerosols are used to measure the filter penetration curve,
then a sequence of monodisperse zerosols is generated at increments of particle
sizes sufficient to gefine the curve. Filter penetration js then obtained at
each particle size by measuring the aerosol concentration before and after the
filter using a single-valued detector (Fig. 10). A variety of aerosol genera-
tion techniques and particle-measuring instruments can be used with
monodisperse aerosols.

However, if heterodisperse aerosols are used, the filter-penetration curve
can be obtained in a single step by measuring particle concentration as 4
function of size before and after the filter using an aerosol spectrometer.
Figure 11 illustrates the key features of this approach. Various techniques
for generating heterodisperse aerosols and measuring the particle-size
distribution can be used in this situation.
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Theoretically, the determination of filter penetration as a function of
particie size, PF(r), is identicai for both test methods. However, the
requirement of the particle-size distribution to became a delta function
6(r~r0) at each size ro experimentally is accomplished by the aerosol
generator in the monodisperse case, and by the aerosol-size spectrometer in
the heterodisperse case. A comparison of the two methods for measuriny fiiter
penetration is summarized in Table 2.

In making an overall camparison between filter-test methods based on
monodisperse and hetercdisperse aerasols, we view the monodisperse method as
labor-intensive and the heterodisperse method is hardware-intensive, The
sequencing of a series of monodisperse aerosol generators followed by filter-
panetrat fon megsuremends is extremely time-consuming and does mot regdily lend
itself to automation. In contrast, aerosol-size spectrometers automatically
measure the aerosol concentration as a function of particle size. Taking the
ratio of these measurements of samples collected befare and after the filter
provides direct filter-penetration measurements. We shall discuss this idea
further now.

Monadisperse Aerosols in Filter-Penetration Measurements

For a filter-test method using monodisperse aerosols, the generation af
aerosols has a number of problems that make this approach unsuitable for
determining filter penetration as a function of particle diameter from 0.01 to
3.0 wm. As shown in Table 2, the use of monodisperse aerosdls for
determining filter-penetration curves reguires multiple generators, has a low
output concentration, and 1s not monodisperse aver the entire particle-size
range. Multiple generators are required to produce mgnodisperse aerosols at
sufficient size increments to cover the range from 0.01 to 3.0 ym. This
requirement not only adds to the complexily of this filter-test method, but it
also makes this method extremely time-corsuming since each aerosol generator
requires several minutes to stabilize once is has been turned on. Even if all
of the aerosol generators are operating continuously while the output of only
one generator is used at a time, the time required to purge aerosols from the
filter-test apparatus, sampie lines, and detector for each new aeroscl adds
appreciably to the total test time.
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Comparison of filter-penetration measuremenrts from 0.01 to 3.0 wm

Table 2.
particle diameter using heterodisperse or monodisperse aerogsols.
Instrument Monodisperse Heterodisperse
Aerosol generator o multiple generator single generator

o low concentration high concentration

o not monodisperse

aver entire range

Aergsol detector 0 one or more single- two aerosol-size

valued detectors

Penetration measurement o two-step method:
aerasol size is fixed
by generator and then
concentration is
measured by detectar

o time-consuming

spectrometers

one-step method:
aerosal size and
concentration measured
directly by
spectrometer

fast
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Monodisperse-aerosgl generators also have a low output concentration that
limits their application in filter tests ta those filters having efficiencies
below 99%. This limitation is due to the insufficient number of particles
penetrating the filter for a concentration measurement. The major problem with
monodisperse aerosols, however, is that they are not moncdisperse gver the
particle-size range from 0.01 to 3.0 uym in diameter.

Any of the techniques for generating monodisperse aerosals described
earlier can be used for determining filter penetration as a function of
particle size. These techniques include the yse of PLS, electrostatic
classifiers, and vibrating-orifice generators (V0G). Another technique that is
frequently classified as A monodisperse generator is a condensation zerosol
generator for producing low-vapor-pressure liquid aerosoils, The QOP generators
used in certifying HEPA filters belong to this class of aerosol generators.
Again, as mentioned above, these condensation aerosols are not truly
monodisperse and introduce an error in the filter-penetration measurements.

“Quasi-Monodisperse" Aerosols

Lee and Liu measured filter-penetration curves using a condensation DOP-
aeroso] generator as a source of “quasi-monodisperse” aerosols covering a range
of particle sizes from 0.035 um to 1.3 um in diameter.9 Particle size
was controlled by the concentration of DOP in alcohol solutions which varied
from 0.005% to 100%. In this technique, relatively monodisperse 0QP aercsals
were produced by atomizing a given solution, heating the resultirg hetero-
disperse aerosols until they vaporized, and then rapidly coeling the vapor to
form “quasi-monodisperse”" aerosols. Lee and Liu have used 11 different
solutions to cover the particle-size range., Although these aerosols have
relatively narrow size distributions, they still have significant geometric
standard deviations ranging from 1.69 at 0.035 ym to 1.15 at 1.3 ym
diameter. It is noteworthy t"at Lee and Liu observed o = 1.37 at
0.3 um diameter wnich is nearly identical to the values observed for DOP
aeroseols in the DOE filter-test-certification laboratories. They used an
commercially available electrical-acrosol detector to detect aerosol
concentration before and after the filter for penetration measurements. This
instrument had a response function that increased approximately linearly with
partinle size.
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There are three major problems with Lee and Liu's approach for determining
filter-penetration curves. First, the aerpsols are not monodisperse and so
present problems similar to those described in *he previgus section on the DOP
HEPA-filter-certiiication test, albeit not as serious. The reason hetero-
dispersion has a lower effect in Lee and Liu's approach is that the electrical
detector has a much lower dependence on particie size than does the optical
photometer. (This effect will be discussed in greater detail in the section
on aergsol detectors.} Ironiczlly, the use of monodisperse aerosols in filter
tests also requires particle-sizing instruments to establish the size of the
“quasi-monodisperse" aerosol, thereby eliminating the need for monodisperse
aerosols. In the DOP HEPA-filter-certification tests, an "owl" is required to
determine the size of the DOP aeroscls, but it camnot be used for penetratian
measurements .,

A second problem with the “quasi-manodisperse" aerosol generator is the
Timitation of particle sizes to jess than 1.3 pm in diameter. This i5 only
a serigus problem for low~efficiency filters gperating at low air flows where
much of the penetration curve falls beyond 1.3 um in diameter,

The tnird and perhaps the most serious probiem is the excessive amount of
time required to generate a stable monodisperse aerasal and to sample befare
and after the filter for each of the different size aerosols. Monodisperse
aerosol generators suffer from low concentration and background heteradisperse
aerosols.,

Monodisnerse Aerosol Generators

Except for the condensatien aeroscls discussed above, the generation of
"monodisperse" aerosols over the size range of 0.01 to 3.0 ym in diameter
requires at least two different types of generatars because of the limited
size range of each generator. An electrostatic classifier is needed to produce
monodisperse aerosols in the 0.01-0.1-um diameter particle-size range; it
does this by extracting a slice from a heterodisperse aevcsol source. Above
0.1 um, the ciassifier produces increasingly heterodisperse aerosols because
of the unavoidable multiple charges on the aeroscls. Since the electrostatic
classifier extracts a sample frem a heterodisperse aerosol, a variety of solid
or liquid aerosols may be generated. The electrostatic classifier is a
convenient source of monodisperse aerosols from 0.01 to 0.1 pm in diameter
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since the selected size can be quickly changsd by electronic means.
Unfortunately, the output concentration is so low that only relatively poor
filters can be tested and only at small flow rates to minimize the dilution
effect. The extreme effect of this dilution is illustrated by diluting the
1 liter/min output from the classifier with 28,300 liter/min in a typical
filter test.

PSL aerasails can he used as a saurce of monodisperse aerosals from 0.3 to
3.9 um in diameter. But, although the spheres themselves are monadisperse,
the aerosol generated from the latex suspension is not. Figure 12 shows the
size distribution of the aerosol generated from the atomization of 0.796-um
diameter latex spheres in & water suspension. As seen in Fig. 12, the aerosol
has a very broad size distribution with a logarithmically increasing concentra-
tion with decreasing particle size and a sharp spike that represents the latex
spheres. The large inc¢rease in particle concentration below the 0.5-ym-
diameter range is produced primarily from the agents used to stablize the latex
spheres. Although these background aerosols can be reduced by various
techniques, they still dominate the smaller particlie sizes and thus 1imit the
use of latex spheres to particle sizes above 0.5 ym in diameter.

Figure 12 also shows a second but much smaller spike at 1,0 um that
represents sphere doutlets. Sphere doublets and triplets are produced when the
Tatex suspension is too concentrated and more than one sphere is present in the
atomized droplets. Although sphere doublets are a potential source of error
when using latex spheres as sources of monodisperse aerosols, this problem is
easily corrected by restricting the concentration of latex in the suspension.
Unfortunately, 1imiting the latex concentration in the suspension results in a
low output concentration that l1imits the use of these aerosels to low
efficiency filters.

Particle-Size Measurement Shifts with Optical Counters

The use of monadisperse latex spheres in filter tests recently . ecommended
by Davies requires a particle-size analyzer such as an aptical particle counter
coupled with a pulse-height arna]_y.zer‘.‘D A single-valued detector that is
sensitive over the entire size range of interest cannct be usea because of the
presence of a large concentration of small background aerosols. Even detectors

1ike light-scattering photometers that are more sensitive to larger particles
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cannot be used for latex spheres below 1.0 ym because of the interference
from the background aerosols. Although the photometer response to the small
background aerosols is very small, the large numbe- of these aerosols results
in a significant signal and produces an errcnegus filter penetration.

Although the use of monodisperse latex spheres at firsi glance appears to
be an attractive method for filter-penetration measurementis, the reguirement of
a particle-size analyzer leads to the ironic conclusion that monodisperse jatex
spheres are no longer necessary. Any heterodisperse aeroscls could be used
with the added benefits of a single aerosol generator which can produce a high
concentration of aerosols.

There are additional problems with the use of optical particie counters
for measuring filter-penetration of latex spheres. These problems stem from
the inability of optical particle counters ta measure narrow size distributions
accurately. Monodisperse latex particles may be counted in larger or smaller
size channels due to any one of several reasons, including Timitations in
electronic-signal processing, coincidence, and interference from uncountable
particles. These are general limitations and may apply both to classic optical
counters as well as to laser optical counters. Small shifts in the measured
particle size due to any of these problems can result in large errors in the
calculated filter penetration.

A potential cause of particle-size shifts is a shift in the signal
baseline voltage that may occur at high particle-count rates. Although this
shift in the baseline signal is extremely small and is barely noticeable for
even monodisperse aerosols, the shift can create major problems in filter-
penetration measurements. Figure 13 shows the particie-size distridution of
aerosols generated by nebulizing a water suspension of 0.797yum-diameter
tatex spheres; the higher-concentration latex sample is shifted toward smaller
particle sizes. Major errors in filter penetration occur as a result of these
shifts (Fig. 14).

We tried to compensate for the experimental shift in the particle size by
artificially shifting the upstream size distribution curve until the two latex
peaks matched at 0.742 ym. The recomputed percent penetration as a function
of particle diameter is shown as the dotted curve in Fig. 14. Although the
corrected penetration curve is much better, it still shows significant
fluctuations. Figure 14 also shaws the penetration curve when using hetero-
disperse DOP aerosols using both a Thermo Systems, Inc. electrical aerosol
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Fig. 13 Particle-size distribution of 0.7374um dizmeter latex aerosals
showing minor size shifts befere and after the filter. Solid curve represents
particle-size distribution before a filter; dashed after.
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analyzer and tie same Climet optical counter. MNote that the heterodisperse
O0P aerosol did not show the same erratic behavior as occurred with
monodisperse PSL., Although shifts in particie size most 1ikely occurred for
the heterodisperse DOP aerosals also, the gradual change in particle
concentration with size minimized any errors in the calculated penetration.

Another potential source for a shift in particle-size distributions for
optical particle counter is due to coincidence whenever two or more particles
intersect the light beam at the same time. When thic occurs, Lhe particle
counter does nat “sece" two smaller sized particles, but rather, a single, large
particle. The effect of coincidence on the measured particle-size distribution
ir ta reduce the number of small particles and increase the number of large
particles.

We illustrated this trend in Fig., 15 where we plotted tne particle-size
distributions Tor threz different concentrations of the same heterodisperse
Nal1 aerosol. The concantrations were varied by diluting the aerosol with
filtered air. We obtained these data with the laser particle counter, Model
ASAP-300, from Particle Measuring Systems, Inc. Note that as the aeroso)
concent.ration increases, the size distribution changes dramaticaily from a
decreasing concentration with size to an increasing concentration with size.
At intermediate concentrations, the aerosol appears to have a maximum concen-
tration arount 0.25um in diameter. Such major changes in the particle-size
distribution would lead to serious errars in filter-penetration measurements
even when wsing heterodisperse aeroscls. However, even slight changes in the
particle-size distribution due to coincidence would lead to major errors when
using monodisperse arosols.

Another potential cause for shifts in particle-size measurements with
optical particle counters is due to the generation of countable pulses by high
concentrations of non-countable, undersized particles. Whitby and Liu have
shown that the size of PSL particles will shift to large channels when there
is a large concentration of particles below the minimum detectable size of the
particle cuunter.n They have shown that 0.9-um-diameter latex spheres
will be shifted to 1.05 um at moderate concentrations and to 1.5 um at high
concentrations of non-countable aerpspls. This shift presents a major problem
when latex spheres are used in filter-penetration tests since the upstream
particle measurement will generally be shifted to a greater extent than the
downstream measurement.

36



T 1 T T
Concentration
.5 L.ow
g
|5 High
é Medium o
o
[N
2
=
[
x ~——
L 4L 1 4) ]
0.1 0.2 0.3

Particle diameter, um

Fig. 15 Changes in particle size distribution measured with a laser particle
counter when the same aerosol is measured at increasing concentrations. The
drastic changes in size distribution are due ta coincidence errors where more
than one particle is counted at a time.
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A filter will generally remove a large fraction of the non-countable
aerosols due to the diffusion capture mechanism, thereby minimizing any shift
in the downstream size measurement. Large errors in fiiter penetration are
made when comparing the upstream and downstream concentrations since the latex
peaks do not fall in the same size channels. Figure 14 illustrates the large
fluctuation in filter penetration that can occur with even a small shift in
the size measurement when using monodisperse aerosols, However, if hetero-
disperse aerosols are used, then only a minor error in filter penetration is
made. This follows because the concentration varies slowly with size and any
shift will result in only minor changes in concentration.

Heterodisperse Aerosols and Filter Testing

Although problems with monodisperse aerasals can be minimized, hetero=-
disperse aerosols are better for filter testing. The error jn filter
penetration due to the shift in particle size by any of the above three
mechanisms can be minimized by using extremely dilute concentrations of
aeroscls or by integrating the particle counts over a wide range of particle
sizes. In filter-penetration measurements, it is preferrable to dilute the
upstream concentration of aerosois only and sample the downstream concentration
directly., This approach 21lows a sufficiently high concentration of aerosols
sampled after the filter so that measurements can be made in a reasonablie time.
Integrating the counts over a range of particle sizes alsa minimizes
fluctuations in the calculated filter penetration. However, the range of
particle sizes in this integration is generally so broad that the measurement
can no longer be considered a measurement of monodisperse aerosols. The net
effect would be filter-penetration measurements using eavivalent “quasi-~
monodisperse” aerosols, as in the Lee and Liu's method. Another disadvantage
of integrating the particle counts over a broad particle size range is that the
size range of latex spheres may not coincide with the size range on the optical
counter, This problem is most critical when the peak of the latex distribution
falls at the division between adjacent size bins,

It is important to recognize that the problems encounteved in measuring
the filter penetration of PSL spheres with optical particle counters apply to
any monodisperse aerosol. Thus, monodisperse aerosols generated by a YOG would
also yield large fluctuations in filter penetration. In contrast to the PSL
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spheres, however, the aerosols produced by the VOG do nat have a large concen-
tration of submicron background aerosols, and single-valued detectors, like a
photometer or electrical aerosol detector, may be used in place of the optical
particle counter,

The fundamental problem with filter-test methods based on monodisperse
aerosols is the tack of truly monodisperse aerosols between 0.1 and 1.0 ym
in giameter. The heterodispersion of the PSL aerosols (see Fig. 12) has
necessitated the use of an aerosol-uize spectrometer in place of the singie-
valued aetector. As previously pointed out, if an optical particie counter is
used, then monodisperse aerosols are no longer required. In fact, the mono-
disperse aerosols greatly magnify the errors made by optical particie counters.

Although it is possible to accomodate the heterodisperse nature of the PSL
latex aerosols or the condensation aerosols by accepting a degree of error in
filter-penetration measurements, the characteristic low aerosol concentrauion
and the excessive time requirements make use of monodisperse aerosols
impractical for Tilter testing. We have previously described how each particle
size in the condensation aerosol generator requires a separate solution having
a specific concentration of ¢il. To obtain a filter-penetration curve as a
function of particle size, each solution has to be connected to the
condensation aerosal generator and penetration measurements are made, one at a
time. This is extremely time-consuming.

For PSL spheres, this time-consuming pracess can e eliminated by placing
all of the different latex sizes in a single suspension. An optical counter
can then measure the filter penetration for al' of the latex sizes at the same
time. Figure 16 shows the particle-size distribution generated from a water
suspension of 0.797-, 1.09- and 2.02-ym diameter spheres. Figure 17 shows
tne percent filter penetration derived from the concentration measurements.
The large spikes in the penetration curve were caused by the slight shifts in
particle size between the upstream and downstream concentration measurements. i

These shifts in particle-size measurements were due to the inability of
the logarithmic amplifier (Nuclear Data, Particle-Sizing Amplifier) to restore
the baseline after processing one pulse. The baseline offset caused the
particle size to shift to smaller values with increasing particle concentra-
tion. This type of shift is opposite to the shifts in particle size due fo
coincidence or non-countable fulses where the shift is toward large sizes with
‘ncreasing concentration. By replacing the logarithmic amplifier with an

.
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improved baseline restorer (MVP Eiectronics, wideband, DC-Coupled log video
Anplifier), we significantly reduced the shift in particle sizes. Figure 18
shows the improved penetration curve for the aerosel containing 0.797-, 1.09-
and 2,02-um spheres.

Despite considerable time-saving in simultaneously measuring the
concentration of all the monodisperse latexes, Figs. 16 through 18 show that
the deficiencies in filter testing with monodisperse aerosols are corrected
only by making the monodisperse aerosols look like heterodisperse aerosols.

It is clear that it is better to use heterodisperse aerosals directly.

The key factors making the use of heterodisperse aerosals more attractive
than monodisperse aerosols are the high aeroscl concentration and the fast
penetration measurements (Table 2). Aerosol generators are commercially
available that can produce high concentrations of heterodisperse solid or
liquid aerosols. As previously discussed, a high concentration of aerosals is
necessary to provide a sufficient concentration of aerosols downstream of the
filter for rapid measurement. A lLaskin nozzle is generally used to generate
heterogisperse 0il aerosols while a large variety of different nebulizers can
be used to generate sclid aerosols from a solution. Both of these generators
produce a high concentration of aerosols over the particle-size range around
the maximum filter penetration. By measuring the aeroso] size and
concentration in one step with a aerosol-size spectrometer, filter penetration
can be rapidly computed from the ratio of the aerosal concentrations at each
particle size before and after the filter.

COMPUTERIZED FILTER-TEST FACILITY

We will break from our discussion of filter-penetration measurements as a
function of particle size to describe our unique, computerized filter-test
facility. Because of the major advantages of using heterodisperse aerosols and
particle-size spectrometers, discussed in the last section, we designed our
facility by these two ideas. Three filter-test appara.us were built to
support the deselopment of electric air filters: (1) one large-scale test
apparatus for evaluating standard ventilation filters (610 mm X 610 mmy at flow
rates up to 2,000 ¢fm and (2) two small-scale test appar.tus for evaluating
filter media 203 mm in diameter at flow rates up to 70 cfm. The two small-
sc-'e apparatus were used for fundamental studies (to be discussed in a later

42



60
—~ 40 [
R
5
2
e
4+
2
&

20

. } \Aa

0.1 1.0 10.0

Piamat r (gym)

Fig. 18 Filter penetration for the same aerosol shown in Fig. 16 after

improving the electronics to reduce tne baseline shift at higher count rates.

43

i
!
b
1
r
i

B R LI



section of this report). The large-scale, filter-test apparatus was used for
determining the perfaormance of experimental filters under controlled laboratory
conditions. Al three test apparatus were eguipped with hetercdisperse aerosol
generators and particle-sizc spectrometers fully interfaced to a L51-17/23
computer to permit rapid filter-penetration measurements as a function of
particie size.

We cdesigned the large-scale, filter-test apparatus, shown in Fig. 19,
according to ASHRAE specifications intended for testino air conditioning and
ventilation filters for buildings. In place of the recommended dust feeder,
we used either Laskin nozzles for generating heterodisperse DES aerosol or
Wright nebulizers for generating heterodisperse NaCl aerosols. We mounted
sunple probes befare and after the filter housing. We also placed a HEPA
filter at the duct entrance to remove atmospheric aerosols. This filter-test
apparatus can measure filter penetration as a function of particle diamexer in
approximately ten minutes. Larger filter units can alse be installed in this
fitter-test apparatus since the ventilation duct {3 modular.,

A schematic of the two small-scale vilter test apparatus is shawa in
Fig. 20. The major components of each system are an aerosol generator, a
valving system, a test duct and filter assembly, diagnostic instrumentation,
and a variahie-speed blower. Typically, we atomize a Y% NaC) solution to
proauce a heierodisperse aerpsol havirg an aerodynamic mass median diameter of
0.8 um with a geometric standard deviatior of 2.

After Deing generated, the aerosol passes through a valving system where
dilution air is introduced or part ¢f the aerosol is drawn away. Also, the
&erosol may oe jassed through charge neutralizers of electrostatic precipita-
tors if a more neutral aerosol is desired. The aerosol then enters an alumi-
num guct, passes through the filter undergoing testing, and is exhausted by a
variable-speed blower. Flow rates of 14 to 2,550 Viters/min can be obtained in
any test, corresponding to velocities at the filter face of 0.83 to 149 cn/s.

Figures 21 and 22 are photographs of the two smail-scale, filter-test
apparatus. The vertical apparatus in Fig. 22 uses a down-flow design to
minimize gravitational settling in the test duct by larger sized particles.
Both test apparatus were designed to permit rapid insertion of a filter median
by separating the central test duct at the sealing flange. Probes mounted
before ano after the filter were used to bring the aerosol samples to the
computer i-strumeniation.
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Fig. 19 Photograph of the large-scale filter test apparatus used to evaluate
Prototype filters up to 2,000 cfm.
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Fig. 22 Photograph of second small-scale filter test apparatus used for
funaamental filtration studies.
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FILTER PENETRATION TEST INSTRUMENTATION

To measure filter efficiency, we used a Climet-208 particle analyzer, a
Thermo Systems, Inc., Model-3030, electrical aerosol analyzer (EAA), and a
Phoenix Precision Instruments, Model JM-7000, aerosol photometer. The Climet
partice analyzer measures particle size and concentration in the 0.3 um to
10 wm diameter range by forward Tight-scattering from single particles. The
EAA sizes aerosol particles according to their electric mobility in the
0.01 ym to 0.5 um size range. Both of these instruments sample upstream
and downstream of the filter undergoing testing so that we can calculate the
efficiency as a function of particle size. The photometer produces an
integrated 1ight-scattering intensity from all aerosol particles and quickly
indicates overall filter performance. In addition to particle size and
concentration measurements, we can measure the total volumetric flow rate
through the filter with a Datametric, Model 770-9628, mass-flow meter and the
pressure drop across the filter with a Barocel, Model 1174, electreonic
manometer. Temperature and relative humidity are also monitored.

ATl of these instruments are interfacad to an LSI-11,'23 computer that has
128K core and uses the Digital Equipment Corporation {DEC) RSX-11M operating
system. This system has multi-user and multi-task capabilitics, and it can
accept the simultaneous operation of both air-flow systems. The LSI-11/23 is

supported by many peripheral devices which include two Western Dynex XL 250-10
hard disks with a combined storage capacity of 20 megabytes anc a 500-byte -
Thinker Toy TTBOOR-PSC floppy disk. Other peripherals inciude two Tektronix
4025 graphic-display terminais with 32K graphic and 32K display memory, a
Tektronix 4631 hard-copy unit, a Silent 700 keyboard terminal, and a Versatec
Model 11Q0AL line printer (Fig. 23).

Initially, we had only three instruments for aerosol mzasurements
interfaced to the LSI 11/23: a Climet optical counter, an ZAA, and a
1ight-scattering photometer. These three instruments were interfaced to the
computer in various ways depending upon their type of output. The Climet
output, consisting of pulses which are proportional to particle size, is sent
via a Nuclear Data PSA log Amplifier to a Davidson Model 1056C pulse-height
analyzer. Processing the log of the scattered light pulses before pulse-height
analysis is advantageous because only 128 charnels are required to store the
$ize distribution from 0.3 ym to 10 um diameter while still maintaining
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adequate size resolution. The computer is able to contral the start of pulse
accumilatior, the stop of accumulation, and the start of data output through
the use of a DRV1I paralfe] 1/0 card, Data out includes counts in each of 128
channels and is read by the computer via a CLV11 serial /0 card at a baud rate
of 9600. We later modified the Nuclear Data PSA to reduce the baseline shift
that resulted in small shifts in particle size, seen in Figs. 13 and 16 and the
erroneous fluctuations in filter penetration seen in Figs. 14 and 17.

The EAA data output is in the form of 2n analog signal and a pulse
indicating the appropriate time to take an electrometer current reading. The
analog signal is read through an ADAC Corporation Model-1012 sixteen-channel
analog/digital converter. In addition, three control signals are provided: (1)
a si,a2l reset, (2) a start signal sent to the EAA by the computer when it is
time to initialize the EAA cycle, and (3) a signal frem the EAA to the computer
indicating the time to read the analog signal. These control signals are
handled through the DRV} parallel 1/0 card.

The third aerosoi instrument, the aerosol photometer, has an analog signal
for output. The signal is ampliified and sent to the computer via the A/D
converter. No control signals are reguired for this device (Fig. 24).

We developed a FORTRAN program code to aliow the experimenter to
accumulate, procaess, save, and plot size-distribution and filter-penetration
data. Besides rapid data analysis and plotting, other key features include
reduction of the EAA data by Twomey methods and the combination of the EAA and
Climet particle-size distributions in their region of overlap (0.3 - 0.5 pm).
Program output includes prompts to the experimenter, status messages to the
experimenter, hard-copy plots, disk-file data storage, and raw and reduced data
1istings un the line printer.

An example of the graphic output from a typical measurement is shawn in
Figs. 25 and 26. Figure 25 shows the concentration of NaCl particles as a
function cf size for measurements of aerosols sampled before and afier the
filter. Note that the EAA measures particle concentration only at certain
sizes set by the manufacturer, the results of which is the sequence of line
segments snown in Fig. 25. In contrast, the Climet output has 128 size
increments that yield a continuous size distrihution. Figure 25 also shows
that the EAA concentration at 0.5 um diameter is significantly lower than the
corresponding concentration measured by the Climet. The problem is due to the
EAA's inability to measure particles greater than 0.25 uym in diameter. After
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the size distribution curves in Fig. 25 are generzied, the computer calculates
the filter penetration at each particle size by corputing the ratio of the
concentration before and after the filter and geneates the graph shown in
Fig. 26.

The graphic output can be improved by combining the twe curves from the
EAA and the Climet using & Spline fitting technigue and disregarding the EAA
data beyond 0.25uum, Figures 27 and 28 show the size distribution curves and
the resuitant penetration curve we obtained with this approach. These curves
represent some of the best data generated with EAA and Climet instruments.

Differential Mobility Analyzer and Laser Particle Counter

The EAR and the Climet had proved satisfactory for most of our tests.
However, many tests showed extremely erratic results. The strange results were
not caused by improper test procedures since nearly identical results were
gbtained in repeat tests under carefully controliad conditions. We felt the
er atic results were due to tne EAA and the Climet. Because of the errors
inherent in the EAA and the Climet, and the subsequent magnification of these
errors, we concluded that the EAA was not well-suited for filter-penetration
meas urements .

EAA Errors, Figures 29 and 30 show such an erratic test. The size-
distribution measurements in Fig. 29 appear to be reasonable, except for the
EAA data at the smaller particle sizes. The concentration of aerosois sampled
before the filter reaches a maximum and then drops sharply while the coi.centra-
tion of aerosols sampled aFter the filler continues to increase. The two
curves eventually cross below 0.023 pm s.qgestiing a higher concentration
after the filter than before., Comput:ng the filter penetration from these
curves produced the erratic results seen in Fig. 30.

After examining possible causes for these results, we conciuded that the
€AA could not always measure particl~ concentrations with sufficient acturacy
for filter-penetration measurements, especially at low particle concentrations.
Comparing the EAA measurements of aeragsols sampled after the filter in Fig. 29
with the corresponding measurements in Figs. 25 and 27 suggested that the
primary cause for the bad penetration results was an erroneausly high
concentration measurement in Fig. 29. An analysis of the EAA operating
principle and data reduction showed that the EAA is prone to significant

55



108

S | L 1 T 171 I T T 1 I_!

) §

K Before |

o sssss After -1

105 -

o -

= i
2

E 108 =

2 —
=

= -

2 .
®

£ 108 -

8 =

: -
=1

Q -

102 -

10 L TN 11 Il [

0.01 0.1 1.0 10

Diameter, um

Fig, 27 Improved graphic output showing concentration
and after a filter using the EAA and Climet analyzers.

of NaCl aerosols before



100 T T T 1] T T 7T

Penetration, %

Diameter, um

Fig, #8 Improv2d graphic output showing filter penetration caiculated from
the measurements in Fig. 29.

57



L5}

<

Q

0

E1o3

= 1
s 1y
5 102 \
e i
E 10 \
| ]
5 i
]

o 1 b

(111} || Y SR Ry N

L Lil

I llll 1 lul 1 l||| 1 lllI 1 Illl I ‘|.| L |“J

0.01 0.1 <0
Diameter, um

Fig. 29 Typical example of erratic concentration
significant number of filter tests.

58

measurements madge in a



100“7_Tll[—r L B

Penetratipn, %
I
1

2} f 0! ] Vll! s Ll

0.07 0.1 1.0 10
Diameter, um

Fig. 30 Filter penetration calculated from the erratic concentration
Measurements in Fig. 31.




errors in measuring the concentration of particles below 0.1 pd in diameter.
We should paint out that these errors are significant only in filter-testing,
For filter efficiency tesis, the concentration at each particle size is
important and any error will be reflected directly in the calculated
penetration.

The primary source of error in the EAA concentration measurements is due
to the difficulty in extracting particie concentrations within a differential
size range from the integrated measurements over a cumulative size range.
Figure 31 illustrates the basic components of the EAA particle-size analyzer.

A cumulative particle-size distribution is obtained by measuring the concentra-
tion of particles exiting the cylinder at each of a sequence of increasing
voltage settings until all of the particles are trapped in the cylinder. The
EAA detector is an electrometer which measures the current generated by the
charged particies captured on a filter. Qther detectors, such as condensation
nuclei counter, can also be used in place of the electrometer. Positicning the
detector at the exit of the mobility-separating cylinder allows us to determine
cumulative size distributions.

Particle-size distributions can be derived from cumulative measurements by
first taking the difference between the consecutive rieasurements to get a
differential measurement that is proportional to the particle concentration
within a narrow particle-size range. Particle concentrations could be computed
directly from these differential current measurements since the measured
current is generated from the sum of the charges on the particles. If each of
Lhe particles had a single electron charge, then the number of particles at
each size interval could be easily determined by multiplying the differential
currents in a constant factor relating current to a number of charges.

Unfartunately, all of the particles do not have a single electron chargz.
In fact, the number of particles having a single charge decreases rapicly as
the particle diameter decreases below 0.1 ym. Thus, the measurement o~ an
extremely small fraction of charged particles is used to determine the total
number of particles, the vast majority being uncharged.

Any errors made in measurements are magnified hy the multiplication of a
large number that compensates far the decreased sensitivity to smaller
particles. If this error is not the same for aercsol measurements before and
after the filter, ihen la-ge errors will be made in filter penetration
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measurements. It is weli-established that the general approach of deriving
differential data from cunulative data will introduce significant errors.

Differential Mobility Analyzer (DMA). Fortunately, the DMA can obtain
differential measurements of particle-size distributions directly. Figure 31
compares the essential features of the DMA with the EAA. Common ta both is a
precharger to charge the particles and a column to separate the charged
particles in an electric field produced by a high-voltage source. The major
difference between the EAA and the DMA is the positigning of the particle
detector. B8y placing the detector on the colum wall, differential size
gistiributions are measured directly. In this position, only those pariicles
having a proper size will be detected. Smaller particles will be deflected and
trapped in the cylinder before reaching the detector while larger particles
pass by,

Al though an electrometer could also be used with the DMA, it is better to
use a detecior that can measure the particle concentrations directly. This
avoids the problem of decreasing sensitivity to the smaller particle sizes and
the use of the large correction factor for sensitivity. An ideal detector for
;his application is the condensation nuclei counter (CNC), commercially
available from Thermo Systems, Inc. As in all condensation nuclei detectors,
the TSI model is based on the growth of small particles in a chamber saturated
with a Tiquid and the subsequent detection by optical means. In contrast to
other commercial instruments, the TSI model has the advantage of both
photometric detection at high-particle concentrations and single-particle
counting at Yow concentrations. Using a DMA coupled to a CNC allows the direct
measurement of particle size distributions without mathematical corrections.

Laser Particle Counter. We also replaced the Climet optical counter with
a LAS-X Taser particle counter obtained from Particle Measuring Systems, [nc.
This move was prompted by the inability of the electrical detectors (both EAA
and DMA) to accurately measure particle size distributions beyond 0.1 um in
diameter. Oespite the manufacturer's claims that the electrical detectors can
measure particle-size distributions up to at least 0.5 ym in diameter, if
not more, we did not find that to be the case. As a result of several hundred
tests with the EAA and dozens of tests with the DMA, we concluded that the data
Wwa5 questionable beyond 0.1 um diameter. This left a gap in our filter-
penetration measurements between 0.1 and 0.3 um diameter. Since the maximum
filter penetration of most filters fall within this region, the gap represented
2 major deficiency in our filter-penetration measurements.
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Replacing the Climet with the laser counter eliminated the gap in our
Particle-size measurements. The combination of a laser particle counter and a
OMA coupled to a CNC allowed filter-penetration measurements over the size
range from 0.01 ym to 3.0 ym withouv interruptions. These additional
instruments were also interfaced to the LSI-11/23. The computer software was
mdified to use either the EAA in the DMA coupled to a CRC for the smajl
Particle sizes and .hz limet optical counter or the LAS-X laser particle
Counter for the lar :r particles.

In our preliminary evaluation of the OMA-CNC-LAS-X instrumentation in
filter-penetration tests, we discovered that the penetration curves derived
from the DMA-CNC measurements were occasionally erratic (Fig. 32). The prubie
was due to calibration differences in the CNC detector between the photometer
Mode and the particle-counting mode. In filter tests, the CNC would be in the
Photometer mode for aerosol measurements made before the filter and in the
Particle-counting mode for aerosol measurements made after the filter, [f the
Photometer and particle counter were not calibratsd to give the same readings
for the same aerosol concentration, we would ob%ain erroneous penetration
measurements 1ike those discontinuities in ine penetration curve in Fig, 32,
Once the twe detector modes of the CNC are properly calibrated, a well-hehaved
Penetration curve is obtained. Figure 33 shows a typical filter-penetration
Measurement using the DMC-CNC-LAS-X instrumentation.

Dilution System for HEPA Filters

In order to develop an efficient filter test method for HEPA filters, it
was necessary to dilute the high concentrations of aerosols before the HEPA
filter in order to avoid the coincidence errors and maintenance problems with
the laser optical counter {Fig. 34). The degree of dilution is determined by
the ratio of the concentration of aerosols in the test duct to the maximum
a11rwed concentration for the particle-size spectrometer, If the aerosol
Concentration in the filter test duct is comparable to that in the stindard
00P Q-machines, then dilution ratios of approximately 1000 are required, A
Critical requirement of any aeroso) dilution system is that it does not perturb
the ariginal particle-size distribution. If this is not possible due to
Particle losses in the dilution sytem, then the extent of the losses myst be
determined sa that corrections can be made to the diluted measurements,
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Fig. 32 Filter penetration as a function of particle size determined with the
DMA-CNC-LAS-X instrumentation showing the erratic results due to improper
calibration of the CNC,
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Fig. 34 Schematic of filter test method for measuring filter penetratic- of
HEPA filters as a funciqon of particte size by using a dilution system to
reduce the upstream concentration of aerosols.
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We evaluated several dilution systems for their use in filter-penetration
measurzments. One that was the most successful, the Climet diluter, js shown
ir Fig. 35. It was designed to be attached to the inlet of the Climet optical
counter. In this diluter, 0.25 cfin of concentrated aerasol is pulled through
the inlet of the diluter and is exhausted at A. Filtered dilution air at
0.25 cfm is pulled intoc B and is exhaustd into the particle analyzer. A peedle
is used to transfer a ..all volume of the concentrated aerosol to the filtered
stream where it is mixed to yield the diluted aerosol. The key operating
parameter that controls the dilution ratio is the differential pressure between
A and B which determines the flow through the needle. This differential
pressure must be carefully monitored since the flow through the needle will be
reversed if the vacuum at A is less than at b.

We evaluated the Climet dituter for particle loss using both PSL spheres
and heterodisperse aerosols., Table 3 shows the comparison of the dijution
ratios obtained from a ratio of particle counts to the dilution ratios derived
from flow measuremants. The agreementi between dilution ratios obtained from
particle counts and flow measurements is excelient.

The agreement on comparing the particle counts before and after dilution
for heterodisperse NaCl aerosols is alsg excelient. Figure 36 shows the
tomputed ¢ilution ratio from these measurements as a function of particle size
is neariy constant at 100 over the measured particle size range from Q.1 to
3.0 ym in diameter. The dotted 1ines define the error limits of the
measurements which increase at larger particle sizes due to the smaller number
6Ff particles. Having 2 constant dilution ratio over the measured particle size
tange indicates that few if any particles are lost in the dilution process.

One of the major reasons for this outstanding performance is the use of
laminar flows in the diluter, thereby eliminating particle loss due to
turbulent deposition. The Climet diluter was designed for a dilution ratjo of
100 and cannot be used for testing HEPA filters. However, by using two Climet
diluters in series, we were able to obtain a nominal dilution ratio of 1500,
Figure 37 shows the resulting dilution ratie that was calculated from the ratio
of particle counts before and after dilution for heterodisperse DOS aerosuls.
Note that the dilution ratio has a parabola shape indicating particle loss for
hoth small and large sizes. ‘ince these particle losses are constant for a
given operating condition, corrections can be made to particlie concentration
measurements when using the diluters.
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Table 3. Comparison of dilution ratios
for Climet diluter from PSL
counts and flow measurements.

PSL Size Dilution Ratio
Count Ratio Flaw Ratio

2.02 37.6 37.8
0.8 41.2 39.8
0.5 56.7 55.6
2.02 37.6 37.9

1000 T T]

2 ]

E J

£ 100 -

g n

3 N

1 1 IAI;I —— L 1L
1%11 1.0 10
Diameter, um

Fig. 36 Di]utipn ratio as a function of particle size for the Climet diiuter
operated at a dilution ratio of 100. The relatively constant dilution ratio
over the particle si’e range indicates there is little particle loss.
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Fig. 37 Dilution ratio as a function of particle size for the Climet diluters
in series., Solid curve represents least squares fit.
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We used the two Climet diluters in series to measure the HEPA penetratian
curve shown in Fig. 8. The particle-size distrisution pefore the HEPA filter
was measured after gilution while the downstream size distribution was measured
directly. Multiplying the diluted upstream concentration by the dilution ratio
in Fig. 37 provided the corrected particle size distribution for determining
the HEPA penetration curve in Fig. 8. The HEPA penetraiion measurement was
made in about ten minutes. The development of this diluter was the final
obstacle to the completion of our computerized system.

FILTER-EFFICIENCY MEASUREMENTS AS A FUNCTION OF PARTICLE SIZE AND CHARGE
INTRODUCTION

We discevered during the course of che praject, that in the investigation
of the filtration process, it is important to measure filter penecration as a
function of particle charge as well as size. In this way, the influence of
electi ;cal capture mechanisms can be separated from conventional capture
mechanisms. The electronic charge carried by a particle becomes especially
important in measurements involving precharged aerosols, polarized aerosols,
chargeu fibers, polarized fibers, or combinations of these. If penetration
measurements are made as a function of size only, the capture information of
particles carrying different charges is integrated to yield information of
particles of the came size. This is analogous to the loss of size information
where only a photometer i35 used for penetration measurements.

To better understand the importaice of the various electrical capture
mechanisms, we developad new instrumentation to measure the concentration of
aeroscls as a function of both particle size and charge. One instrument,
developed at LLNL, fractionates the particles according to their electric
mobility and measures the size distribution of each mobility fraction, A
second instrument, $till under development at the University of Arkansas,
simultaneously -.2asures the size and charge of individual particles hy laser
velocimetry techniques. Both methods have the capabiiity of measuring the size
and charge of heterodisperse aerosols. We shall discuss these two techniques
and present examples of the dependence of penetration upon bath particle size
and charge.
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SIZE-CHARGE MEASUREMENT BY MOBILITY FRACTIONATION

Size-charge analysis is accomplished by first fractionating the aerosol
according to the electric mobility of the particle. A differential mobility
analyzer (DMA), modified to differentiate between positively and negatively
charged particles, is operated as a charge spectrometer to extract particles
having equal mobilities, or charge-to-size ratios. Secondiy, the particle-size
distribution {that is, the number of particles in a certain size range) for
each extracted mobility is determined using an optical particle counter. By
accumulating a size distribution for each mobility fraction, we can determine
the aercsol number concentration as a function of size and charge. Because of
the inordinate amount of data this process generates, we added a LSI 11/23
computer to control instruments and data, process and store data, and create
three~dimensional graphics.

Figure 38 shows the instrumentation configuration, including our
modifications. The aerosal is first sampled by a Thermo Systems, Inc.

Modei- 3071 electrostatic classifier; it is a DMA-type, as opposed to the
cumulative or first-order Svpe, in that it extracts particles in a specific
electric mobility range determined by electric-field and air-fiow rates. The
aerosol is samplec directly into the DMA column, bypassing the 5Kr bipalar
charger so that the actual charge on the particles remains undisturoed, The
instrument is commercially available with a negative high voltage applied to
the central rod of the cylindrical column. At a given voltage or electric
field, charged particles experience a force tangential to their direction of
flow due to the radiaily directed electric fiela. Negatively charged particles
are repelled vutward to be deposited upon the outer cylinder. Positively
charged particles are attracted to the center rod Positively charged
particles in a certain mobility range pass through the center-rod aerosol exit,
forming the charged-particie sample outlet, q .

Positively charged particles exiting this airstream are analyzed for size
and concentration by an optical particle counter. As the voltage is suctes-
sively increased, the size distributions corresponding to lower ang lower
constant mobiiities are measured untit the entire mobility spectrum of the
positively charged particles is determined.

In order to also measure the mpbility spectrum of particles carrying
negative charges, we incorporated a positive high-voltage power supply and
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Fig. 38 Instrumentation configuratirn for size-charge analysis by mobility
fractionation.
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high-voitage relay into the DMA (Fig. 38). #hen the positive high voltage is
applied to the center rod, negatively charged particles, rather than positively
charged ones, are collected through the mability-fractionated sample outlet.

An inverter amplifier, added to the high voltzge regulator, is also switched in
when the positive high voltage is chosen.

Far a complete charge-o'stribution anaiysis, it is also necessary to
determine the size distribution of particles without charge, For this, we
removed the Tilter in ‘he DMA excess airstream, and changed the optical
counte~*s sampling configuration so that a portion of the excess air was
sampled. «hile in this mode, the greatest voltage is selected in an attempt to
remove all charged particles froem the excess air outlet. DOepending upon the
particle size and the air flows througn the mobility spectrometer, particles
exiting the excess airstream will be neutral or carry anly a few charges, This
sample at either the positively or negatively pre-selected high voltage
determines the “zero" mobility-size spectrum.

We ysed either a Climet-208 particle analyzer or a Particle Measurement
Systems ASASX-P laser spectrometer to determine particle size. With the
Climet, the particle-size spectrum, ranging from 0.3 to 10 xm in diameter,
can be stored in 128 channels. The laser spectrometer, having a size range of
0.1 to 3.0 um in diameter and 32 channels, has the advantage of detecting a
lower particle size than the Climet. As many as 15 to 60 pre-selected mobility
intervals might be necessary for a complete charge-distribution measuremant .
and, bacause a 30~ to 50-channel size distribution is accumulated for each
mobility interval, the inordinate amount of data to be processed necessitated
the L51-11/23. The experimental apparatus for the size-change measurement by
mobility fractionation is shown in Fig. 39.

Mathematical Derivation of Particle Charge

We will now discuss the transformation of the particle mability to

particle charge. The mobility of particles exiting the center-rod slit for a

selected voltage, V;, for the ith voitage step ¥s given by Liu and Pui12:

Z — [ql - 12 (qs + q,)]ln(r,/r,) - ﬁ
' 2=ViL v,

(8)
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Fig. 39 txperimental apparatus for the »i.>-charge measurement by mobility
fractionation,
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where gy is the total air flow (cc/sec), q, is the inlet aercosol flow
(cc/sec), g is the sample outlet aerosol flow through the slit (cc/sec), L
is the distance between the aerosol inlet and the sample exit {cm), ry is the
inner column r&dius (cm), and rp is the outer column radius {am).

Because of the finite width of the inlet and outiet aerosol sample ports,
a range of particle mobilities is actually sampled. This mobility range is--

_ (qs + qu) ln (l';/l',) B
AL~ =%E "W, (9)

The mobility given by Eq. 8 is compared with the electric mobility of a
single, charged particle in order to calculate the number of charges carried by
a particle exiting the sample outlet flow, - The ~ingly charged mobiiity
is related to the particle size as follows:

. 48 x 107G 10
'~ B0GAD, (10)

where Dj is the particle diameter (om), n fs the air viscosity (P), and

Cj is the Cunningham slip-correction factor.~ Thus, the counts accumulated
for each particle size, Dj, sampied in the mcbility interval -

4Z;/2 to zi + AZi/Z, is assigned the charge value
Q;=2Z/21, . (11}

Since the single-charged electric mobility depends upon particle size, the
upper and iower rharge timits for a given voltage selection will vary according
to size. Examples of charge bounds are illustrated in Fig. 40. #hen operated
at a 15-Titer/min total flow with a voltage range of 10 to 11400 V, the DMA
charge range is approximately 5 to 6000 V for 1 um-diameter particles and
only 1 to 250 charge units for 0.1 um-diameter particles. A suitable range
must be chosen 5o the charge distribution lies within these bounds at each
particle size of interest.

Far later integration of particle counts over charge, it is desirable to
have adjacent mobility or charge intervals. This condition can be met for all
intervals by using Eqs. 8 and 9 and equating the lower bound of one mobility
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Fig. 40 Differential mobility analyzer charge 1imits at 10 Vv and 11400 Vv for
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range to the upper bound of the next. The resulting voltage recurrance
relation for adjacent intervals is--

(A + B/2) VY,

Vill= ——— 055 -
i+ (A —B/2) (12)

Correct detection of the number of uncharged particies presented us with a
complication. Particles having charges less than the tower charge limit shown
in Fig. 40 passed through the spectrometer and exited via the excess air. Such
particles were then detected in the “zero" mobility range when the rxcess air
was sampled, and assumed to be uncharged. The problem was alleviated for the
larger particles by decreasing the total air fliow through the analyzer, thereby
precipitating more of the low-mobility, or low-charged particles. Although the
“zero" mobility size distrihution then becomes a more exact representation of
the uncharged particle distributions, particles having charge between one and
the lower charge 1imit are not sampled at all. An alternative is to interpo-
late particle counts between the charge range of zero to the lower charge
cut-off,

We developed a FORTRAN program code that aliowed us to accumulate,
process, Save, and plot data for the size-charge distributions. rrogram output
included prompts to the experimenter, status messages, hard-copy plots,
oisk-file data storage, and raw and reduced data listings. The experimenter is
prompted for thanges in default values for the DMA flow rates, optical-counter
parameters, and sample time. The program proceeds tou set a DMA voltage, wait
for a certain equilibrium time period, and then accumulate a size spectrum with
the specified optical particle counter. This process i< repeated ui*il the
entire range of pre-selected voltages have been scanned. Fgquations 8 - 12 are
then applied to transform the mobility distributions to charge 1istributions.

We used this tecinique to evaluate a composite filter using a heterodis-
perse NaCl aerosoi. The filter, comprised of two layers of Johns-Manville
AF-18 media, was tested at a face velocity of 14 cm/s. We did not pre-charge
the aerosol; charge on the particles occurred as a result of the atomization
process during the aerosol generation. The concentration of particles as a
furction of size and charge was measured both upstream and downstream of the
filter. A three-dimensicnal surface representation of the resulting
penetration with size and charge as independent variables is illustrated in
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Fig. 41. The size range of 0.1 to 2.8 um diameter corresponds to the size
range of the laser spectrometer., Grid lines comprising the penetration surface
are at egual logarithmic spacing with respect to both particle size and charge.
Only the penetration of particles carrying positive charge is included.

Viewing the surface contour from the charge axis, we see that penetratian
decreases with increasing charge. The spikes on the surface profile occurring
in the high-charga regions are due to an insufficient accumulation of counts.
In the Tower charge region, the penetration has teen equated to zero where no
data was accumulated because of the lawer charge cut-off limitation of the DMA.

In Fig. 42, we show a collection of penetration curves. Each solid curve
corresponds to a different particle charge. The solid curve represents the
total penetration as a function of size if only particle size were measured.
Each charge curve has the same general shape as the total penetration, having a
maximum penetration with diffusion capture dominating at small sizes and
impartion at the larger sizes. However, the size at maximum penetration moves
toward larger particle size as the charge increases. For particles carrying
higher charge, larger particles are removed more efficiently,

Mobitity-fractionation measurements have a wide charge range of -1000 to
+1000 ¢”, and a lTower size limition of 0.1 um in diameter. Flow settings
of the ¢hargc spectrometer can be adjusted to gbtain a charge resolution of
1 & if desired. For a complete size-charge distribution, however, spectra-
meter flow settings must be chosen to adequately cover the entire ch rge
distribution of the aerosol to be measured. Higher particle concentrations
than are norms’ iy possible with an optical counter can be sampled because the
mobility-fractionation process precedes detection by the aeptical counter.

A major disadvantage of mobility fractionation is the long sampling time
required during which the aerosol concentration and size-charge distribution
must remain stable. Depending upon the charge resolution desired and the
opticai-counter sampling period, one complete sjze-charge distribution measure-
ment may require 30-90 minutes. Thus, the shortest penetration evaluation
requires at least 60 minutes. A further disadvantage is that the lower charge
cut-off is a function of size, and concentrations below this leve’ must he
interpolated. Often, further interpolations are necessary because many three-
dimensional surface and contour graphics software packages require eqgual grid
spacings. Investigations of particle losses within the charge spectrometer,
a1so as a function of size and charge, have yet to be assessed. Further
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Fig. 41 Penetration surface representation for Manville AF-38 media as a
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Fig. 42 Penetration as a function of size for caarge levels c¢f 1.0, 4.3 and
13.0e”, Manville AF-18 medi..

80



details of the site-charge measurement by mchility fractionation are given by
Biermann and Bergma.n.]3

SI1ZE-CHARGE MEASUREMENT BY LASER DOPPLER VELOCIMETRY

Laser Doppler velocimetry {(LOV) can measure both the aerodynamic size and
charge of individual aerosol particles in real-time. The instrument, ynder
development at the University of Arkansas, is called a Single Particle Aero-
dynamic Kelaxation Time (SPART) analyzer. The SPART measures the relaxation
tine of particies after subjecting them to an acoustic (SPART)]4 or an
oscillatory electric field (E-SPART)A]5 The electric field causes particle
oscillations whose velocity is measured by a freguency-based differential
laser doppler velocimeter. With either the acoustic or elrctric 7reld, the

inertia of the particle causes a phase lag with respect to the field frequency.

This phase lag is related to the aerodynamic particle size. Operation of the
E-SPART is not as sensitive to temperature as the acoustic SPART.

In addition, by measuring the magnitude of oscillation, we can derijve
particle charge. Unfortunately, uncharged particles, unaffected by the
electric field, pass undetected, and are neither counted or sized. A revised
E-SPART, currently being developed, uses the acoustic field for excitation and
a OC electric field to permit neutral particles to be measured as well gas
tharged particles. Ia this manner, size information for both charged and
uncharges darticles is obtained from the phase lag. while the particie charge
is opt. .eg by measurement of the drift velocity in the constant electric
field.

A block schematic of the electronic and optical components of the E-SPART
is presented in Fig. 43. The analyzer uses a 15 mW laser (1 = 488 ym).

The LOV-sensing volume, approximately 8 x 1070 cm3, is formed by a
33-degree intersection of two laser beams.

Figure 44 iilustrates the sensing chamber of a modified E-SPARY having an
aCoustic field excited a* 25 kHz and a super ‘mposed DC electric field of
2 x 105 V/cm. The acoustic driver is electrically grounded while the high
voltage is applied on a spherical electrode. As the particle transits the
Seénsitive volume, it experience: an oscillatory motion due to the acoustic
figld, and if charged, a drift velocity due to the electric fleld. The

Pariicle motion is detected by the LDV.
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The equation for motion of a charged particle in a gas driven by a
uniform acoustic field is

7 [drp/dt) + o, = Ussin (wt} (13)
where U is the ampliitude of the acoustic field, ¥p is the particle

velocity component parallel to the field, and w is the anguiar frequency of
the driving field.

The relaxation time, for the particle is given by

pl
T, =d,2C/18y ., (1)

where d, is the particle aerodynamic diameter, C_ is the Cunningham stip

Correction, and n is the viscosity of the gas. The steady-state solution to

the eguation of motion, Egq. 13, is

w0 + (U1 + Wt ) sin (wt — @) (15} |

where the phase lag, ¢, is

¢=tan‘1(urp) . (1c

£quations 14 and 15 can be solved for the aerodynamic diameter, yielding

d, = [(18, tan ¢)/wc_.,}”2 . (1 7)

The terminal drift veiocity which a charged particle experiences due to
the electric field is

Vi = (neCE)/(3rnd) (1. !

where e is the unit of etectronic charge, n is the number of charges carried
by the particle, E is the electric fiela strength in the sensitive volume, and

¢ is the particle size. The resulting Doppler freguency shift caused by a
Particie having the velocity is
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fz = (neECK)/(6r’nd) (19)
where K is the magnitude of the scattering vector of the LDV optical system.
This Doppler shift, due to scattered radiation, is added to the bias frequency
of the LDV, fo, to yield & final carrier signal, fs’ of

£, = f,  fg + f,,sin (27k,t) (20)
The result is an FM signal whose carrier frequency is fo + fE and
whose modulating freguency is fa’ the frequency of the acoustic excitation.
Demodulation of this signal results wn two outputs: (1) an AC signal which is

processed to obtain the phase lag, and (2) a OC signal incicative of the
particle drift velocity in the electric field.

Currently, the modified version of the E-SPART is still beirg evaluated
with regard to particle charge. However, filter-efficiency measurements have
been made using monodisperse aerosols and the unmedified E-SPART analyzer. For
the results shown in Fig. 45, two layers of AF-18 Mansville filter media were
challenged with a 0.82 um diameter PSL aeroscl, The filter efficiency is
shown far both positive and negative charged particles, and also for tie filter
under normal operation (0 kV) and electrically enhanced operation (10 kV).

As we have said, a major advantage of the E-SPART analyzer is the
real-time measurement of aerodynamic rarticle size and charge of individual
particles. The size range of the current instrument is 0.2 - 3.0 um 4in
diameter, But, it 5 expected that the lower lirit can be extended tp
0.1 um by {1) increasing the laser intensity in tne sensitive volume, (2!}
increasing the spolid angle for scattered light detection, nd (3)
incorporating a cooled photomultiplier. The charge range for a
1-um-diameter particie is 0 - * 40 e- using current electronics and a
tield strength of 2 x 10° V/cm.

Particles having higher charge levels are deflected out of the sensitive volume
before being counted. It is estimated that this limit can be increased by

t 120 e- with further modifications of the electranics. Particles haying
higher charge than this would have to be measured by lowering the averall field
strength. Since the 2lectric mobility is actually being measured, these charge
limits vary according to the particle size. Also, the aerodynamic diameter
must be converted to a physical diameter before interference from the
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electronic charge of the mobility measurement. Although the E-SPART is a
real-time instrument, signal-processing time limits actual counting to Tess
than 100 particles/sec. As in the case of size-charge analysis by mobility
fractionaticn, an appreciable sample time is reguired for the accumulation of
a complete distribution for a heterodisperse aerosol.

FUNDAMENTAL STUDIES OF ELECTRICALLY ENHANCED AIR FILTRATION

INTRODUCTION

A major portion of our electric-air-filter program was devoted to
fundamental studies of air filiration, including both meciarical and electrical
air filtration. These studies were ne:essary in order to lay a foundation for
dezigning experimental filters later on. Although electric a‘r filters had
been available commercially in the early 1950516, manufacturars had ceased
praducing them a few years later because of low demand and unreiiable
performance, These electric a° filters had been introduced into the market
without an adequate understanding of their principles and their limitations.
Recognizing these previgus failures, we have avoided the temptation of
designing and building electric filter units in ovr program without first
establishing design criteria based on fundamental studies.

A large number of fundamental studies already have laid a good foundation
for understanding electric air filtration. However, because air filtration
involves & large number of variables and a variety of phenomena, mary areas of
filtration have been extensively studied while athers have not. Since the
objective of our fundamertal! studies was to develop a scientific basis for the
designing of electric air filters, we used theories that were already
established and concentrated on those areas that weie poorly understood.

We looked at filtration theory as having four major areas of emphasis or
mechanical and electrical filtration of clean and clogged filters. Mechanical
filtratior in clean filters has been extensively studied and is reasonably
well uiderstood, Electrical filtration of ¢lean filters, thouyn, has not been
studied t“oroughly and is not well understood. Filter clagging mechanisms
have been investigated even less: mechanical filter clogging is poorly
understood while clogging of electric filters is not understood at .17.
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The objective of our theoretical studies and small-scale experiments was
to understand the mechanical and electrical filtration mechanisms for both
clean and clogged filters in sufficient detail to optimize the electric air
filter. The anly reasonably understood filtration mechanisms are those for
clean mechanical filters. Therefore, to reach our objective, we had to
wnvestigate and develop theories for the othe~ filtration mechanisms discussed
before. Although the fundamental studies reported here are zpplicable to a
variety of filter media, including granular bed filters, we restricted our
investigation to fibrous filters since they are the more widely used.

BACKGROUND OF PRQJECT

We selected a design concept for the electric air filter baseo upon
applying an electric field externally across a fibrous filter. This concept
was selected over the other approaches for electrification of the filter media
because it had the best potential for success in the nuclear industry. The two
most important improvements we expected from this electric air filter were (1)
improved efficiency and (2) lower pressure drop at comparable mass loadings.
We will present evaluations of our externally charged air filter and also
several varieties of permanently charged electric air filters. Experimental
results relevant to the externally charged filter are compared to a simplified
theory we developed that includes filter resistance, colle~tion efficiency, and
transient behavior. The objective of our theoretical studies and small-scale
axperiments was to understand the mechanical and electrical f*ltration
riechanisms for both clean and clogged filters :n sufficient detail to design
experimental electric air filters. We will also discuss a more rigerous
theory, developed by investigacors at the University of Califorria at Davis,
that inciudes both mechanical and electrical cepture mechanisms.

Electrostatic filters have been investigated since 1930. Although thoy
can have a number of different configurations, all are based on charging or
polarizing fibers in the filter in order to generate an electric force hetween
the fibers and charged aerc<o} particles,

The first electrustatic filter was developed in 1930 by Hansen, who found
that a powdered re<in mixed with wool fibers greatly improved filter
efficiency.U the - esin particles that coated *he fibers were hignly cherged
by the mixing proces. which, in effect, produced charged fite=s. This siiple
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electrostatic Filter is stil) widely used today, especially in respirators.
Unfortunately, resin filters are ruined when they are exposed to organic vapors
which dissolve the resin or to fenizing radiztion that neutralizes the resin's
charge,

Recognizing the problem of charge dissipation in the resin filter, a
numser of investigators developed methods to continuously recharge the filter
by generating charged aerosols upstream of the filter, Rossano a1 Silverman
in 1954 used an electric corona tpo charge the areosol particles before they
entered the fflter.]B These charged particles were initially trapped in the
filter by attractive forces caused by the charged particies until the fibers
acgquired a high-charge density, Further particle-trapping occurred primarily
from Coulombic forces between charged fibers and charged particles. Reid and

Browne have recently repeated these experiments and have shown high filter
efficiencies.19

Anather method for continuonsly recharging the filter was proposed by
Mazumder and Thamas in ?967.20 Instead of charging the aerosols tc be
filte-ed, they injected a charged mist intg the air stream in front of the
filter. The charged mist was trapped by the filter fibers which effectively
charged them. Oncaming aerosols were then collected by Coulambic forces
between the aerosols and the charged fibers

Elecirostatic filters have also beer made by polarizing fiiter fibers
externally with an electric field. Although these electrostatic filters have
been commercially available since the early 1950s, they have not been widely
used. 1In 1954, Silverman et al., evaluated several comercial electric air
filters made of glass Tiber mats sandwiched between a high-voliage electrode
and a ground screen.ZT

Davies wrote an excellent review of electrostatic-filter-appiication
mecels available up to 1972.) The thearetical investigations showed that the
increase in filter efficiency with an applied electric field reculted from the
attraction between polarized fibers and charged aerosol parcicles or polarized
fivers and polarized aerosol particles. Rivers gives a good, elementary
description of this attractfon.22

The most comprehensive theories were developed by ZebelZ3 who
irgorporated the idea of attraction with Lamb's flow field ardund isolated
fibers. His equations represent the combined filtration mechanisms of
interception and electrical forces. A1l recent investigationsa4°33 have
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used Zebel's model to interpret experiments. A1l of these studies were
concerned primarily with the weli-established increase in filter efficiency
due an externally applied electric field. Although more rigorous theories on
electric-field enhancement have been very recently developed by Nielsen and
Hi113% and by Pich35, no one has them used to evaluate experimental

results.

In recent years, studies or. electrostatic filters have spread to interna-
tional groups. Most of these studies were concerned with the parameters that
affect filter efficiency due to the electric field. An important new
develupment occurred in 1975 when Frederick31 reported that a filter also had
a significantly lower pressure drop than the same filter without an applied
electric field, He postulated that the particle deposits in the electrostatic
filter have a more open structure than corresponding particle deposits in the
absence of an electric field., Several other investigators have also observed
large reductions in filter-pressure drop with an externaily appli.d electric
fie]d.28'32'35’37 Such results indicated that an electrostatic filter has a
longer seryice life than a standard filter.

Electric air filters have also been developed that combine particle
charging with an external'y applied electric field. Thomas and Noodfin38
fillea the space between plates of an electrostatic precipitator with ¢ glass-
fiber medium and observed a large efficiency increase compared te the
precipitator or to the filter alone. In this configuration, applied high
voltage generates an external electric field; it alsc generates ions in the
same region by a corona discharge. Hybrid electrostatic filiers can also be
built by having separate regions for both particle-charging and filtration.
Inculet and Castle evaluated a two-stage electrostatic filter having a
concentric geometry.39 Particles charged by a corona discharye in a first
stage are trapped in a second stage that consists of a filtzr medium with a
superimposed electric field.

Another kind of electrically enhanced filter is the permanently charged
filter. When we began our program ir 1976, the only permanently charged media
available was the Hansen filter. Since then, a new generation of permanertly
charged filter media, based on electrets, has been developed by van
Turnhout.40’4] Electrets, the electrical counterparts of magnets, are
formed by heating and cooling a polymer in an electric field. We have
investigated several tipes of electrets and found that their charge can "~
dissipated when exposed to certain aerasols and organic vaposs.
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ELECTRICALLY CHARGED ELECTRIC AIR FILYER

Charging Technigues

He selected an ordinary fibrous filter in a constant, external electric
field for our studies. Filters where incoming aerosols are precharged by
corona discharge were not considered because of the excessive fire hazard. The
basic components of the electric air filter described in this report are
i1lustrated in Fig. 46. A fibrous filter medium is sandwiched between two
perforated electrodes separated by a spacer, We chose a wire screen with a 90%
open area for the upstream electrpde to minimize the masking of the filter, and
we chose a perforated aluminum plate with a 40% open area for the downstream
electrode. The pressure drop acrass the two electrodes is typically 5 Pa at
66 cm/s. Polyethylene upacers are inserted to maintain the preper spacing for
the applied eleccric field. 8y applying high voltage to the dawnstream
electrode and grounding the upstream, an electric field generated across the
filter medium polarizes the filter fibers. These polarized fibers are
responsible for the increased filter efficiency.

An important property of this electric air filter is its very low power
cenuirements. The 200-mm diameter element uses less than 5 mW of electrical
power when 10 kV is applied across the electrodes. Although we used a large,
variable OC power supply far laboratory studies, a small power supply is quite
sufficient for adequate charging of the fiiter.

Enhanced Filter Efficiency Experimental Results

We summarize here our fundamental-study findings that demonstrate one of
the most important aspects of electric air filters, namely the increasud
collection of particles due to electrical interactions. Other experimental
tests further describe the performance of the electric air filter; these tests
include investigations of the effects of particle size, charge, fiber size and
packing density, face velocity, conductivity, transient behavior, and relative
humidity. For many of our results, we tried to separate the effects of these
different parameters onfilter performance in order to more easily compare them
to theoretical relationships. We conducted these studies in our small-scale
filter test facility.

90



Fig. 46 ODisassembled view of an electric air filter
and high-voltage etcctrodes,

21

showing the filter media
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Most of gur siudies invelved two layers of AF-4, AF-11 or AF-18 media
{Johns-Manville, Denver, Colorado) chalienged with a NaCi aerosol (unless
stated otherwise). The NaCl aerosol, nebulized frem a 1% NaCl water solution,
had an aerodynamic diameter of 1.0 um and a geometric standard deviation of
2.0. Filter properties are list.d in Table 4, We often used two layers of a
filter media in testing to prevent significant channel effects. Fiber-number
median diameters and geometric standard deviations, 9 were obtained by
scanning electron microscopy. Fig. 47 shows micrographs for the three types
of media.

Particle Size. The enhanced performance of the filter media when piazed
in an electric field can be i1justraved readily by measuring filter eificiency
:5 & fur.tion of particle size. “igure 48 shows the effiziency of the AF-13
media at a face velocity of 66 cm/s. To cover the wide range of particie
sizes, simultaneous measuremznts of the filter afficiency were made using both
a laser particle counter and an electrical mobility analyzer. Figure 56 also
shows the efficiency of the same filter without an electric field and with an
appiied electric field of 10 kV/cm. The electric field causes a dramatic
effect, nearly eliminating the deep minimum in filter efficiency that accurs
in conventional filters. This increase in filter officiency occurs with na
carresponding increase in pressure 105s.

Although the elimination of the deep minimum has not been a recognized
attribute of the electric a*~ filter, this experimental result can he easily
predicted, Since very large and very small parti¢les are captured effectively
by a conventionai fibrous filter, the particies that are able to penetrate the
filter must fall within these toundaries. It has also been well established
that applying an electric field to a filter greatly increases the filter
efficiency, We can conclude, combining these two facts, that the electric
field reduces the particle penetration in the size region characterized by a
minimum filter efficiency. Using this fiber media with this flow rate, the
minimum occurs in the submicron range.

The efficiency data in Fig. 48 were determined for particles having a
known size distribution but an unknown specific charge distribution. It is
highly probable the particles in each size range had a distribution of charges
centered about zero, with the Targe particle sizes having a broader charge
distribulion. Aithough mur size-charge aerosol instrumentation for decoupling
particle size and charge effects was not fuily developed at this time, by
measuring the efficiency as a function of particle size, we were able to see
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Table 4. Properties of Manville AF-4, AF-11, and AF-18 filter media.

Media
Type

Packing
Fraction

AF-4
AF-11
AF-18

0.0028
0.0038
0.0086
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Fig, 47 Electron micragraphs of AF-4, AF-11 and AF-18 filter media.
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Fig. 48 Filter efficiency as a function of particle size with and without an
electric field using electrically charged aerosols.
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changes in the filter efficiency with changes in the averge particle charge.
Figure 49 shows the results of a filter efficiency test conducted under the
same conditions used in Fig. 48 except that the particle charge was reduced
from 13 ta 2.5 units using a BSKr source.

A compar{son of the curves in Figs. 48 and 49 shows that reducing the
average particle charge from 13 to 2.5 units had no effect on the filter's
efficiency without an electric field. However, the same reduction in particle
charge shows a significant reduction in the efficizncy when 10 kV/cm was
applied across the filter for particles ranging from 0.02 to 0.2 um diameter.
Above 0.4 um in diameter, the reduction in particle charge had no effect on
filter efficiency.

If we assume particle charge was reduced proportionally for a’l sizes, then
the efficiencies for the electric air filters in Figs. 48 and 49 have a simple,
quaiitative explanation. For particles above 0.4 um in diameter, tlie
electric air filter is dominated by a polarized-particle, polarized-fiber
mechanism and shows no dependence upon particle charge. Between 0.02 and
0.2 um in diameter, a charged-particle, polarized-fiber mechanism plays a
major role in filter efficiency and is strongly dependent upon particle
charge. Although this simple explanation accounts for our experimental
results, until particle-charge effects are decoupled from the particle-size
effects, we must leave it as speculation only.

Face Velocity. In Fig. 50(a), filter efficiency determined by a flame
photometer is illustrated as a function of the applied electric field. The
same filter was tested at face velocities of 0.65, 0.32, and 0.16 m/s. Without
an electric field, the filter efficiency increased as the flow velocity
increased, while the opposite occured at higher electric-field strengths.

Without an electric field, filter efficiency is determined by only
mechanical capture mechanisms. Since the flame photometer measures a quantity
proportional to particle mass, the efficiency measurement is primarily a
measurement of the inertial capture mechanism. Thus, at higher velocities,
the particle inertia increases, thereby increasing the efficiency. When the
electric field is applied, the primary factor controlling the efficiency
increase is the residence time of the particles within the filter madium. The
longer the particles remain within the filter medium, the greater time the
electrical forces have to attract these particles to the fibers.
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Fig. 50 (2) filter efficiency as a function of electric field for two Tayers
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the data in (a).
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An alternative method of plotting the Fig. 50(2) data is presented in
Fig. 50{b). Here, instead of plotting filter efficiency, the logarithm of the
penetration ratio, P/PO, is graphed, where P0 is the penetration occuring
without an applied electric field. Larger values of -ln{P/PO) indicate
greater filter efficiency. This normailized plot usually results in more
linear electric-field dependencies. As we will discuss in the next section
regarding theory, this type of plot, in effect, cancels the mechanical capture
mechanisms, Teaving only the electrical mechanism.

Similar enhanced relationships are shown in Figs. 51 and 52. Higher
packing density fraction means greater efficiency and smaller diameter of the
fibers also mean greater efficiency. In Fig. 51, we illustrate the effects of
placing one and two layers of AF-18 media between 1.27 cmespaced screens at a
face velocity of 65 c¢cm/s. Compressing the two Tayers had the net effect of
simply doubling the packing fraction and then doubling the slope penetration
ratio vs electric field curve. To separate the effect aof fiber size on the
filter performance, we tested comparatively using AF-4 and AF-1] media having
fiber diameters of Q.82 wm and 2.6 um, respectively. The penetratian
ratios in Fig. 57 have been normalized to the packing fraction since the AF-4
has a higher volune of fibers than the AF-11 media. .

Conductivity. The conductivity of the fiber is an important variahle in
electric air filtration since it determines the amount of charge that can be
accumulated on the fibers and the associated pariicle load an the filter or
the acid coats on the fiber surface. Both effects may lower filter efficiency. §
The effect of fiber conductivity on filter efficiency also depends upon the ‘
insulation of the high-voltage electrodes. Figure 53 shows the results from
efficiency tests an a conducting filter using both insulated anrd noninsulated
electrodes. Again, the logarithm of the penetration ratio is plotted against
the applied electric field to linearize the resulting curve and eliminate the
initial filter efficiency without an external field. We see that increasing
the electric field improves the filter efficiency when noninsulated electrodes
are used but has no effect when insulated electrodes are used.

For tests on a less conductive filter, both insulated and noninsulated
electrodes showed an increase in filter efficiency when the applied electric
field is increased (Fig. 54). However, filter efficiency was lower when an
insulated electrode was used instead of a noninsulated electrode. Based on
the results shown in Figs. 53 and 54, we would have expected that, in the
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1imit of zero conductivity, the filter efficiency would have been the same for
either insulated or noninsulated electrodes. The conductivity of the fibers
did not have to be very large for the filter to behave as seen in Fig. 53.

The resistivities of the conducting and nonconducting filters were 108 and
1010 ohm/cm, respectively. Figures 53 and 54 alsa show that sparking across
the electrodes occurs at 11 k¥/cm for the noninsulated electrodes while no
sparking occurs for the insulated electrodes up to 14 kV/cm,

The test results above can be explained in terms of a charged-fiber
mechanism. Figure 55 shows a filter mat of fibers sandwiched between two
electrodes that are connected to a high-voltage source. The high voltage
produces an electric field, Eg, within the filter bed that polarizes
jndividual fibers. Charged aerosol particles are then attracted to the
polarized fibers, and, if the fibers have a low conductivity, accumulate a net
charge cn the fibers, However, since all materials have a finite
conductivity, the charge on the fibers will migrate in the direction of the
electric field and eventually dissipate with time. The positive and negative
charges migrate along the fibers to the electrade of opposite charge and build
up an induced charge.

If the clectrodes are not insulated, these induced charges are neutraiized
on contact with the electrodes., If the electrodes are insutated, the induced
charge cannot be neutralized. These induced charges then generate an electric
field that is opposed to the external field created by the high-voltage
electrodes. The net effect is a reduction of the electric field within the
filter medium, The extent of this field reduction depends or the magnitude of
the induced charge. For the filter shown in Fig. 54, the low conductivity
allows only a small charge to build up next to the insulated electrode. This
small charge buildup generates a small oppesing electric field that
consequently reduces filter efficiency by only a small amount. In contrast,
the conducting filter of Fig. 54 allows a significant charge to build up next
to the insulated electrodes. The magnitude of this induced charge is large
enough to cause a net cancellation of the external electric field within the
filter medium. In this case, an applied eleciric field does not increase the
filter efficiency.

Transient Behavior. The efficiency measurements discussed so far were
obtained under steady-state conditions. Experiments conducted under transient
conditiens (Figs. 56,57,58) demonstrate that the characteristics of the
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slightly conducting media.
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electrification process are much more complex than previously tﬂought.23'42

Transient penetration tests can pravide additional information on the dynamic
nature of the fiber charge. Figure 56 shows the results of two experiments
superimposed on the same graph in which the transient aerosol penetration was
measured as the electric field was turned on and off. The noise in the
original traces was averaged out to yield the smooth lines. The filter
designated as "slightly conducting” showed an instantaneous decrease and
increase in %he penetration when the electric field was turned on and off. In
contrast, the "non-conductivity” filter showed a pronounced delay Tn the
penetration when the electric field was turned on and off. This delay was
much greater when the electric field was removed than when it was applied.

The major difference between the two filters was their conductivity: the
"non-conducting” and "1lightly conducting" filters had gross resistivities of
1010 ohm/cm and 10° ohm/cm, respectively. Further cases of transient
behavior are shown in Figs. 57 and 58. Figqure 57 combares the penetration of
a filter having "non-conductivity” fibers placed between either insulated or
noninsulated electrodes. As previously des:ribed, the noninsulated-electrode
case rapidly reached a steady-state penetration level after application of the
electric field. However, for the insulated electrode case, the ranetration
decreased to a minimum and then increased to the original penetration even
with the field still being applied. In Fig. 58, we examined the effect o¥
filter conductivity when insulated electrodes were used. The primary effect
of the increased conductivity was a significant reduction in the transient
behavior that occurred for the insulated electrode case. The “"slightly
conductive" filter has & mucii higher minimum penetration than the
"non-conducting” filter. The use of AC voltage produced similar results as
slightly conducting media.

Results of our transient penetration studies, including studies with AC
fields, are summarized in Table 5, Our transient experiments will be compared
to theory in the next section, but, because important experimental data, such
as particle size and charge and the fiber charge are not yet available, we
have intentionally left che description of these these studies simple and
qualitative. In any case, experimental results indicate that good electrical
contact between the electrodes and the filter media is an important criteria
fo the design of electric air filters.

Relative Humidity. 1t is well established that water absorbed on an
insulator will dramatically increase its surface conductivity. As might be
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Table 5. Theoretical model of conductivity filter experiments.

Theoretical
Charge -
Electrode Experimental Fiber accumulation Polarized
E-field Fiber Efficiency charge at electrode fiber
Non-insulated Dc Non-conducting Large enhance- Large No Yes
ment, Slow
transient
DC S5Tightly Moderate enhance- Small No Yes
conducting ment, Fast
transient
Insulated DC Non-conducting No enhance- None Yes hlo]
ment, Slow
transient
oc STightly No enhance- None Yes No
conducting ment, Fast
transient
Both AC Both Moderate enhance-  None No Yes
ment, Fast
transient

106



expected, high humidities can lead to increased current flow through the
filter and eventually short-circuit the electrodes. The impact of relative
humidity on the filter efficiency and electrode is illustrated in Fig. 59.
Since NaCl aerosols are hydroscopic, O0F aevosols were used for these tests
with a 1ight-scattering photometer on the detector. The filter efficiency
with and without high voltage remains constant over all relative humidities
tested; below 70% relative numidity, the electrode current remains less than
0.5 uA. Beyond 80% relative humidity, the current rapidly increases until
there is a short-circuiting across the electrodes at 90% for glass (e.g.,
polypropylene absorbs about 0.02% water as compared to 0.3% for glass). MWe
would expect that electric air filters made from plastic fibers can operate at

a much higher relative humidity.
SIMPLIFIED FILTER EFFICIENCY THEQRIES

The electric air filter is a complex, dynamic system involving both
mechanical and electrical forces. For example, increasing the face velocity
increases the filter efficiency for mecheanical capture mechan sms, but
decreases the filter efficiency for electrical mechanisms. T2 air flow
resistance or pressure drop across a filter is unaffected by the ad4ition of
an electric field., This follows since air-flow resistance is dependent on
physical obstruction, not electrical ones.

Since the efficiency of an electric air filter depends upon both
mechanical and electrical mechanisms, both must be considered in a theory. MWe
- .veloped theoretical models for filter efficiency that are consistent with
the experimental results presented in the previous section. The simplified
theories discussed here explain both the enhanced efficiency and transient
hehavior of electric air filters. They are applicable to clean filters only;
theoretical models applicable to mass-lcading will be discussed later in the
section Effects of Particle Loading on Filter Efficiency.

Steady-5tate Penetration Theory

The most frequently used approach for investigating microscopic filtration
mechanisms in fibrous filters is the concept of singie-fiber efficiency. This
concept assumes that a single fiber is representative of all fibers in the
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filr ». SingTe~fiber efficiency takes into account ali interactions between
neighboring fibers and should be not confused with the efficiency of an
isolated single fiber. The differential form for this filtration model is

aN 20Ny
T AR —a {21)

where N 1§ concentration (cm'a) of particles, a is the volume fraction of
fibers, X is the filter thickness {cm), n is the total single-fiber
efficiency, and R = fiber radius (cm). Using this formula, we can derive the
integrated expression that relates the observed filter penetration, P, to the
single-fiber efficiency, n,

__ 2k
P=e (l—ﬂ)lkl . (22)

Thae filter efficiency, E, is related to the penetration by

E=1-7" . (23)

The single-fiber efficiency, Ny in Eg. 31 represents all of the
mechanical and electrical mechanisms for particle capture superimposed on the
air flow through the fiber matrix. The most rigorous derivation of ny
combines the three mechanical capture mechanisms of diffusion, interception,
and inertial impaction with the Kuwabara flaw-cell model.?3 Although the
resulting equation has predicted many experimental trends, much additional work
js still required before guantitative predictions can be made for real filters.
An important finding of these theoretica. investigations is that the
efficiency of individual capture mechanisms cannot be added, a4 priori,
together to yield the combined efficiency for all mechanisms. Theoretical
studies show that the total mechanical efficiency equals the sum of the
individual efficiencies plus an additional term involving both diffusion and
interception, [t seems reasonable to expect additional mixing of terms when
electrical mechanisms are added to the filtration model. Since the derivation
of Nt for the combined electrical and mechanical mechanisms superimposed
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on the air-flow pattern i5 not yet available, we shall approximate it with the
sum of the efficiencies for the mechanical, Ny and individual electrical

mechanisms,n;:

m=m=zm- (24)

Previous theoretical and experimental studies have ‘dentified two
mechanisms responsible for the increased efficiency resulting from an applied
electric field: the attraction between palarized particles and palarized
fibers and the attraction between charged particles and polarized fibers, The
externai electric field polarizes both fibers and particies., We have ignorad
the additional capture mechanism due to attractivefarces between charged
particles and neutral fibers because it s a minor contribution to the fifter
efficiency for naturally charged aerosols.

Zebe123 derived the foilowing two equations for single-fiber efficiency
that represent the force betwsen polarized particles and polarized fibers,
nRPp, and the force between charged particles and polarized fibers,
nR,Pq. Equations 35 and 36 represent the electrical capture mechanisms
for particles in the interception region:

rp = e 1ya— 1) FEC and
RPy = \e + Z\e + 1) EvaRv (25}

g —1
1+——
neEC g+ 1
neEC | '
y 4 DeEC (26)
+ brurv

e, = —61_“"

where ¢_ is the dielectric constant of the particle, € is the

dielcctric constant of the fiber, r is the parlicle radius, £ is the effective
field strength, C is the Cunningham slip-ccrrection factor, v is the air
velocity inside the filter, r is the number af elementary charge units, e is

the elementary unit of charge, and y is the gas viscosity.
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Zebe144 also derived an equation for the single-fiber efficiency
resulting from the diffusion of charged particles to a fiber polarized by an

electric field:

_ gneEC
771:'.1'll = ourv (27)

The value of g in Eq. 37 depends upon regions of attraction and repulsion
aon the fiber, Note the single-fiber efficiancy resulting from the electrical
force between charged particles and polarized fibers is very similar for both
interception and diffusion mechanisms. Since particles in the diffusion region
are very difficult to polarize because of their small size, an efficiency term
analogous to Eq. 35 that involves forces between polarized particles and
polarized fibers would not be important. One additional efficiency term,
"I’Pp= has been identified for the theoretical electrestatic filter,

Although no ore has yet determined this terw, it is applicable in the region
of inertial impaction and will most 1ikely be dominated by the attraction
between polarized particles and polarized fibers,

Adding together all of the single-fiber efficiencies due to mechanical
and electrical mechanisms, as shown in Eq. 34, the total single-fiber

efficiency is

M =M =Mp, + IRp, T Mop, t e, {28)
For comparison to experimental measurements, we have dropped the inertial term
and substituted Eq. 32 into the expression for penetration. Dividing the
resulting penetration equation by the initial penetration without an electric
field, Po. eliminates the mechanical efficiency terms and yields a penetra-
tion ratio that is dependent on the applied electric field. The logarithm of
this penetration ratio is

Ei—l

In (P/Py) [ 2ax ](fp‘l «—1\PEC  nerc| ' a1 gneEC !
n = —
’ {1 —apR[ [\, + 2Xe, + 1) érurv | Gmurv | 4 DeEC + Gy T B[ - (29)
émury
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We calculated iheoretical curves using Eq. 39 without the last two single-
fiber efficiency terms. The definition of terms and vajues used in these
calculations are listed in Table 6. The results in Figs. 60-64 show the
dependence of the penetration ratio, -1n(P/P0), or the applied electric
strength for a variety of parameters affecting filter performance. These
dependencies include face velocity, packing density, fiber size, particle size,
and particle charge, which we have already discussed. The greater the slope of
any curve, the more dependent fiiter performance is on the variable heing
compared. We w111 next compare these dependencies with the experimental
results described previously.

Figure 60 illustrates the penetration ratio for three common face
velocities., MNote that lower face velacities yield higher filter efficiencies.
These calculations can be compared to our experimental findings shown in
Fig. 65. Here, the lines are nearly linear except for the curve at 153 cm/s
at higher E fields, indicating that for the NaCl aerosocl, the primary
electrical capture mechanism is Coulombic, [Eq. 36], rather than the
polarization term in Eq. 35. According tc Eq. 36, the polarization term would
make the data increase as Ez, which clearly does not occur.

The fiTter performance calculated for four different packing fractions is
shown in Fig. 61. Not surprisingly, the behavior of this parameter is
entirely consistent with experiments shown in Fig. 51, that is, doubling the
packing fraction doubles the log ratio of filter penetration. Of course, for
a given flow, the increased packing fraction will also increase the pressure
loss across the filter.

Filter performance at various fiher diezmeters is illustrated in Fig. 62
for & constant packing fraction. Performance greatly increases as fiber size
is reduced. This can be compared to the experimental results shown in
Fig. 52, where the penetration ratio has been normalized to remove the effects
of different packing densities,

The dependence of filter penetration upon particle diameter is more
complex. The family of theoretical curves drawn in Fig. 63 depicts the ratios
for different particle sizes having the same charge, 5 e”. At any fixed
elaectric field, the filter efficiency first decreases to a minimw, and then
increases as the particle size increases. The trends are best understood by
referring to Eq. 39 in which the polarizatian term varies as the square of
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Tabie 6. Parameters used for the theoretical calculations.

Media Johns-Manvilte 1.27-cm Microlite {AF-18)

Layers 2

Packing fraction, e D.086 [filter weight 10.8 g)

Thickness, x 1.27 cm f
Fiber radius, R 4.5 x 1077 ¢m |
Face velocity, v 65 cm/s |
Particle dielectric constant, °p 6.12 5
Fiber dielectric constant, e 3.8 |
Particle charge, n 5 units |
Particie diameter, count median, 2r 0.29 x 10'4 cm E
Electric field, E 0 to 12 kV cm :
Cunningham sl1ip correction, C 1.66

Air viscosity, u 1.8 x 10710 pas

Electronic charge, e 4.8 x 10-10 esu

ot s e
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Fig. 60 Theoretical filter penetration as a function of electric field for

three face velocities.
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Fig. 61 Theoretical filter penetration as a function of electric field at
varjous filter packing fractions.
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Fig, 62 Theoretical filter penetration as a function of electric field for
fibers of varying diameters.
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Fig. 63 Theoretical filter penetration as a function of electric filter field
for variovs size particles.
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Fig. 64 Theoretical filter penetration as a function of electrical field far
particles of varying charge.
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Fig. 65 Penetration ratio for various electric fieids at three face
velocities.
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¢ iameter, whereas the Coulombic term varies in the first approximation as the
inverse diameter. Thus, smalier particles interact pi-imarily in a Coulambic
manner, while larger ones show polarization behavior.

The effect of particle charge on the penetratiun ratio as predicted by
this mode. is illustrated in Fig. 64. As the particle charge increases, the
filter-collection efficiency also increases. Calculations were made for
0.29-ym diameter particles. The dependence of the pc-atration on size and
charge has not yet been compared to experimental resuics because the
size-charge instrumentation is still being developed.

In general, our comparisons between Zebel's theory and our experimental
observations indicate qualitative agreement.. The parameter packing density,
fiber size, face velocity, and particle size foilow the trends predicted from
the theoretical relationship. This implied mcde’ assumes steady-state
conditions and the aspects of mechan‘cal capture mechanisis having been
avoided by using penetration ratios. The dependence on particle charge and
electric field need further investigation on particle charge measurements are
routinely operable. Furthermore, for absolute comparisons a more rigorou:
theoretical treatment is required.

Transient Penetration

A1l of the previous experimental and the~retical investigations have
assumed that an applied electric field would guickly increase the filter
efficiency with 1ittle or no transient effects. This assumption was supported
by a general concensus among investigators that the fundamenta) mechanisms
embodied in Eq. 39 sufficiently described the increased filter efficiency of
the electrostatic filter. According to Eq. 39, changes in the applied
glectric field would result in instantaneous changes in the filter efficiency.
However, measurements in Figs. 64-66 indics:e the presence of transients that
are not predicted by the steady-state theory. Based on these measurements, we
concluded that an additional capture mechanism must be added to the theory.
The basis for this additiora) mechanism is illustrated in rig. 56.

The larger and smaller circles in Fig. 66 represent the cross sections of
the fibers and the charged particles, respectively. The salid lines are the
electrical lines of force, while the dashed iines are the particle
trajectories. Although only the attraction for charged particles is included,
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ffiber polarized by electric field)

Charged fiber — charged particle
{fiber charged from the depasition
of charged particles}

Fig. 66 E _ctrical capture mechanisms responsible for the increased filter
efficiency.
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the electrical capture mechanisms are equally valid for polarized particles.
The particles can be polarized by either the fiber charge or by the external
electric field.

When an external electric field is first applied to the filter, the only
capture mechanism is due to the forces between a polarized fiber and a
palarized ar charged particle. The electric field instantly polarizes the
fiber, which then attracts both charged and polarized particles. Zebel had
derived Eqs. 35 and 36 based on this capture mechanism. However, the charged
particles that depogsit on the fiber gradually build up a fiber charge, and,
therefore, introduce the second mechanism. This second mechanism is based on
the force between charged fibers and charged or polarized particles.

The Fiber with Q charge per unit length ran subsequently capture charged
or neutral particles. The charged particles are attracted by Coulombic
forces, while the neutral particles are attracted by induction forces. For
charged particles having a charge, ne, the single~-fiber efficiency ish

neQC
ﬂmqp+§m . (30)

The corresponding single-fiber efficiency for neutral particles is

_2f{s-1\(@ec
m =25 () o

We should note that the induction force on the neutral particles in £g. 41
is produced by the fiber charge, Q. As in the case of the steady-state
theory, additional mechanisms are also required Tor the electrical capture
mechanisms in the diffusion and inertial impaction regions of particle size.
Zebel has derived the following expression for the combined mechanisms af
diffusion and Coulombic attraction between charged particles and charged

fibers®?:
gneQC
ing, = suRV (32)
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Although the single-fiber efficiency for charged fibers and palarized
particles in the inertial region, “I,Qp’ has not yet been derived, it is
expected to resemble Eq. 31, for the interception region.

The neutral particle can also be polarized by the external electric field;
in which case, the single-fiber efficiency is proportional to QE instead of
Qz. A similar cross term occurs when the fiber has a charge and is also
polarized by the external electric field. In this case, a neutral particle
can be polarized either by the fiber charge or by the electric field.

Equation 25 represents the case in which the particle is polarized by the
external field, If the particle is polarized by the fiber charge, then the
single-fiber efficiency term describing the attraction between polarized
particles and polarized fibers is proportional ta QE. Therefore, once the
fiber becomes charged in the presence of an external electric field, two
additional single-fiber efficiency terms involving QE are added to the
combined fiber-collection efficiency. Including these terms and replacing the
fixed varizbles in all of the single-fiber efficiencies with constants, the
resulting equation describes the differential decrease in the number of
particles, dN, across a filter element of differential thickness, dX, which is

given by
dN _ 2aN 2
~X = R = a)[,,,,, + CyneE + CE® + CneQ + C,Q* + C;QE] . (33)

We have assumed that inertial-impaction terms have dependencies similar to
those of the interception region. The fiber charge Q is given by

Q__"M_ N
d_t_ P nede . (34]

Ea. 34 is the sum of a dissipation term, -vQ/e, and an accumulation term,
-neVdN/dx. Equations 33 and 34 represent a pair of coupled differential
equations.

Although extensive numerical calculations are required to compute
trarsient and steady-state penetrations, we can gqualitatively explain
experimental trends using Eq. 34. The transient test results shown in
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Fig. 56 indicate that increased conductivity removes large transients in filter
penetration that occur for nonconducting filters when the electric field is
applied and removed. The explanation for the conductivity effect is based on
Eg. 34. For a nonconducting filter, small y, a significant charge can build
up on the fiber Sefore the charge-dissipation term, -vQ/e, reaches
aquilibrium with the charge-accumulation term, -neVdN/dx. However, thz
charge-dissipation term for the conducting fiber, large vy, is so large that
equilibrium between charge dissipation and accumulation is established with a
negligible charge on the fibers. Since thne conducting fiber cannot develop a
charge, the penetration will instantly increase to the initial penetration
when the electric field is turned off.

In contrast, the nonconducting filter has a significant fiber charge which
bleeds off very slowly when the electric field is turned off. As a rough
appreximation, the accumulation term in Eq. 34 can be ignored and the resuiting
equation integrated to yield

= (35)

where st is the steady-state charge before the electric field is removed.

In a more rigorous analysis, the accumulation term in Eq. 34 does not
reduce to zero because it is a function of the fiber charge. This results in
a longer time for the charge to bleed off. Although the polarized fiber
mechanism disappears immediately whan the electric field is removed, the
charged-fiber mechanism persists until all of the charge bieeds off.

Figure 67 summarizes the contribution of the two theoretical mechanisms to
the transient filter penetrations seen in our experiments. Figure 67 clearly
shows that the experimental transients are due to the charged-fiber
mechanism. We grouped all of the differert mechanisms previously discussed
that involve charged fibers and charged or polarized particles as charged-Tiber
mechanisms, Similarly, all of the previously discussed mechanisms invalving
polarized fibers have also been grouped together. Although a symmetrical
transient is indicated for both fiber-charging and discharging, asymmetrical
transients are predicted when the charged-fibe- and polarized-fiber mechanisms
are considered together. Figure 67 also jllustrates the large contribution of
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Fig. 87 Contributions of polarized fiber and charge fiber mechanisms to the
transient filter penetration.
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both mechanisms ta the tota’ decrease in filter penetration. Understanding
the nature of the charged fiber mechanism is very important in practical
applications because of its large contribution to the filter efficiency.

Our transient penetration studies have shown that mechanisms responsible
for the increased efficiency when an electric field is applied across a
fibrous filter are more compTicated than previously believed. These studies
have been qualitative because of insufficient data to establish a quantitative
relationship between theory and experiment. Because important experimental
data, such as particle size and charge and fiber charge, are not yet
available, the theoretical treatment of the electrical capture mechanisms has
been intentionally kept very simple. Nevertheless, our transient penetration
cin predict the dyramic nature of the accumulation and dissipation of charge
on fibers.

RIGOROUS THEQRY

In conjunction with the Mathematics Department of the University of
California at Davis, we developed a rigorous filtration theory to predict the
enhanced efficiency of electric air filters., In this theoretical effort, we
developed a computer code to determine the filter efficiency, accounting for
particle-capture mechanisms of diffusion, interception, and inertial
impaction. The forces acting on particlies include those resulting from the
air-flow field, as mpdeled by Kuwabara,43 and those resulting from all
caombinations of charged and polarized particles and fibers.

To determine filter efficiencies, the single-fiber efficiency is
determined for the general case encompassing all external forces acting on the
narticle. The single-fiber efficiency is defined as

n=¢/2RnV; , (36)
where R is the fiber radius, My is the incoming particle concentration, VO

is the the mean particle velecity at the flow cell boundary, and ¢ is the
particle deposition rate on the fiber.
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The particle deposition rate is obtained by solving the particle trajectory
equation for external forces given by Fuchsd6:

m%‘tl=~sm(w—a)+? , (37)

where m is the particle mass, r is the particle radius, w is the particle
velocity, u is the airstream velocity, and F represents the external forces.
The term, -6wmur (w - u), is the drag acting on the particle and F are the
forces of particle charge, fiber charge, and particle and fiber polarizations
due o the electric field. HNo analytical solution far this equation is known
in the general case. Therefore, most investigators find it necessary to
simulate many numerical particle trajectories via integration of Eq. 37 and
accumulate the ones which intercept the fiber.m’46 Particle-deposition rate
and single-fiber efficiency are then computed. Methods have been developed in
our theory to aovercome much of the computational inefficiency in the above

“shuoting method.”

In the case of the interception/diffusion region for particle collection,
we developed a numerical method that requires the salution of only a single,
initial-value problem as cpposed to the shooting method47. Computed single-
Fiber efficiencies are in excellent agreement with the shooting trajectory
method and Zebel’s theory23 in the diffusion-capture regime for strong
electric fields. Furthermore, the new numerical method is 20-50 times faster
than shogting methods, depending upon the method used for trajectory
integrations.

In the case of the inertial-efficiency region. wn used a perturbation
approach48 to develop a numerical procedure for finding an acceptable
approximation to the inertial efficiency that dnes not use a shooting
methodology. The perturbation approach is based on a method developed by
Stechkina et al. and used in the particle range of maximum penetration.49
For particles of radius 1 um or less, the observed error using the
perturbation technigue is approximtely 7% or less compared to the shooting
technique. The average computational time is only 1/20 of that required for

the shooting methad.
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PERMANENTLY CHARGED ELECTRIC AIR FILTERS

In this section, we direct most of our attention to air fundamental air
studies on filters having permanently charged fibers. Permanently charged
electric air filters are typically made from high-resistance polymers with
permanent electrostatic charges placed on or near the polymer surface. As in
the case of the externally charged electric air filters, permanently charged
surfaces increase the efficiency of the media by providing electrical capture
mechanisms in addition to the mechanical capture mechanisms of conventional

filters.

Background

Air filters having permanently charged fibers are an effective means for
remgving submicron aerosals. The permanently charged surfaces on the fibers
add electrastatic coliection mechanisms to the mechanical capture mechanisms
and increase the performance of the filter without a corresponding increase in
pressure drop. Prior to this investigation of permanently charged filters,
oyr study of electric air fiiters dealt exclusviely with electrifying
conventional glass-fiber filters in an electric field. Previous investigators
had shown that permanently charged filters have exceptionally high
efficiencies, while maintaining a low pressure drop.]7'40’4] There is also
experimental) evidence to suggest that filtration of certain aerosols, or
exposure of the filters to certain chemicals and environmental conditions, can
partially neutralize the fiber charge and cause a significant reduction in ;
filter performance.]7’]‘50 E

Dur primary incentive for investigating permanently charged filters is
i1iustrated in Fig. 68. Here we compare efficiency as a functicn of particle q
diameter for a standard fibrous filter and for the same filter externally
electrified. Figure 68 presents the efficiencies of two permanently charged
filters (N. V. Verto Co., Rotterdam, Netherlands), one having a lower pressure
drop and one having a higher pressure drop than the standard glass-fibrous
filter. The permanently charged filters have comparable efficiencies in the
submicron size range as tnat of the electrified filter generated by
high-voltage electrodes. The permanently charged filters achieve the high
filter efficiency without the equipment required to electrify a standard
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Fig. 68 Efficiency of uncharged, externally charged and permanen’.ly charged
filters using NaC) aerosols at a face velocity of 66 cm/s.

(A) Manville AF-18, aP - 0.6 in. HpG

(B) Manville AF-18, AP - 0.6 in. Ha0

(C) Filtrete, 200 g/m2, aP - 0.6 in. Hp0

(D) Filtrete, 300 g/m2, aP - 0.6 in. Hz0
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filter namely, a high-voltage power supply, electrodes, and cables.

We evaluated three prominent types of commercially available, permanently
charged filters, Each of the filters is manufactured using a different method
for imposing a permanent charge on the fibers, In ane method, permanently
charged filters are generated from electret sheets.40’41 A polymer sheet is
initially passed across a corona discharge which imparts positive and negative
charges on opposite sides of the polymer sheet. In a subseguent step, the
sheet is split into small filaments which are formed into a filter mat using
conventional technology for non-woven media. Figure 69 shows a series of
scanning electron micrographs (increasing in magnification) typical of the
permanently charged filter formed from electret fibers (Filtrete).

A second class of permanently charged filters is generated by a technique
in which high voltage is applied to a polymer melt during a spinning process
of fiber formation.50 This filter is commercially available from the Carl
Freudenberg Company, Germany., Micrographs of the Freudenberg filter are shown
in Fig. 70. This filter consists primarily of relatively smooth fibers
arranged in a random fashion to form a filter mat. Their surface is not as
rough as seen in the Filtrete media.

The third class of permanently charged filters i5 manufactured by coating
the fiber surface with charged resin particles. This media, commonly called a
Hanson filter, is comaercially available from BIS Minerals Limited, London,
England as tcapofilters. Electron micrographs of this class of permanently
charged filters are shown in Fig. 71. The fibers are heavily coated with
resin particles which support all of the charge on the filter media.

Experimental Results

Figure 72 shows a typical result of the efficiency and pressure drop
obtained with the 200 g/m2 Filtrete media in which two classes of aerosols
were loaded onto the filter. We used NaCl aerosols to simulate a
solid-particle loading, and dioctyl sebacate (D0S) aerosols to simulate liquid
partic’e loading. The filter loading with NaCl aeroscl showed an initial
decrease in efficiency followed by a rapid increase. We have attributed the
initial decrease to the neutralization of the fiber charge by the charged
aerosol particles depositing on the filter. The subsequent increase in
efficiency is due to the mechanicai capture of new particles by the previousiy
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Fig. 69 Electron micrographs of Filtrete filter wedia.
collected salt particles on the surface.
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Fig. 70 Electron micrographs of Freudenberg media.
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Fig. 71

Electron micrographs of Capofilter media.
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Fig. 72 Filtrete 200 g/m2 performance with aerosol loading, face

velocity = 64 cm/s.
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deposited particles. Note that the point at which the efficiency increases
correspond: *losely with a rapid rise in pressure drop. This behavior would be
typical for any solid aerosois, ramely the conversion from a capture mechanism
that is primarily electrical to that of mechanical capture. The mechanical
capture in this case is due primarily to the previously deposited solid
aerosols rather than due to the fibrous media.

In the case of DDS-aerosol loading, we see a continual decrease in
efficiency and relatively no change in pressure drop as the aerpsol is loaded
on the filter. The decrease in filter efficiency is due to the neutralization
of Fiber charge as the charged DOS aerosols deposit on the fibers. In contrast
tae Nall loading, there is no minimum and subsequent increase in efficiency as
the filter becomes loaded with DOS aerosaols. This occurs because the liquid
DOS aerosols do not form a particle deposit that significantly increases the
mechanical efficiency of the filter.

Aerosol Peretration as a Function of Particle Diameter

In our evaluation, we also measured aerosol penetration as a function of
particle diameter at each stage of filter loading for WaCl and DOS aerosols.
The penetration as a function of particle diameter for NaCl aerosols is shown
in Fig. 73 where the penetration curve for an initially ciean filter is
compared with three additional penetration curves corresponding to increasing
deposits of NaCl on the filter media. The penetration at all particles sizes
initially increases with loading up to 0.5 grams and then decreases with
further aerosol deposition. Also, the point of maximum penetration has
shifted to smaller particle diameters with increasing particle loading. The
particle ~ize of maximum penetration has shifted to smaller sizes with
increasing particle loading because the dominant collection mechanism has
shifted from electrical capture to mechanical capture by the particle deposits
that develop on the fibers.

Increasing loadings of DOS aerosois and aerasol penetration is shown in
Fig. 74. The penetration is at zero particle-mass loading, and at DOS
loadings of 0, 1.6, and 3.3 grams on the filter. Figure 74 shows ar overall
increase in penetration at all particle sizes and an apparent shift in the
particle diameter, with the maximum penetration occurring with larger particle
diameters. The diameter of maximum penetration shifts to larger particle
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Fig. 73 Aerosol penetration at increasing mass loading grams per filter unit
for NaCl aerosals, Filtrete 200 g/mz, face velocity = 64 cm/s.
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Fig. 74 Aerosol penetration at increasing mass loading grams per filter unit
for DOS aerosols, Filtrete 200 glmz, face velacity = 64 cm/s.
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diameters because of the loss of electrical attractive forces in the
permaneatly charged filters. We had previously concluded that larger
particles are collected by polarization attraction while the smaller particles
are collected by Coulombic attraction, For permanently charged filters, the
larger particleé are polarized by the electric field generated by the charged
filters. Thus, for neutral aercsols or aerosols having a low charge, an
electrified filter will show a higher efficiency for the larger aerosols than
for the smaller aerosols. This results in a filter efficiency curve with the
minimum falling at the small particle-size range. When the electrified filter
is neutralized, the polarization attraction is lost and the minimum efficiency
shifts to the larger particle size. In our experiments with externally
applied electric fields, the diameter of maximum penetration shifted from
smaller sizes to larger sizes when the electric air filter was
neutr‘a]ized.az'51 We believe the same phenomena is responsible for the

shift in peak penetration to larger particle sizes when the permanently

charged filter is neutralized.

Technigues for Decreasing Filter Determination

Permanently charged filters are subject to deterioration due to actual
usage in collecting both solid and Tiguid aerosols, and by various
environmental conditions, such as water sdlutions with trace contaminants of
ions and a wetting agent, as well as exposure to organic solvenis. This
filter deterioration places severe restrictions on the applications of
permanently charged filters and is the primary factor 1imiting its widespread
use. A promising solution to this problem appears to be the application of a
protective coating around the charged fibers in an effort to prevept the
charge neutralization. Several types of coatings were tested inCluding a
vapor-deposited parylene, silicone polymer by dissolution, ce?luloze acetate
butyrate by a spray techm‘que.52 The water immersion technigue wes selected
as being representative of miild charge deterioriation. Although the
vapor-coated parylene indicated some degree of charge loss prevention, only
the front few layers of fibers within the madia were coated. Other coating
techniques usually resulted with fiber discharge during the application

process.
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Permanently charged filters have much higher efficiencies than uncharged
filters but they suffer from a loss of electrical enhancement due to the
filter discharging. Three mechanisms which contribute to the loss of fiber
charge are {a) direct neutralization of fiber charge by charged aerossls or
jons, (b) chemical reaction of organic solvents with the charges on the
polymer surface which are presumably free radicals or ions, and (¢)
cancellation of the net fiber charge by the close proximity of opposite
charges. The problem of fitter discharging s inherent to permanently charged
Filters as presently designed and will 1imit the widespread use of these
filters. Since the filter discharging problem is Zue to charged aerosols or
reactive chemicals, field applications will have to avoid these agents. Thus,
permanently charged filters will be ideally suited for filtering newtral or
low~-charged gerasgls that occur in filtering atmospheric aerosols in building
ventilation systems.

Filter Exposure to Water. We found that permanently charged filters may
Jose some of their efficiency due to exposure to water. We measured the
efficiency of the permanently charged filters before and after immersion in
water sciutfons. Filters were immersed in the solutions for approximately
30-40 minutes, rinsed three times and allowed to dry. This relatively drastic
test was conducted to simulate the extreme case of a saturated fiTter that
could arise under high-humidity conditions.

We conducted a number of experiments to measure the effect of water
exposure an filter efficiency, Figure 75 shows the efficiency indicated by
aerosol photometer measurements before and after rinsing filters with water
solutions for a number of different solutions beginning with pure water, water
and acid, water and salt, water and a surfactant, and finally water and NaCl
and a surfactant. We see, for the case of pure water, a slight deterioration
of the efficiency on immersing the filter in water. We attribute this
deterioration to the neutralization of charge readily accessible on the
surface of the filter media. Immersing the filter in a water-nitric acid
solution shows similar deterioration. We obtained dentical results with a

solution of water and NaCi.
We added the acid and NaCl in an effort to see if the ifons would cause

additional deterioration of the charge. In fact, no further deterioriation
occurred due to the jons. Since these water solutions were unable to wet the
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Fig. 75 Efficiency of Filtrete 200 g/m before and after immersing in water
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fiber surface, we surmised that the solution was unable to ma"e physical
contact with the filter surface. To test this hynathesis, we immersed the
filter in o water solution having a surfactant. The results were similar to
the immersion in pure water alone. In this case, we had modest deterioration
in the filter efficiency after immersion. Again, we attribute this
deterioriation to the fiber surface charge being readily neutralized on the
filter surface. When we added NaCl to the water and surfactant solution, we
cbserved a dramatic decrease in filter efficiency. Thus, the additional ions
from the NaCl will indeed neutralize the filter charge if a surfactant is used
to wet the fiber surface.

Organic-Solvent Exposure. Another adverse environment that we examined

was exposure to organic solvents. This is an important consideration for
applications of the permanently charged filter in respirators des.oned to
remove toxic particulates and gaseous matter. In Fig. 76, we show the
efficiency of the permanently charged filters bafore and after rinsing them in
a number of arganic sclvents. Again, this test is rather severe, but it is
une intended to simulate extreme environments to which the filter could be
exposed.

When the permanently charged filter is irmersed in alkane solvents
{hexane, heptane and iso-octane), we see o relatively mild deterioration in
efficiency. This is very comparable to chat seen when immersing in pure
water. In contrast to the water solutions, all nf the organic solvents
completely wet the filter surface. When we immerse the filter in a
cyclohexane solvent, we see a greater decrease in efficiency. After immersion
in a benzene or toluene solvent and a MEK/acetone solution, the filter
efficiency has dropped to the lev2l of complete neutralization. A factor that ’
would explain increasing deterioration with the solvents is the increasing ‘
chemical reactivity of the solvents as we go from hexane to cyclohexane to
benzene, toluene and MEK/acetone. Therefore, we suspect that these solvents
are able to react chemically with the surface charge (presumably present on ‘
the surface as free radicals or ionsj.

Since th? axposure of the filter to liquid organic solvents is unlikely to \
occur in field applications, we examined the effect of filter exposure to
organic¢ vapors. We placed a sheet of Filtrete media, 100 g/mz, in a sealed
container saturated with MEK/acetone vapor for 24 hours. Filter-efficiency
measurements were made on the filter before and after exposure to the arganic
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vapors using NaCl aerosols and the light-scattering photomater. We found the
efficiency at a face velocity of 64 cm/s dropped from 71% to 49%. Although
the dacrease in filter efficiency is less with organic vapors than with
organic liquids, our tests demonstrate that exposure fo prganics is a major
problem with this filter,

Anti-static spray. We have also sprayed the permanently charged filters
with an anti-static agent obtained from Sprayway, Inc., Addison, I1linois. We
did this ir an effort to determine what fraction of the total efficiency is
due to electrostatic attraction alone. Assuming that the anti-static agent is
100% effective in neutralizing all charge on the filter, these tests would
allow us to assess the degree ta whick the electrification is responsible for
the totai filter efficiency.

As shown in Fig. 77, the electrification is responsible for nearly all of
the efficiency. In this case, the efficiency measured with a light-scattering
photometer decreased from 90% before spraying to 10% after spraying with the
anti-static agent. Simiiar experiments with the other types of permanenily
charged filter are reported e]sewhere.52

NaCl-Rerosol Loading on Filtrete. Figure 78 shows the comparison test
results on loading the standard and neutralized Filtrete media with NaCl
aerosols. As seen before, the transition from a predominantly electricatl
collection to predomipantly merhanical collection produces the minimum in the
efficiency during the NaCl loading for the standard Filtrete. In contrast,
the neutralized Filtrete shows a systematic increase in efficiency and
pressure drop as NaCl particies load the filter. HNote that the efficiency of
the discharged filter approaches that of the charged filter at higher particle
loadings. This ’s what would be expect=2 since the collection mechanism for
both filters wi'l be dominaced at high-particle loadings by mecihanical capture
due to the paiticle Jepouits., The efficiency of the initially ciarged filter
is still slightly higher than that of the initially discharged filter, which
suggests the initially charged filter was not completely neutralized by the
NaCl aerosols. Within the loading region where elecirical attraction is still
significant (below 1.0 grams of NaCl), tka charged filter has a messuveable
loading ent.ancement over the dischare=d filter, We should aiso wentisn taat
overcharged aerosols will demonstrete increased particle Toading beci. - the
charged filter will not be neuvtralized as rapidly.
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After the initially charged filters had been completely loaded with NaCl
aerosols, we added on an experiment in which we rinsed the filters in water in
an effort to remove the salt deposits, We were able to remove all of the salt
deposits by this method except for (.5 g NaCl. Measuring the efficiency and
pressure drop after this rinsing rev2aled that we nad effectively reached the
same values that were originally obtained at that particle mass ioading., The
data, shown in Fig, 78 as solid squares, illustrate that once the dominant
mechanism for particle capture of solid aerosals is controlled by the
mechanical mechanism, we no longer have a continued deterioration of the
Filter charge. Beginning at the point of minimum efficiency, the filter will
#0 longer lose additional fiber charge because the newly coliected particles
will be trapoed by previously deposited particles, and will be unable to
neutralize the fiber charge.

EFFECT OF PARTICLE LOADING ON FILTER EFFICIENCY

We have addressed previcusly efficiency enhancement of electric air
filters. Here, we review the aspects of another enhancement-~that of lower
filter resistance at comparable particle-mass loadings, We know that for
solid particles, filter loading, or clogging, increases the cclilection
efficiency of a filter at the expense of increasing the pressure drop.

Despite the fact that most filters are gperating at various levels of particle
loading, the cloaging process is difficult to understand because the formation
of particle depasits is highly nonlinear, depenrding upon previous depgsits and
all the aspects describing clean filters affecting filtration, We developed
¥11ter-loading models based an a phenomenolegical approach that aveids the
determination of the detailed capture mechanisms and flow streamlines in a
loaded filter. These models wi!l be developed after our loading studies are

presented.

Experimental Results

For the filter-loading experiments described here, we again used the
AF-series giass-fiber media available from Mansville. We used the solid, NaCl
aercgsol for test aerosols in all cases.
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The effect of particle i-ading on the callection efficiency and pressure
drop of two layers of AF-18 media is shown in Fig. 79. No electric field was
applied. The two sets of curves corraspond to two face veloecities, 12 and
66 cm/s. This data was obtained using the flame photometer with a reduced
particle concentration, Both filters experienced a large increase in
collection efficiency due to mass loading. The more efficient filter, at
66 cm/s, is the first ta clog, a. seen by tle sharp increase on pressure drop
at 2-gms loadings.

The other relationship betwzen particle size and filter clogging i5 shown
in Fig, 80 where the filter efficiency is plotted as a function of particle
size at increasing stages of clogging. The parameter values adjacent to each
of the efficiency curyes represent the mass ¢ NaCl trapped on the filter.
The curve with zero particle mass represents the efficiency curve of a clean
filter, At increasing levels of cloaging, the efficiency incredses for all
particle sizes and the point of minimum-filter officiency shifts to smadler
particle sizes.

It is interesting to compare the resylts with a clean filter having a
smaller fiber diameter. In Fig. B1, we show three graphs of collection
efficiency plotted as a function of particle size. The two solid curves were

taken from Fig. 80, one representing a clean AF-18 filter {median fiber
diameter of 3.5 um) and the other representing the same filter after being
clogged with 5.7 g of NaCl aerasols, The number median diameter of the
aerosols was 0.28 um. The dashed curve represents the efficiency of a clean
AF-4 filter which has a median fiber diameter of 0.73 wm. Note that this
filter has nearly the same efficiency as the filter with a large fiber size
clogged with small-diameter particles. The particle deposits during the
collection process have effectively transformed the large-diameter fibers into
small-diameter ribers. As we will see later, this supports our theoretical
assumptions that particle deposits can be treated as newly formed fibers.

Etlectrified Fibrous Filter. The data presented in Fi,. 82 illustrate the
effects of loading on an electrified fibrous filter. The two sets of curves
are the pressure loss amnd ccllection efficiency for the fiitar with no
vlectric field and with a field of 10 kV/cm. The difference in the initial
pressure drops of the two filters is not due to the applied electric field,
but rather to th2 variations in filter consiruction. The two primary effects
of electrification, enhanced filter efficiency and service life, can be
readily seen,
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clogging.
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The service life or a filter is generally defined in terms of the time or
particte-loading required to reach a certain pressure drop. If the service
1ife is defined in terms of the particle mass required to reach 0.8 kPa, then
the electric field has increased the filter service life from 2,2 g to 6.0 g.
Tae electric field has also increased the average service life efficiency for
the same filters from 70% to 95%. For clean filters {zero particle mass), the
efficiency increases from 40% to 50% when 1D kV/cm is applied. According to
our results, filter clogging increases the efficiency for the filter without an
electric field much faster than for the filter with an electric field. One may
get the wrang impression that effect of the electric fi=1d is diminished as the
filter becomes clogged. This is not carrect since the ratio of penetration
with and without the electric field, P/PU, is constant as the particle mass
increases. The pressure drop corresponding to the two penetration values must
be constant when calculating the penetration ratio.

Morphology of Particie Deposits

The morphology of the particle deposits in clogged filters is the most
important factor cortrolling the increase in filter efficiency and pressure
drop. Knowing how the deposits initially form and change at increasing
particie loadings and under different conditions is important for
understanding the experimental observations of clogged filters. Payatakes has

characterized filter-clogging as a sequential process in which the morphalogy

of particle deposits goes through four major stage553:

(1) Particles deposit directly an the filter fibers; deposit morpholoay
is characterized by isolated particles randomly covering the fiber
surface.

(2) Particles deposit preferentially onto previously deposited particles
as well as directly onto the fiber surface. Deposit morphology is
characterized by extensive surface coverage of particle dendrites.

(3) Particles deposit almost exclusively on particie dendrites. Deposit
morphology is characterized by particie dendrites intermeshing with
their neighbors, forming a coat of particles nonuniform thickness
around each fiber.

(4) Particles deposit exclusively on the intermeshing particle

deqdrites. Deposit morphology is chiracterized by particle deposits
bridging the gap between neighboring fibers.
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Stages 1-3 have been observed in laboratory experiments with monodisperse
polystyrene and methylene blue spheres deposited on individual
fibers.(54'55’56) Payatakes recognized that there is an extensive overlap
between the various stages, not only with individual fibers, but also through
to the depth of a fibrous fi]ter.53 In many cases, fibers deep within the
filter are at Stage 1 while the fibers close to the front surface are at
Stage 4.

We tock a series of electron micrographs of the particle deposits at
increasing levels of filter-clogging to determine the morphology of the
deposits with heterodisperse aerosols and real filters. Previous studies were
conducted with monodisperse spheres deposited on a single fiber. Although
these more basic axperiment~ are easier to interpret, we wanted to establish
the morphology of the deposits under real conditions., We felt that the
non-ideal struccure of real filters may either alter the deposit morphalogy or
introduce additional variables to the deposit morphology observed in
single-fiber studies. The purpose of these « .tron micrographs was to
qualitztively describe +he morphology of particle deposits faor use in
constructing realistic models of filter-clogging.

Figure 83 shows a series of electron micrographs of NaCl deposits at
increasing levely of filter-clogging on the front surface of AF-4 filters.
First stage of filter-clogging in which captured particles form a random
cavering over the fiber surface is seen in (A). At increasging particle
loading, the deposit then covers the fiber surface more or less uniforinly as
shown in {B). Once the fiber surface is sufficiently covered, incoming
particles are captured on the previous deposits to form particle dendrites ()
and (D). As mare particles deposit on the filter, the particle dendrites on
each fiber intermesh and finally bridge the gap between neighboring fibers.
These trends are seen in (E) and (F). In general, the morphology of the
particle deposits at various stages of filter clogging shown in these
micrographs agree with previous studies on single fibers.54’56

Our studies show an extensive range of particle-deposit morphalogies
coexisting within the same filter. Figure 83 (B) and (C) are electron
micrographs of different regions on the same fifter. The deposits in {B) are
in Stage 1 of filter-clogging, while the deposits in (C) are in Stage 2.

Particie deposits at increasing magnification of another -egion within the
same filter are shown in Fig. 84, These electron micrographs indicate that
the particle deposits are in Stages 3 and 4 of filter-clogging. At the outer
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Fig. 83 Electron micrographs of particle deposits shawing different stages of
filter clogging on AF-4 filters.
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Fig. B4 Electron micrographs of particle deposits at increasing

magnifications for a clogged AF

4 filter,
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edges of (A), the particle deposits have extensively bridged between
neighboring fibers to the point where individual fibers are hardly visible.
However, in the central region of the micrograph, the particle deposits form a
more or less uniform coating over individual fibers. Increasing the
magnification within this region shows a very densely packed deposit that
differs considerably from the more open structure seen in (E). We believe
that the advanced stage of filter-clogging in (A} (C) is due to the increased
flow resulting from a less restrictive region of the filter. Davies has
described such preferential clogging in terms of plugging up holes in
low-guality filters.'

The formation of a uniform coating around individual fibers or the
bridging between neighboring fibers is determined by the presence or absence
of a nearby fiber., Tre deposits in Fig. 83(E) had formed a more or less
uniform coating around each fiber before bridging the gap between the two
fibers, A final illustration of the variation in deposit morphology within a
given fiiter is shown in fig. B5. Although mast of the deposits are in Stages
2 or 3 of filter~clogging, regions of Stage 1 and 4 particle deposits can be
found in regions of the filter.

One of the primary reasons for our interest in the morphology of particle
deposits was to understand the mechanism respcnsible for the lower pressure-
drop increase that occurs during filter-clogging when an electric field is
appiied across the filter. To investigate this phenomenon, we made a series of
electron micrographs of filters that had been clogged either with or without a
superimposed electric field (Fig. 86). Figure 86 (A)-(C) represents increasing
magnifications of the particle deposits on the surface of an AF-18 filter with
no electric field applied during filter-clegging. The comparable case with an
applied electric field is shown in (D)-{F}. In these tests, we used AF-18
filters, which have a median fiber diameter of 3.5 wm and o = 1.7.

A comparison of Fig. 86 (A}-{C) with those in (D}-{F) show that the
primary effect of the electric field is to increase the particle deposition on
the front surface of the filter. In {8)~{C) with no electric field, a heavy
deposit of particles is formed below the top layer of fibers, The fibers on
the surface have only a very light particle deposit that is characterized by
filters in Stages 1 and 2 of filter cloggin;. With an electric field {D)-(F),
the major particle deposits occur on the surface fibers of the filter. Since
the packing density of the fibers is considerably smaller on the surface than
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Fig. 85 Electron micrograph of a clogged AF-4 filter illustrating the
bridging of particles across neighboring fibers.
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Fig. 86 Electron micrographs of particle deposits at increasing
magnifications for clogged AF-18 filters operated (A-C) with no electric field
ana (D-F) with an electric field.
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within the filter interior, particle deposits on surface fibers will be less
restrictive than those formed within the filter interior. This less
restrictive depos. ™ an the filter surface is partially responsible far the
decreased pressure drop that occurs in filter-clogging with an applied
electric field. These observations have been previously reported by Lamb et

al.57

In addition to the above differences, our fundamental studies revealed
that the morphology of the particle deposit formed in the presence of an
electric field appeared to form a more uniform and densely packed deposit than
the case without an electric fie'ld.58 This observation applies only for the
early stages of filter-clogging. At the higher siages of filter-clogging,
there appeared to be little difference in the deposit morphologies with or
without an electric field.

An important aspect of the particle deposit morphology that we are unable
to examine is the deposit on the downstream side of the filter fibers,
Particles cannot deposit on the downstream side of the fibers with only
mechanical forces. With electrical forces, there can Ye a significant
deposit. These findings have bean substantiated in other theoretica]sa'59
and experimenta160’51 studies. Understanding the particle deposition on the
downstream side of the fibers is important because of the dramatic increase in
the available filtering area and the increased service life that results from
particle-loading on both sides of the fiber surface.

We can propose two explanations for the decreased pressure drop at the
same particle-mass loading that is observed for filters operating with an
electric field: (1) a macroscopic rhange where the electric field shifts the
particle deposits from the interior, more dense region of the filter to the
more open region on the surface, and (2) a microscopic change in the deposit
around individual fibers. In the early stages of filter-clogging, the
electric field causes a uniform and der.e deposit over the fiber surface than
that which occurs without an electric field., However, at the later stages of
filter-clogging, the morphology of the deposits do not appear to differ
significantly with or without an electric field. The electric field,
therefore, has the net effect of extending the duration of the early stages of
filter clogging.
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Simplified Particle-Loading Theogry

Our simplified theoretical models predict the behavior of filter-clogging
with and without an applied electric field. The models are based on the
geometry of particle deposits and avoid the problem of detaiiing the capture
mechanisms of particles in a loaded filter.

As we have seen from the scanning electron micragraphs in Figs. 83-86,
co’lected particles form dendrites that are highly irregular branched and
unbranched chains aof particles protruding from the fiber surface. Deposits
have a complex geometry that varies considerably over the filter fibers and
during the clogging process. Becaus: of these complexities, we develaped and
constructed idealized deposit geometries (Fig. 87),

We show three different geometries of particle deposits, each of which
with a different function far the cross-section area. CEach of these
geometries yields a different set of cquations for pressure “rop and
efficiency. The dendrite model is characterized by a series of pirticle
chains, i.e., dendrites, extending from the fiber surface. The increasing
fiber model represents a geometry where the particles are more or less closely
packed around the fiber and have the effect of increasing the fiber radius.
(We would expect that the initial particle deposits on a clean fiber, with or
without an electric field, could be approximated by this model.) The
increasing fiber model and the dendrite model represent parts of a more
realistic model, the combined model.

The combined mode) can oe viewed as a combination of dendrite and
increasing fiber models, the propartion of the twe models changing with
different stages of filter-clogging. In the beginning (Stage 1), particle
depasits an a ciean fiber can be characterized in terms of the increasing
fiber model. Once a sufficient number of particles has deposited, particle
dendrites form (Stage 2) and the deposit begins to resemble the dendrite
model. At increasing levels of clogging, neighboring dendrites intermesh
(Stage 3) and the deposit ance again resembles the increasing fiber model,
These models break down at the final stage of filter-clogging, where particle
deposits bridge the gap between neighboring fibers, and form an internal :ake
(Stage ).

We will give mathematical descriptions of the two models. A mathematical
description of the last stage of clogging is (combined model} not as important
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as for the earlier stages because a filter is usally thrown away or cleaned
when :he last atage is reached.

The Dendrite Model. We assume that the formation of particle dendrites
can be appriximated as newly formed fibers. The assumed equivalence of
particle dendrites with filter fibers may appear to be questionable because
they are connected to the fibers and form "hairy" fibers rather than discrete
fibers. Moreover, the air-fiow field around a de- .rite is perturbed by the
flow field around the fiber to which the dendrite is attached. Theoretical
filter models used to predict filter efficiency and resistance in clean
filters are equally questionable on the same grounds. Examination of
commercially available fibrous filters shows that the fibers are not
well-prdered, as assumed in the theory, but are spaced nonuniformly and are
often clumped together and interwoven in a complex maze. The error in using
flow-cell models to predict the flow around filter fibers and around particie
dendrites should not differ significantly,

The derivations rely on two parameters that are analogous to the filter
fibers: the single-fiber efficiency and the fiber radius of the dendrite. A.
important aspect of the derivation is the compounding effect of particle
depcsit on filter efficiency, and, hence, on the rate of dendrite gqrowth, We
begin tne . ~fvation of the filter penetration by considering the fraction of
particles Tost, -dN/N, because of collisions with fibers and particle
dendrites in a diffarential filter element of thickness, dx:

(dap + da)) (38)

where daF and dap represent the effective differential areas o” the fibers
and particie dendrites, respectively. Substituting expressions for dag and
dap, yields

dN v (7 2Aa AL
"ﬂ'z’v—( - dx+nP1rerM)T (39)
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where np and L represent the single fiber efficiencies for the fibers

and dendrites, respectively, and dM represents th2 cumulative number of
particles in the differential filter element. After integrating Eg. 39 over
the filter th’-kness, we have

VNG
— ”) ' (40)

P= oexp—( >

where Py and P are the penetration at time 0 and t, respectively, and NO

i5 the concentration of particles entering the filter. Since most
experimental data shows filter penetration as a function of particle mass, we
can derive the corresponding theoretical equation by using £q. 40 in a
particle-mass balance. Since rate of particle-mass accumulation in the filter
equais the rate of particle mass entering the filter multiplied by the filter
efficiency, we can de~ive this expression:

m= (%‘l'ﬁ)[-in(wpa) +P—Py | (41)
o

where m is the particle mass in the filier. With Eqs. 40 and 41, the increase

in filter penetration due to dendrite growtih to be calculated as a function of

either time or particle mass, respectively.

Theoretical equations can also be derived for explaining the increase in
filter resistance due to particle dendrites. Since we coisider dendrites to
act like filter fibers, we can use the same eguations to calculate the
resistance of the original fibers as we could far the resistance of the
particle dendrites. For a clean filter, the resistance or pressure drop is

determined by

AP = 4V EpLe (42)

where AP is the pressure drop, w is the fluid viscosity, V is the face
velocity, FF is the dimensionless drag over the fiber, and LF is tne total
length of the fiber. If particle dendrites are added to the system, the toial
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pressure drop is

AP = uV(Felg + Foly) (43)
where Fp and L. are the corresponding dendrite variables of dimensionless
drag and total length, respectively. The dimensionless drag, Fp, is a
function of the volume fractjon, «, of the fibers within the filter. /2
important consideration in the pressure-drop derivation is the value of a
used tp calculate the dimensianless drag in Eq. 43.

We included an additional pressure drop of the interference effect in our
model to avoid the assumption that pressure drop due to the fibers and
dendrites are independent. We increased the fiber and dendrite volume
fractions by factors L/L; and L/Lp. L is the total length of both fibers
and dendrites. The dimensionless drag is then computed with the increased
volume fraction and represents the drag from a hypothetical filter containing
either all fibers or all dendrites. These drags are given by

£ = FF(GLFL) and (44)
agl
FP=’Fp(ji:) . (45)

The total length of the fibers or the dendrites in these hypothetical
filters equal the combined length of the fibers plus dendrites in the original
filter. We have assumed implicitly that the air flow around each fiber or
dendrite is independent of the size of the neighboring fibers or dendrites.

The pressure drop across the clpgged filter can be determined once we have
selected the appropriate functions for the dimensionless drag. Any of several
flow models can L2 used, We chose the Davies empirical equation52 because
of its simplicity. For very loose fibrous filters, Davies' equation for the
dimensionless drag is

F, = 16zal”?
1 al (46)
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where the i subscript represents the fiber or dendrites. Using the definitions
for Lx and LD and substituting Eqs. 44-46 into Eq. 43, the following
expression for pressure loss can be derived:

R RZ 172
AP=APH(1+~j—)(1+—aE) . (47)

Tog o

where APO is the pressure drop across the clean filter.

Although Eq. 47 was derived for a filter consisting of fibers and particle
dendrites, it can also be used for a filter having two discrete fiber sizes.
We have generalized the above derivation for a distribution of fiber sizes and
reported the results 1n.39

To test the accuracy of our theoretical equaticns, we compared
experimental test results at different flow rates and different particle sizes
to theoretical predictions. Figure 79 showed the efficiency and pressure drop
plotted as a function of the particle mass trapped in the filter. The primary
difference between the two experiments is the air-flow velocity used to 1cad
the filters., We replotted the two sets of data using terms from Eqs. 41 and
47 to eliminate the velacity dependence. If ¥ represents the term
»In(P/PO) +P - P0 in £g. 41, then penetration data plotted as ¥ vs m
should fall on the same curve for any filter media and experimental conditions,
provided aerosol praperties remain constant, Figure 88 shows the two
efficiency curves from Fig. 79 replotted as ¥ vs m. We multiplied the ¥
values of the two experiments with a factor N to account for changes due to
the velocity in the particle-dendrite collection efficiency, g’ The
excellent agreement between the normalized ¥ values seen in Fig. 88
indicates the accuracy of £q. 41 for predicting filter-penetration values at
different mass-loadings.

We made a simiar analysis of the pressure drop for the two experiments
shown in Fig. 79 with Eg. 47. Since the pressure drop is linearly dependent
on the velocity, the ratic aP/V or AP/APO would then be independent of
velocity. We plotted the data as (aP - AFO)/V so the resulting curve
would pass throuyh zero at zero particie mass-loading. The resulting date
show good agreement between the two experiments (Figq. 89). An even better fit
could be obtained by normalizing both sets of data to the same value of filter
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thicknass (X) and fiber volume fraction (aF); however, the ngrmalization

is compiicated by the compression of the filter at higher flow rates. This
compression increases the value of aF/V by decreasing the filter thickness
and increasing the fiber-volume fraction., Note, the velocity does not appear
in the terms attributed to the particle dendrites in Eq. 47. This implies
that the dendrite structure is independent of the air velocity. Bil]in9553
found the dendrite structure did not change significantly in experiments
conducted ot varying air flows.

The Increasing Fiber Model., The increasing fiber model assumes that
particles form a deposit that increase the fiber size without changing the
fiber's shape. This requirement can be significantly relaxed only and produce
a minor change in the model egquations. The primary requirement of ti : model
is that the particles form a relatively close-packed deposit on the iber
surface. We have already described how the required close-packed structure is
produced by the electrical filtration forces.

The relationship between the increasing fiber size and the amount of
particle deposit can ve determined for the deposit geometry illustrated in
Fig. 87, If we assume the particle deposit has a uni’orm thickness on the
front half of the fiber and each particle occupi: ~ a cubic cell of volume
8r3 (47.6% open space), then we obtain the following expression is gbtained
for the increase in fiber radius, R:

12a,\2

wag
where RO is the original fiber radius, and o, and op are the volume
fractions of the particles and fibers. The open spaces in the particle
deposit are not inciured in oy
Equation 49 represents the increase in fiber size from R0 to R due to
particle accumulation oun oniy one half of the fiber. The effective
fiber-volume fraction ag, can be derived in terms of the increased fiber

size, R:
2
a5=%‘i ‘ (49)
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Note that aE is not the sum of o and o
The derivation ot the penetration eguation for the increasing fiber model
begins the fractional decrease in particle concentration across a differential

filter element

dN v
el ek (50)

where dap is the effective differential area of thz fibers.
Substituting for the effective differential area we have

dN 2A o Rdx
N ﬁ(—”i—) : (51)
R}

We can cbtain the salution of the penetration equation by substituting the

increasing fiber radius, given by

_\P.=APD(1 +%") (52)
inta Eq. 51 aad integrating over the filter thickness, X. Unf tunately,
these steps are complicated by the single-fiber efficiency, N, which is
also a function of R.

In a previous report,42 we showed that the single-fiber efficiency could
be grouped according to terms inversely dependent on the fiber size, n, and
terms independent on fiber size, ni» SO that

53
m =y =g, T M, + g, and (53)

m = "rp, T Tpp, - (54)

Substituting these single-fiber efficiencies into Eg. 57, integrating over
the filter thickness, and simplifing the resulting penetration for the
increasing fiber mode creates this expression:
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16r° Vi N,
[ ""z] (55)

P= PO exp —[m

where the penetration for the initially clean fiiter is

P—p 16r° Ve Ng n, ‘
IR e (si
The corresponding theore*ical relationship for particle mass
prgA)
= ~In(P/py+ P —Py] .
( 129, [ ( 0) ] (57)

Next, we derive the pressure drop equation for the increasing-fiber
model. As in the dencrite model, we start with Eq. 42 fcr the pressure drop
across a ¢lean filter, When particles are ¢losely deposited around the fiber,
the total pressure drop is given by

AP = uVFL, (58)

where F represents the dimensionless drag for the fiber and particie deposit.
Since no additional fibers are added, as in the dendrite case, the fiber
length, Lg, remains constant. Although several different forms of the dimen-
sionless drag can be used in Eq. 58, we use Davies' Eq. 46, where «
represents the effective fiber-volume {iaction, o given by Eq. 49,
Substituting Eqs. 44, 48, 49, into Eq. 58 yields

b _ LeuVaxa” (1 . 12a,,)m

R mop (59)
or, in terms of the initial pressure drop, aP_ i
i
|
ap = ary14 2} I
AU (60)
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Althouat: we have not quantitatively verified the accuracy of our
theoraiical expressions of penetraiion and resistance for the increasing-fiber
model, we can compare it with the dendrite model. According to Fig. 79, the
relative penetration for the electrostatic filter decreases much slower than
the penetration for the standard filter. We can corrcborate this experimental
trend using Eqs. 40 and 56, which represent the theoretical penetration
equations for the dendrite and increasing fiber modeis. Taking the time
derivative of the relative penetration, we have

GEL. =
p/\dt/ incsin

whera o represents all of the mechanical and electrical capture

mechanisms far the particle dendrites. Since Ny only represents a small
portion of the total single-fiber efficiency, the ratio np/n2 is very

large. The ratio Rg/r is also large. Therefore, the relative penetration
changes much faster for the dendrit model than for the increasing fiber model.

Comparing Eq. 59 to Eg. 47 shows that the increasing fiber model has a
lower pressure drop at the same particle volume fraction than the dendrite
model. In addition, the increasing fiber model has no dependence on the fibe
and particle radius. The effect of different particle sizes on the pressure
drop does not accur for the increasing fiber model.

We made a quantitative comparisan of the dendrite and increasing fiber
models with the experimental pressure drop data shown in Fig, 79. The results
are shown in Fig. 90, where we have plotted the pressue drop as a function of
particle mass trapped on the fibers for similar filters with and without an
electric field, As predicted by theory, the filter having the appiied electric
field closely follows the pres«ure drop predicted by the increasing fiber model
at low particle mass. At high mass loadings, the electrostatic filter deviates
sharply from the increasing-fioer model and tends to follow the rate predicted
for the dendrite model. Particle capture at the higher loadings is increasing-
1y dominated by the particle deposits and 1ess by the original fibers. At the
higher particle loadings, the deposits are not constrained to follow the shape
of the original fibers, and, consequently, incizase their dendritic character.

r

{(%)(%?)Ln :F(Ro)(:p) '
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Fiy. 90 Comparison of theoretical and experimental pressure draps for filters
operating with and without an electric field during filter clogging.
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A similar trend is seen for the fibers with the applied electric fieid.
At very laow particle loadings, the pressure drop increases at a rate predicted
by the increasing fiber model. This trend is expected since there are no
dendrites formed at very small particle-loadings. However, after a smail
amount of deposit has formed, the pressure drop rapidly increases and follows
the trend predicted by the dendrite model. Comparing the two cacas with and
without an applied electric field shows the primary effect of the electric
field is to delay the formation of dendrites. The two experimental curves
also show the dendrite and increasing-fiber models are limiting cases of the
more generalized model shown in Fig. 97 as the combined model. The increasing
fiber model approximates the combined model at low particle loadings for the
electrostatic filter and at much lower particle loadings for the standard
filter, The dendrite model is the 1imiting case of the combired model at high
particle loadings for both filters with and without an electric field. Much
higher particle leadings are required for the electrostatic filter before the
pressure drop increase fallows the derdrize madel,

DEVELOPMENT AND EVALUATION OF EXPERIMENTAL ELECTRIC AIR FILTERS
INTRODUCTION

Dur extensive thearetical studies and laboratory experiments described in
the previous major section were used to design criteria for establishing
parameter values of experimental electric air filters. We tasad our
experimental filters on the polarization method because we felt this method
would be the most acceptable to the nuclear industry. Tne corona-charging
method increases the fire hazard due to sparking. Of course, if later analyses
show there is no fire risk, then the addition of a corona precharger wili
significantly improve the performance of the electric air filter, Criteria ‘or
prototypes charged only by the palarization method will differ slightly from
the criteria for experimental filters charged by the corona method, either by
itself or in combination with the polarization methad. The corona-charging
method affects two design parameters, the high-voltage power supply and the
high-voltage electrodes. The high-valtage power supply would require a greater
output current while the liigh-voltage electrodes would neea to be redesigned to
optimize the combined corona and polarization electrodes.
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DESIGN CRITERIA FOR EXPERIMENTAL FILTERS
Our design criteria for experimental electric air filters using the
polarization method are summarized in Table 7. These criteria were ysed fur

all of our filters. We shall discuss these criteria in some detail,

Filter Size Limitation

Filter size is Timited by the its application and its maximum initial air-
flow resistance. For ventilation ducts, the 610 x 610 x 305 mm HEPA fiiter is
generally chosen so that existing housings may be used. In other applications,
no firm restriction exis.s on size although a minimum size is preferred by the
industry. The limitations on air-flow resistance closely follow size restric-
tions in filter applications where the ventilation construction and the blower
capacity Timit the total load on the ventilation system. Most nuciear
fecilities require that the 7-itial pressure drop across a new filter be less
than one inch of water (250 Pa). This pressure drop is contralled primarily by
the resistance of the filter medium and the face velocity. The nuclear
industry, as a whole, reguires all filters to meet existing size restrictions
and the pressure drap limitatian.

Filter-Face Velocity

After the physical dimensions, the most important design parameter is the
filter-face velocity, which should have a minimum value. A lower face velocity
decreases filter resistance and increases filter efficiency and dust-holding
capacity. A lower face velocity also produces a higher filter efficiency
because the electrical forces have a ionger time to attract particles to the
fiiter fibers. The most common technique for decreasing the face velocity is
to increase the filtering area by pleating the filtering element, the number of
pleats being governed by the thickness of the filtering element and the ease of

replacing the filter medium.

Filter Medium

The criterion for a maximum resistance of 250 Pa eliminated the fabric
media typically used in bag-house filters. These filters generally have
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Tabte 7. Design criteria for electric air filters uzing the poiarizatian

charging method.

Design parameter

Criterign

Physical dimensions
Pressure drop
Face velocity

Filter medium

High-voltage electrodes

Electrodes and medium
integrated or separated

High-voTtage power supply

Efficiency
Dust-holding capacity
Cost

Waste volume

Filter or medium replacement

Electrical safety

Limited by application, minimum value
less than 250 Pa

minimum value

minimum flammability

minimum conductivity

minimum fiber-packing density
mipimum compressiblity

minimimum water adsorption

maximum open area

good structural support for filter medium
good electrical contact with medium
optimum electric-field orientation
good insulation from ground

high electrical resistance
filter-change frequency

maximum OC voltrage

automatic shut down during overipad
output current below 100 uA
maximum value

maximum value

minimum value

minimum value

minimum effort

minimum hazard
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resistances that gre.cly exceed our criterion. We selected the deep-bed
fibrous media for our electric air filters. The medium has to be nonflammable
because of potential fires in the ventilation system. It needs a minimum
Conductit "y to prevent short-circuiting of the high-voltage electrodes. A
medium with lower conductivity also increases the filter-coilection efficiency
due to the charged-fiber mechanism. Filters with high conductivity cannot
maintain a large fiber charge because the charge bleeds away. Unfortunately,
real materials that are nonconductive are generally flammable. For example,
qlass fibers are nonviamnable, but are moderately conductive, and plastic
¥ibers have very Tow conductivities, but are flammable.

We established a minimum fiber-packing density to increase the filter-dust-
holding capacity. Lamb et al. have shown that electric air filt2rs with a low
fiber-packing density have a significantly Tower pressure drop during
filter-clogging than filters with a high fiber-packing density.36v
Unfortunately, this lower pressure drop is obtained at the expense of decreased
filter efficiency. This undesirable effect can be minimized by designing a
filter medium with a graduated fiber-packing density. Lamb et al, have shown
that the fiber-packing density within most filters varies greatly; the outer
surface has a much lower density than the inverior portion. In the absence of
an electric field, particles penetrate to a region within the filter where the
Packing density is higher, therefore forming a heavy deposit within the filter
volume.

Hawever, with an applied eleciric field, particles are captured by fibers
on the front face of the filter, where more deposits can be accommodated
Becduse the fiber-packing density s very low, (e electric Field ifcredses
fiber efficiency, which in turn is responsible for enhanced particle collection
on the front face of the filter. Particle deposits on the front face of the
filter form a mare open structure than the deposits within the filter volume.

Another property of the filter medium that is closely related to the fiber-
Packing density is the compressibility of the filter mat. Since compressing
the filter mat increases the fiber-packing density and consequently the
Pressure drop, the filter media needs to have a minimum compressibility. The
AF-18 medium is only maderately com ‘essed as compdred to the AF-4 medium.
There is an additional compression due to particle deposits in clogged filters.
Although this additional compression is insignificant for the AF-18 medium, it
is very large for the AF-4 medium. The increased ccmpresson for the AF-4
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medium is due to the smatler diameter fibers that are easier to bend. The
AF-4 filter has a median fiber diameter of 0.73 um while the AF-18
filter has a median fiber diameter of 3.5 wm.

The last filter-medium requirement is minimum water adsorption. It is a
well-gstablished phenomenon that water adsorbea on an insulator dramatically
increases surface conductivity. For example, the surface conductivity of soda
1ime glass increazes from 10']2 to 1077 mhos as the relative humidity
increases fron 40% to 90%. This increased conductivity leads to an increased
current flow and eventually short circuits across the high-voltage electrodes.

We chose a glass fibrous filter for our electric air filters, based on the
filiter medium requirement discussed so far. It is nonflammable and has
reasonable vaiues for the conductivity, fiber-packing density, compressibility,
and water adsorption. Moreover, these filters are inexpensive and available in
large quantities. The most frequently used medium in our experimeatal filters
was the AF-18 filter from Johns-Manville. We have already illustrated the
typical performance data for this m2dium in terms of increased efficiency in
the section on fundamental studies.

High-Voltaye Electrodes

Once we selected the proper filter medium, we determined the optimum design
for the high-voltage electrodes. These electrodes require a maximum open area
to minimize air resistance and to prévent masking of the filter medium, We
found that the front electrode can hide a major fraction of the filter
surface, thereby accelerating the clogging process. To prevent the masking
problem on the front electrode, we selected a wire-screen electrode that had
over 90% of its area open. Moreover, since the front electrodes does not
support the filter medium, it does not need a rigid construction. The major
criterion for the rear electrode is to support the filter medium. The rear
electrade can have a relatively small open area since it cannot conceal the
filter medium and adds very l1ittle resistance. We selected a perforated metal
sheet with a 40% open area for our rear electrode,

Gne of the most important criteria for the design of the high-voltage
electrodes is good electrical contact with the filter medium. If the filter
meuium does not have good electrical contact with the electrodes, the electric
air filter will have the same performance as a filter with no applied voltage.

170



This phenomenon occurs because the fibar charge migrites across the filter bed
and it accumulates next to the electrodes if they sre not in contact with the
medium. The accumulated charge creates an electric field within the filter
medium that cancels the field produczd by the high-voltage electrodes.
However, if the electrodes are in contact with the medium, the fiber charge
that migr utes to the 2lectrodes is neutralized and therefore cannot reduce the
electric field generatad by the electrodes. One of the primary causes for
losing electrode contact with the medium is the compression due to air flow.

The criterion for designing the high-volitage electrode for optimum electric
field orientation is not well-established. Al11 of our studies were conducted
with the electric field either paraliel or anti-parallel to the air flow. No
change in the filter efficiency was observed with either orientation. We chose
to apply high voltage to the rear electrode in our experimental filters to
minimize the possibility of deposits creating a leak path or even a short-
circuit between the high voitage and the grounded filter housing, Grounding
the front electrode also provided an additional safety feature against
accidentai short-circuits and etectric shock hazard.

Lamb et al. performed a series of experiments on the effect of electric-
field orientation on filter efficiency.36 They concluded that the electric
field perpendicular to the air flow produced a much higher filter efficiercy
than the fieid parallel or anti-parailel to the air flow. However, in their
tests, the electrodes did not contact the filter medium with the paraliel and
anti-parallel configuration, thcreby invalidating the conclusions, The optimum
field orientation for the maximum filter efficiency still must be determined.

The c:iterion for having electrodes with a high electrical resistance was
estab.ished tc minimize sparking across the electrodes. Sparking across the
electrodes is undesirable because of the potential fire hazard and the
decreased voltage across the electrodes which decreases the filter efficiency.
Thompson and Woodfin have shown thai the use of high resistance electrodes
significantly reduces the potential for sparking across the electrodes.38
High-resistance electrodes also reduce the prupability for accidental short-
circuits and zlectric shock hazards. We should point out that high-resistance
2lectrodes do not reduce the electric field as compared to highly conductive
electrodes at the same appiied voltage. However, high-resistance electrodes
must have a sufficient conductivity to pass the currents due to the particis
charges.
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Filter Media with Integrated or Separated Electrodes

Another design parameter we considered for electric air filters was having
the elecirodes be an integral part of the filter media or be separate from the
media, depending an whether the complete filter unit or only the filter medium
was discarded when the medium became c¢logged. The frequency of filter changes
in the intended application determines this, Figure 91 illustrates how the
frequency of filter changes affects the total filtration cost and hence the
selection of a filter design having electrodes integrated or separate from the
filter media. The d2sign having the electrodes integrated with the filter
media has a Tow fixed cost due to the high-voftage power supply but a high
operating cost since the entire filter with electrodes has to be replaced, The
design having the electrodes separate from the filter media has a high fixed
cost due to the increased hardware of the electrodes and housing but a low
operating cost since anly the inexpensive filter medium is replaced.

The same high-voltage power supply can be used in both filter designs,
Figure 91 shows that the filter design having the electrodes integrated with
the filter medium will result in lower filtration costs than the design having‘
electrodes separate from the media in those applications where filters are
changed less frequently. The opposite is true in applications where filters
are changed frequently, Since the frequency of filter changes 1S directly
dependent upon particulate concentraricns, the selection of the design type can
be determined from an assessment of the particulate Tevels. An important
assumption in this design selecticn is that the filter medium is not cleaned
after it is clogged.

High-Voltage Power Supply

Tne final component of the electric air filter is the high-voltage pawer
supply. Our studies have shown that much higher filter efficiencies can be
obtained using DC rather than AC voltage. The decreased filter efficiency
with AC voltage is due to the elimination of the charged-fiber mechanism that
results from the periodic reversal of the electric field. The power supply
must be capable of delivering the maximum DC electric field that can be applied
across the filter medium without shorting. The electric field equals the
applied voltage divided by the distance between the electrodes. For the same
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Electrodes and media;

Total filter cost, $

Fifter changes/year

Fig. 91 Total filtration cost as a function of filter changes for electric
filters having electrodes integrated with or separate from the filter meaia.
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electric field, the maximum voltage will be low for electrodes ciosely spaced
and high for electrodes spaced far apart. A compromise must be reached between
the greater insulation required at higher voltages and the increased tolerance
required for claosely spaced electrodes. HKe selected 10 mm as the optimum
electrode separation we could maintain at reasonable tolerances. At this
separation, sparking occurs across the electrodes at 14-15 kV DC with the
AF-18 medium.

Although electric air filters require high voltage to generate a
sufficiently high electric field, they do not require much current. In fact,
most or the experimental tilters developed in this program only require a few
microamps of current. Because of the low current requirements, electric air
filters can be made electrically safe withgut the use of complex interlocks or
automatic shut-down circuits for overload conditions. The elimination of these
components significantly reduces the complexity of the electric-filter nower
supply. Figure 92{(a) shows a typical power supply we used for our experimental
filters. We designed the high-voltage power supply to coavert 110 volt AC
input to 10 XV DC output; Fig 92(b) shows a top view of the power supply with
the cnver removed. The major component in this unit is a solid-state power
supply obta‘ned from Spellman. Since the power supply cannot exceed 70 uA
output currcnt at 10 kV, the unit poses no hazard from electric shock. One can
touch the high-voltage output and not feel the electrical discharge. We added
high resistors to the output of the Spellman power supply to limit the current
in case of an accidental overload. Although the miniature power supply is not
capable of exceeding the 70 uA output, the current limiters provide an
additional safety factor. This power supply has separate push buttons to
energize the unit and to supply high-voltage output. The high-voltage switch
also resets the high-voltage output if tke power supply is overloaded; e.qg., if
the load on the power supply exceeds 70 wA. Indicator lights on the frant
paricl show if the high voltage is on or off.

The remazining des gn parameters in Table 7 describe performance and operat-
ing characteristics of the electric air filter. The characteristics werc fixed
by the criteria we established for the physical dimensions of face velocity,
filter medium, high-voltage electrodes, and the power sugply. These physical
parameters determined the following parameters for the experimental filter:
efficiency, dust-helding capacity, cost, and waste volume. The success of the
eiectric air filter in meeting its objective to reduce the filtration cost and
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Fig. 92 High-voltage puwer supply for the electric air filter: (a) exterior
view and (b} interior view with Spellman unit in lower right-hand corner.
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valume of radioactive waste depends uron these filter parameters. Although the
addition of an electric air filter will generally extend the service life of a
HEPA filter, it does not guarantee an averall reduction in the filter cost or
the volume of radioactive waste collected. The added cost and waste collected
due to the electric air filter may offset the savings made in the HEPA filter.
The design parameters we have discussed so far all dealt with the
perfaormance of the electric air filter. Although designing the filter to meet
these performance criteria was a necessary condition, it was not sufficient to
ensure widespread use in nuclear-ventilation systems., [In addition to good
performance, an electric air filter must be easy to operate and to be
maintained by industry personnel (iable 7). Additionally, the high voltages
empToyed in the use of the fiTter cannot create hazards for persannel.

COST/BENEFIT ANALYSIS OF ELECTRIC AIR FILTERS

Cost is an important design parameter in all of our electric air filter
designs. Although we did not conduct a detailed cost/benefit analysis far each
of the experimental filters described in this report, we recognized that the
cost/benefit of a new filtration system must be significantly better than that
of existing systems. Since the existing filtration system in the auclear
industry consists of one or more HEPA filters, the cost/benefit of a new
filtration system should be compared with HEPA filters. This comparissn can be
made in one or two ways depending upon the purpose of the new filtration
system. If a new electric air filter replaces an existing HEPA filter, then a
direct comparison can be made between the new filter and the HEPA filter, If
the new filter will act as a prefilter to the HEPA filter, then the comparison
cah be between the total cost of the prefilter-HEPA filtratien system and the
cost of a HEPA filter alone.

We developed a f~~malized approach to determine the cost of a given
filtration system. Equation 62 determines the cost/benefit of replacing a HEPA
filter with an electric air filter. On an annual basis, the totai filtration

cost, CT, for a given filter is
Cr = NC+E/L , (62)

where R is t.. number of filters used per year, C is the operating cost of each
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filter, E is the capital-equipment cost of the filter and support housing, and
L is the service {ife of the equipment.

For the case where an electric air filter is added as a prefilter to the
HEPA filter, the total cost is

Cp = NeCp + Egfle + NG+ Eu/L, (63)

where the subscript F refers to the new "prefilter” and H to the HEPA filter.

Equation 63 clearly points out that prefilters must sufficiently reduce the
number of HEPA-filter changes to ovarcome the increased cost due to the
prefilters. The number of prefilters used per year may be determined from the
mass-dust loading in the air, M, the dust-holding capacity of the filter, MF,
and the filter penetration, P:

MR-Py) (64)

Np =
¥ Mg

In a similar fashion the number of HEPA filters used per year is

_MP) - Py) (65)

HE — M'H

Since the penetration, PH, for a HEPA filter is so small compared to 1,
Eq. 65 reduces to

MP
N”‘='Iﬁf . {66)
Substituting Eqs. 64 and 66 into Eq. 63 yields

—+—Cy+— . (67)
Equation 68 includes capital-equipment cost, prefilter cleaning, recovery

of material, and the effect of particle size. The operating cost of th-

prefilter then becomes

Cr = Cpp + CL}: + (CCF - CMfMF)n . (68)

where CPF is the purchase cost of the filter; CLF is the labor cost to
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test, install, remove and dispose of the filter; CCF is the cost for tleaning
the f+1ter inplace or external to the ventilation system; CM is the cost per
gram of material recovered from the filter; f is the fraction of materijal
remaved from the filter; and n is the number of cleaning cycles for the life
of the filter.

The analogous egquation for the operating cost for a HEPA filter is

Cy=Cou+Cy - (69}

For a cleanable filter, the dust-holding capacity is MFn. Using these
new values of dust-holding capacity and filter cost in Eg. 67 yields

M(1— Py Ey
CT=—IE;—{QF+CU+{Q3—CMMﬁ@+E;

+E&§:-(CPH+CU.,)+E—: {70)
Equation 70 represents the filtration cost in which we have allowed the
filter to be cleaned and the trapped material to be recovered. It does not
contain the important effect of particle size on the penetration, PF’ or the
dust-holding capacity for the prefilter, Mg, or the HEPA filter, M,.
The effect of particle size on the dust-holding ~apacity, MF and MH,
is derived from our model of filter-clogging described earlier in this report.
We have shown the equation for the pressure drop at low particle loadings
(Eg. 52).
The following relationship between particle volune fraction and particle
mass, M, is

M = a, Aza, | (71)

where A is the filter area, z is the filter thickness, and
of the particles.
Substituting Eq. 71 into Eg. 52, we have

D is the density

MF=w(£_1)

R \aP, (72)
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Equation 72 represents the paorticle-loading capacity for a filter., If the
criteria for either replacing or cleaning the prefiiter is aP = ZAPO,
then Eq. 71 reduces ta

raFA'sz v

MF=~—R——--A\;-T . (73]

where Kp is a constant for a given filter.

Equation 73 shows that the particle-lpading capacity, Mg, 15 directly
proportional to the particle size; i.e., the smaller the particle size, the
lower the particle-hoiding capacity.

30

This average size is a weighted air-resistance average™ and is given by

[ j = D) drr'
‘- ]
U P
IL D(r)rdri (74)

where D(r) is the number-size distribution of particles trapped on the filter.
The distribution of particles trapped on the HEPA filter is given by the
product W(r)P(r}. Thus, D(r) is equal to N(r)P{r) for the HEPA filter. The
distributiagn of particles trapped on the prefilter is N(r){1 - P(r)} Thus,
D{r) is equal ta N(r)[(1 - P{r}] for the prefilter. This term it grated

over all particle sizes and =quals the mass of particles trapped on

prefilter:

_ w/4

M —P)= , \3"‘3 p, N (1 — P(]dr . (75]
Equation 75 represents the difference in the size distribution of p 25

before the filter, N(r), and after the filter, N(r)}P(r}). The mass . particies
trapped on the filter is obtained by multiplying this difference by ' "= volume
and density of each particle. A similar equation can be obtained fo: :he mass
of particles trapped on the HEPA filter:
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MF; = Lm(%« H)pp N(O) P(r)dr . (76)

In general, the average particle size trapped on the HEPA filter is much
smaller than the average particle size trapped on the prefilter., Because of
the difference in average particle size between par cles trapped on the pre-
filter and the HEPA filter, different values of r must aiso be used. This 5
trend caused some rosearchers to speculate that the use of a prefilter may
accelerate the clogging of HEPA filters. This speculation, although not
supported by experfments, is cased or whe Fact thet smaller size particles
result in a lower dust-holding capacity.
The effect of particle size on the cost equation for a prefilter-HEPA
filter system is obtained by substituting Eqs. 73-76 into Eq. 70 to yield

Ey

M =P _ E. MP; .
KFan [CPF+CLF+(CG—CMKFTFOBJ+L—F+K—HE[CFH+CLH]-v L_H - (771

Cr =

The comparable cost eguation for a single filter is

Mil —-P - E
CTET—F)[CFF+ Cir + (Cor — CuKerefnl + —
FTED Lp

(78)
If the single filter is a HEPA filter, then n = 1, rCF =0, and f = 0.

Filter cleaning has a major effect on the total cost of filtration. If
the prefiite~ 3 not cleaned after it becomes clogged, then n = 1, CCF =0,
f = 0, and Eq. 77 reduces to cost Eq. 7B. In that case, the cost of replacing
the prefilter pecomes the major variable affecting the overall cost. For
example, if replacing the prefilter requires a major effort, such &. > bag-in
and -gut operation in a glove box or ventilatior duct, then the labor Costs,
CLF‘ will be high and the use of a prefilter will not be cost-effective.
This condition has been a major factar preventing the yse of pre-filters in the
nuclear industry. However, if replacing the prefilter requires only a minor
effort as a result of efficient prefilter and housing designs, then a prefilter
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can be very cost-effective, even with filter cleaning. This will be
iltustrated in the next section on applications of electric prefilters in gilaove
boxes. In these applications, the prefilter is changed within one minute
inside the glove box withcut interrupting the ventilation system or reguiring a
bag-in or oag-out operation.

Cleaning the prefiliter can greatly reduce the cost if the cleaning costs,
Ccgs are not high. Here again, the manner in which the prefilter is cleaned
will control the gverall cost-effectiveness of the prefiltration system. If
the prefilter has to be removed from the ventilation system and c:ieaned in a
rempte location, then the cleaning costs will be very high. If the prefiiter
can be cleaned jin situ or with only minor work inside the enclosure containing
the prefilter, then the cleaning costs will be low, We illustrate this
practice in our glove box prefilters, whare filter removal, cleaning, and
replacement is done entirely within the glove box.

Cleaning the prefilter effectively increases the dust-holding capacity of
prefilters by n times and allows i.. _ased flexibility in the filter design.
For example, a prefilter that cannat be cleaned must have a high dust-holding
caracity. Unfortunately, most filter media with a high dust-holding cacacity
also have a high penetration, PF’ which leads to rapid clogging of the HEPA
filter. However, by using a filter media with low penetration that can be
cleaned, we can have both low penetration and high dust-holding capacity. Bag
filters used in removing fly ash from coal-burning power plants are an
excellent illustration of such a prefilter. Although the dust-holding capacity
of a typical bag filter is Tow, the cumulative dust-holding capacity aver
thousands of cleaning cycles is extremely high.

The recovery of radiocactive material is another benefit of filter
cleaning. The cost of recovered material like Pu may significantly nffset the
cost of the fiitration system and even make the total filtration costs negative
or permit profitabie opoeration. Even if the recovered material has no value,
the value attributed to the material may be significant on the basis of
material accountability, an important consideration in the nuclear industry,

Service Life of Prefilter-HEPA Filter

The extension of HEPA service life (HL) with the use of prefilters can be
computed frem the ratio of the number of HEPA filters used without a prefilter,
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(NH), to the number of HEPA filters used with a prefilter, (NHP). Tris
ratig is obtained from Egs. 66 and 73:

HL- Dw_f L (79)

where ra is the average particle size after passing through a prefilter, s

is the average particle size before passing through a prefiiter, and PF is

the penetration of the prefilter. Equation 79 shows that the extension in HEPA
life is primarily determined by the penetration of the prefilter. The ratio of
the two particle sizes accounts for the linear variation in particle-loading
capacity with particle size.

Filter Waste

Another major design parameter that :wust be minimized is the volume of
filter waste that is <ollected from beth electric air filters, or prefilters,
and HEPA filters. . is is of special concern in the nuclear industry where
discarded filters add to the inventory of radicactive waste. A formalized
approach can be developed to determine the volume of waste generated by filters
in a similar fashion to the approach used for determining filter cost. The
volume equation for a single filter that is comparable to the cost Eq. 78 is

M({1 — Pg
Voo F
=T (VrE) (80)
where 2 is tiie total filter waste volume, VF is the original filter
volume, and g is the size reduction factor {other variables have beer defined},
The equation for the total volume of filter waste for a prefilter-HEFew

filter system is

v Mi=P) . M
77 TKeren (Fg)+KHrH(H) ! (81)

where "H is the volume of a HEPA filter and h is size reduction factor for
the HZPA filter.
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From Eq. 81, we see that the volume of total filter waste can be reduced by
increasing the loading capacity of both prefilter anu HEPA filter, Kere and
KHrH, decreasing the penetration of the prefilter, PF’ increasing the
number of cleaning cycles, n, and compacting the prefilter and HEPA filter for
size reduction, g and h. Cleaning the prefilter can have a dramatic effect on
the volume of filter waste, especially for high.efficiency prefilters. If the
prefilter has a high number of cleaning cycles and a low penetration, then
large reductions in filter volume can be achieved even if the prefilter has a

low dust-holding capacity.

Accidental Radiatian Exposure

Another major consideration ir the cost/benefit study of air filtration
systems in the nuclear industry is radiation exposure due to contaminated
filter: and accidental releases of radicactivity .4en contaminated HEPA filters
are replaced or cleaned. HEPA filters that are removed from glove boxes or
ventilation ducts are carefully sealed in plastic bags to prevent radioactive
dust from escaping into the atmosphere. However, despite numerous precautions,
a significant number of radicactive spiils in the nuclear industry occur during
filter changes. The problem with these spills is not only the expensive
cleanup of the contaminated area, but also the increased probability of
raciation exposure to personnel by inhalation or ingestion.

Another source of radiation exposure and accidental releases of radio-
activity occurs when chianging the HEPA filters in the large plenum chambers.

In this case, workers enter the contaminated chamber wearing full protective
suits with external air supplies. Changing HEPA filters under these conditions
significantly increases the probability of radiaticn axposure during accidental
spills. By decreasing the frequency of HEPA-filter cianges thirough the use of
prefitters, the risk of accidental spills can be reduced significantly.

A number of radionuclides like americium that are filtered out by PEPA
filters have a high gamma emission. Because of the difficulty in shielding
out this ~ Yation, HEPA filters are generally replaced after a smcil gquantity
of gamms emitters is trapped on the filter. Arother reason for changing HEP1
fil. before they reach their dust-holding capacity is 1imiting hi,h-level
radicaclive waste. If radioactive particles which have a high specific

activity, 1ike 238y, are Toaded onto a HEPA filter, the MZPA filter mey be
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classified as high-level waste when discarded. Because of the significantly
greater expense and cifficulty in disposing of high-level waste, HEPA filters
are generally removeu before accumulating that much radipactive material.

Since the maximum mass, ins Of the radioactive material that yields
acceptable radiation levels and waste criteria is much lower than the filter
dust-holding capacity, KHrH, the HEPA filter has to be replaced at a much
higher fraquency. The total ~ost and volume of waste may be computed by
replacing Kyry in Egs. 77 and 81 with Mp. It is clear from the resulting
eguations that a prefilter would only be effective if it had an extremely Jlow
penetration value. Thus, for applications where radiation criteria are ysed
for changing HEPA Filters, @ high-efficiency prefilter must be wsed which can
be repeatedly cleaned or inexpensively removed. If the prefilter cannot pe
cleaned or easily removed, the advantagqe of a prefilter is lost since the
radiation problem s transferred from the HEPA filter to the prefilter,

RAdditional reductions in radiation exposure can also be expected because
the probability of a spill occurirg during the replacement of a prefilter js
much less than during the replacement of a HEPA filter., Prefilters are
generally much lighter and easier to handle than HEPA filters and are easier to
bag-out of a ventilation system. Zrefilters are also easier ta replace than
HEPA filters because the support and sealing structure far a prefilter ig
generally less complicated for a prefilter than for a HEPA filter,

ELECTRIC AIR FILTERS FOR GLOVE BOXES

INTRODUTTION

One of ire most attractive applications of an electric air filter in the
nuclear industry is as a prefilter inside a glove box. We felt that the design
of our experimental glove-box prefilters had to meet two requirements in order
to be successful: {1) simple operation for replacing or cleaning filter media
by untrained operators and (2) prefilters must be mounted inside the olr.g apx
to contain all of the radioactive material within the box. Proper design would
alley the operatar of the glove box to change or clean the filter media in less
than one minute without additional help. Also, this operation would not
interrupt the work going on inside the glove box. Moreover, by maintaining a
smatl supply of clean fiiters inside the glove box, a number of filter changes
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can be made withonut bag-in or bag-out operations.

To date, we have built and evaluated two experimental electric air filters
for use as prefilters inside glove boxes. We designed both of these unity so
that each can be mounted on either a ceiling or a wall. The primary difference
petween the two cesigns is the mechanism that provides access to the filter
medium, The first design has a lever arm to release the ground electrode; the
second uses a hitged door. The exposed electrode for safety reasons in both
designs is the ground electrode. We also examined the safety features of the
glove-hox prefilters and inccrporated the following features to reduce the
possinle high-voltage hazard: strong insulation on all high-voltage lines,
interlock mechanisms on filter-access doors, automatic power shut-off when the
current exceeds a given level, and a flask’ag yellow warning 1ight., We lu.er
removed the interlock mechanism and flashing yellow 1ight when the alectrical
hazard was eliminated by using a current-limited ~ower supply.

GLOVE-BOX PREFILTER USING A LEVER ARM
Description

Figure 93 shows our first experimental electric air filter instalied jnside
a glove box. This experimental unit consists of a polyethylene main body
supported near the ceiling of the glove box, a high-voltage electrode mounted
within the main body, a grounded electrode connected to a lever arm on the main
body, and a handle that opens and closes the filter assembly far changing
filters., The electredes, made from perforated aluminum plates, have a 40% open
area. These electrodes were coated with 25 um-thick parylene to reduce the
possibility of electric sparks. We had placed an insulation coating on these
electrodes before we realized the negative effect it had on filter performance.
Since we did not observe this detrimental e?fect in this prefilter, the
electrodes apparently were not completely insulated, Independent tests on
ather paryiene-coated electrodes indicate that the insulation coating had been
partially removed, presumahly by mechanical abrasion.

We used two layers of 6.4 mm thick AF-18 obtained from Jahns-Manvsille for
the filter medium (th: tab aliows easy replacement), The prefilter was
electrified with a Speliman miniature OC power supply, Model UM15-1500-D, that
had a negative polarity and was rated up to 15 kV at 75 ,
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Fig. 93 Experimental electric air filter of the lever-arm desiyn installed in
a glave box where it acts as a prefilter to the HEPA filter.
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Figure 94(a} shows an aperator puliing the handle that releases the lower
grounded electrode. Simplicity in changing the filter medium was our primary
interest. A cam mechanism on the lever arm secures the ground electrede in its
locked position. By pushing up on the handle, the ground electrode is lowered,
thus exposing the filter medium. The operator can then remove the filter
medium, as shown in Fig. 94(b).

It became apparent soon after we began our evalution that filter changes
were more difficult than we had anticipated. The air flow through the filter
medium tended to keep it pressed firmly against the upper electrode. To pull
the filter medium free, we had to use tweezers to 1ift the medium. We also
tried taping a short tab on the filter as shown in Fig. 94, but this tended to
tear the medium after several pulls. We eventually used tweezers to pull the
medium and this only added a few seconds to the changing operation. Ir other
installations, *he use of a damper to reduce the air flow during filter changes
vwould elimina’e this problem.

We also found that the cam mechanism did nct provide sufficient compression
to seal the filter medium, and we had to insert a wedge between the handle and
the ceiling of the glove box. This problem can be eliminated in other designs
with a cam that provides greater compression.

Another probiem with the lever-arm design was the ground electrode., We had
used a perforated aluminum plate that had a 40% open area for our ground
electrode. When this electrode was pressed firmly against the filter medium,
it acted as a template for particle deposits. With only 40% of the filter
surface available for particle ueposits, the pressure drap wauld 1nciease much
faster than if the entire surface had been available. However, the template
effect due to the electrade was not important for most of our laboratory
evaluations hecause we had usad a thinner f{lter medium that did wot make
contact wi'" the ground electrode. The additional separation made the entire
filter surface available for particle deposits. Unfortunately, the loss of
electrode contact may have decreased the performance of the electric air
prefilter.

Laboratory Evaluation

Before we installed the experimental filter inside an active glove box, we
evaluated its performance inside a controlled glove box in which we generated
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Fig. 94 (a) Operaior pulting down on handle to change filter medium from the
filter medium, ars (b) Operator remcving filter medium from the filtar holder.
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NaCl aerosols by nebulizing a 1% NaCi solution to yield a heterodisperse-NaCl
distribution with a mass median aerodynamic diameter (MMAD} of 1.0 um and a
geometric standard deviation, °§ of 2.0. Laboratory filter efficiencies

were determined with a flame photometer obtained from Dynatech-Frontier, Inc.,
Albuguerque, New Mexico. This instrument photometrically measures the yellow
Na light emitted when NaCl aerosols pass through a propane burner, (Filter
efficiencies in the field evaluation are determined by using two in-line filter
holders to sample the aerosols before and after the electric air filter
simuitaneously; this avoids the problem of large fluctuations in aeroso}
concentration, }

Since we wanted to make a larye number of efficiency measurements without
the complications of bag-in and bag-out operations, we built a special sampling
chamber to house the filter halders for sampling before and after the electric
air filter. The sample filter holders are changed by access through two
latched doors.

To ensure that we obtained accurate filter-efficiency measurements with our
sampling system shown we simultaneously measured filters with the flame
photometer and the in-line filters. These test measurements wcre made in our
controlled glove box using NaCl aerosols. We determined he efficiencies with
the in-line filters oy atomic absorption analysis for Na, Figure 95 shows a
series of efficiency measurements we made using the two techniques at applied
valtages of 0, 5, 10 and 15 kV. The average percent deviation between the two
measurement techniques for all of the measurements, disregarding sign, was
7.6%. Although this deviation is significant, we felt that the agreement of
the in-line filters with the flame photiometer was close enough to be used for
field evaluations.

Field Evaluation in LLNL's Uranium Powder Milling Box

We installed the experimental electric air filter inside a glove box at
LLNE where chunks of uranium and beryllium oxide (UO2 and Be0) are ground
into a fine powder using a ball mi1l grinder. This glove box was one of
several boxes used to manufacture reactor fuel rods. Since filtered room air
was used to vent the box, the relative humidity inside the box was relztively
Tow, thereby providing an ideal envi. ament for our evaluvation. The electric
air filter was mounted on a ceiling exhaust port; a plastic tube was mounted on
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the lower electrade to provide a representative sample of U aerosols before the
filter {this tube prevented erroncous filter-efficiency measurements). A
butterfly valve located just outside the box allowed us to control the exhaust-
air flow from about 28.3 1/s to 4.7 1/s. We maintained a flow of 23.6 1/s
through the filter at all times by periodically adjusting the butterfly valve;
this Tlow correspanded tc the rated flow through typical HEPA filters used to
filter glave-box exhausi. An electric balance, accurate to 0.1 g, was inside
the glove box and allowed us to periodically weigh the filter.

We concucted our initial filter evaiuation in the miliing box using twe
layers of AF-18 media. We selected this media because comparable tests with
NaCl showed significant electrical enhancement and still allowed sufficient
aerosols to pass through the filter for accurate efficiency measurements. At
a filter face velocity of 65 cm/s, the filter efficiency for NaCl aerosols
in¢reased fram 55% to 85% as we applied 10 kV to the high-voltage electrodes.

The results of our first evaluation are summarized in Table 8. Our
evaluation cansisted of periodically weighing the filter medium and measuring
the filter pressure drop and efficiency, By taking filter samples of the
aerosols before znd after the electric air filter and by measuring the activity
on a proportional counter, we determined filter efficiency for U(]2 aerosals,
Beryllium analysis on the same filter samples gave us identical results.

Perhaps the most surprising result in this first test was the unexpected
high efficiency. The explanation for the high filter efficiency was the large
size of the aerosols in the box. The AF-18 medium is considered to be a poor
filter medium and is used primarily in coarse filtration. We measured the size
distribution of the radioactive aerosols with an Andersen impactor and found
the activity median aerodynamic diameter (AMAD) was 5.4 um, with g = Z.0.
Comparable measurements on Nall aerosols showed & MMAD of 1.0 vm. Figure 86
shows the size distribution of the UO2 and Nact aerosols with the c:™ilative
percent of mass or activity plotted as a function of the aerodynamic diameier
(the NaCl distribution was determined from mass measurements, while the UO2
distribution was determined from activity measurements},

We decided to use only one layer of AF-18, instead of two, in order to
increase the accuracy of the filter-efficiency measurements in subseguent
filter tests. Accurate efficiency measurements were not pnssible because of
the unexpected high efficiency of even the mechanical filter for the uranium
aerosols, Background radiation prevented accurate radiation counts on the
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Table 8. Performance of electric air filter in U0,/8e0
glave box {(two layers of AF-18, V = 0,65 m/s]).

Particle Mass % Efficiencies ap
(9) 0 kv TO kV (kPa)
0.0 2.9 97.?7 0.144
4.3 97.5 -—— 0.197
8.4 99,0 95.7 0.4983
2.58 .- ———— 0.1970

dthe air velocity dropped to 0.48 m/s.
bafter shaking aff 5.9 grams.

Activity

© uUo,
o NaCR

Agrodynamic diameter — pm
o
-
T

09— ! | [ 1
ol 1 10 305070 90 o8B
Percent mass or activity less than stated size

Fig. 96 Particle-size distribution for U0; and NaCl aerosols for first
evalyation of LLNL glove-box electric air filter,
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downstream filter sample whenever the electric air filter had efficiencies in
2xcess of 99.7%.

At the time, we did not racognize the full consequence of vsing the thinner
medium. The thinner medium did not have direct contact with both electrodes.
This tead to a time-dependent deterioration of the electric-field enhancement;
after several hours, the enhancement reduced to zero. We did not see this
change here because our measurements were relatively short. Because of the
deterioration of the electric-field enhancement with time, the electric air
filter would not show a significant increase in service life as compared to a
conventional fibrous filter, We decreased the air velpcity through the filter
from 65 cm/s to 52 cm/s to allow additional flow contrpl during nigher particle
lvadings.

The second evaluation of the electric air filter under the new experimental
conditions 5 summarized in Table 9. Table 9 shows three sets of efficiency
and pressure-drop measurements in which O and 10 kV was applied to the
slectrodes during filter-clogging. Each data set was generated with a single
AF-18 filter in the manner previously described. The data set with na applied
voltage represents the baseline test for comparison with the electric air
filter. Note that we were unable to complete the second loading test with
10 kV and had to terminate the test after accumulating only 1.1 g on the filter
because the fuel-rod program was terminated during our evaluation.

Data Analysis. A review of the data in Table 9 indicates considerable
variation in the efficiency for the three data tests. The extent of this
variation is readily seen by comparing the efficiencies of the tests having no
particle mass. Ideally, all three data sets should have identical efficiencies
at the different applied voltages. The most glaring discrepancy is the
unusually high efficiency for Test 2 at 0 kV., We believe the most 1ikely
explanation for this high efficiency is a leak in the downstream filter holder.
Although we recognized the potential for leaks, we did not systematicaily check
for leaks in this field evaluation. Except for this single high-efficiency
value, the variation in the remaining data was probably caused by variations in
particle size. We believe that the size of the aerosols produced in the glove
box changes with the different operations performed.

We plotted some of the data from Table 9 in Figs. 95 and 97 to illustrate
the two primary characteristics of electric air filter: the higher efficiency
{Fig. 95) and the increased service life (Fig. 97). As we have seen, Fig. 95
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Table 9. Performance of electric prefilter in UOy/Be0 glove box

(one layer of AF-1B, V = 0.52 m/s).

Particle mass % Efficiencies ap
(a) OkV Skv 10kvV 15 kv {kPA )

Test 1 0 kV Applied During Particle Loading

0.0 78.0  --- 97.9 99.0 0.052 - 0.060
2.1 98.4  99.97 >99.58 99,0 0,070

0.6° —— meee - ——-- 0.,062°

5.6 99.8% 99,82 g9,7% 99.8% 0.393

2.0¢ cmmmmmeeaee S £.082°
Test 2 10 kV Applied During Particle Loading

0.0 97.9  86.0  91.2 92.9 0.065

2.1 cem mme e — 0.097

3.2 98,5  ----  39.5 99.92 0.112

6.8 99,2 99,5  99,7% - 0.378 - 0.406
Test 3d 10 kV Applied During Particle Loading

0.0 73.7 ---- 89,6 ———-

0.062

HA 80.2 ===~ 99.6 ——

0.070

2. Radioactive counts on the downstream sample were Jower than background,

b. Background radiation prevented accurate efficiency measurements above 99.7%.

c. After shaking off the particle deposits.

d. Test prematurely terminated because all work inside the glove box had

stopped.
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Fig. 97 Filter efficiency and pressure drop for the experimental glove-box
filter for three loading tests.
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shows a plot of the filter efficiency as a function of the applied electric
field for c¢lean filters. Since the distance between the electrodes was
0.00118 m, we divided the applied voltage by this value to get the correct
field strength. [In addition to the UO2 data, we also included the NaCl data
from our laboratory tests for comparison. Both data sets were generated with
the same experimental filter using a single layer of AF-18 medium.

Although the effect of the electric field appears to be significantly
greater for the smaller NaCl aerosols than for the larger U02 aerosols, this
is not what occurs. The electric air filter reduces the penetration of both
NaCl and UO2 aerosols by about 70%. We should also point out that the U data
was obtained at 52 cm/s, while the NaCl data was obtained at 65 cm/s. However,
other laboratory tests in which we studied the effects of air velocity between
65 cm/s and 32 cm/s have shown the small decrzase in air velocity for the U
aerosols is responsible for a slightly higher efficiency for the UO2 aerosols
when high voltage is applied. The major contribution to the higher filter
efficiency with UO2 3derosols is their larger size as compared to the MNaCi
aerosols. This fact is readily seen when comparing the filter efficiencies in
Fig. 95 at 0 kV.

In addition to the ipcreased efficiency, increased service life results
when an electric field is applied across a fibrous filter. Figure 97 shows
that the filter efficiency increases with particle mass and with an applied
electric field. Although the pressure drop at higher particie mass loadings is
slightly lower for the filter with an electric field than without, we expected
the difference to be much greater. We beljeve the small value resulted from
the lack of electrical contact of the filter medium with both electrodes. We
have previously mentioned how this could lead to a gradual dissipation of the
electric effects, Another possible cause for the lack of a more dramatic
difference in filter service 1ife is the inconsistent use of high valtage in
both filters to generate the data in Table 9, Since none of the tests in
Table 9 were conducted exclusively with or exclusively without high voltage,
the service 1ife of the filters in these tests fell between the two extremes,
thus reducing the differences in service life due to the electrification.
Figure 97 also shows that after 3 g of particies were collected by the filter,
the efficiency for both the standard and electric air Tilter were nearly
100%. The evaluation also showed that 70% of the radiocactive dust could be
removed and the filter mediuni placed back into service.
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Cost/Benefit Analysis

Although our field evaluation has to stop after only three months because
wark had been terminated in the box, sufficient data was obtained to perform a
cost/benefit analysis. The filter performed very well except for the use of a
wedge to improve the compression seal and the small open area of the front
electrode as previousiy noted. The fiilter media was removed from the holder
and replaced many times with little difficulty and presented no problem with
the high-voltage system. We have already noted that future designs should
provide a filter seal with greater compression and a means for reducing the
pull of the media against the rear electrode for easier removal. Possible
soivtions for decreasing the pull are either reducing the exhaust flow by a
throttle valve or providing a bypass for the exhaust air during media
replacement. The electrical system had also functioned well during the
evaluation without the occurrence of a sirgle spark or overlaod. Had either
of these events occurred, the high voltage power supply would have shut down.

We performed our cost/benefit aralysis of the experimental filter using
the field evaluation data in Fig. 97. Unfortunately, we were unable to measure
the HEPA-1ife extension directly because we did not have an accessible HEPA
filter downstream of the electric prefiltar, To compensate faor this lack of
baseline data, we used data reported by Adley and Wisehart63 that
corresponded closely to the experimental conditions of our field evaluation.

Adley and Wisehart had found that the standard 1000-cfm HEPA filter had a
dust-halding capacity of 2000 g for 5.5 um-diameter particles and 300 g for
0.7 um-diameter particles, The mass median diameter of the U02/3e0
particies in our evaluation was 5.4 ym. Although we did not measure the
particle-size distribution after the air filter, a mass median diameter of
0.5 um is very reasanazble. By scaling down the capacity of the 1000-cfm HEPA
to air-eguivalent 50 cfm HEPA, the dust-holding capacity is 100 g for 5.5 wm
particles and 15 g for 0.5 um particles.

We determined the remaining parameters needed for the cast/benefit
analysis from the performance data in Fig. 97 where the mechanical prefilter
had an average lifetime efficiency of 96% and a dust-holding capacity of
5.6 g. The corresponding average efficiency and dust-holding capacity for the
ejectric air filter is ©3% and 6.B g respectively. The prefilter cost
approximately 2¢ and had a volume of 0.21 1. During the field evaluations, we
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also found that 67% of the particles could be removed from the prefilter by
mild mechanical shaking and reusing the filter. The last variable used in our
cost/benefit analysis was the factor describing the reduction in volume by
compressing the filter. This factor was 0.16 for the prefilter medium and 0.45
for the HEPA filter. We have listed all of the variables used in our
cost/benefit study in Table 10.

We analyzed the filtration cost for the prefilter~HEPA filter system and
for the HEPA filter alone using cost/oenefit equations previously discussed.

In both cases, we neglected the labor cost and also neglected the cost of
cleaning the prefilter and the value of the material recovered. Since the
laber cost for replacing the HEPA filter greatly exceeds the cost for prefilter
cleaning and media replacement, the omission of these costs does not affect the
final results that show that using a prefilter is very cost effective.
Including the labor costs in the total cost analysis would, in fact, mske the
use of prefilters even more cost effective. We also neglected the cost for the
prefilter holder and power supply and the HEPA filter holder. These capital
equipment costs have not been estimated since there are no commercially
available electric air filters to establish a cost basis.

The total cost for the HEPA filter is $27.00 since we arbitrarily selected
a total annual dust load of 100 g of 5.5 um diameter particles which
corresponds to Lhe life of ane HEPA. The cost for the prefilter-HEPA filter
was calculated for both the mechanical prefilter and the electric prefilter
for the case with no prefilter cleaning (n = 0} and with ten prefilter
cleanings {r = 10) before the prefilter was discarded. We made a similar
analysis of the waste volume.

The results of these cost and volume calculations are tabulated in
Table 11; Table 11 also shows the amount of material recovered and the
extension in HEPA life.

The cost of the filtration system dacreases very rapidly frem $27.00 to
$7.54 and finally to $2.09 when using a mechanical prefilter and electric
prefilter, respectively. Note that cleanirg the prefilter has very little
effect on the cost of the system due to the insignificant cost of the prefiiter
media, in contrast to the cost, the volume of filter waste decreases more
slowly from 6.29 to 5.28 1 and 3.48 1, as the mechanical prefilter and electric
prefilter are added, respectively. Either cleaning or compressing the
prefilter results in a significant reduction in the volume of waste. However,
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Table 10, Variables used in the cost/benefit analysis of electric prefilters

in U0y glove box.

Prefiltera
HEPAD HEPAL

Variable Mechanical Electrical (after prefilter) {alone)
CPF’ CPH $0.02 #0.02 $27.00 $¢7.00
VF‘ VH 0.21 1 J.21 1 £.291 6.29 1
PFy Py 0.04 0.01 0.00 0.00

100 g 100 ¢ 100 g 100 g
MP --- 49,1 ¢ 100 g
M(1-PE), M(1-P,) 96 g 99 g _— -
Fea Ty 2.25 um 2.25 ym 0.25 um 2.25 um
KFrF’ KH’rH 5.6 ¢ 6.8 g 15 g 10C g
f 0.67 0.67 0 Q

0.16 0.16 ¢.450 0,454

a varjable subscript is F.
variable subscript is H. .
€ dust load on the HEPA is 4 g using the mechanical orefilter an¢ 1 g with

she electrical prefilter,
if the wooder frames are burned, than the volume reduction fractiny is

C.11.
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Table 11. Calculated annual performance of glove-box filtration systems based
cn experiments in UQy powder milling box.

Performance Criteria

Material
Filtration Volume of waste recovered HEPA
System Cost {with compression} (100 g input} Life
HEPA $£27.00 6.29 1 Og 1x
12.83 1)
HEPA plus 3 7.54 5.28 1 0g 2.8x
Mecharical Pre- (1.34 1)
Filter {n=1)
HEPA pTus $ 7,23 2.04 1 67 a 2.8x
Mechanical (0.82 1)
Prefilter (n=10)
HEPA plus $ 2,09 3.48 1 Dg 11.1x
Electric {0.50 1}
Prefilter (n=1)
HEPA plus $1.83 0.73 1 69 g 11,1x
Elect~ic (0.24 1)

Prefilter {n=10)




compressing the filter after cleaning reduces the waste volume by only a small
amount. Table 11 also shows that the only recovery aof material occurs when the
prefilter is cleaned. The amount of material recovered is about the same for
both the mechanical and the electric prefiltration. In these calculations, we
assumed the HEPA filter cannot be cleaned. The last performance criterion
listed in Table 11 is the HEPA filter 1ife. Note that HEPA life is inversely
propartional to the cost of the filtration system and increases to 2.8 and
11.1 times the priginal HEPA 1ife as a mechanical prefilter and an glectric

prefilter are added.
[t is important to recognize that the large difference in filter cost and

HEPA 1ife between the filtration systems using a mechanical prefilter and the
electric air filter is primarily due to the difference in efficiencies shown
in Fig. 97. WNote that the transient period where the efficiency rapidly
increases as particle mass accumulates is the dominant factar controlling the
average efficiency, and the HEPA life. We have already noted that the lack »of
electrode contact and the mixing of high voltage and zero voltage coaditions
reduced the difference in performance between the mechanical and electrical
prefiiter. We would expect much greater extension in HEPA service 1ife for a
prefilter that was electrified all of the time. In reviewing the results of
the U02 glove-box evaluation, we must also remember that the MMAD was

5.4 um. This size aerosnl is easily removed by a large number of methods.

The significant savings in cost and extension of the HEPA service life for the
mechanical prefilter is primarily the result of this large particle size. If
the U aerosols were significantly smaller, then the meckanical prefilter would
have a much smaller savings and only a modest extension in HEPA 1ife, The
performance of the electric air filter acting as a prefilter would have its
most dramatic effect below 1.0 um when all other methods become less
efficient.

GLOVE-BOX PREFILTER WITH A HINGED DOOR

Description

The second experimental filter we designed is shown in Fig, 98. Although
Fig., 98 shows the unit attached to the end-plate of the glove box, it could
a1so be mounted an the ceiling as in the other filter design. The hinged-door
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Fig. 98 Electric air filter with hinged door mounied on end plate of glove
box.
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unit is much larger and more complicated than a production unit because it has
built-in probes to sample aerasols before and after the filter. We added a
plastic shroud around the inlet of the Filter to obtain isokinetic samples.

We had observed in our last evaluation, that, without a shroud, we would get
erroneousiy Yow inlet aeropso) concentrations due to bypass around the sample
probe. If aerosol samples ere not required, the thickness of the electr ic
filter could be reduced to Jess than 50 mm.

The important design features of this hinged-door electric prefilter zre
the two latches that provide easy access to the filter medium and HEPA
filter. The main body of the experimental unit is polyethylene which provides
good insulation and strength. A metal reinforcement was required on the front
plate to prevent distortion when the Tatch was closed. The 7ilter medium used
in this evaluation was the same as in gur previous evaluation.

In designing this experimentai unit, we avopided the prablems encountered
with the previous design. Because of our previous experience with the upstream
electrode masking off much of the filter surface, we used a commercially
available wire screen with 80% open area. The downstream high voltage
electrode was a hand-strung grid with wires spaced every 10 mm. We had
initially used insulated wires for the rear high-voltage elzctrode in order to
minimize the possibility of sparking. Sirce we ui!3covered the negative effects
of the insulated electrodes, we replaced the insulated electrode screan with
non-insulated wires. The problem of inadequate filter compression encountered
with our previous glove-box filter did not occur with this design because of
t!'= increased compression of the hinged door. )

The power supply used with this experimental filter was a modified
Hipotronics AC-DC HIPOT tester, Model HD115, with a negative output polarity.
We used this power supply described in the section on fundamental studies and
found it to be ideally suited for use in our experimental filters. The unit
fas 3 variable Q-15 kV UC output, a current meter and automatic shut-down
during an overload condition when the current ex-eeded a preselected level.

To ensure safe operation during the field evaluation, we added a number of
safety features were added to the electric filter and power supply. Two
redundant magnetic reed switches were imbedded in each of the twg doors for
shutting down the high voltage whenever the filter door was opened. Heavy-duty
cable was used for all of the expased high-voltage lines to ensure that the
insulation would not fail during the long field evaluation. A second current
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overload circuit was added to the power supply t0 ensure that the power would
be shut off when the load exceeded 40 uA. As an additional safety
precaution, a 10 M& current-1imiting resistor was placed in sa2ries between
the power supply and the electric filter. This limited the available energy
in a potential spark whiTe providing sufficient current to trip the cverload

circuit, ;

Laboratory Evaluation

We tested the filters with heterodisperse Nall aerosals and filter
efficiencies were determined by sampling before and after the filter. We
compared them using the flame photometer as a detector and the in-1ine filters
housed in the sampling chamber, We then conducted filtter-efficiency
measurements over a range of experimental conditions intended to encampass the
actual conditions of the field evaluation. The test for one layer of AF-18
medium at flow velocities of 0.65 m/s, 0.32 m/s, and 0.16 ms showed a large
incresse in filter efficiency that resulted when the flow velocity was

decreased (Fig. 99).

Field Evaluation in Fu-Dust Vacuum Box at Racky Flats

After the laboratory tests at LLNL, the electric air filter and end plate
were shirned to the Rocky Flats Plant in Boulder, Colorado and installed in a
dust-vacuum glove box. This glove box encloses the filter portion of a
vacuum-cleaning system used to remove dust from a group of other nlove boxes
that extract Pu in molten salt operations. The vacuum-cleaning system consists
of suction hoses inside the other glave boxes, connecting plimbing that leads
to four cartridge filters and a vacuum turbine, Oust vacuumed from the ather
glove boxes is split into two parallel paths, each of which have two cartridge
filters in series. The only time dust is generated inside the filter glove box
occurs when the cartridge filters are cleaned or replaced. The atmosphere of
the glove box is essentially pure nitroger, very dry, and is kept at room
tempera.ure,

Figure 100 shows a side view of the glove box with the vacuum turbine
extending from the end plate to the right. The glove box is approximately a
3-ft cube. One of the four cartridge filters can he seen through the side
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Fig. 99 Filter efficiency as a function of electric field for one layer of
AF-18 medium tested at different flow velecities,

Fig. 100 Plutonium dust vacuum bax housing the electric prefilter.
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window. Figure 100 alse shows a portion of the electric air filter between
the two glove ports, the sampling chamber mounted on top of the glove box and
the high-voltage power supply. Exhaust from the glove box passes through the
electric air filter and HEPA filter, and exits through the exhaust pipe. A
butterfiy valve controls the exhaust flow, which can vary between 0 and

6.61 1/s. The exhaust flow, which is measured with a Hastings velocity meter,
js controlled by the exhaust vacuum source and th2 total resistance due to the
electric air filter, HEPA filter, butterfly valve, and inlet restrictions to
the box.

Since the maximum exhaust vacuum is normally 249 Pa, the exhaust flow
decreasas as the filter resistance increases due to filter-clogaing. Hhen the
total resistance equals the 249-Pa-source vacuum, then the exhaust flcw rate
drops to zero. However, as the flow decreases to nearly zery, the glove-box
vacuum remains nearly constant. We discovered during our evialuation that when
the filter was plugged and the exhaust flow was reduced to nelily zero, the
glove box was stil) able to maintain a one-inch negative p-essure. This
surprising behavior was due to complex external plumbing that restricts the
inlet flow to maintain a constant glove-box vacuum. We should point out that
such a system can lead to a potentially serious problem. For those glove boxes
that have a variable inlet restriction, a negative vacuum is insufficient to
ensure adequate protection during leaks and accidental breaks. Ir .ddition to
the vacuum criterion, an exhaust flow criterion must be established to ensure
adequate capacity.

We intended the evaluation of our electric air filter in the dust vacuum
box to be more comprehensive than our previous evaluation in the uranium-powder
milling box. The most important change in this evaluation was the addition of
a standard 8" x 8" x 6" HEPA filter as an integral part of the filtration
system. This change enabled us to make direct measurements of the extension
in the HEPA service life due to the electric air filter,

We evaluated the system by measuring the particle concentration before and
after the electric air filter and then measuring the weight of particle
deposits on the electric air fiiter and HEPA filter. HWe placed & balance
inside the glove bax for these weighines. The prassure drop across the HEPA
and air filter was measured with a magnehelic and the exhaust flow was
measured with a Hastings velocity meter before and after cach filter weighing.
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We conducted the efficiency measurements by generating radicactive dust
jnside the glove box through cTeaning of the cartridge filters. These
cartridges were readily cleaned by striking them firmly on the floor af the
glove box to knock off particle deposits. After installing the clean
cartridges and sweeping the dust into a canister, there was a sufficient amopunt
of airborre dust to begin the efficiency measurements. We initially made
efficiency measurements at 0, 5, and 10 kV, but later changed to onrly ane
measurement at 10 kV to simplify the procedure. Table 12 shows the results of
thesz efficiency measurements for our electric air filter,

As in aur previous evaluations in the U02 glove box, we also weighed the
filter to obtain the particle mass and measured the pressure drap. Note that
we had to calculate the efficiency at 10 kV for zero particlie mass because we
had inadvertently Teft the filter medium out of the sample holder. Table 12
a¢lso shows the efficiency of the electric prefilter after accumulating 5.6 g of
particles, Because Pu has a high specific activity, we were able to accurately
measure very high filter efficiencies,

During these measurements, we had not adjusted the butterfly valve to
maintain a constant exhaust flow since the box had a constant negative pressure
of one inch water. We did not anticipate the large decrease in flow that
occurs when the filter becomes 1oaded with particle deposits. We assumed that
the standard practice of maintaining a negative pressure inside the box would
assume an adequate exhaust flow. Although the Hastings velocity meter had
indicated a decreased flow, we disregarded the measurement because the readings
were in serious error. The flow velacity at 0 g particle lcading was
determined to be 8 cm/s based on the measured HEPA filter pressure drop of
12 Pa and the known relationship between flow velocity and filter pressure
drop. The flow velocity at 5.6 g particie loading was estimated at 1 cm/s.

Results. A comparison of the filter efficiencies for the Pu salt aerosols
in Table 12 with our previous tests on NaCl aerosols shows that the Pu aerosols
have significantly higher efficiencies, especially at applied Tow voltages.

The higher efficiencies for the Pu salt aerosols are due to their larg.r size.
We measured the particle-size distributjon of the Pu salt aerosols u¢ing the
same Andersen impactor we used previously in the 002 glove box. Thesz
measurements showed the AMAD and geometric standard deviation were 3.5 um

and 2.0, respectively. In comparison, the Nall aerasal had a #MAD 1.0 and a
geometric standard deviation of 2.0. The higher efficiency of the larger Pu
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Table 12. Hinged-Door electric air filter in a Pu glove box (two layers of
AF-18, V = variab]ea, 10 kV during particle loading).

Particle Mass % Efficiencies aP
{q) 0kV 5 kv TO KV (kPA)
3 92.6 97.5 9g9,2b 0.037
5.6 _—-- ———— 99,97 0.199

a3y =8cmfs (5cfm) at O g loading, V ~ 1 cm/s (0.5 ¢fm) at 5.5 g loading
b caiculated based on 0 and 5 k¥ data.
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salt aerosols can be explained by the filter efficiency as a function of
particle size. After first converting the Anderson impactor measurements to
actual diameter measurements with a laser particle counter, we see that the
NaCl aerosols have a mass median diameter of (.68 um and an efficiency of

40%. The corresponding mass median diameter for the Pu salts is 1.43 um,
assuming a density of 6, and an efficiency of BO%. Although the measured
efficiency at 0 kV was higher (92.6% instead of 80%), it is clear that the
larger particle size of the Pu salt azerosols accounts for the higher efficinncy
as compared to NaCl aerpsols.

In addition to the higher efficiency at 0 kV as compared to the NaCl
aerosols, the Pu salt aerosols also show a lower enhancement of the efficiency
than what is predicted due to the applied voltage. Cther tests show that the
filter efficiency at 8 cm/s {2.4 1/s) only increases from 92.6% to 97.5% as
5 kV is applied. In contrast, the filter efficiency for NaCl aerosols at
16 cm/s increases from 34% to 93% as 5 kV is applied. The percent reducticn in
filter penetration is 6§7% for the Pu salt aerssols and 89%% for the wWaC}
aergsols. However, based on our thecretical analysis of the effect of
particle size and the applied electric field, the larger Pu salt aerosols
should have a greater reduction in penetration than the smaller Nall aerasols.
The decreased flow velocity used in filtering out Pu salt aergsols should
resylt in even higher efficiencies.

A possible explanation for the lower increase in filter efficiency than
expected from lahoratory experiments and theory is a high particle charge that
has already converted the mechanical filter to an electrical filter. We have
shown that the accumulation of charged particles on the fibers will
significantly increase the filter efficiency. If the particles have a high
enough charge, they will be attracted to the fiber even without an applied
electric field. This hypothesis is supported by the higher efficiency at D kV
(92.6%) than predicted from our laboratory studies (80%).

Our first evaluation was terminated after obtaining the results shown in
Table 12 because the pressure drop across the prefilter had decreased from 0.z0
to 0.05 kPa after weighing the filter. Although the cake of particle deposits
on the filter surface did not appear to be disturbed during the weighing, we
believed we had ruined the test and began a new evaluation with a fresh filter.
We 1ater found that such drastic changes in the pressure drop occur quite
frequently. Small vibrations would create small cracks in the particle cake
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and result in large decreases in the filter pressure drop.

We had intended to obtain sufficient data for generating curves of filter
efficiency and pressure drop as a function of particle mass loading for the
electric and mechanical filters as we had done in the LLNL glove box. A
serious prcblem we encountered was the lack of accurate flow measurements.
Since the efficiency and pressure drop across any filter is a function of the
face velocity of the gas being filtered, it is important to meacure the exhaust
flow rate. Unfortunately, during the first year of the evaluation, the
Hastings velocity meter was mounted toec close to the valve comrtrolling the
exhaust fiow and consequently did not accurately measure the flow. The valve
was manually adjusted to maintain a negztive pressure inside the glove box.
The lack of reliable flow measurements created special problems.

At the beginning of a new evaluation, the pressure drop across the air
filter increased rapidiy from 0.025 to 0.249 kPa and remained at this level
for nearly four months. During this time, we neither cleaned the filter
medium nor remaoved it from the filter housing for weighing. We had assumed
that an adeguate flow was still passing through the filter because the glove
box vacuum was within the normal 1imits. Although the Hastings velocity meter
had indicated a very low exhaust flow, we had discounied these measurements
because independent measurements showed the meter was inaccurate. We believed
an equilibrium condition had been created with dust flaking off the filter
surface as new dust was collected. The observation of dust accumulation at
the base of the filter gave additional weight to this hypothesis. In an
effort to verify this, we made a series of flow measurements using calibrated
orifices that showed our hypothesis »as wrong. The exhaust flow had been

nearly reduced to zero.
Once we realized that the clogged filter was choking off the exhaust flow,

we changed the procedure by routinely cleaning the filter every two weeks.
This procedure was used to evaluate the electric air filter over an eight-
month period. Figure 10] shows the relative flow and the pressure drop across
the filter taken during a portion of this evaluation. Note that whenever the
pressure drop decr2ases, the flow increases. The three Cs indicate the point
at which the filter was cleaned. After each filter cleaning, the pressure
drop was very low and then gradually increased to its limiting value within
four working days. In a similar fashion, the relative flow was high after the
filter cleaning and gradually decreases as the filter resistance increased.
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Fig. 101 Pressure drop and flow rate for electric air filter operated at
Variable flaw rates with reqular cleanings.
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Figure 101 also shaws a filter cleaning that had a very short-term effect on
the pressure drop and flow. Presumably, the filter was improperly clieaned.
Mote that there are also a number of spikes in the pressure drop and flow
curves that suggest changes in the particle cake structure. These spikes
probably occur when same deposit flakes off the filter surface.

The above procedure pravided us with sufficient infarmation on the
extension of HEPA service life. In addition, the procedure was very simple
and representative of a typical filter maintenance program. Unfortunately, the
large fluctuations in the exhaust flow velocity made the theoretical
interpretation of the test results very difficult. Since the exhaust flow has
such a dramatic effect on the filter efficiency, we decided to change the
procedure and main.ain a constant flow throughout the evaluation. We were
able to maintain a constant flow of 2.4 1/s (5 cfm) by either clasing or
opening the valve when the electric air filter had either a low or high
pressure drop. However, before this procedure was used, we installed a new
velocity probe sufficiently far downstream from the butterfly valve to prevent
interference, After installation, we calibrated the velocity probe with
arifice plates.

Figure 102 shows the resulting flow and pressure drop acrass the filter
using the new procedure. In order to maintain a constant flow as the
resistance of the prefilter increased, the operator gradually opened the
valve. Whenever the flow dropped below 2.4 1/s with the butterfly valve wide
apen, the filter medium was removed from the filter holder and the particle
deposits shaken off. After cleaning, the medium was placed back into service
and the butterfly valve closed to maintain the constant flow of 2.4 1/s.
Figure 102 shows the relatively constant flow and the large oscillations in
the pressure drop that were obtained using this procedure. The high prassure
drop ard low flow during the first seven days were part of the previous
evaluation. As before, the (s represent filter cleanings. Figure 102 alse
shows & break in the curves after seven days that represents the installation
of a new filter medium, Although the old medium was still in good condition
after 12 months of service, we wanted to begin the new evaluation procedure
with a fresh filter.

During the evaluation, we experienced leaks in the Gelman Model-1109
filter hoiders that prevented us from measuring filter efficiencies. This
became a major problem. We had used the 25-mm plastic filter holders for
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sampling aerosol concentration before and after the electric air filter
because piastic filter holders were more economical than stainless steel or
aluminum filter holders since, after each use, the filte, holder had to he
decontaminated or discarded. We discovered that the Gelman filter holders
Teaked, As part of an established procedure, we had routinely checked fo-
Teaks prior to installing th= plastic filter holders inside the sampling
chamber. During these tests, we found that the majority of our filter holders
leaked significantly. Or a number of occasions, we spent an erntire day
searching, without success, for leak-free filter holders from a supply of over
100. Using Teflon tape on all of the threaded portions of the tilter holder
appeared to help at times, but the holders still leaked when installed.

We tested in-1ine plastic filter holders from five other manufacturers and
found that they all leaked. Since we would not take filter samples of the Pu
salt aerpsols using leaky filter holders, we could pot obtain sufficient
prefiiter efficiency measurements to make a quartitative comparisan filter
performance with and without electrification for the Pu salt ae:issnls.

The final proolem oncountered during the field evaluation vas an
intermittent failure of the safety interlock system that shut off the high
voltage when the hinged doors were not prennrly closed. The reed switches
imbedded in the filter frame were sensitive to the postiun of the magnets
mounted in the hinged doors, After constant use over many moths, the reed
switchas and magnets were not properly aligned and would disconnect the high
voltage, We had solved this prob’ea in the final stages of the evaluation
wher, we rep.aced the high voltage power supply with a much smaller unit. Sinwe
the new power supply was not capable of delivering a potentially hazardous
current, the 1nterlock system was no longer required, The electric air filter
functioned perfectly after the new power supply was installed.

Recovery of Radioactive Material, One of the important aspects of our
evaluation was the recovery of radicactive material. Every time we cleaned the
filter to increase its service 1ife, we also recavered radicactive material.

He weighed the filter before and after cleaning 2nd determined the amount of
material recovered. The average of a large number of cleanings showed that
about 80% of the particle deposit within the filter medium recovered. However,
the deposit that remained after the medium was cleamed was relatively constant
during the evaluation. Once the medium was in service for a short time, nearly
100% of the new deposit was recovered. Based an our measurements, we estimated
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that we recavered 98% of the total dust that would normally escape to the
exhaust.

HEPA Service Life. The most important finding of our field evaluation was
the large extension in the HEPA service life. The electric air filter and a
fresh HEPA Filter were installed in the glove box at the beginning of the
evaluation in Janauary, 1979. The electric air filter was operated
continuously under high voltage until the unit was removed in March, 1980.
During this i4-month evaluation, we recovered over 98% of the Pu salts and saw
no measurable increase in the 12-Pa pressure drop across the HEPA filter,
Prior to installing the electric air filter, the HEPA Tilter had to be changed

every month due to plugging.

From the beginning of our evaluation v January, 1975 to September, 1383,
we have used two HEPA filters in the glove box. The first HEPA filter was
protected by our electric air filter for 14 months and showed no increase in
pressure drop from its initial value of 12 Pa. The second HEPA filter was
protected by mechanical prefilters: a Waterweb filter for the first 18 months
and then our non-electric prefilter fo the next 14 months. During these 32
months, the pressure drop across the second HEPA filter had increased from
12 Pa ta S0 Pa. The mechanicail prefilter was then converted to electrical
operation in December, 1982 and has continued to protect the HEPA filter during
the last 10 months. During this last period, the pressure drop across the HEPA
filter has increased from 50 Pa to 100 Pa. Tt is clear that the HEPA filter is
nearly plugged after 42 months of service. Since the HEPA filter would
normally plug within one month, the prefilters have extended the HEPA life by
greater than 42 times.

Because of this very significant extension in HEPA life described above,
our electric air filter has become an integral part of the Rocky Flats'
production facility. Our prefilter not only saves on HEPA filter replacement,
but also allows nearly 100% recovery of the Pu dust.

Cost/Benefit Analysis

We analyzed the cost/benefit of the hinged door-filter using data obtafned
during the field evalation in the Pu-dust vacuum box. Unfortunately, because
of the problem with leaking filter holders, we were not able to measure filter
efficiency as a function of particie mass loading for the electric and
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mechanical prefilter for the Pu salt aerosols as we had done for the UO2
aerosols. This data would have been used to determine the average filter
efficiency during one loading cycle, an important variable in the cost/benefit
analysis. In spite of this lack of data, the average filter efficiency could
be determined from the efficiency measurements in Table 12 and the trend in
filter efficiency during particle loading shown earlier. From these data, we
determined that the average efficiency for the electric air filter over a 12-g
loading cycle was 99.9%, and 99.5% for the mechanical prefilter. Therefore,
the values of the filter penetration (PF) to be used in the cost/benefit
analysis are 0.001 for the electric air filter and 0.005 for the mechanical
prefilter.

The vaiues listed in Table 13 were used to compute the cost, volume of
filter waste, material recovered and the HEPA life for various filtration
systems. As before, we neglected the labar cost and the cost for cleaning the
prefilter and the value of the material recovered,

Our results are shown in Table 14 for the five filtration systems: HEPA
filter, HEPA filter~-mechanical prefilter sytem with and without prefilter
cleaning, and the HEPA filter-electric prefilter system with and without
prefilter cleaning.

The general trends seen in Table 14 are the same as previously seen for
the UO2 evaluation. However, because of the higher efficiency of the
electric air filters or prefilters, the results were more dramatic. The total
annual filtration cost decreased very rapidly from $297 to $7.90, and finally
to $2.51 when we used a mechanical and electric prefilter. As previously
noted, ¢leaning the prefiiter had very little effect on the cost of the system
due to the insignificant cost of the prefiliter media. In contrast to the cost,
the volume of filter waste decreased more slowly from 69.2 liters to
14.7 liters and 13.4 1iters as the mechanical and electric prefilters are
added. Either cleaning or compressing the electric air filter significantly
reduced the volume of filter waste. Compressing the filter after cleaning
reduced the waste volume by only a small amount. Table 14 also shows that the
only recovery of material gccured when the prefilter was cleaned and was about
the same for both mechanical and electric prefilters., In these calculations,
we assumed that the HEPA filter cannot be cleaned.

The last criterion listed in Table 14 is the HEPA filter life. Note that
the HEPA 1ife is inversely proportional to the cost of the filtratfon system
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Table 13. Values of variables used in cost/benefit analysis of electric air
filters in Pu glove box with hinged-door design.

Prefilterd HEPAD HEPAD

Variable Mechanical Electrical after air filter alone
CPF’ CPH $0.02 $0.02 $27.00 $27.00
VF, VH 0.21 1 0.21 1 6.29 1 6.29 1
Pe, Py 0.005 0.001 0.00 0.00

750 g 75¢ g 750 g 750 g
M
WP -—-- -- 3.7g, 0.7¢° 750 g
M(]-PF), M(I-PH) 746.3 g 749.3 g -—— -——
TEs Ty 1.75um 1.75 um 0.25 pum 1.75um
KFrF, KH'rH 12 g 12 g 15 g 69 g
f 0.98 0.98 0 0
g 0.16 0.16 0.454 0.454

d yariable subscript is F.
variable subscript is H,

€ dust Toad on the HEPA is 3.7 g using the mechanical prefilter and 0.7 7

aith the electrical prefilter,

if the wnoden frames are burned then the volume reduction fracticn is 0.11.

Table 14. Calculated annual performance of the hinged-door giove -box
filtration systems based in Pu-dust vacuum box.

Performance (riieria

Material

Filtration Filter Volume of waste recovered HEPA life

system cost (with compression) 750 g input (11/year)
HEPA 3297.00 69.2 1 0q 1x

{31.5 1)

HEPA plus mechanical §7.90 14.7 1 0g 28.6x%
prefilter (n = 1) (2.8 1)
HEPA plus mechanical 36.68 1.76 1 735 g 28.6 x
prefilter (n = 62) {0.73 1)
HEPA plus electric 32.51 13.4 1 Og 142.9 x
prefilter (n = 1) {2.231)
HEPA plus electric $1.28 0.50 1 735 g 142.9 x
prefiiter (r = 62) {0.26 1}

217




Jé

and increases to 28.6 and 142.9 times the original HEPA 1ife as a mechanical
and an electric air filter are added, respectively. Table 14 illustrates well
the major conclusion of our cost/benefit study that a high-efficiency prefilter
which can be cleaned many times will result in the most cost-effective system.

We verified the validity of the calculated performance shown in Table 14
in a 56-month evaluation. During the first 14 morths, an eiectric prefilter
was used to protect the HEPA filter. Since the HEPA filter had shawn no
increase in pressure drop, the extension of HEPA Yife due to the electric
prefilter is much greater than the actual 14 months. This test also showed
that 98% of the coliected dust could be recovered by shaking the filter media,
A total of three prefilter media were used in this evaluation, with one medium
lasting for 12 months. The other two did not have to be replaced, but were
changed to coincide with changes in the test procedure.

(start correx here) )

The results of the annual perfarmance of the prefilter systems are shown
in Table 15, Please note that the data for the HEPA plus electric prefilter
vere determined after terminating the evaluation at 14 months. However, since
the same pressure drop across the HEPA filter remained constant at 12,5 Pa,
the values far the filter cost, volume af waste, and HEPA life in Table 15
would approach the values shown in Table 14 if the evaluations were continued
until the HEPA fiiter clogged,

Table 15 also shows the performance value of a prefilter-HEPA filter system
evaluated over 42 months. Although the evaluation was a mixed evaluation using
a mechanical prefilter during the first 32 months and an electric prefilter
during the last 10 months, it showed that extremely large extensions in HEPA
1ife are achieved even with mechanical prefilters. Since prefilters are
generally not used in the exhaust of most glove bexes, our finding shows that
even mechanical prefilters will significantly extend the life of HEPA filters.
Unfortunately insufficient data was obtained to show the major differences in
HEPA 1ife predicted in Table 14 for mechanical and electric prefilters.
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Table 15. Measured aniual performance of niove-box filtration systems in

Pu-dust vacuum box.

Annual performance criteria

Filtration Filter

system cost Volume of waste

Material

recovered HEPA Tife
{750 g input) {12/year)

et et b bR GRS Ry T ¢

HEPA (12} $324.00 75.5 1

HEPA plus $23.282 6.0 14

electric
prefilter
{0.86 HEPA

3 prefilters)

HEPA plus $7.97¢ 3.3 1¢

various
prefilters
(0.29 HEPA

7 prefilters)

0 T x

735b 14 x3

7350 42 x

a Assuming HEPA filter plugged, but pressure drop never increased.

b Calculated from actual material recovered.

C Waterweb prefilter not included.
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ELECTRIC AIR FILTERS FOR VENTILATION SYSTEMS

INTRODUCTION

We designed two experimental electric air filters for use in nuclear
ventilation systems that act as prefilters for the HEPA filters in such
systems. Both units have the overall dimensions of a standard HEPA filter in
which the filter media is pleated to increase the filter surface area. These
"prefilters® significantly extend the 1ife of the HEPA filters located down-
stream and reduce the overall cost and radioactive waste of the prefilter-HEPA
filter system,

Since the cost of filter replacement is a major fraction of the total
filtration cost in a nuclear facility, the use of a prefilter, whether
conventional oi* electrified, is cost-effective only when the replacement or
cleaning cost for the prefilter is much lawer than simply replacing the HEPA
filter. A critical factor contrclling replacement or cleaning cost is the
filter housing. The housing in which the prefilter is installed must have
provisions for easily replacing or cleaning the prefilter. Filter housings
for prefilters historically have had the same basic design as used for HEPA
filters, therefore, replacing a prefilter in these housings required about the
same effort as replacing a HEPA filter. It is then not surprising that
prefilters have not heen widely used in nuclear ventilation systems.

We recognized the importance of a properly designed prefilter housing and
designed our electric air filters and filter housing as an integrated
prefiltration system requiring minimal maintenance, Figure 103 shows one of
our experimental prefilters mounted inside a ventilation housing designed for
minimizing prefiitration maintenance. To increass the flexibility of our
evaluation pregram, we built two separate filter housings inta a single unit
and joined the inlet and exhaust openings into a common duct. This ventilation
system permited us considerable flexibility in our field evaluations, We
simultaneously evaluated two prefilters or a prefilter-HEPA filter under the
same conditions and diverted the air ffuw from one chamber to the gther. The
primary features of the ventilation housing are the glove ports and entry-exit
ports which permited prefilter replacement or cleaning without disruption of
the ventilation flow. We have essentially built a glove box around the
prefilter to allow in situ wmaintenance.
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VEHTILATION FILTER WITH PERMANENT ELECTRODES AND REPLACEABLE MEDIA
Design

One version of our prefilter has the prefiiter as a permanent component of
the ventilation system. It has a rigid, stainless-steel frame and durable high
valtage and ground electredes. This prefilter design, shown in Fig. 104, uses
an inexpensive filter medium inserted into the filter unit whicl, is removed
when it becomes plugged. The filter medium is sandwiched between the
high-voltage and ground electrodes pleated to increase the filter surface area.
The front ground electrodes can be pulled out of the filter unit to provide
access to the filter medium.

Our earlier design was an electrified version of a commercially available
filter which had a replaceable filter medium mounted between a rigid supporting
frame and a removable front screen. This proved to be clumsy because of the
bulk of the unit. We made the filter more accessible by attaching the frant
electrode to a pivot connection on slides mounted on the frame. This allowed
the front electrode to be pulled cut of the filter housing and rotated tor
erficient media replacement. (Replacing filter mediz is a serious problem only

in radioactive environments.)

Laboratory Evaluation

We evalueted  his electric prefilter in our large-scale filter test
facility as a function of applied voltage at 0.47 m3/s (1000 cfm) using NaCl
aerosols.

Figure 105 shows the efficiency using three different grades of filter
media. The filter media differ primarily in the fiber diameter which decreased
in sequence for the AF-18, AF-4 and AF-3 media. It is well-established that
filter media with smalier fiber diameters have higher efficiencies and pressure
drops than media with larger fiber diameters.(ao) This accounts for the
increase in pressure drop and zero-voltage efficiency for the sequence AF-18,
AF-4 and AF-3, As 10 kV is applied to the high-voltage electrode, filter
efficiency increases from 38.1% to 90.3% for the AF-18 medium, from 85.0% to
97.7% for the Ar--4 medium and from 95.4% to 97.9% for the AF-3 medium. The
corresponding pressure drops for the AF-18,
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rig. 104 Electric ventilation filter designed as permanent component of the
ventilation duct using permanent electrodes and repiaceable filter media.
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Fig. 105 Filter efficiency of the electric ventilation filter design having
pe:Fanent electrades as a function of applied voltage for different filter
media.
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AF-4 and AF-3 media are 60 Pa, 229/Pa, and 431 Pa, respectively. Based on pur
maximum resistance criterion of 250 Pa, the AF-3 medium could not be used in

our experimental filter.

Cost/Benefit Analysis

The electric filter design using permanent electrodes was intended for
high-particulate applications where the frequency of filter changes would be
high. The taotal filtration cost is the sum of the fixed capital cost plus the
operating cost, In applications of high dust loadings, the operating cost of
replacing the filter is high and a design that minimizes this cost is
preferred. The total filtration cost can be determined from the filter used as
a prefilter to a nEPA filter and from the filter used alone. In boih cases, a
high purchase cost for the filter, C,, increases the operating cost. For
our filter design, the purchase cost is low for the relatively inexpensive
filter media used in the electric filter.

We also recognize that the labor -ost for replacing the fiiter, CLF’ is
equally important to the purchase cost. A filter design that has a low
purchase cost but a high labor cost for replacing the filter will result in a
high operating cost. One of the most frequent errors made in designing a
prefiltration system in the nuclear industry is neglect of the labor casts
involved in replacing the prefilters. Prefilters are generally housed in a
fixture similar to that used for HEPA filters which results in comparable
labor costs for replacing both the HEPA filter and the prefilter. If a
prefilter has to be replaced by a bag-in or bag-out operation from standard
glave boxes, or from enclosed cells {or, if an operator has to enter a
contaminated cell wearing a protective suit and independent air supply), then
the prefilter design will generally not be cost-effective. For this reason, it
is not advisable to use prefilters as the first stage of a multi-stage HEPA
plenum chamber.

We reduced the labor cost for replacing the electric filters by designing a
special housing for the experimemyal filters as shown in Fig. 103. Glove ports
allow the filter or filter media to be replaced while inside the housing.

Fresh or used filter media can be conveniently added to or removed from the
housing through an entry-exit port., The strategy for minimizing the labor
costs in replacing the filter media in our experimental ventilation
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filters was taken from our successful experience in the glove box prefilters
described in the previous section. The major difference here is that
ventilation filters are larger and require more space to replace than the
glove<box prefilters. The filter housing shown in Fig. 103 also has two
compartments in paralle] to allow filter changes without interrupting the
ventilation system. A diverter valve can direct the exhaust flow through
either one or both of the compartments as needed, While one filter is being
changed, the air is directed to the other compartment to make filter changing
easier and to avoid contaminating the downstream ducting.

The reduction in the labor cost for replacing the filter or filter media
results in an increased capital cost due to the additional housing. A careful
analysis of the total filtration cost must therefore include not only the
operating cost due to the media cost, CPF’ and the labor cost, DLF’ but
also the capital costs of the filter and the filter housing. Without such an
analysis, it is pocsible that a high operating cost is merely exchanged for a
high capital cost. The critical factor in this analysis is the mass dust
loading, M, in the air to be filtered. If the dust loading is sufficiently
high, then the decreased operating cost will more than compensate for the
increased capital cost.

Two more important factors in the ventilation filter housing are cleaning
and reusing the filter media. As we have previously shown, cleaning the filter
results in a large reduction in the gperating cost for a filter having a high
purchase cast, but only a modest reduction in the operating cost for a low-cost
filter. Since the filter media cost in the permanent electrode design is low,
cleaning the media does not result in large cost savings. But, as previously
noted, cleaning the media yields large reductions in the volume of filter
waste.

If the maintenance of a ventilation fiiter invalves cleaning the filter n
times before discarding, then the operating costs are reduced by n times. This
is only true if the cleaning cost, Cer> is negligibie, as was the case for
our glove-box prefilters. We minimized the cleaning cost for the ventilation
filter by having the Tilter mounted in a special housing equipped with glove
ports, The net reduction in the operating cost due to filter cleaning will
tend to favor filter designs having low capital costs and high operating
costs. In order for the filter design with the filter media separated from
permanent electrodes to be competitive with alternative
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designs, the capital equipment cost of the electrodes and frame has to be
minimized. This will be a difficult task for our filter design because of the
requirements to maintain close tolerances in the spacing between the
high-voltage and ground electrodes, and the need for an efficient mechanism to
remove the front electrode from the filter housing,

DISPOSABLE FILTER WITH ELECTRODES INTEGRATED WITH THE MEDIA

Design

Etectric ventilation filters can be designed as a disposable 1:lters in
which the electrodes are integrated with the filter media. Although the
operational cost for such a design will be more than the cost for the previous
design in which the filter media can separate from the electrodes, the total
unit cost will be lower due to a substantially lower capital cost. The total
annyal filtration cost, however, depends oupon the number of fiiter changes
which will benefit the disposable design at low dust loadings and the permanent
electraode design at high dust loadings. An integrated design also has the
operational advantage of decreased handling of the filter unit. The electric
air filter having integrated electrodes and filter media is handied once during
installation and once during removal. The electric filter design having
permanent electrodes has increased handling by removal and replacement of the
front electrode each time the filter media is replaced. After z number of
media replacements, it is possible that the electrodes may become distorted and
will no longer fit into the filter housing, thereby requiring additional
maintenance. Moving mechanical components, like the slide support in the
permanent electrode design, are especially prone to failure in a ac.ty
environment.

We developed a disposable electric ventilation filter having the electrodes
integrated with the filter media to take advantage of decreased handling and
lower purchase c9st. In order to meet our design criteria of jow pressure
drop and low air-flow velocities, the filter media and electrodes have a
pleated configuration. Our initial design had two continuous, pleated
alectrodes with the AF-19 medium sandwiched between, Three insulated spacer
bars (one in the center and one at both ends) provided the necessary structural
support to maintain the shape of the front electrode. Without this support,
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the electrade behaved 1ike aspring and popped out of the housing. Three
additfonal insulated spacer bars were used in a similar fashion to maintain the
shape of the rear electrode. Pushing in the spacer bars pressed the electrodes
together and made good contact with the filter medium. A 10-mm separation was
maintained between the front and rear electrodes by three strips of rubber that
were attached to the rear electrode,

The major diffizulty in this design was maintaining the proper dista.ce
between the two electrodes to prevent sparking. Both of the electrodes
distorted and buckled as the unit was assembled. Although we tried a number of
different schemes to maintain the proper electrode spacing, we were only able
to apply 6 kV before sparking occurred. This voltage was insufficient for
significantlv improving the filter efficiency and so we abandoned this design
concept.

Our second design of a disposable electric ventilation filter avoided the
problems of electrode sparking due to a non-uniform spacing between the
electrodes. Figures 106 and 107 show the inlet and exit sides of the
disposable electric prefilter. The high-voltage and ground electrodes are
glued on the pleated filter medium and the filter medium glued to the square
sealing frame. The electrodes were cut from a flexible stainless-steel screen.
To prevent short circuiting between the high-voitage and ground electrodes at
the sewn edges of the filter media, we used rectanguiar screen segments rather
than a continuous strip, The screen segments were cut to maintain a 1.5-inch.
border around the perimeter of each pleat. The ground electrode segments shown
in Fig. 107 were electrically connected to the sealing frame by means of a
flexible cable. Figure 106 shows an electrode bus that connects the high-
voltage electrodes to a common lead. Note that high voltage is applied to the
interior electrodes to prevent short circuiting with the ventilation duct in
case of accidental misuse or improper installation.

Since the electrodes and sealing frame are permanently glued to the filter
medium, when the filter medium is plugged, the entire electric filter must be
replaced, hence its designation as a disposable prefilter. We mounted the
disposable prefilter on a transparent plastic frame to allow visual inspection
of the instailed prefilter. In field applications, the sealing frame of the
disposable filter would be mounted flush against a flange on the ventilation
duct.
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Fig. 106 Irlet side of dicznosable electric ventilation filter having

P

electrodes integrated with the filter media.

Fig. 107 Exit side of disposable electric ventilation filter having
electrodes integrated with the filter media.
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Tne replacement of the disposable filter is easier in some respects and
more difficult in others when compared to replacing the filter medium in the
permanent filter mode}. Mounting the disposable filter on .'.c sealing flange
of & ventilation duct is much easier than replacing the filter medium in the
permarent filter mode). However, since the disposable filter has a rigid frame
and integral electrodes, the disposable fiiter s more bulky and hence more
difficult to pass through the entry-exit ports. So, bagging out the disposable
filter is still much easier than bagging out a HEPA filter since the disposable
filter is tight-weight and the pleated media can be folded to reduce the filter

size.

Laboratory Evaluation

We conducted a Vaboratory evaluation of the disposable prefilter design in
our large-scale filter test facility. Figure 108 shows the filter efficiency
of the disposable prefilter design as a function of applied voltage at two air
flow rates. The filter efficiencies were determined using NaCl aerosols
generated with a Wright nebulizer and measured with a light-scattering photo~
meter, The Nall aerosals have an AMMD of 0.8 pm with a:g = 2.0.

Figure 1G8 shows that the filter efficiency increases significantly with
increasing voltage at both flow rates, although the lower rate shows the
greater increase.

The effect of air flow on filter efficiency and pressure drop for the
disposable filter is shown in Fig., 109 which shows that higher efficiencies and
Tower pressure drops are obtained at lower air Tlows. The two efficiency
curves represent the fiiter efficiency with 0 kV and 8 kV applied to the filter
electrodes. The efficiency of the electric air filter is much higher at the
lower air flows because of the increased residence time that permits the
electrical forces to attract particles.

Field Evaluation of Disposable Electric Air Filter in LLNL's Uranium Burn Box

We selected the LLNL yranium burn box for our field evaluatiaon because it
had one of the highest rates of radicactive particulate emissions at LLNL and
would therefore provide field data within a refatively short time. The uranium
burn box was designed to oxidize machine turnings and chips of depleted
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uranium metal into a stable form for shipment and burial. I[f the uranium
turnings are not stabilized, they ignite and burn when exposed to oxygen.
Uranium turnings are brought to the facility in barrels filled with water to
prevent premature oxidation.

A barrel containing the depleted uranium metal is Joaded into the left side
of the burn box. The barrel is then mounted on a pivot and the 1id removed,
After the access door is closed, the box is purged with an argon atmosphere.
The contents of the barrel are then poured into a tray located beneath the
barrel that sieves out the turnings from the water/oil mixture. Since the
barrels often contain sludge, the turnings are usually washed with water. The
tray of uranium turnings is then moved inta the center chamber of the burn box
where they are ignited with an electric arc and burned L adding oxygen. After
the gxidation is complete and the tray is cocled down, the tray is transferred
ta a chamber where the ash is vacuumed into dispasal barrels.

Each chamber has a separate exhaust and HEPA filter that connect to a
common exhaust line. The exhaust from the two end chambers passes through a
500-cfm HEPA filter mounted on top of the respective chambers. A heat
exchanger inside the center chamber cools the exhaust before passing through
two 135-cfm HEPA filters. The exhaust from this chamber js saturated with
water vapor and has an extremely high particulate loading. These severe
conditions normally cause the two 135-cfm HEPA filters to plug after
approximately six burns {three days of operation) and shut down the operation
until the filters were changed. An examination of the HEPA filters showed
they had a neavy particle deposit and were saturated with water,

We designed a system to remove the water vapor that added hot dilution air
to the exhaust from the burn box. The dilution air increased the contaminated
air to be filtered from 50 cfm to 160-200 cfm depending on the flow
restrictions.

We built and installed a special ventilation system shown in Fig. 110 for
evaluating our prefilter. The ventilation system consisted of two HEPA filter
housings obtained from MSA and appropriate transition gucting. A sufficient
number of viewing ports were added to the transition ducts to permit visual
inspection of the prefilter and HEPA filter. We also added pressure gauges to
measure the pressure drop across the prefilter and HEPA filter, a hot-wire
probe to measure the total exhaust flow, and a 1ight-scattering photometer to
measure the efficiency of the prefflter. This diagnostic equipment enabied us
to evaluate the performance of the prefilter on a routine basis.
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Fig. 110 Ventilation system built for evaluating the disposable electric
filter.
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The disposable prefilter is mounted in a clear plastic f-.me to make the
prefilcer compatible with the sealing mechanism of the filter housing. Before
the prefilter is pushed into the filter holder, the high-voltage lead from the
filter is connected to the high-voltage cable inside the housing. Figure 111
shows the prefilter installed inside the filter housing as seen through one of
the viewing ports. Note the high voltage lead extending from the prefilter to
a throughput on the ducting wall. The horizontal rod in the photograph is the
upstream aerosol sample line that can traverse the width of the filter housing.

Results. We then monitored the performance of the electric prefiilter
during the uranium burns. Figure 112 shows the filter efficiency and pressure
drop of the prefilter as a function of actual burning time for one filter
loading cycle. The seven hours of total burn time represents Six separate
burns. The electric filter had 8 kV applied to the electrodes for maost of the
evaluation with short intervals at zero voltage. The ave)age efficiency was
98% at 8 kY and 92% at O kV. We do not know the cause of the large
cwuctuations seen for both the mechanical and the electric filters. They were
not caused by measurement errors since we were able to repeat efficiency
measurements over a relatively short time interval.

We encountered two p.oblems during the evaluation. The first problem was
due to excessive humidity at the beginniry of cach burn that would occasionally
saturate the filter media and cause the high-voTtage power supply to shut off
due to the overioad. However, after a few minutes into the burn, the humidity
was sufficiently reduced and the power supply functioned normally. The second
problem was an electrical overload cordition caused by the particle deposits.
This problem became noticeable toward the end of the filter loading cycle and
even prevented the high voltage from being turned on during the last burn, A
visual inspection of the filter showed that the uranium aerosols had filled the
bottom portion of the bag. We specuiate that the weight of the dense uranium
dust had altered the electrade separation by the increasad gravitational force.
The prefilter was then removed from the ventilation housing,

Cost/Benefit analysis

The design of the prefilter ventilation system in the uranium burn box
provides an excelient example of why prefilters are rarely used in the nuclear
industry for removing radioactive particles. Although we had used a standard
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Fig. 111 Disposable prefilter installed in the filter housing.
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Fig. 112 Performance of dispasable electric filter in uranium burn box during
ane lpading cycle.
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nuclear grade filter housing for the prefilter, our evaluation for only one
loading cycle of the prefilter showed that the ventilation system is not
cost-effective. After the prefilter had become plugged, the ventilation
system was shut down and the prefilter removed with as much difficulty as a
HEPA filter. Cleaning the prefilter and reinstalling it in the ventiltation
duct would add more to the filtration cost than discarding the used filter and

installing a fresh filter.
However, a rather small modification to the exhaust system can change the

prefilter installation from an uneconomical system to a very cost-effective
system. The exhaust from the uranium burn box entered the preiilter housing
from the top. In order to clean the prefilter, it had to first te removed from
the ventilation system. However, if the exhaust from the uranium burn box
entered the ventilation system from the bottom and flowed up, the prefilter
could be cleaned in situ with a minimal effort, Oeposits on the prefilter
could be removed by using an autamatic or manual shaker or vibrator thai wouid
knock the deposits from the filter and drop them into a hopper below. A single
prefilter could then be used over a large number of loading cycles instead of
only one. We cannot qive a quantitative estimation of the HZPA 1ife extension
and the total filter costs and volume of filter waste beczuse w2 do not have
sufficient baseline data nn the HEPA 1ife in the uranium burn box, but, based
on the average prefilter efficiency of 98%, and the values of particle Toading
in HEPA filters used in tqe U02 povider-handling box, we estimate that the

HEPA tife could be extended by more than 10 times,

RECIRCULATI .G ELECTRIC AIR FILTER FOR CONFINEC SPACES

INTRODUCTION

Recirculating air filters have become very popular in receat years ta
ramove particulates from industrial wark environments because &7 the
substantial savings in heating and cooiing costs. Portable room 25r tieaners
that recirculate filtered air ir.co the room have also become wideir sed in
office and factory environments. These portable recirculating air f:iters
supplement the existing ventilation system. The key difference between a
conventional air filter and a recirculating air filter is that the
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recirculating air filter discharges its exhaust into the same volume that is
being filtered while the conventional air filter discharges its exhaust into
another velume. The same filter element may be used in either application.

Recirculating air filters are especially cost-effective in the nuclear
industry when an existing ventilation system may be inadenquate. The cost of
retrofitting a higher capacity air-cleaning syster to an existing facility is
so high that it is generaily more economical to accept inureaszd maintenance
costs due to the high particulate levels than to reduce the particulate levels.
A good example of this situation is provided by the 238Puo2 fuel -
fabrication facility at the Savannah River Plant, South Carolina. The
approximate annual maintenance cost is $250,000 due to suspended particles in
their fabrication ceHs.65 Table 16 itemizes the maintenance costs in terms
of the replacement cost for the items used in the fabrication cells.

Details of the operation and costs are described e]seuhereaS. The use af
a recirculating air filter in this facility would result in a major reductiun
in the operating costs. We estimate that a theoretical reduction of 100% of
the suspended particles will result in an annual savings of $245,250 in
operational costs, not including the burial cost of high-level radioactive
waste. A realistic reduction of 70% of the suspended particles will yield an
annual savings of $172,000.

We developed a recirculating electric air filter for evaluation at the
Savannah River Plant to demonstrate the use of electric air filters in another
application. OQur other experimental filters were designed for existing
ventilation systems as prefilters to HEPA filters. The experimental filter for
the Scvannah River evaluation is a self-contained unit that is independent of
the existing ventilation system. As such, it avoids the costly retrofit and
severe design consiraints when installed in ventilation systems. The filter is
a self-contained unit that recirculates contaminated air from a confined space
through an electric filier and blower and then exhausts back into the same

confined space. The severe particulate problem in the $32?9
fabrication facility also represents ¢ formidable challenge to nur experimental
electric air filter. The severity ot the particulate preblem is not only due
to the relatively high concentration of suspended particles, but also to the
extremely high radioactivity of the particles, The specific activity of the
238Pu aerosols is over 200 times greater than that encountered in previous
field evaluations. Another reason for the severity of the problem is the small
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Table 1€. Total annual replacement costs of Savannah River fuel-fabrication
plant.

Cost with 100% Potential
Item Prasent cost particulate control  savinas
Manipulators $185,640 $38,205 $147,435
Gloves $ 82,459 $ 2,829 $ 79,630
Hoists $ 11,232 $ 930 $ 10,302
HEPA Filter § 8,801 3 938 $ 7,883
TOTAL $288,132 $42,882 $245,250
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size of the suspended particles. Measurements of the particle-size
distributian with a Coulter Counter indicated that most of the particles fatl
belaw the instrument detectability of 0.5 um diameter.%5 The use of

electric filters is better than mechanical filters for such aerossls singe
electric filters dramatically improve collection efficiency for particles
below 1.0 um. We have demons*rated previously in laboratory experiments that
increased filter efficiency for electric filters 1s most pronounced for
submicron particies whare mecharical filters have their lowest efficiency.
Electrification increases efficiency from 15-85% for Q.2um-diameter

particles (at larger particle sizes). ‘a gbserve a smaller increase in
efficiency due to electrification because the mechanical efficiency increases
dramatically. A successful demonstration would prove the credibility of the
electric air filter as & practical air-cleaning device,

FUNDAMENTAL CONCEPTS OF RECIRCULATING AIR FILTERS

The concepts of air cleaning using recirculating air filters differ
significantly from those in conventional air-cleaning sytems in the nuclear
industry. The recirculating air filter is normally contained within a ronm or
chamber which has its own external ventilation system. With the externa)
ventilation system in operation, only a portion of the chamber air volume is
processed by the recirculating fiiter, thus imposing a limitation on its
cleansing abitity even if it possesses a 100% efficiency for particulate
remoyal. In order to assess this limitation, we must consider two operating
environments which the recirculating filter might encounter: (1) a continuous,
constant aerosol source, and {2) no aerosol source.

Ta undes stand the behavior of a recirculating filter in a chamber having a
constant aerosol formation, consider the aerosol sour.es and sinks in the
example illustrated in Fig. i13. The chamber has a V volume and a ventilation
volumetric flow rate of F]. The aerosol source is assumed to enter the
chamber having 2 concentration CO. In actual situations, the aerosol soyrce
would more likely be within th2 chamber itself. In any case, for this
simplified analysis, we are assuming a thorough mixing of the aerosols within
the chamber volume. The chamber ventiiation exhaust cupplies an aerosol sink
of CF]/V where € is the chamber concentratian at any time, t. The
reCirculating filter in the chamber supplieés a similar sink term where F2 is
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Fig. 113 Aerocsol sources and sinks present with a recircuiating filter in a
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the volumetric flow rate through the filter. And, finally, the particle
concentration penetrating the filter supply adds another source, CFZP/v
nhere P is the total filter penetration. The overall change in the chamber
concentration is then given by the following differential equation:

C
99:%mp%m+ﬁ+ﬁ—ﬁm. (82)
The final sink term takes into account all natural losses within the chamber,
such as particle losses on the walls and gravitational setting. Since the
filter efficiency, E, is 1 « P, the Eq. 82 can be rewritten as--

=1

(F) = S(Fy + EEr + Fy | (83)

t

C_S
v

to include only one source and three sink terms. Assuming that the chamber has
been previously equilibrated to an aerosol concentration of Co, £q. 83 may he
integrated to yield

c.=cn{%+(1 *%)e‘%'] : (@)

where A = F, + FZE + Fa.

To see the effect of the recirculating 2ir filter on chamber air cleaning,
we are interested in the final equilibrium chamber concentration, which is
reached after iafinite tiwe. fFor this case, £q. 84 reduces to

Fl
Cmtc — .
°[F1 + FE;, + FJ {85)

Furthermore, if we assume negligible natural losses, F3 = 0, then

F,
Co = C“{‘F, 3 rze;] : (86)
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So, the final equilibrium concentration is not simply a function of the filter
efficiency, but also of the chamber and filter flow rates. If we let the

relative filter flow rate be

F, (87)

R=¢

Then, the relative concentration of particles remaining is

Co_ 1 (88)
C, 1+RE

In order to achieve the lowest concentration of aerosols within a chamber,
Eq. 88 indicates that we must use an air filter with the highest efficiency and
operate it at a maximum air flow rate. Unfortunately, these two varjables are
inversely related since a filter with a higher efficiency usually has a higher
resistance that decreases the flow through the filter. Thus, ance a given
filter design and filter media are selected, the values of filter efficiency,
EF, and the relative filter flow rate, R, are fixed. The efficiency for
c¢leaning the room, ER' is defined as 1 - CQ/C0 and can be computed

using Eg. 88:

B RE;
R 1+ RE (89)

Equation 89 was used to calculate the room-clean.ng efficiency as a
function of filter efficiency for filter flow rate ratios from 0.5 to 3.0
(Fig. 114). Several generalizations can be made based on Eq. 88 and Fig. 114.
At low relative flow rates (R < 1), the room-cleanino efficiency will always
be Tess than the filter efficiency since only 2 small fractioen of the
contaminated air is filtered. Equation 88 can be approximated by
Ex = RE; (9C}
at very low relative flow rates. Figqure 114 shows that for R = 0.5 and low
filter efficiencies, the room cleaning efficiency increases with increasing

filter efficiency.
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Fig. 114 Expected cleaning efficienty as a function of the recirculating
filter efficiency for the flow rate ratios of 0.5, 1.0, 2.0, and 3.0.
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At high relative flow rates (R > 1), the room-cleaning efficiency can he
greater than, equal to, or less than the filter efficiency, depending on the
value of the filter efficiency. If the filter efficiency is less than a

critical value, the room-cleaning efficiency will be greater than the filter
efficiency. This accurs because the same air is filtered more than once. The
fraction of the air filtered is greater than the fraction of particles removed
by the filter. Under these conditions, Eq. BS aiso reduces to Eg. 90,

Figure 114 shows that for R = 2 and 3 and iow filter efficiencies, the room-
cleaning efficiency increases approximately linearly with filter efficiency in
agreement with Eq. 90.

If the filter efficiency is greater than a critical value, then the room-
¢leaning efficiency will be less than the filter efficiency. This occurs when
the fraction of air filtered is less than the filter efficiency. For a
recirculating air filter, the fraction of air passing through the filter will
always be less than 100% even for large values of relative filter flow rates,
Since the filtered exhaust is continuously added to the air being filtered, a
fraction of the air never passes through the filter. If the filter efficiency
is greater than the fraction of room air being filtered, the room-air-cleaning
efficiency will be less than the filter efficiency. For very high filter

efficiencies, Eq. 89 reduces to

R_ . (97)

Equation 91 predicts that at high filter efficiencies, the room-cleaning
efficiency is independent of filter efficiency and depends only on the relative
filter flow rate. This behavior is seen in Fig. 114.

The critical filter efficiency, Ec, at which the room-cleaning efficiency

equals the filter efficiency is obtained from Eq. 89.
1 {92)
E,=1-—=
(3 R .
Equation 92 shows that the critical efficiency increases to higher values
at higher relative fiTter flow rates. Recirculating air filters having filter
efficiencies lower than this critical value will have a room-cleaning

efficiency that is higher than the filter efficiency. Conversely, if the
filter efficiency is greater than the critical value, the room-cleaning
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efficiency will be less than the filter efficiency. The critical fiiter
efficiency defines the boundary in room-cleaning efficiency between fiiter
contral and ventilation control, Thus, for low filter efficiencies, the room-
cleaning efficiency is controlied by the filter efficiency as approximated by
Er. 90, and for high filter efficiencies is controlled by the relative filter
flow rate as approximated by Eq. 91.

The previous discussion of room-cleaning efficiency dealt with equilibrium
conditions in which the aerosol generator's ventilation system and the
recirculating air filter have been operating for a long time. However, as
shown by Eg. 84, the concentration of aerosols in the chamber is a function of
time. The time reguired to reach half the eguilibrium concentration, C_,
can be derived from Eq. £4 to yield

v
t’“_[ﬂ TEE T FJ'“‘Z’ ‘ (93)

Equations 84 and 93 apply to the case where the racirculating air filter was
turned on, with the chamber having an equilibrium aerosol concentration of
CO. The time was measured from the point the recirculating air filter was
turned on and represents a basic constant for the total air-cleaning system.
Note that the term, V/(F] + F2EF + F3), represents the time for a

complete air change in the cell.

Another important case occurs when the aerosol source is stopped or
removed. The concentration of aerosols as a function of time is chtained from
Eq. B3 with the source terms Co Fl/v removed and the resulting differential
equation intergrated to yield

Ci=Cge ¥ . (94)

In this case, the final equilibrium particle concentration is zero. The time
required for the concentration to reach one half of this eguilibrium
concentration is also given by Eg. 93.

As we can see, the evaluation of a recirculating air filter involves not
only the efficiency af the filter unit itself, but also the characteristics of
the chamber such as size, existing ventilation system, and rate of aerosol
production and dispersion within the chamber. For a given recirculation rate,
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the larger the chamber size and the greater the aerosol production, the lower
the effectiveness of the recirculating air filter in reducing the chamber
aerosol concentration. How well the aeroscls disperse in the chamber is
another important factor controlling the effectiveness of the recirculating
air filter. If the aerosols do not disperse well within the chamber due to
dead <paces or to air-flow patterns, the performance of the recirculating air
filter will decrease accordingly.

INITIAL DESIGN AND LABORATORY EVALUATION

The initial design of our recirculating electric air filter minimized
filter maintenance due to filter-clogging by particle deposits. Since many of
the operations in the fuel-fabrication cell are performed with mechanical
manipulators, even minor tasks requires a considerable effort. Even though
lead-1ined gloves in the ports on the rear wall of the cell exist for manual
operations, the decreased dexterity and the increased radiation exposure
negated any filter design requiring freguent use of the gloved ports. We
designed the experimental filter to operate for long periods without
maintenance, the basic design approach being the filter had a maximum
dust-holding capacity. The remaining design criteria were maximum air flow,
maximum filter efficiency, maximum dust recovery, minimum size, simple
installation and removal, insensitivity to rough handling, minimum cost, and
no high-voltage hazard. These criteria had to be optimized while meetirg the
primary constraint of the cell, that of the 14-inch diameter entry/exit port.

We optimized the maximum air flow and filter efficiency by selecting a
blower that fits through the 14-inch port and pulls the maximum air flow
against the resistance of a medium efficiency filter. These two criteria are
inversely related since increasing the filter efficiency decreases the blawer
air flow due to the increasing filter pressure drop. The blower-filter
combination that we selected pulls 180 cfm and has 96% efficiency with
electrification for submicron aerosols. The blower is a high-pressure
centrifugal blower (IGL model 7-1/2 P) and the filter is a 1/2~inch thick glass
fiber mat (Johns-Manville, AF-18), This combination increased the total
ventilation rate in the Savannah River plant facility from 80 cfm to 260 cfm.
According to Eq. 89, this experimental filter should reduce the particulate
level in the cell by 68%,
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Maximum dust recovery required a large amount of filter media thus,
increasing the size of the filter unit. Moreover, in arder to recover the dust
deposits, the filter surface that collects the particles had to be smooth,
thereby eliminating the option of convoluting the media to increase its area
while maintaining an overall small size. We rougitly optimized the
dust-holding capacity, small size and dust recovery with a cylindrical filter
cartridge 1 foot diameter and 3 feet long. By mounting the electric motor,
high-voltage power supply and other electrical components inside the filter
cartridge, we minimized the size of the filter as well as the maintenance and
potential contamination of the electric motor and other electrical components.

Our experimental filter is shown in Fig. 115. It is a completely
self-contained unit and requires a standard 110 V input for its operation.

The cylindrical filter cartridge siips over the filter housing and blower with
the aid of a handle mounted on top of the filter cartridge. Two clamps, nct
shown in Fig. 115, secure the filter cartridge to the blower housing and
provide an electrical ground to the outer electrode. Figure 116 skows the
filter cartridge removed thereby exposing a grour..ed cylindrical screen, It
protects the electrical components from physical damage and provides a guide
for inserting tha filter cartridge. High voliage is applied tc the interior
screen of the filter cartridge by means of a piano wire fastened to the high
voltage lead that extends from the top of the cylindrical screen. The
high-voltage output poses no electrical hazard since this power suppiy cannot
exceed 70 yA at 10 kV. Figure 116 also shows an electric control box

mounted on the blower housing with two toggle switches to operate the filter
unit; a power switch to activate the blower and a separate high voltage switch
to provide high voltage to the filter cartridge.

The cast iron blower and electric motor serve as the base of the filter
unit and prevent the unit from tipping over if it is bumped or roughly
handled. We modified the blower configuration so that filtered air will be
pulled past the electric motor into the blower housing and exhausted through
the port. This modification significantly reduces the size of the filter,
Towers the center of aravity for increased stability, and places the electric
motor inside the filter cartridge, thereby preventing matar failure due to
dust particles. Since all of the filtered air are pulled across the electric
motor, there is adequate motor cooling.

246



1v2

Fig. 115 Recirculating electric air filter.

Fig. 116 Recirculating electric air filter with

the filter cartridge removed.
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The rectangular box at the bottom is the solid-state, high-voltage power
supply. With a 15-volt DC input, it provides 10 kV output to the h’gh-voltage
lead at the te, Jf the unit. A string of three resistors in series connect
from the high voltage lead on top to a logic circuit that senses if there is
an overload. If ihere is an excessive drain on the power supply due to come
failure mode, a light on the electrical control box turns on.

Laboriatory Evaluation. The electric recirculating air filter was evaluated in
an LLNL test cell under controlled laboratory conditions designed to simulate
actual operation in a cell of the 238Pu02 fuel-fabrication facility in the
Savannah River Plant. Nall or dioctyl sebacate {DOS) aerosols were injected
into the cell through the ventilation inlet. Qur evaluation consisted of
measuring the efficiency of the filter unit and determining hcw we’l the
experimental filter reduced the particle concentration in the cell. The
evaluation was conducted by measuring the aerpsol concentration in the blower
exhaust and the aerosol concentration in the cell as a function of time after
the recirculating air filtar was turned on. These measurements were made
using a light-scattering photometer and NaCl aerosols having a AMMD = 0.8 um
and a »g = 2,0. The pressure drop across the filter media was 0.2 in, water
with the blower operating at 180 cfm.

The aerosol} concentration decay curves are shown in Fig. 117 for the two
cases corresponding to operation with no high voltage and with 10 kV applied.
For each case, the concentration im the room and the concentration exiting the
recirculating filter was 23% with no high voltage and 96% with the applied
voltage. The time required to ryriuce the particle concentration in the room
to half of the final reduction achieved at equilibrium was 2.9 minutes with
0 kv and 1.4 minutes with 10 kV applied to the filter.

Table 17 shows that the theory overestimates the room cleaning efficiency
and underestimates the time required for the particle half life. The primary
cause for the discrepancy between theory and experiment is the non-ideal
mixing of the aerosols in the chamber volume. We had assumed in deriving the
theoretical equations that the particles would be instantly and uniformly
mixed throughout the chamber volume. This assumption is not correct since a
finite amount of time is required for the particles to be uniformly mixed in
the chamber. The 11r flow entering the recirculating air filter (F2) and
the air flow exiting the chamber (F;) would not have a uniform part.cle

248



10 T T T
e N,
-.E_. M \.~ Room ]
¢ L\ -
b \\ ———
E LI -
§ 61 \\\ e -\_~Exhaus‘t 0O kV —
= e
[3]
= ~.
A T i
2
B
& 21 akv |

L Exhaust
0 —— PR T W
1] I 8 12 16 20
Time, min.

Fig. 117 Decay of particie concentration with and without ar appliad electric
field in a confined chamber using a recircuiating air filter.

Table 17.

Comparison of theoretical and experimental
data for recirculating air filter (design 1},

Er E tis2

(%) () (mfn)
Voltage Exp Exp  Theory Exp Theoary
0 kv 23 33 37 2.9 2.2
10 kv 96 66 71 1.4 1.0
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concentration. This results in a reduced effective air flow. Since the
particle half life is inversely dependent on the total air tlow which removes
particles from the chamber, it can be used as a measure of the effective air
flow. Comparing the theoretical and experimental half lives in Table 17 shows
that the effective air flows are reduced by about 30%.

The experimental fiiter efficiency and room-cleaning efficiency from
Table 17 was plotted in Fig. 114. The lower and higher efficiency points
represent the performance of the recirculating air filter at O kV and 10 kV,
respectively. Although the experimental relative filter flow rate, R, was 2.6,
the data fall on the curve for R = 2.0. This shows that the effective filter
flow rate is reduced by 30%. Figure 114 also shows that the lower efficiency
filter preduces a higher room cleaning efficiency while the h.yner efficiency
filter produces 2 lower room cleaning efficiency when compared to the filter
efficiency values.

After completing our laboratory evaluation of the recirculating air filter,
we shipped the filter to the Savannah River Plant for installation in the Pu
fuel fabrication cell, ODuring the on-site review of the experimental filter,
we discavered that the recirculating air filter did not meet all of the
stringent requirements for installation in the cell. The primary concern with
the experimentai filter was the fear of contaminating the highly pure Pqu
in the cell with SiO2 from the filter fibers that might break off from the
electric filter. Because even a small amount of contamination by almost any
element would ruin the PuO2 product, the experimental filtor could not be
installed in the fuel fabrication celi. Although HEPA filters made from glass
fibers are also used in the cell, they do not present a contamination problem
since the filtered exhaust is directed away from the cell. Another possible
chemical contamination from the painted surfaces of the electric motor and
blower flaking off was avoided by removing all the paint.

Another concern with the design was the residuai contamination on the
filter cartridge when it would be Jzcomissioned, Based on our previous
experience with the dust-holding capacity and the amount of residual dust
remaining after cleaning, we estimated the recirculating air fiiter would have
a maximum dust loading of 235 grams after 9 months of ogperation and a residual
deposit of 47 grams after cleaning. Since any item containing more than 10
grams of 23£}Pu0:1 must be treated as a high-level radioactive waste, the
experimental filter would clearly be classifed as high level waste. Th:
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management of the Pu fucl-vabrication facility has a strict policy of
minimizing all high-level waste, therefore, the operating procedure for the
recirculating electric fiter would have to be changed. Instead of allowing the
particles te huiid up a deposit on the filter over many months and périodically
recovering the material by cleaning, the experimental filter would have to be
replaced every two to four weeks to ensure hat the fiiter contained no more
than 10 grams of PUO,. This restriction would eliminate any material

recovery and add substantially to the operating cost of the filter. HEPA
filters in the cells are also replaced every month to keep PuO2 deposits

under 10 grams.
REDESIGNED RECIRCULATING AIR FILTER

In order to meet the requirements of preventing chemical contamination and
keep the residual deposit of the Puo2 particles below 10 grams, we had to
compietely redesign the filter cartridge. The original filter cartridge
consisted of high voltage and ground electrodes, filter media and support and
sealing flanges. This unit was designed to have repeated cycles of particle
deposit rormation and removal before the entire urit was discarded. Replacing
the giass fiber media with chemically acceptable media or immobilizing tre
glass fiber media by using porous metal electrodes met the chemical
cantamination criterion, but did not meet the 10-gram 1imit if the fiiter were
operated to the maximum dust-holding capacity.

Replacing the filter cartridge every two to four weeks was an impractical
solution because of the excessive purchase cist and labor cost for continually
bagging new and used filter cartridges in a'id out of the cell. Moreover, since
the filter *artridge design had a rigid high-voltage electrode made from
perforated aluminum and reinfarcement and sealing flanges, the unit could not
be easily disassembled or compressed for reduction of the volume of waste.

We concluded that the overall design of a cylindrical filter cartridge
mounted on a blower was still good, but instead of the filter cartridge being
an integral unit, the cartridge was designed for easy disassembly and
replacement of the filter media using a hinged outer electrode. The Guter
ground electrode is removed by releasing three compression clamps and gpening
the hinged electrode. Figure 118 shows the filter cartridge with the outer

uraund electrode partially removed.
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Once the outer clectrode is removed, the filter media can be easily
replaced by unwrapping a flat sheet of filter media from around the centra}
electrode. The central electrode is a cylinder of perforated aluminum and is
reginfarced at both ends and in the middle. A Plexiglas flange provides a
sealing edge for the filter cartridge on the blower nousing, The other end is

sealed with a flat Plexiglas plate to ensure that all of the air flows through

the filter media.
The improved filter design was made possib'e because & variety o) nolymeric

filter media, made from various hydracarbons such as polyolefin_ ird
polyesters, can be used in the fuel-fabrication cell which do not contaminate
the Pqu powder. If hydrocarbon fibers from a filter become mixed with the
Pu02 powder, they will be rapidiy oxidized to carbon dioxide and water when
the Pu02 powder is heated in a high temperature oven.

We tested various polyolefin and polyester filter media individually and
in combinations in our smafi-scale filter test facility. EFach test consisted
of measuring the filter efficiency with and without high voltage at a tilter-
face velocity of 15 cm/s which corresponds to the face velocity in the
redesigned recirculating air filter. Many of these filters showed large
increases in 7Tilter efficiency as high voltage was applied. For example, the
efficiency of a polyester filter was 13¥ at Q kV and 70% at 10 kV. The
pressure drop acrass this filter was only 0.01 inch of water. Unfortunately,
these filters, were very difficult to install. when the outer electrode was
being clamped around the filter media, the media would distort severely and
form wrinkles and convolutions. 5o, we were not able to use these polymeric
filters.

He finally selected a needle-punched polypropylene (Verto Company, The
Netherlands). This media is made from electret fibers and was discussed in
detail in the sectior. on permanently charged filters. Since we wanted to use
the Filtrete media to demonstrate the performance of externally charged media
and not permanently charged media, we sprayed the media with an anti-static
agent to remove the charge,

The G-1200 Filtrete media was easily installed in the filter cartridge.
It was very pliable and remained in place when wrapped around the central
electrode. The media was sufficiently thin {3/8 inch) to avoid c¢istortions as
the outer electrode was being clamped together. It also had sufficient
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campressibility to ensure an adequate seal around the top and bottom flanges
when the outer electrode was clamped in place.

The use of an easily replaceable filter media like the Filtrete G-1200
eliminated the problem of chemical contamination and also allowed the filter
to be used as intended. The filter operated without maintenance as particle
deposits built up on the filter. When these deposits reached a point
restricted the air flow, the particle deposits were recovered by shaking or
knocking the filter and the cycle repeated until the filter media was ready
for disposal. To meet the restriction of having less than 10 grams on each
decomissioned item, the filter media would be easily cut into a number of
smaller segments. This approach allowed for the recovery of Puo, dust while
complying with the 10-gram 1imit an disposable items.

Laboratory Evaluation

The laboratory evaluation consisted of measuring the concentration of NaCl
particles in the chamber and in the filter exhaust as a function of time after
turning on the recirculating air filter. OSeparate tests were conducted with
0 kY and 8 kV applied to the central electrode to yield similar results to
those shown in Fig. 117. The filter pressure drop in both tests was
0.11 inches. The test with 8 kV showed the filter had an efficiency of 84%
and produced a room cleaning efficiency of 65%. The filter efficiency with no
applied voltage was 75% and produced a room cleaning efficiency of 62%.

The unusually high filter efficiency with no applied voltage was due to
the residual charge on the Filtrete media that could not be neutralized. At
the low filter-face velocities used in these tests, even a small residual
charge would produce a high filter efficiency. However, at higher flow rates,
the filter appears to be discharged. For example, at 65 cm/s the same media
only has an efficiency of 10%. Despite the ambiguity in the contribution of
the external charging and the permanent charge on the total filter efficiency,
the superior handling properties of the Filtrete media made it the best choice
for our field evaluation of the recirculating electric air filter.
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Field Evaluation of Improved Design Recirculating Electric Air Filter at
Savannah River

238

We installed the recirculating electric air filter in the Pu fuel-

fabrication facility in ~ .11ding 235-F at the Savannah River Plant, South
Carolina. This facili.y consists of nine interconnected cells in which
238PuO2 powder is formed into fuel pellets that serve as a heat source for
thermo-electric generators. The process of converting powder into finished
pellets is primarily done using remote mechanical manipulators; a number of
operations are also performed using lead-lined gloves. There are two electric
motor hoists in Cell 1 and one in Cell § for transporting material.

The entire operation in the nine cells can be grouped into th e major
parts according to the form of PuO2 and the teval of suspended particulates.
In Cells 1 and 2, Pul]2 is a fine powder and the cells have a high concentra-
tion of suspended particulates. The particles become suspenc. 3 in the pouring
and other powder-handling operations. Cells 3-5 handle the Puo2 in the form
of large granules or a monolithic pellet and result in a relatively low concen-
tration of suspended particles. Cells 6-9 have a negligible concentration of
suspended particles since the Puo, is sealed inside welded containers.

The operational problems created by suspended particles can likewise be
categorized according to the three parts with Cells 1 and 2 repr.senting the
warst case, Cells 3-5 an intermediate case, and Cells 6-2 naving no operational
problems created by suspended particles. Among the operational problems
created by the radioactive dust particles are premature failure of the
mechanical manipulators, electric hoists, gas lines, thermocouple leads,
lead-1ined glaves, and vacuum gauges. The failure in each of these cases is
due to the intense radioactivity directly destroying the companent or weakening
the component's strength sufficiently to cause a premature mechanical failure.
In addition to these direct problems, the suspended particles also require a
frequent change-out of HEPA filters.

Since the powder-handling operations in Cell T produced the highest
concentration of suspended particles and the greatest maintenance problems, we
installed our recirculating electric air filter in this cell. Figure 119
shows the filter unit positioned next to a high-temperature oven that is
mounted 1n Lhe floor. Glove ports are used for pouring Puo2 powder into the
oven and removing the sintered product. Priar to the installation of the
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Fig. 119 Recirculating electric air filter installed in Savannan River’s
Cell 1 next to a high-temperature furnace.
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electric filter, a sample of the filter media, shown in the left side of

Fig. 119, was placed in the cell to determine any deterioration in the harsh
radioactive environment. Although the filter sample visually appeared to be
fine, it had, in fact, degraded significantly during the four weeks it was
placed in the cell. Unfortunately, when we placed the recirculating electric
ajr filter in the cell, we did not physically examine the sample media for
degradation. The sample media was very sticky. indicating that the fibers had
melted.

The evaluation of the recirculating electric air filter consisted of
measuring the concentration of suspended Pqu particles befwe and after the
filter as a function of time. We used a light-scattering pkotometer
commercially available from Air Technigques Inc. in these measurement . Since
penetrations in the chamber wall were not permitted, we placed the urticle
measuring system inside the cell.

The resuits of our evaluation are shown in Fig. 120 where we have graphed
the relative photcmeter measurements in the chamber and in the filter exhaust
as a function of time. We encountered a considerable amount of baseline drift
in the phntometer and frequently adjusted th. electronic meter. AFter 80
minutes into the evaluation, the baseline shift could no longer be adjusted
electronically and had to be subtracted from the phutometer measurements. The
photometer measurements in Fig. 120 show a sharp increase in the chamber dust
concentration when a variety of powder-handling operations are commenced at 8
minutes, and a gradual decay in the concentration when the aperations are
terminated at 50 minutes. The concentration of Pud, dust in the chamber
then steadily decreased since the remaining operations in the cell did not
involve handling exposed powder. A1l of the operations in Cell 1, except far
the filter ev:luation, were terminated after 120 minutes.

Figure 120 sho+s that the electric filter was operated for 66 minutes with
no applied voltage and for 44 minutes with 8 kV. During these periods, the
photometer mecsurements were alternately taken from the chamber and the filter
exhaust_ thereby allowing filter-efficiency calculations. Figure 120 shows
that the recirculating air filter had an average efficiency of 23% with no
voltage and 50% with 8 kV. The higher filter efficiency for the § kV filter
that occurred during the sharp increase in the chamber concentration was
probably due to a larger particle size.
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. 120 Results of field evaluation of recirculating electric air filter in
uly cell at Savannah River Plant.
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Since Cell 1 had open passages to a wing cabinet and to Cell 2, the volume,
¥, used in the half-1ife calculations was the total of all of these chambers,
that is 920 ft3. e existing ventilation flow, Fl’ consisted of a HEPA
filter in Cells 1 and 2, yielding a total flow of 160 ¢fm. The final data
needed for the half-life calculations were the flow rate (180 cfm) and the
efficiency (23% at C kV and 50% at 8 kV) of the recirculating electric air
filter. We obtained a half-1ife of 3.2 minutes for the Q kv filter and 2.6
minutes for .he B kV filter.

The particle concentration data in Fig. 134 steadily decreased after 50
minutes with a halif-1ife of about 40 minutes, This half-life was 13 to 16
times onger than the calculated half-life.

We believe that the primary c~use of the large difference between observed
and calculated half-life.is an exi~emely slow dispersion of Pu dust throughout
the cel) volume, The cold pressing of the Pu powder is done in a wing cabinet
that projects 4 feet out of £ell ), Dust generated in this cabinet mixes very
slowly with the air in the main portion of {ell 1 since it has no ventilation
flow to disperse the particles. In addition, the 14-inch diameter door that
separates Cells 1 and 2 presents a major obstacle to the uniform mixing of
particles in both cells. Because of these restrictions to the unifaorm
dispersal of Pu dust throughout the cells, the effective ventilation flow will
be much less than the actual flow. %“ven for the ideal flow system we used in
our laboratory studies, we found that the effective flow rate was only 70% of
the actual flow rate. Considering the complex air flow in the two cells and
the wing cabinet and all of the “dead" spaces, it is reasonable to expect that
the effective air flow is about 10% of the actual flow rate. An effective flow
rate that is 6% of the actual flow rate will yield the observed 40 minute
half-1ife,

The most important information from our field evaluation wass the effect
of the recirculating electric air filter on the total reduction of particles
in the chamber. We can estimate the rocm-cieaning efficiency using £g. 89 ang
R = 1.13 and EF = 0,23 and 0.50 for 0 kV and 8 kV, respectively. These
calculations show that the recirculating air filter with D kV will reduce the
particle concentration in Cells 1 and 2 by 22% and by 36% with 8 kV. Comparing
these results to the curves in Fig. 114 shows that the low relative filter flow
rate, R, and the low filter efficiency, EF' combine to produce low
room-c Teaning efficiencies,
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When we designed the experime..al fiiter, we did not realize that the door
between Cells 1 and 2 is always kept open thereby requiring both cells to be
cleaned. If the interconnecting daoor was closed, then the recirculating air
filter would only have to clean Cell 1. The resulting room-cleaning efficiency
would be 36% with O kV and 53% with 8 kV. The unexpected low filter efficiency
also contributed to the relatively low room-cleaning efficiency. Our
laharatory studies with NaCl aerpsols showed an efficiency of 85% which should
have produced a room-cieaning efficiency of 49% for hoth Cells 1 anu 2.

In addition to a low efficiency, the recirculating electric filter also
experienced an unusually high pressure drop. The pressure drop across the
electric prefilter was 0.6 inches throughout the evaluation. This was three
times higher than the 0.2 inches obtained in our laboritory tests. Although an
increase in the filter pressure drop is usually accompanied by an increase in
the filter efficienny, we had obtained the opposite results. We suspect that
the filter media had somehow deterjorated in the harsh radicactive environment
since the exposed portion ¢f the media at the base of the filter was extremely
frayed. The filter media was remo' “ for inspection. 1In handling the filter
media with gloves and mechanical manipulators, we observed that the media
behaved very much like cotton candy, sticking to itself and whatever was in
contact with it.

The source of the filter deterioration was 238Pu02 partictes that
behaved as microscaopic heat sources to melt the surface of tha fibers. ihis
occured because the high specific antivity of the Pu-238 generates a
considerabie arount of heat. Althoigh the individual Pu particlas cannot melt
the polypropylene filter mat, they can melt the surface of individual fibers.
Since heat is continuously generated, the surface of the fibers witl be liquid
and make the filter mat appear te be sticky. Since the polypropylene filter
was under compression between the two electrodes, melting the fiber surfaces
caused the fibers to stick togr:ther and thereby increased the resistance to
the air flow. The recirculat.ng electric filter was placed inside its cell
for almost one month before the filter was evaluated. During this time a
sufficient amount of Pu dust particles coated the filter, even without the
filter operating.

Once we discovered that the recirculating slectric filter now had to have
high-temperature resistance, we concluded that our filter design could not
meet all of the constraints. The recirculating electric air .'jlter did meet
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the other requirements of preventing chemical contamination, recovery of Pu
dust, and a maximum Pu contamination of 10 grams per item at disposal. If a
high-temperature filter mat, such as a fibrous alumina filter were used in
place of the polypropylene filter, then the filter design could also meet the
high-temperature requirements as well as the 1G.qram 1imit on residual Pu and
recovery of Pu dust. The filter design, however, cannot simuitaneously meet

a1l of the requirements as it is currently designed.

HIGH-TEMPERATURE ELECTRIC AIR FILTER USING A STACKED-DISK DESIGN

DESIGN

As a result of our experience with the recirculating air filte- at Savannah
River, we developed a high-temperature electric air filter that would prevent
chemical contamination, _ 't allow for recavery of collected dust, and have less
than 10 grams of residual deposit when the filter is discarded. Our new filter
design also accupied far less space, thereby minimizing any interference with
cell gperations.

We were motivated in this design by the conclusiuns of our cost/benefit
analysis and our field evaluation of the gigve-box prefilter at the Rocky Flats
Plant. We had learned that the most cost-effective filtration system had a
very high efficiency and could be cleaned many times prior to its disposal. A
critical finding was that the dust-holding capacity did not have to be very
high, provided the filter could be repeatedly cleaned. Moreover, since high-
efficiency filter media also have a high pressure drop, the filter design had
to accomodate a large filtering surface. To accomodate a large filter surface
within ¢ relatively small volume, the filter media must be packaged in a
configura-ion that placed filtering surfaces in close proximity to each other.
Unfortunat2ly, packaging a large filter surface in a relatively small volume
does not i 17ow recovery of deposited material., For example, the pleated
configura.ion of the filter media in HEPA filters makes the filtering surface

inaccessible for filter cleaning.
The successful design of a high temperature electric filter was therefore

dependent upon finding a satisfactory configuration that would create the
maximum filtering surface and yet be readily cleaned. HEPA filters having a
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pleated configuration could not be cleaned because the pleats could not be
separated for cleaning, but allowing the adjacent filter sheets to be separated
during the cleaning cycle was the key to a successful design. We stacked
individual disk filters together in a common exhaust port. Figure 121 shows
the basic concept of this design which shows five filter disks stacked together
to form a compact, high-efficiency filter. Each side of the filter disk is
made from an appropriate filter medium. Contaminated air is filtered by the
filter media and passes through the hollow interior and into the central
opening. When the filter is ¢logged, the individual disks can be removed and
the deposits brushed or shaken off. After c¢leaning the individual disk
filters, they can be restacked and the filter unit placed back into service.

To meet the high-temperature requirements of the Savannah River
application, al) of the materials used in the disk needed high-temperatura
resistance. The selection of the outer filter surface was critical to a
successful design. It had to be smooth to allow deposits to be readily
removed by brushing or other mechanica. means. It also had to have a high
efficiency so that particles briit up on the surface rather than penetrating
deep inside the media. The surface filter had to be structurally strong to
withstand repeated cleanings without breaking off any of the filter media.

The candidate that met most of these requirements was a sintered fibrous
stainless-steel filter available from the Bakaert Company, Belgium. This
filter media has a significantly lower pressure drop than the more common
stainlesc -steel filters made from sintered powder. The requirement that the
Bakaert filter did not meet was efficiency. Laboratory tests conducted at a
face velocity of 23 cm/s showed an efficiency of only 61% wh:n tested with
heterodisperse NaCl aerosols.

In order to obtain the necessary high efficiency, we converted the disk
filter to an electric air filter. We added a filter made from alumina fibers
(Saffil media) and a high-voltage electrode below the stainless-steel filter.
Figure 122 shows a layer of the Saffil alumina filter being added next to .he
outer stainless-steel meai'm. A portion of the Bakaert stainizss-steel filter
is shown uncovered. The high voltage electrode is then placed over the Saffil
filter, seen in Fig. 123, Insulation strips ov polyethylene are inserted
around the interior and exterior perimeter of the high voltage electrode to
prevent short circuiting with the grounded exterior ring and the grounded
interior exhaust flange,
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Fig. 121 High-temperature electric air filter consisting of five disks
stacked together.

Fig. 122 Partial assembly of electric disk filter with fibrous alumina mat
nearly covering the grounded outer electrode.
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The high voltage electrede provides the hollow space in the disk filter
through which the filtered exhaust flows. The filtered exhaust exits the disk
filter through slots in the central exhaust flange seen in Fig. 123. The
remainder of the electric disk filter was assembled by adding another layer of
Saffil media vver the high-voltage electrode followed by the Bakaert stainless-
steel filter. The assembly was completed after welding the Bakaert media ta
the perimeter ring. Figure. 124 shows the fully assembled high-temperature
electric air filter. HNote that the exterior Bakaert media completely encases
the Saffil media, thereby preventing possible contamination of alumina fibers.

Laboratory Evaluation

We evaluated the perfarmance of the high-temperature electric disk filter
in our small-scale filter test laboratory. The filter penetration was measured
as a function o, applied voltage using heterodisperse Nall aerosols and a
light-scattering photometer. Figure 125 shows the results, With no applied
voltay>. the filter had a penetration of 5%. Increasing the applied voltage
produced a Jogarithmic decrease in peretration until the penetration reached
0.02% at 5 Y. The high-temperature electric filter has a penetration
comparable to a HEPA filter. Further evaluation will be conducted on this
electric air filter to better define its performance. One of the key factors
that has yet to be established is how to clean these filters., Although these
tests have not yet been conducted, we are confident of success based on our
previous experience with cleanable filters.

ROLLING ELECTRIC PREFILTER
INTRODUCTION

A rolling electric prefilter (REP) was developed for use in ventilation
systems in the nuclear industry to prevent the plugging of HEPA filters during
a fire episode while also extending the lifetime of HEPA filters during routine
use. Under normal conditions, the REP behaves in a manner similar to the
stationary electric ailr filter; described previously. We electrified the
rolling prefilter because it resulted in ¢ higher collection efficiency

264



A

s BV TR

%,

Fig. 123 Central nigh voltage electrode placed over the alumina mat and
electrical insulation added.

Fig. 124 High temperature eleciric air filter designed as a disk.
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Fig. 125 Penetration of NaCl aerosols through an electric disk filter as a
function of applied voltage.

266



and longer filter 1ife than conventional fibrous filters due to the added
electrica} capture mechanisms. The REF concept allows for the continuous
replacement of filter media once it has plugged. The media can be advanced
autcmatically subject to the pressure loss across the filter, Since the
probab’ ity of having a fire is very low, the multi-pass REP functions
primarily as a stationary prefilter. Fram an operational point of view, the
REP would reduce maintenance costs assaciated with repiacing stationary
prefilters significantly, but would require more space, and cost more than our
stationary electric prefilter. The high initial cost of the REP would be
offset by the significantly reduced maintenance casts for replacing stationary
prefilters.

The application of the REP in a nuclear ventilation system has to be
determined on a basis of a cost/benefit study and a risk analysis of fire
hazards. For applications where the maintenance cost is very high, the use of
the REP is justified in a cost/benefit study even if the risk is very low. In
this case, the savings in maintenance costs would offset the capital cost of
the REP. The use of the REP is justified in ventilation systems that have
high fire risks even though the maintenance costs are very low.

DEFINITION OF PROBLEM

One of the most seriouc zccidents that can occur in a nuclear facility is
a fire. A critical factor that increases the severity of a fire is the
potential loss of the ventilation system due to the plugging of HEPA filters
by suocke aerosols. The following thrce countermeasures can mitigate the fire
hazard:

1) materials managemert to reduce the quantity of combustible materials,

2) conventional fire detention and fire suppression techniques, and

3} smoke removal or treatment in the ventilation duct upstream of the

HEPA filter.

Among various methods examins. for in-duct countermeasures were wet
scrubbers, afterburners, granular beds, and prefilters. Although efficient
prefilters appeared to stop the smoke aerosols, they were also plugged rapidly.
Because of the tar-like property of the smoke aerosols, cleanable prefilters,
1ike those used in bag houses, were not feasible. Once the smoke aerosols
deposited on a filter, the particle deposit could not be removed.
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The severity of the filter plugging by smoke aerosols is iliustrated in
Fig. 126 which shows a section of filter media that has been exposed to smoke
aerosols generated from combustion in a confined space. Tarry smoke deposits
have solidified on the filter surface. Examination of these deposits under an
2lectron microscope show that the smoke deposits form & solid, impenetrable
layer on the filter surface. This type of particle deposit differs
significantly from the depesits seen previously in soiid NaCl particies, In
contrast to smoke deposits that form a solid impenetrable barrier, the particle
deposits seen in NaCl tests restrict the air passages but still leave open
passages through which air can pass.

We shouid peint out that the deposit of smoke aerosols shown in Fig, 126
resulted from smoke generated in an o..ygen-starved fire. The smoke aerosols
in these fires are primarily liquid particles generated from the pyrolysis of
the wood and plastic fuel. In contrast, smoke aerosols generated from well-
ventilated fires are primarily solid hydrocarbon particles typically
characterized as soot. Because of these differences in the physical
properties, the smoke aerosols produced in well-ventilated fires produce a
gradual filter plugging while the smoke aerosals produced in oxygen-starved
fires produce an extremely rapid filter plugging.

FEASIBILITY STUDY OF ROLLING ELECTRIC PREFILTER

Any prefiltration technique ¥or removing smoke aerosols would require some
means for replacing the pref..ter automatically once it had plugged. Two
géneral approaches can be taken for replacing the plugged filter: replacing
individual filter units in & batch process or replacing the filter mediym in a
continuous process. Since the filter industry had nothing available for
rzplacing individual filter units but has an extensive selection of rolling
filters, we selected the rolling electric prefilter (REP} concept for a -
feasibility study.

Our cbjective was to establish the feasiblity of a REP that could maintain
a low pressure drop and still protect the HEPA filter from plugging due to .
Smoke aerosols. Since there were no commercial REPs that had the required
high filter efficiency and low pressure drop, we madified filter housings and
filter media of commercial units until we obtained the desired results. The
medifications we made to the filter housing consisted of removing sharp edges

-y
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Fig. 126 Filter media cloggen by smoke aerosols.
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that could tear the filter media, sealing minor leak paths in the reservoirs
holding the filter supply and take-up spaals, adding an additional rear screen
to suppart the tilter medium and extending the blinders used to prevent edge
leakage. Figure 127 shows the inlet side of the ralling filter purchased from
American Air Filter after these modifications were made.

The filter medium supplied with the REP had a very low efficiency, but
could tolerate the tension stresses caused by the pulling force of the takeup
reel, This medium also had a very low pressure drop due to the large diameter
glass fibers and the low fiber-packing density. Another important property of
this medium was its Jow compressibility amnd spring-1ike behavior. In order to
increase the filter efficiency, we added one or more layi.rs of a more efficient
filter medium on top of the REP medium to make a laminated system (Fig. 128).
Our laminated system is composed of the folluwing media sequence from bottom
to top: a 50 mm layer of the RIP medium, a 6.4 mm layer of AF-4 medium and a
6.4 mm layer of AF-18 medium. The REP medium was a critical component of the
laminated structure because it provided the necessary tensile strength for
pulling the media through the filter housing and physical support for the
higher efficiency media, and also maintained a positive seal for the more
efficien” media against the blinders in preventing edge leakage.

Laboratory Evaluation

We conducted a series of experiments using a rolling prefilter; each
experiment consisted of generating a reproducible fire in the LLNL Fire Test
Facility and exhausting the smoke through a ventilation duct that contained the
rolling prefilter and HEPA filter. The Fire Test facility consists of a
negative-pressure ventilation test area, a fire test cell, and a computer
diagnostic room, The ventilation test area is coupled to the fire test cell by
standard 2 ft x 2 ¥t ventilation ducting. Oiagnostic instrumentation at these
locations is connected to 2 PDP-11 computer for data addressing, data
reduction, and final display in hard-copy format.

We used & fuel source made of specific proportions of fuel materials common
to physical science laboratories. We ignited the fuel witk a natural gas
burner that acted both as the ignition source and a thermal driver to maintain
high, constant temperatures when the ventilation in the test cell was
controlled. This burn procedure resulted in reproducible firas and smake
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Fig. 127

commercial rolling prefilter modified tor high filter efficiency.
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Fig. 128 Laminated filter media used in rolling prefilter.



aerosols for our filter evaluations. The smoke from the fire test cell was
exhausted through a ventilation duct and filtered first by the REP and then by
the HEPA filter.

The primary information obtained from these experiments was the
effectiveness of the REP to prevent smoke ae:.. ols from plugging the HEPA
filter, Test results were compared on the hasis of the time required for the
HEPA filters to plug. Figure 129 shows the pressure drop across the HEPA
filter as a function of the burn time for each of six different experiments,
A comparison of Tests 1-4 suggest that the REP made little difference in
protecting the HEPA filter, although the efficiency of the laminated fiiter
media had steadily increased in the sequerce of Tests 2-4.

We then increased the efficiency of the laminated media another increment
by replacing one of the AF-18 media with the higher efficiency AF-4 media.
Test 5 indicates that this combination of filter media was very effective in
protecting the HEPA filter from smoke aerpsols, The HEPA 7ilter plugged at
1307 seconcs because we had run out of prefilter media and the HEPA filter was
directly exposed to smoke aerosols. We were only abie to insert 9 m of media
on the supply reel because of the limited space in the modified REP, We then
modified the supply spool so that it could accommodate 18 m of laminated media.
The results, shown as Test 6, indicate that the REP was able to protect the
HEPA filter from plugging for the duration of a fire. The fire had seif-
¢ inguished and was reduced to a smoldering condition at 3600 seconds, at
which time we terminated the test. During this test, we had used 12 m of
prefilter media and the pressure drop across the HEPA filter increased from
250 Pa to 400 Pa.

A more extensive analysis of experirent Test 6 is shown in Fig. 130. This

figure shows the pressure drop across the HEPA filter and prefilter and the
total air flow rate during the first 7400 seconds of the burn. The
oscillations in the pressure drop across the prefilter were due to .epeated
cycles of filter plugging and filter advancement. Ncte that the pressure
fluctuations across the prefilter are also reflected in the flow rate ani the

pressure drop across the HEPA filter.

Although the single-pass REP is an effective means for nrotecting a HEPA
filter from smoke aerosols, its exclusive use as an emergency fire protect.
device js not cost-effective. Yowever, if the REP were designed to also
function as a prefilter that extended the 1ife of the HEPA filter under normal
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operating conditions, then the REP would tacome a cost-effective device. The
only difference hetween normal and emergency aperations would be the indexing
frequency of the prefilter media, which is controlled by its pressure
differential. The single-pass REP cannot be used for a conventional prefilter
that operates under nermal conditions becauce of the excessive pressure drop
that is encountered. The conventional method for reducing the pressuvre drop
is to increase the filter surface area by pleating the medium. Theref re, we
developed a pleated ralling prefiiter. In keeping with our terminology for
the single-pass REP, we designated this pleated filter a multi-pass REP.

Multi-path REP Design

The starting point in this design was our successful single-- - REP. The
key feature of the single-pass REP which we kept was pulling ti. fiiter medium
over a fixed supporting screen. The pulling force was provided by the take-up
ree) powered by an electric motor, MWe changed four other design fe-tures of
the single-pass REP in building the REP shown in Fig. 131. The most dramatic
change was replacing the single-pass design with a pleated design to reduce
the face velocity. Instead of a single supporting screen across the duct
opening, our experimental filter had four screen segments connected to form
two V-shaped pleats. These screen segments would serve as the high- tage
electrode. We also had to add a mating ground electrode.

We installed the electri. REP in our large~scale filter test fac .ty and
soon discovered that the design was not practical. Although we were able to
pull the medium over the pleated electrodes with no air flow, this was not
possible at 472 1/s (1000 cfm). The air flaw had pressed the medium firmly
against tle rear electrode and created an excessive drag. HWe concluded that
the concept of pulling the filter medium over a stat®anary, pleated screer was
not practical bezause of the excessive drag on the medium,

Gur next design of the electric REP took advantage of this high
between the filter medium and the rear screen. The key feature here
continuous screen belf that provides support for the filter medium. he
filter medium rides on the electrude belt and is advanced through th  ‘lter
housing as the belt advanced. Figure 132 illustrates the continuous peit that
is use¢ in forming the pleated rear screen. The design of the electric <EP is
complicated by applying high voitage to the screen belting. Special
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Fig. 131 Electric rolling prefilter hav'ng stationary, pleated electrodes.
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Fig. 132 Continuous screen belting that serves as the high voltage e’ectrode
and physical support for the filter media.
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precautions are required to ensure adequate insulation for the high-voltage
belt. The screen belting is insulated from the REP housing by sheets of
polyethylene or polycarbonate with specially cut gqrooves for supporting the
belt chain. [In addition to the screen insulation, all connections to the
screen pelting, 1ike the sprocket shafts, are made from nonconductive material.

The completed electric REP has a roll of AF-18 medium threaded through the
unit. The front ground electrode is not instailed in this unit because we
first wanted to demonstrate the REP*s ability to protect HEPA filters from
smoke aernsols. Since the high acid and water content of the smoke would
short-circuit the electrodes, all of our fire tests were conducted withon: the
groutd electrode (Fig. 133).

We conducted a secies of fire tests to evaluate the ability of the REP top
protect HEPA Filters from smoke aerosols. During our evaluation tests, we
encountered 3 number of problems that prevented a successful demonstration of
the REP to protect the HEPA filter from olugging due to smoke aerasols. We
identified the causes of the test failures, made the appropriate modifications
to correct problems nd then evaluated the effectiveness of the medifications.
This cycle was repeated until all the problems were either eliminated or
mitigated and a successful fire test was obtained. The modifications made to
the REP were generally dictated by te.i results obtained in our small-scale
laboratory experiments using NaCl aerosols. The result is the REP shown in
Fig. 134,

An improved REP was constructed using tie improved filter media and edge
seal developed previously; this took care of leak problens. In operation, the
prefilter inlet duct (the central opening in Fig. 134) is comnected to the
upstream ventilation ducting, Through this opening, the filter media can be
viewed traversing the ventilation duct along three V-pleats. The lef: and
right ports in Fig. 134 expose portions of the take-up mechanism and storage
box for the Filter medium respectively. Plexiglas panels can be removed for
ACC2ES to these areas.

The control box located on top of the prefilter housing allows the
selection of an appropriate pressure drop across tne prefilter at which the
filter media is automatically advanced by the drive mechanisn. In this
marner . the filter medium, which becomes loaded with par*iculate material, can
be renlaced continually with clean medium. The filter medism traverses fram
the Tijter medium storage box (right side of Fig. 134) through the pleated
prefilter section (center portion) and is pulled out of the prefilter section
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Fig. 134
LLNL,

Fig. 134

Rolling electric prefilter installed in che ventilation system of

Improved oesign of rolling eiectric prefilter.
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by take-up rollers (left side o Fig. 134) and finally wound on a disposal
spool. When the d'sposal spool has reached its capacity, the filter medium is
cut, and the spool removed €rii the disposal box and placed directly intc a
waste drum. The cut filter medium is then attached to a new spaal. A very
important feature of our filter design is that fresk filter medium can be
added and used filter medium disposed of while the rolling prefilter is in
gperation.

We added three take-up rollers on the left side of the filter tao pull the
media out of the pleated filter section and improve guidance onto the filter
medium disposal spool. The drive mechanisms for the take-up rollers and
disposal spool are located belaow the disposal spool. The enclosure hox has
flanges that normally provide support to the filter medium supply.

The central filterirs section of the electric REP is shown in Fig, 135.
One of the most cr’cical components of the filtering cection is the filter edge
sealing flange that keeps the filter media under slight compression to minimize
leaks. The central filtering section also has three rollers that drive the
filter medium around the rear pleats. These rollers have short blades running
along their length to grab the filter medium and drive it through the sharp
turns without providing a sticking surface for the filter medium.

The filter we used in the REP is composed of five layers of Johns-Manville
filter medium. These include, in order from upstream to downstream, two layers
of AF-21, two layers of AF-4, and one layer of AF-21., The two layers of AF-21
were used on the upstream to provide a high loading capacity for liquid smoke
aerosols and good resistance to compression. The two central layers of AF-4
were used to make the composite filter medium more efficient. A final layer
of AF-1B .:as added to the composite filter to protect the AF-4 filter medium
from being torn due to mechanical forces or due to sticking to tarry
surfaces. A scrim material is sewn to the filter medium on both sides to
provide more strength to this laminated structure. When the prefilter is used
in an electrified mode of operation, an additional metal mesh screen (nnt
shown) will e glued on the upstream side of the filter medium in piace of the
scrim material to serve as the ground electrode.

Laboratory Evaluation

We conducted a laboratory evaluation of the filter medium using DOS
aerosols at a f.:e velocity of 22.5 cm/s. This face velocity corresponds ta
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Fig. 135 (Central filtering section of rolling electric prefilter.
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500 cfm through the rolling prefilter unit. Liquid DOS aerosols were use: in
this evaluation since smoke aerosols are predominantiy liquid., Figure 136
shuws the percent penetration of D0OS aerosols through the composite filter
medium as a fur~tion of particle dianeter, This figure shows the percent
penetration with and without an applied electric fieid. At a face velocity of
22.5 cm/s, the filter had a pressure drop of . in. water. Using a light-
scattering photometer, we determined that the filter efficiency was 97.5%
without an applied voitage and 93,6% with 7 kV applied to the electrodes,
Electrifying the filter medium had therefore reduced the aerosol penetration
by 83%.

However, when the rolling prefilter using the same filter medium was tested
under simiiar conuitions, it had a pressure drop of only 0.6 in. and an
efficianiy of RA% with no applied voltage. The Tow pressure drop in the REP
was due to leaks from the upstream to the downstream side of the filter media
as well as lTeaks from outside the rolling prefilter to the dewnstream side of
the filter. The leaks from outside the rolling prefilter caused a reduction in
the tatal flow through the REP while leaks fram the upstream side of the filter
result in a lower filter efficiency. The drop in efficiency from 97.5% to 84%
is due to edge leakage. A traverse of the particle concentration across the
downstream side of the roiling prefilter showed large increases in particle
deposition near both sides of the filter housing. The traverse confirmed that
edge leakage is the cause of the low filter efficiency. [ .suming that the
particles follow the 1eak paths, we estimate the rolling prefilter has a 14%
air leak. The occurrence of such a high leakage, in spite of our elaborate
efforts to minimize it, illustrates the importance of the zdge-sealing
mechanism in the rolling prefilter design,

tvaluatian of Electric REP in Dense Smoke Aerpsols

We conducted an evaluation of the REP in the exhaust duct of the fire test
facility to study the effectiveness of the REP in preventing the HEPA filter
from plugging by snoke aerosols. Figure 137 sho.s the test results of placing
our REP in the ventilation duct upstream of a HEPA fiTter after a fuel source
was ignited in the fire test cell. We have plotted the pressure drop across
the prefilter and HEPA filter as a functicn of time from the start of the
fire. Figure 137 also shows the total air flow through the ventilation duct.
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The primary information obtained in this experiment is the ability of the
REP to prevent the smoke aerosols from plugging the dewnstream HEPA filter.
The oscillations in the pressure drop across the prefilter up to 2500 s are
due to repeated cycles of filter plugging and filter advancement. The
pressure fluctuations across the prefilter are also somewhat refiected in the
air flow rate, In order to assess the effectiveness of the prefilter to
prevent the HEPA from clogging, the prefilter media was cut at 2500 s into the
experiment. After this time, the pressure drop across the HEPA begin to
increase dramatically, and the HEPA essentially clogged within another 400 s.
This test shows the rolling prefilter is very effective in protecting the
downstream HEPA from the smoke aerosol.

ELECTRIC HEPA FILTER

INTRODUCTION

A1l of the experimental electric air filters described so far in this
report were designed for usc as prefilters to HEPA filters. However,
techniques used to electrify the low- and medium-efficiency filters can also
be used to electrify high-efficiency filters. In fact, the extremely low
filter-face velocity of the air flow in HEPA filters makes them an ideal
candidate for electrification. Figure 136 1ilustrates the dramatic increase
in filter efficiency that occurs as the face velocity decreases, especially at
high voltages. Since HEPA filters normally operate at face velocities below
2,6 cm/s, Fig. 138 shows that converting a standard HEPA filter to an electric
HEPA filter will improve the filter efficiency by 100 times. We should point
out tnat the filter media shown in Fig. 138 was an AF-18 mediz that only had an
efficiency of 35% at 16 cm/s with no applied voitage. The difference between
the lTower grade AF-18 media and the high efficiency HEPA media may result in a
different degree of electrical enhancement for the HEPA filter.

The electrification of a HEPA filter is a relatively simple task since
many HEPA filters already use aluminum separators to maintain the spacing
between the pleated filter media. Figure 139 shows how easily a standard HEPA
filter can be converted to an elc..ric HEPA 7 iter. Since the aluminum
separators are inserted in the deep pleats of the filter media, every other
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separator will be exposed on one side of the composite filter. These
alternate aluminum separators can be connected electrically by a single
electrode bus. Grounding the electrode bus on one side of the filTter and
applying high voltage to the zlectrode bus on the other side converts the HEPA
filter to an electric HEPA filter.

Laboratory Evaluation

Ke evaluated the performance of the electric HEPA filter in laboratory
tests using heterodisperse NaCl aerosols and an ASA laser particie counter.
The evaluation consisted of measuring the filter efficiency as a function of
particle size for the electric HEPA filter at increasing applied voltages.
Unfortunately, we were unable to measure the filter efficiency at applied ;
voltages much greater than 1.25 kV due to electrical sparking. Figure 140
shows the measured filter efficiency as a function of particle size for the
electric HEPA filter with an applied electric field of 0 kV/cm and 1.9 kV/cm.
The 1.9 kV/cm represents an average field strength due to 1.25 kY applied to
the carregated electrode separators, Since the spacing between the ground and
high voltage electrodes varies widely due to the corregation, an average
electrode separation of 0.66 cm was used in comuting the average electric
field strength.

Figure 140 shows that applying 1.9 kV/cm to the electric HEPA filter i
dramatically increases the filter efficiency. In fact the filter efficiency :
with 1.9 kV/cm at 0.3 um diameter was beyond our experimental detection
limit of 99.999%. The solid curves in Fig., 140 are theoretical filter
efficiencies fitted to the experimental data. nlthough we were nat able to
apply more than 1.9 kV¥/cm to the eiectric filier, we have shawn the notentiai
increase in filter efficiency that occurs with 10 kV/cm,

Electric sparking is a problem that keeps the voltage which can be applied
to the filter separators relatively low. This significantly reduces the
potential for dramatically increasing the HEPA filter efficiercy. In addition
to the restriction in the enhancement of filter efficiency, the electric HEPA
design is prone to forming pinholes in the filter media at the place where an
electric spark occurs. The formation of these pinholes was readily detected
by the laser particie counter since the particle concentraiton downstream of
the HEPA filter increased dramatically each time there was a spark.
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Fig. 140 Filter efficiency for electric HEPA filter measured at 0 and
1.9 k¥/cm and computed for 10 kV/cm.
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The source of the sparking that both limited the degree of electrical
enhancement and produced pinkole leaks in the HEPA media was the non-uniform
spacing between the high voltage and ground eilectrode separators. There is a
great variation in the separation distance between adjacent electrodes. A%
some locations, the adjacent electrodes are only separated by the thickness of
the HEPA media while at other locations the sepzration is twice the separation
distance of the HEPA media. It is obvious that applying high voltage to one
electr._ separator while grounding the adjacent separator will produce sparks
at the points of closest contact,

Thus, we see that the very separators that allow the HEPA filter to be
easily converted to an electric HEPA fiiter also limits the degree of
electrical enhancement. The development of an electric HEPA filter that
avoids the sparking problem would require a major modification to the standard
HEPA design.
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