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

ABSTRACT 

We summarize the results of a seven-year research project for the IJ. 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 unique to Lawrence Livermore National 
Laboratory (LLNL), and it entailed comprehensive theory, laboratory 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 dispose of 
HEPA filters is several times 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 volume of radioactive 
waste that HEPA filters generate, the Airborne Waste Management Program Office 
of the Department of Energy's (DOE) Defense Nuclear 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 
problem consisted of using electric prefiIters to reduce the load on the HEPA 

*lhis 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. 
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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 
removing sub-micron airborne particles in nuclear ventilation 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 to added 
electrical forces has recently created >"or1d-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 
polarizing 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 include 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 af 
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 
0.01 urn to 3.0 urn diameter. (These routine filter tests are performed in 
less than ten minutes.) The computerized filter test apparatus also 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 
measured by the current diictji phthlate (OOP) 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 well as particle 
size. One instrument that we developed at LLNL is based on a repeated sequence 
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of separating the aerosols first according to electrical mobility and then 
measuring the size distribution of these aerosols. 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 looked at theoretical modeling and 
small-scale laboratory experiments. The objective of our theory and laboratory 
experiments was to understand the mechanical and electrical filtration 
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-voltage 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 \.he 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 developed 
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 life eight times the usual amount and allowed 
for recovery of 70% of the uranium dust. The Rocky Flats design extended HEPA 
service life over 50 times and allowed recovery of over 98% of the plutonium 
dust. 
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The third and fourth experimental filters were designed for standard 
2' x 2' ventilation systems. One filter uses permanent electrodes with 
replaceable filter media while the other filter1 has a disposable filter with 
electrodes incorporated into the filter media. We evaluated the disposable 
electric air filter in LLNL's uranium burn box. The filter showed an average 
efficiency of 98i with electrification and 91* without electrification. A 
durability evaluation in the uranium burn box showed the necessity for cleaning 
the filter while it was in place in order to achieve the large extensions in 
HEPA service life 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 experimental electric air filter we developed was a recirculat­
ing air filter designed to increase ventilation 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 designed 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 ba-k 
into the same confined space. 

We developed a theory of recirculating air filters to relate the room-
cleaning efficiency to the si2e 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. 

Me evaluated one such unit in «; -powder-handling cell at the 
Savannah River Plant, Savannah River, South Carolina. Because of severe re­
strictions on the chemical contamination of the Pu powder, we could not use 
our standard glass-fiber media and used polypropylene-filter media instead. 
The results of the field evaluation showed that the Pu powder which had 
been collected on the media had also melted the media. The high specific 
activity of Pu raised the temperature of the powder and created localised, 
high-temperature zones. The efficiency of the melted medium was only 50% for 
the PuO, particles and the pressure drop increased to 0.6 inches. In our 
laboratory tests with NaCl aerosols, the same filter had an 855£ efficiency and 
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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 filters and welding all of the edges. 
Laboratory tests of this design showed that the efficiency with NaCl aerosols 
increased from 77% to 99.9% when the filter was electrified. In addition to 
its high 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 eltctric 
prefliter for applications where high aerosol concentrations result in a rapid 
plugging of the HEPA filter. Our evaluations, conducted 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-cleaning devices evaluated so far. 

Our eighth and final experimental filter was an electric HEPA filter for 
which we increased the OOP efficiency from 99.97% to 99.997% with an applied 
electric 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. 

Althojgh the increased efficiency of the electric HEPA filter is more 
important: for clean-room applications than for nuclear applications, the 
potential for increased service life of electric HEPA filters is very 
attractive in nuclear applications. We anticipate that the electric HEPA 
filter will double the service life of a conventional HEPA filter based on 
similar studies with electric prefilters. 

We developed a quantitative method for determining the cost/benefit of 
using electric prefilters to extend the life of HEPA filters. Equations were 
developed relating the total cost and volume of waste to 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 of 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 life by more 
than four times the life extension achieved with identical mechanical filters. 
The two glove-box evaluations also showed that large extensions in HEPA life 
were obtained 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 (tfte 
activity median diameter was 3.5pm). In these applications, there is little 
motivation to have further extensions in HEPA life by using electric 
prefilters. The use of electric prefilters is most attractive in applications 
where particles are smaller than lwm 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 electrically enhanced filtration, and lastly 
at our eight experimental electric air filters in some detail. 
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PRESENT FILTER-TEST K£THODS 

INTRODUCTION 

The experimental invest igat ion of e l e c t r i c - f i l t r a t i o n concepts requires 
measurement of f i l t e r e f f i c iency and pressure drop at given a i r f lows-
Pressure drop depends p r imar i l y upon the ve loc i t y o f the a i r f low through the 
f i l t e r media and on media propert ies such as f i l t e r thickness and s i ze , 
o r i e n t a t i o n , and packing densi ty o f the f i b e r s . In addi t ion to thesa 
parameters, f i l t e r e f f i c iency also depends upon pa r t i c l e size and charge. 
Since many of these parameters vary s i g n i f i c a n t l y w i th d i f f e ren t f i l t e r media 
and test condi t ions, we f e l t that as many parameters as possible had to be 
measured i n order to provide the best possible in te rp re ta t ion of t e s t r e s u l t s . 
This knowledge was especial ly Important fo r our eventual work wi th experimental 
e l e c t r i c a i r f i l t e r s since we would need to know what parcneters to change i n 
order to improve a par t i cu la r f i l t e r design. 

Unfortunately, standard f i l t e r - t e s t methods do not provide necessary 
information on the e f f ec t that impcrtant parameters, l i k e f i l t e r size or 
packing densi ty , have on f i l t e r e f f i c i ency . Current methods tend to in tegrate 
ind iv idual parameters, such as p a r t i c l e s ize and charge, in to a s i - g l e va lu ' . 
thereby g iv ing an average value, not a spec i f i c one. 

PRESENT FILTER-TEST METHODS BASED ON INTEGRATED MEASUREMENTS 
OF HETEROOISPERSE AC10S0LS 

A l l of standard f i l t e r - t e s t methods used by the U. S. and other countries 
are based, more or less , on a heterodisperse tes t aerosol to challenge the 
f i l t e r and integrated measurements of the sample aerosol concentration before 
and a f te r the f i l t e r . Table 1 compares the four rost widely used f i l t e r - t e s t 
methods. 

I t i s important to note that the same f i l t e r tested wi th each of the four 
methods described in Table 1 has d i f f e ren t penetration r e s u l t s , wi th the U. S. 
ASHRAE t e s t y i e ld ing the lowest; penetrat ion and the French uranin tes t the 
highes':. In general , fo r these four tes t methods, the smaller the p a r t i c l e 
s i z e , the higher the penetrat ion. This t rend i s i l l u s t r a t e d in F ig . 1 where we 
have p lo t ted the HEPA f i l t e r penetration as a funct ion of p a i t i c l e diameter 
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Table 1 . 
today. 

Comparison of the four major f i l t e r - t e s t methods used woi M-wid-2 

Method Test aerosol 
Volume average 
diameter of aerosol 

Aerosol 
measurement 

U. S. ASHRAE atmospheric dust, 
solid aerosol 

variable 
0.5 - 1.0 Mm 

aerosols first 
collected on filter 
sample and measured 
by optical 
extinction of dirty 
filter 

British NaCl 

U. S. DOP 

nebulizing NaCl 0.35 um 
water solution, 
solid aerosol 

thermal-generated 0.30 um 
DOP, liquid 
aerosol 

French uranin nebv'izing uranin 0.12 ym 
water solution, 
solid aerosol 

flame photometer 
measures aerosols 
directly 

light-scattering 
photometer measures 
aerosols directly 

aerosols first 
collected on filter 
sample; uranin 
dissolved from 
filter and measured 
by fluorirnetry 

O.10 

0.08 

I 0.04 h 

0.02 -

Uranin 

ASHRAE 
=lfi. 

0.1 0.2 0.3 0.4 
Particle diameter, pm 

0.5 

F ig . 1 Comparison of four major f i l t e r - t e s t methods showing the port ion of 
t l ie f i l t e r - p e n e t r a t i o n curve measured by each technique. 



and have superimposed the approximate size ranges of the tes t aerosols used i n 
the various f i l t e r - t e s t methods. Note tha t the di f ference in the average 
p a r t i c l e size resu l ts in considerable va r ia t ion in measured penetrat ions. 
Since the aeroso?s l i s t e d in Table 1 also have a broad range o f p a r t i c l e s izes , 
f i l t e r - p e n e t r a t i o n tests thus represent, at best, an average penetration 
integrated over the pa r t i c l e - s i ze range. 

THEORY OF PRESENT FILTER TEST METHODS 

The basic problem wi th present f i l t e r - t e s t methods i s that the measured 
f i l t e r penetrat ion, P H , varies with the number o f par t i c les in a given size 
range, r , designated as N(r) [o r the pa r t i c l e - s i ze d i s t r i b u t i o n ] , and the 
instrument response func t ion , R ( r ) . 

In general , the way i n which the instruments in Teble 1 respond var ies 
approximately wi th the volume o f p a r t i c l e s , although the l i g h t - s c a t t e r i n g 
photometer and the op t i ca l - ex t i nc t i on meter depart the most from a t rue 
measurement of volume. The measurement of aerosols sampled before the f i l t e r , 
Mg, there fo re , i s an integated measurement of the product o f N(r) and fi(r): 

M B = f°°N(r) R(r) d. , 
" lo ( 1 ) 

where r is the particle size. This measurement of aerosols sampled before the 
f i l t e r is i l lustrated in Fig. 2, where we have plotted relat ive 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 larger particles in the t a i l of the 
particle distr ibut ion. 

The measurement of aerosols sampled after the f i7 ter requires an 
additional factor to take into account that the f i l t e r has removed particles 
and thus has altered N(r). The particle-size distr ibution of aerosols sampled 
after the f i l t e r is the product of f i l t e r penetration, Pp(r), defined by the 
fraction of particles passing through the f i l t e r , vid the i n i t i a l particle-size 
distr ibut ion of aerosols before the f i l t e r , N(r). Figure 3 i l lustrates this 
type pf particie-size distr ibution. The measurement of aerosols sampled after 
the f i l t e r , M», is 
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j — • r i 
N(r) 

va
lu

es
 

/ \ s { r ] 

1 / \ / a / ^r^"^ 
• ^ X ^ \N(r) B«r) 

0.01 0.1 1.0 
Particle radius, r, jim 

10.0 

Fig. 2 The measurement of a typical heterodisperse 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, 
sumnec; over all particle sizes. 

0.01 0.1 1.0 
Particle radius, r, (im 

10.0 

Fig. 3 The particle-size distribution of aerosols sampled after the filter 
equals the particle-size distributions before the filter, N(r), multiplied by 
the filter penetration, Pp(r). 
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M, = rN(r)P F(r)R(r)dr , (2) 
to 

and i s i l l u s t r a t e d in F ig . 4 where we have p lo t ted the curves fo r the p a r t i c l e -
s ize d i s t r i b u t i o n of aerosols a f ter the f i l t e r , N ( r ) P F ( r ) , R ( r ) , the product 
of al1 three terms. 

The complete f i l t e r - p e n e t r a t i o n measurement! P H , i s 

P i _ 
r°N(r)PF(r)R(r)dr 
Jo 

M B r W ( r ) d r ' (3) 
Jo 

The primary e f f e c t of a widely ranging pa r t i c l e - s i ze d i s t r i b u t i o n is an 
underestimation of the actual f i l t e r penet ra t ion, P F , by the measured 
penetrat ion, P M , (or conversely, an overestimation o f the f i l t e r e f f i c i e n c y ) . 
We would l i k e to be able to measure the f i l t e r penetrat ion d i r e c t l y , and that 
is only possible i f we have monodisperse pa r t i c l es . In that case, the siz = 
d i s t r i b u t i o n funct ion becomes a del ta func t i on , s f r - r p j , where r Q is the 
monodisperse s i ze . 

In order to avoid t h i s overestimation of f i l t e r e f f i c iency in U. S. c e r t i ­
f i c a t i o n tes ts on HEPA f i l t e r s , a large and complex vaporizer/condenser is 
used t o generat Tionodisperse aerosols. Recent f i nd ings , however, have shown 
that OOP is not a monodisperse aerosol . 

POP F i l t e r - C e r t i f i c a t i o n Test and F i l t e r Penetrat ion 

Several invest igators have found recent ly tha t OOP aerosols in the HEPA-
f i l t e r - c e r t i f i c a t i o n tests are not monodisperse 0.3-nm-diameter pa r t i c les as 
had been assumed, but ra ther , heterodisperse aerosols wi th a count median 
diameter of O.lSwm and a geometric standard deviat ion of 1.4. There was 
serious concern t h a t , because of the heterodispersion of t h i s aerosol , the 
measured values of f i l t e r penetration were underestimations o f the true f i l t e r 
penetrat ion [Pp(0 .3 ) ] . This concern was compounded when researchers also 
discovered tha t the "owl" p a r t i c l e - s i z i n g instrument gave the same reading for 
a large number of d i f f e ren t pa r t i c l e - s i ze d i s t r i b u t i o n s . 

The owl i s an instrument tha t measures the s ize of monodispt-se aerosols 
by measuring the r a t i o of scattered l i g h t at two po lar iza t ions . Parameters 
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i 1 I 

R(r) / 
8 / 
.= / ^ f > J 

f 
j 

ela
 

N(r)PF(r) - . / 
BE / \ / 

/ ^J^ > O s N ( r | P F ( r > R ( r > 
i - ^ ss^r^^^ \ > • « . 

0.01 0.1 1.0 
Particle radius, r, nm 

10.0 

Fig. 4 The measurement of aerosols sampled after the filter with a 
Single-valued detector (e.g., a photometer) equals the number of particles 
after the filter, N(r)P|r(r). multiplied by the instrument response, FJ(r), at 
each particle size, summed over all particle sizes. 
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that ront ro l the DOP-aerosol generator are adjusted un t i l the proper "owl" 
reading i s obtained corresponding to 0.3-ura-diameter pa r t i c l es . A f i l t e r -
penetrat ion measurement can then be made by measuring an aerosol sample with a 
l i g h t scat ter ing photometer berore and a f te r the f i l t e r . 

The owl 's problem wi th the discovery tha t OOP aerosols are not monoais-
perse is i t s i n a b i l i t y to uniquely define the par t i c le -s i ze d i s t r i b u t i o n and 
the possible underestimation of the f i l t e r penetrat ion. This is i l l u s t r a t e d 
in F ig . 5 where three pa r t i c l e -s i ze d i s t r i bu t i ons y i e l d the same owl reading. 
The broadest d i s t r i b u t i o n in F i g . 5 is representat ive of the DOP aerosols used 
in HEPA-cert i f icat ion tes ts . Hinds e t a l . have determined tha t the owl sees 
an average p a r t i c l e size weighted to the power 8 . 1 . 

where R(r) = the owl response to a pa r t i c l e of radius r and K, is a 
p ropor t iona l i t y f ac to r . 

Any number of pa r t i c l e - s i ze d i s t r i b u t i o n s , l i k e the ones in F i g . 5 tha t 
have the same weighted average size given by Eq. 4 , w i l l y i e l d the same owl 
reading. Thus, the v a l i d i t y of current OOP tes ts has been placed in question 
by the i n a b i l i t y of the owl to uniquely measure the pa r t i c le -s i ze d i s t r i b u t i o n . 

Owl Vs Laser Spectrometer Tests 

There i s a concerted e f f o r t to replace the owl in the present OOP t s s t 
wi th an instrument l i ke the PHS-laser spectrometer, an e f f o r t which we feel i s 
unwarranted i f f i l t e r penetrations are s t i l l measured w i th a l i gh t - sca t t e r i ng 
photometer. Independent tests wi th a PMS-laser spectrometer have shown that 
DOP aerosols have a broad range o f p a r t i c l e - s i z e d i s t r i bu t i ons wi th a s i g n i f i ­
cant number of par t i c les exceeding 0.3 yro in diameter. The concern is tha t 
these larger pa r t i c l es create deceiv ingly low HEPA-f i l ter penetrat ions; a small 
increase in the size of DOP aerosols w i l l r esu l t in a large decrease in f i l t e r 
penetrat ion (F ig . ! ) . He fee l that replacing the owl wi th a laser spectrometer 
may create serious problems wi th f i l t e r - e f f i c i e n c y t e s t s . 

Our own analysis of the DOP f i l t e r tes ts has shewn tha t the owl performs 
a complicated and necessary funct ion in the f i l t e r t e s t . The owl adjusts the 
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Fig. 5 Three different particle-size distributions that produced identical 
measurements of average size by the "owl." 
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par t i c le -s i ze d i s t r i b u t i o n so that the l i gh t - sca t t e r i ng photometer sees the 
heterodisperse DOP aerosol as monodisperse 0.3-um-diameter p a r t i c l e s . 
Figure 6 shows tha t the owl and the photometer have a s imi lar instrument 
response as a funct ion of pa r t i c l e diameter. Thus, as a f i r s t approximation, 
the photometer also sees the various pa r t i c l e - s i ze d i s t r i bu t ions shown in 
F ig . 5 as monodisperse 0.3-pm-diameter p a r t i c l e s . This is only an 
approximation, and, as F i g . 6 shows, the two curver do not overlap exact ly . 
The comparable equation for the photometer response is 

• W ' J - K , ! * 1 - (5) 

where K? is a p ropor t i ona l i t y constant. This equation is va l i d from 
diameters of 0.1 to G.4 um. I f the pa r t i c l es have j log-normal d i s t r i b u t i o n , 
then i t i s possible to calculate an equivalent monodisperse diameter that w i l l 
give the same readings on e i ther the photometer or the owl. The equivalent 
monodisperse diameters f o r the owl and the photometer are given by Eqs. 6 and 
7, respect ive ly : 

[6) 

(7) 

where D d is the count median diameter and a 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 tlie photometer. Figure 7 
shows the equivalent diameter plotted as a function of increasing heterodis-
persion for three cases. The two identified as D . = 0.3 and D . =0 , 2 
represent particle-size dis Hbutions in which the count median diameters are 
kept constant and the heterodispersion is allowed to increase. Note thet 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 

In D o w l = In Umi + 4.05 l n \ and 

In D p h p , = In D„, d = 3.1 ln2<7B 
, 
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sizes. 
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Aerosol geometric std. deviation, a 

Fig. 7 The equivalent photometer diameter calculated from Eq. 9 for three 
different particle-size distributions as a function of increasing 
heterodispersion. The particle-si^e distributions for two of the curves have 
a constant count median diameter, Dp^D, as the heterodispersion, erg, 
increases- The particle-size distribution for the owl with a 29" reading is 
Qetemi/ied from Eq. 7 ana shown in Fig. 5. 
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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 aerosols. We would therefore expect that the filter-
penetration measurement using heterodisperse aerosols having a photometer 
equivalent diameter of 0.3 vm would yield similar results to penetration 
meaci'-enients using monodisperse 0.3-um aerosols. 

To test this hypothesis, we computed the penetration of a HEPA filter 
using £q. 3 for various particle-size distributions, N(r), all having the same 
owl reading. Particle-size distributions with various t> . and <r were 
selected that had D o w l = 0.3 vm in Eq. 6. The filter-penetration 
function, Pp(r}t used in these calculations is the solid curve st^yn in Fig. 
8 that.represents a least squares best fit of a log-normal distribution to the 
experimental measurements shown as triangles. The best fitting log-normal 
curve is characterized by 0 . = 0.143 um and <r =1.47 The 
photometer response function R(r) used in these calculations is given by Eq. 5 3 which is derived from data presented by Tillery et al. Figure 9 shows 
that increasing the heterodispersion of particle size distributions that have 
the same owl reading of 29 degrees (Fig. 5 shows three of these distributions) 
causes only a small change in filter penetration. In contract, increasing the 
heterodispersion while maintaining a constant count medium diameter of 0.2 uin 
causes a major shift in the filter penetration. Tt*e purpose of measuring the 
particle size in DOP filter certification tests is to ensure that the filter-
penetration measurements are made with OOP aerosols having an effective 
diameter of 0.3 um. It is clear from Fig. 9 that the owl is better suited 
for ineasuring 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 challenge aerosol is 
specified to have a D d = O.Z vm and a <r• = 1,4. DOE is proposing 
that an aerosol-size spectrometer, either optical or electronic, be used for 
establishing these parameters. Although these aerosol-size spectrometers are 
ably 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 could 
arise with the replacement of the owl by an optical spectrometer. Only when 
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F i g . 8 Experimental penetrat ion of a HEPA f i l t e r as a funct ion of DOS 
p a r t i c l e diameter. 
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Aerosol geometric std. deviation, a 

Fig. 9 Calculated filter penetration using Eq. 3 as a function of increasing 
heterodispersion for various particle sire distributions, N(r). The curve for 
Owl 29° was calculated for particle size distributions satisfying Eq. 6 with 
D0wl = 0.3um. The curve for P C M p = 0% was calculated for particle 
size distributions having a constant 0^. 
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the <r is w i th in a narrow range of about 1,4 w i l l the f i l t e r e f f i c i enc i es 
obtained w i th a photometer have resu l t s comparable to that of using an owl . 
Recognizing the potent ia l error in speci fy ing the size of the DOP aerosol w i th 
a laser pa r t i c l e - s i ze spectrometer, the proposed OQE f i l t e r - t e s t standard w i l l 
continue to use the owl fo r measuring the DOP p a r t i c l e s ize. However, to avoid 
the ambiguity in the owl measurement seen in F i g . 5, DOE i s proposing tha t a 
laser pa r t i c l e -s i ze spectrometer be used to r e s t r i c t the pa r t i c l e - s i ze d i s t r i ­
but ion to tha t characterized by D c m d = 0.20 ± 0-05 and a = 
1.4 + 0 . 1 . As seen in F ig . 9, the owl and the laser pa r t i c l e - s i ze spect ro­
meter w i l l y i e l d the seme f i l t e r - p e n e t r a t i o n measureme"':s i n t h i s rag ion . 

The use of an aerosol-size spectrometer requires d i l u t i n g the concentrated 
aerosol to meet counting r e s t r i c t i o n s on o / t i c a l counters ana maintenance 
requirements in e lec t ron ic counters. The d i l u t i o n requirement i s tne most 
serious impediment to the use of a spectrometer since d i l u t o r s are notorious 
fo r los ing the larger-s ized pa r t i c l es . The loss o f even a small f r ac t i on of 
the larger p a r t i c l e sizes would produce a major er ror in the photometer 
measurement since i t s response i s heavi ly weighted toward the large 
p a r t i c l e s . However, w i th proper ca l i b ra t i on of the d i l u t e r , the measured 
pa r t i c l e -s i ze d i s t r i b u t i o n can be corrected f o r p a r t i c l e l oss . 

CURRENT DOP TEST ANO HEPA FILTER PENETRATION 

The current t e s t , as wel l as the proposed DOE method, fo r c e r t i f y i n g HEPA 
f i l t e r g rea t l y underestimates the penetrat ion of aerosols through HEPA f i l t e r s . 
The penetration of aerosols is more than ten times greater at 0.15 urn than at 

the 0.3 urn diameter at which h£PA f i l t e r s i.re testp<. (F ig . 8 ) . The se lect ion 
of 0.3 uni for tes t ing HEPA f i l t e r s was based on the theore t ica l and exper i -

4 
mental f ind ings of Langmuir and Blodgett f o r t y years ago, who showed tha t 
0,3 v i was the most penetrat ing p a r t i c l e s i ze . The concept of t es t i ng HEPA 
f i l t e r s at t h e i r most penetrat ing p a r t i c l e s ize is h igh ly desirable since the 
f i l t e r penetration in any appl icat ion w i l l never exceed that determined in the 
c e r t i f i c a t i o n t e s t . Unfortunately, the current HEPA c e r t i f i c a t i o n tes t f a l l s 

5 f a r short of t h i s goal . Moreover, recent f ind ings by Lee and Liu have shown 
t h a t the most penetrat ing p a r t i c l e s ize i s not a constant, but var ies wi th 
f i l t e r and operating var iab les. Th js , i t i s apparent that wi thout knowing the 

s ize of maximum penetration a p r i o r i , a f i l t e r - t e s t procedure must determine 
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the penetration curve over a range of pa r t i c l e sizes in order to determine the 
maximum penetrat ion. 

We developed a tes t fo r the rout ine maasurement o f f i l t e r penetration as a 
function of pa r t i c le size as shown in F ig . 8. The tes t uses heterodispcrse OOP 
asvosols generated with a Laskin nozzsl (or s imi lar l i q u i d ) , and a d i f f e r e n t i a l 
mob i l i t y analyzer coupled to a condensation nuclei counter and a laser par ' . ic le 
-ounter as pa r t i c l e -s i z ing instruments. A d i l u t i o n capab i l i t y of 1000;1 is 
required for the laser pa r t i c le counter to permit one par t i c le to be counted 
at a time- A complete descript ion of t h i s system is given in the next section 
on f i l t e r penetration as a funct ion of p a r t i c l e s ize . 

We suggest tha t our f i l t e r - t e s t system can serve as a model f o r developing 
a HEP.'-f i l ter c e r t i f i c a t i o n test based on the measurement of maximum 
penetrat ion. There are no major obstacles to the successful implementation of 
our f i l t e r - t e s t procedure. The aerosol generator, pa r t i c le -s i z ing instruments, 
and d i l u t o r are commercially ava i lab le . We have already developed the computer 
interface fo r rapid data acquis i t ion and data reduct ion. Moreover, a rout ine 
f i l t e r tes t can be conducted in less than two minutes i f the primary in te res t 
in the f i l t e r t es t is the re i ion of maximum penetrat ion. The tes t resu l ts 
shown in F ig . 8 took 10 minutes in order to accumulate su f f i c i en t pa r t i c l e 
counts in the outer wings o f the penetration curve. ' i believe that our f i l t e r 
t e s t system can be successful ly implemented in r " E f . I t e r - t e s t s ta t ions . 

DEVELOPMENT OF FILTER PENETRATION METHOD AS A FUNCTION OF PARTICLE SIZE 

INTRODUCTION 

Although f i l t e r - pene t ra t i on measurements based on the in tegrat ion over a 
broad range of pa r t i c l e sizes may be sat is factory fo r re la t i ve comparisons of 
f i l t e r s , they are hard to in terpre t when explor ing new f i l t e r concepts and 
developing prototypes. Representing the f i l t e r -pene t ra t i on curve with a single 
value i s a gross s imp l i f i ca t ion that hicas important capture mechanisms 
involved in aerosol f i l t r a t i o n . Moreover, the curve is not a f ixed one; i t can 
s h i f t t o smaller or larger pa r t i c l e s i z * s , become broader or more compressed, 
and change dramatical ly in magnitude with changes in a i r ve loc i t y , f i l t e r 
th ickness, f iber-packing dens i ty , f i be r s ize and o r i en ta t i on , and external 
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f o rces . In designing new f i l t e r media or experimental f i l t e r s , i t i s c r i t i c a l 
to obtain the en t i re curva of f i l t e r penetrat ion as a funct ion of p a r t i c l e 
s ize . 

We b u i l t a computerized f i l t e r - t e s t f a c i l i t y to support our development of 
e l e c t r i c a i r f i l t e r s . The unique features o f t h i s f a c i l i t y include a computer-
diagnost ic system and f i l t e r - t e s t apparatus tha t can determine f i l t e r 
e f f i c iency as a funct ion o f pa r t i c l e size f o r 0.01 to 3.0 um in diameter i n 
add i t ion to the stanaard in tegrated e f f i c i ency measurements ( t h i s f a c i l i t y 
w i l l be described in more de ta i l la te r on) . 

TEST AEROSOL GENERATION 

We used a va r ie ty o f t e s t aerosols, both monodisperse and heterodisperse, 
depending upon the tes t ob jec t i ve . Monodisperse aerosols are general ly used 
f o r ca l i b ra t i ng the pa r t i c l e - s i z i ng instruments, but they also are used f o r 
measuring f i l t e r penetrat ions. The most f requent ly used monodisperse aerosols 
are Uow Chemical's polystyrene la tex (PSL) spheres tha t cover a diameter range 
from 0.3 um t o 2 vm. (The lower s ize range is l im i t ed by debris aerosols 
in the residue whi le the upper s ize range i s l im i ted by low p a r t i c l e 
concentrat ion.) These monodisperse aerosols are generated by nebul iz ing a 
suspension of PSL spheres in water (alcohol may also be used f o r fas te r drying) 
with a Hr ight- type nebul izer. Monodisperse aerosols of NaCl, DOP, and 
methylene blue in a 1.0 pm-lO urn diameter rangeare made wi th a v i b ra t i ng -
o r i f i c e generator. A var ie ty o f l i q u i d or so l i d monodisperse aerosols may be 
generated using t h i s device provided tha t the material can dissolve in the 
so lvent . 

For monodisperse par t i c les in the 0.01 vr<- 1 J u m diameter range, we 
used a Thermal Systems, I n c . , Model-3071, e lec t i s t a t i c c l a s s i f i e r . This 
instrument extracts a narrow range of pa r t i c l e sizes from a heterodisperse 
aerosol by passing the aerosol through a column wi th an applied e l e c t r i c 
f i e l d . At a f i xed e lec t r i c f i e l d , only those par t i c les of a given s ize are 
ext racted through a s l i t i n the column. Smaller par t i c les are def lected in to 
the column wal l before reaching the s l i t whi le larger par t i c les are not 
s u f f i c i e n t l y def lected and so pass by the s l i t . A var ie ty o f monodispersc 
so l i d and l i q u i d aerosols can be generated by th i s procedure. Since the 
techniques f o r generating monodisperse aerosols described here are w e l l -
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established and are f u l l y documented elsewhere, we w i l l not describe the 
d e t a i l s . 6 ' 7 

He generated heterodisperse s o l i d aerosols of IfaCl by nebul iz ing a 1% by 
weight solut ion of NaCl in water using one or more Wright nebul izers. To 
minimize the increase in the s a l t concentrat ion due to evaporat ion, which 
increases the p a r t i c l e s i ze , the so lu t ion i s rec i rcu la ted through a large 
reservo i r . Heterodisperse l i q u i d aerosols were generated using a Laskin nozzle 
generator in which compressed a i r i s bubbled through the desired l i q u i d . The 
aerosols are produced as the bubbles bu rs t . Although any va r ie t y o f l i qu i ds 
may be used in t h i s generator, low-vapor-pressure o i l s l i k e OOP are general ly 
used to avoid t i e rap id evaporation of the small l i q u i d p a r t i c l e s . Both of 
these heterodispsrse aerosols have rather broad pa r t i c l e -s i ze d i s t r i bu t i ons 
characterized by mass median diameters of 0.8 Mm and geometric standard 
deviat ions o f 2 . 0 . 8 

We chose not to use dust feeders in our f i l t e r tes ts even though a va r ie t y 
dust feeders are commerically ava i lab le . Oust feeders generate heterodisperse 
aerosols that have mass median diameters greater than 5 pm and these large 
pa r t i c l es sizes are fa r removed from the maximum f i l t e r penetrat ion. 

DETERMINATION OF FILTER PENETRATION WITH MONODISPERSE 
OR HETERODISPERSE AEROSOLS 

I f monodisperse aerosols are used to measure the f i l t e r penetrat ion curve, 
then a sequence of monodisperse aerosols i s generated at increments o f p a r t i c l e 
sizes s u f f i c i e n t to def ine the curve. F i l t e r penetrat ion i s then obtained at 
each p a r t i c l e s ize by measuring the aerosol concentrat ion before and a f te r the 
f i l t e r using a single-valued detector ( F i g . 10). A var ie ty o f aerosol genera­
t i on techniques and part icle-measuring instruments can be used w i th 
monodisperse aerosols. 

However, i f heterodisperse aerosols are used, the f i l t e r - p e n e t r a t i o n curve 
can be obtained in a s ingle step by measuring pa r t i c l e concentration as a 
funct ion of s ize before and a f te r the f i l t e r using an aerosol spectrometer. 
Figure 11 i l l u s t r a t e s the key features o f t h i s approach. Various techniques 
f o r generating heterodisperse aerosols and measuring the p a r t i c l e - s i z e 
d i s t r i bu t i on can be used in t h i s s i t u a t i o n . 
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F ig . 10 Schematic showing the key components of a f i l t e r - t e s t method using 
monodisperse aerosols and a s ingle valued detector . 
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F ig . 11 Schematic showing the key componentj of a f i l t e r - t e s t method using 
heterodisperse aerosols and a p a r t i c l e - s i x e spectrometer. 
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Theore t ica l l y , the determination o f f i l t e r penetration as a funct ion o f 
p a r t i c l e s i ze , Pp(r ) , i s ident ica l f o r both tes t methods. However, the 
requirement o f the pa r t i c l e - s i ze d i s t r i b u t i o n to become a del ta funct ion 
4 ( r - r Q ) at each size r Q 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 f i l t e r 
penetrat ion i s summarized in Table 2. 

In making an overal l camparison between f i l t e r - t e s t methods based on 
monodisperse and heterodisperse aerosols, we view the monodisperse method as 
labor- intensive and the heterodisperse method i s hardware-intensive. The 
sequencing o f a series of monodisperse aerosol generators fol lowed by f i l t e r -
penetration tmsswements is extremely tim-cofistMtirtg anil does not reaeiiiy lend 
i t s e l f t o automation. In cont ras t , aorosol-s ize spectrometers automatical ly 
measure the aerosol concentration as a funct ion of p a r t i c l e s i ze . Taking the 
r a t i o of these measurements of samples co l lected before and a f te r the f i l t e r 
provides d i rec t f i l t e r - p e n e t r a t i o n measurements. We shall discuss th i s idea 
fu r the r now. 

Monodisperse Aerosols in F i l te r -Penet ra t ion Measurements 

For a f i l t e r - t e s t method using monodisperse aerosols, the generation of 
aerosols has a number of problems that make th is approach unsuitable f o r 
determining f i l t e r penetration as a funct ion of pa r t i c l e diameter from 0.01 to 
3.0 um. As shown in Table 2, the use o f monodisperse aerosols fo r 
determining f i l t e r - p e n e t r a t i o n curves requires mul t ip le generators, has a low 

output concentrat ion, and is not monorfi'sperse over tne en t f re par t fe fe -s fze 
range. Mul t ip le generators are required to produce monodisperse aerosols at 
s u f f i c i e n t size increments to cover the range from 0.01 to 3.0 u m. This 
requirement not only adds to the complexity of t h i s f i l t e r - t e s t method, but i t 
also makes th i s method extremely time-consuming since each aerosol generator 
requires several minutes to s t a b i l i z e once is has been turned on. Even i f a l l 
of the aerosol generators are operating continuously while the output of only 
one generator i s used at a t ime, the time required to purge aerosols from t^e 
f i l t e r - t e s t apparatus, sample l i n e s , and detector for each new aeroscl adds 
appreciably to the t o t a l tes t t ime. 
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Table 2. Comparison of filter-penetration measurements from 0.01 to 3.0 um 
particle diameter using heterodisperse or monodisperse aerosols. 

Instrument 

Aerosol generator 

Aerosol detector 

Penetration measurement 

Monodisperse 

o multiple generator 
o low concentration 
o not ntonodisperse 

over entire range 
o one or more single-

valued detectors 
o two-step raetbod: 

aerosol size is fixed 
by generator and then 
concentration is 
measured by detector 

o time-consuming 

Heterodisperse 

o single generator 
o high concentration 

o two aerosol-size 
spectrometers 

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

o fast 
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Monodisperse-aerosol generators also have a low output concentration that 
l i m i t s t he i r appl icat ion in f i l t e r tests to those f i l t e r s having e f f i c i enc ies 
below 99%. This l i m i t a t i o n is due to the i n s u f f i c i e n t number of pa r t i c l es 
penetrat ing the f i l t e r for a concentration measurement. The major problem w i th 
monodisperse aerosols, however, i s tha t they are not monodisperse over the 
pa r t i c l e - s i ze range from 0.01 to 3.0 pm in diameter. 

Any of the techniques fo r generating monodisperse aerosols described 
ea r l i e r can be used for determining f i l t e r penetration as a funct ion o f 
p a r t i c l e s i z e . These techniques include the use of PLS, e l e c t r o s t a t i c 
c l a s s i f i e r s , and v i b r a t i n g - o r i f i c e generators (VOG). Another technique that i s 
f requent ly c l a s s i f i e d as « monodisperse generator i s a condensation aerosol 
generator fo r producing low-vapor-pressure l i q u i d aerosols. The OOP generators 
used i n c e r t i f y i n g HEPA f i l t e r s belong to t h i s class of aerosol generators. 
Again, as mentioned above, these condensation aerosols are not t r u l y 
monodisperse and introduce an er ror in the f i l t e r - p e n e t r a t i o n measurements. 

"Quasi-Monodisperse" Aerosols 

Lee and Liu measured f i l t e r - p e n e t r a t i o n curves using a condensation D0P-
aerosol generator as a source of "quasi-monodisperse" aerosols covering a range 
of pa r t i c l e sizes from 0.035 jnn to 1.3 urn in diameter. Pa r t i c l e s i ze 
was cont ro l led by the concentration of DOP in alcohol solut ions which var ied 
from 0.005% to 100%. In th i s technique, r e l a t i v e l y monodisperse DOP aerosols 
were produced by atomizing a given s o l u t i o n , heating the resu l t i ng hetero-
aisperse aerosols u n t i l they vaporized, and then rap id ly cool ing the vapor to 
form "quasi-monodisperse" aerosols. Lee and Liu have used 11 d i f f e ren t 
solut ions to cover the pa r t i c l e - s i ze range. Although these aerosols have 
r e l a t i v e l y narrow size d i s t r i b u t i o n s , they s t i l l have s i gn i f i can t geometric 
standard deviat ions ranging from 1.69 at 0.035 jim to 1.15 a t 1.3 u"1 

diameter. I t i s noteworthy t ' -at Lee and Liu observed o = 1.37 at 
0.3 pm diameter wn:ch is nearly iden t ica l to the values observed fo r DOP 
aerosols in the DOE f i l t e r - t e s t - c e r t i f i c a t i o n labora tor ies . They used an 
commercially avai lable e lec t r i ca l -aeroso l detector to detect aerosol 
concentrat ion before and a f te r the f i l t e r fo r penetration measurements. This 
instrument had a response funct ion that increased approximately l i n e a r l y w i th 
p a r t i b l e s i z e . 
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There are three major problems with Lee and Liu's approach for determining 
f i l ter-penetration curves.. F i rs t , the aerosols are not monodisperse and so 
present problems similar to those described in vhe previous section on the OOP 
HEPA-filter-certi, ication 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 part ic le size than does the optical 
photometer. (This effect w i l l be discussed in greater detail in the section 
on aerosol aetectors.) I ronical ly, the use of monodisperse aerosols in f i l t e r 
tests also requires particle-sizing instruments to establish the size of the 
"quasi-monodisperse" aerosol, thereby eliminating the need for rnonodisperse 
aerosols. In the OOP HEPA-filter-certification tests, an "owl" is required to 
determine the size of the DOP aerosols, Out i t cannot be used for penetration 
measurements. 

A second problem with the "quasi-monodisperse" aerosol generator is the 
l imitation of particle sizes to less than 1.3 pm in diameter. This is only 
a serious problem for low-efficiency f i l t e r s operating at low air flows where 
much of the penetration curve fa l ls beyond 1.3 vm in diameter. 

The tnird and perhaps the most serious problem is the excessive amount of 
tiiTie required to generate a stable monodisperse aerosol and to sample before 
and after the f i l t e r for each of the different size aerosols. Monodisperse 
aerosol generators suffer from low concentration and background heterodisperse 
aerosols. 

Monodisperse Aerosol Generators 

Except for the condensation aerosols discussed above, the generation of 
"monodisperse" aerosols over the size range of 0.01 to 3,0 u m in diameter 
requires at least two different types of generators because of the limited 
size range of each generator. An electrostatic classif ier is needed to produce 
monodisperse aerosols in the 0.01-G.l-pm diameter particle-size range; i t 
does this by extracting a sl ice from a heterodisperse aerosol source. Above 
0.1 urn, the classif ier produces increasingly heterodisperse aerosols because 
of the unavoidable multiple charges on the aerosols, since the electrostatic 
classif ier extracts a sample frcn a heterodisperse aerosol, a variety of solid 
or l iquid aerosols may be generated. The electrostatic classif ier i:; a 
convenient source of monodisperse aerosols from 0.01 to 0.1 jim in diameter 
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since the selected size can be quick ly changed by e lectronic means. 
Unfortunately, the output concentration i s so low tha t only r e l a t i v e l y poor 
f i l t e r s can be tested and only at small f low rates to minimize the d i l u t i o n 
e f f e c t . The extreme e f fec t o f t h i s d i l u t i o n is i l l u s t r a t e d by d i l u t i n g the 
1 l i t e r / m i n output from the c l a s s i f i e r w i th 28,300 l i t e r / m i n in a t yp i ca l 
f i l t e r t e s t . 

PSi. aerosols can be used as a source o f monodisperse aerosols from 0.3 to 
3.0 nm in diameter. But, although the spheres themselves are monodisperse, 
the aerosol generated from the la tex suspension is no t . Figure 12 shows the 
size d i s t r i bu t i on o f the aerosol generated from the atomization of 0.796-um 
diameter latex spheres in a water suspension. As seen in F ig . 12, the aerosol 
has a very broad size d i s t r i bu t i on with a logar i thmica l ly increasing concentra­
t i o n with decreasing pa r t i c l e s ize and a sharp spike that represents the la tex 
spheres. The large increase in pa r t i c l e concentration below the 0.5-um-
aiameter range i s produced p r imar i l y from the agents used to s tab l i ze the latex 
spheres. Although these background aerosols can be reduced by various 
techniques, they s t i l l dominate the smaller p a r t i c l e sizes and thu i l i m i t the 
use of latex spheres to pa r t i c l e sizes above 0.5 pm in diameter. 

Figure 12 also shows a second but much smaller spike a t 1.0 vm that 
represents sphere doublets Sphere doublets and t r i p l e t s are produced when the 
latex suspension is too concentrated and more than one sphere i s present i n the 
atomized droplets . Although sphere doublets are a potent ia l source of er ror 
when using latex spheres as sources of monodisperse aerosols, t h i s problem is 
eas i ly corrected by r e s t r i c t i n g the concentration o f latex in the suspension. 
Unfortunately, l i m i t i n g the latex concentration in the suspension resu l t s in a 
low output concentration that l i m i t s the use of these aerosols to low 
e f f i c iency f i l t e r s . 

Par t i c le -S ize Measurement Shi f ts wi th Optical Counters 

The use of monodisperse la tex spheres in f i l t e r tests recent ly i-ecommended 
by Oavies requires a pa r t i c l e - s i ze analyzer such as an op t ica l pa r t i c le counter 
coupled with a pulse-height analyzer. A single-valued detector that i s 
sens i t i ve over the en t i re size range of in te res t cannot be used because of the 
presence of a large concentration of small background aerosols. Even detectors 
1 ike l i gh t - sca t t e r i ng photometers tha t are more sens i t ive to larger par t i c les 
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Fig. 12 Particle-size distribution generated from atomizing a suspension of 
0.797-^m latex spheres. 
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cannot be used fo r latex spheres below 1.0 urn because o f the interference 
from the background aerosols. Although the photometer response to the small 
background aerosols i s very smal l , the large numbe'- of these aerosols resu l ts 
in a s i g n i f i c a n t s ignal and produces an errcneous f i l t e r penetrat ion. 

Although the use of monodisperse latex spheres at f i r s t glance appears to 
be an a t t r ac t i ve method fo r f i l t e r - p e n e t r a t i o n measurements, the requirement of 
a pa r t i c l e -s i ze analyzer leads to the i ron ic conclusion that monodisperse latex 
spheres are no longer necessary. Any heterodisperse aerosols could be used 
with the added benef i ts of a s ing le aerosol generator which can produce a high 
concentration of aerosols. 

There are addi t ional problems w i th the use of op t i ca l p a r t i c l e counters 
for measuring f i l t e r - p e n e t r a t i o n of latex spheres. These problems stem from 
the i n a b i l i t y of op t ica l p a r t i c l e counters to measure narrow s ize d i s t r i bu t i ons 
accurately. Monodisperse latex par t i c les may be counted in larger or smaller 
s ize channels due to any one of several reasons, inc luding l im i t a t i ons in 
e lect ron ic-s ignal processing, coincidence, and interference from uncountable 
p a r t i c l e s . These are general l im i ta t i ons and may apply both to c lass ic op t ica l 
counters as wel l as to laser op t ica l counters. Small sh i f t s in the measured 
p a r t i c l e s ize due to any of these problems can r e s u l t in large e r ro rs in the 
calculated f i l t e r penetrat ion. 

A potent ia l cause o f p a r t i c l e - s i z e s h i f t s is a s h i f t i n the signal 
baseline voltage that may occur at high par t ic le-count ra tes . Although t h i s 
s h i f t i n the baseline signal i s extremely small and i s barely not iceable fo r 
even monodisperse aerosols, the s h i f t can create major problems in f i l t e r -
penetrat ion measurements. Figure 13 shows the pa r t i c l e - s i ze d i s t r i b u t i o n of 
aerosols generated by nebul iz ing a water suspension of 0.797-pm-diameter 
la tex spheres; the higher-concentration latex sample i s sh i f ted toward smaller 
pa r t i c l e s izes. Major errors in f i l t e r penetration occur as a resu l t o f these 
s h i f t s (F ig . 14). 

We t r i e d to compensate for the experimental s h i f t i n the p a r t i c l e s ize by 
a r t i f i c i a l l y sh i f t i ng the upstream size d i s t r i b u t i o n curve u n t i l the two latex 
peaks matched a t 0.742 vm. The recomputed percent penetration as a funct ion 
of p a r t i c l e diameter is shown as the dotted curve in F i g . 14. Although the 
corrected penetration curve i s much be t te r , i t s t i l l shows s i g n i f i c a n t 
f l uc tua t i ons . Figure 14 also shows the penetration curve when using hetero­
disperse DOP aerosols using both a Thermo Systems, Inc. e l ec t r i ca l aerosol 

33 



1000 

2 1 0 ° 
E 

10 

0.1 

0.363 fim 
- 0.478 jim-* V 

J — • ' • • • ' 

0.1 1.0 10.0 
Particle diameter, urn 
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curve) and for the case where a correction was made (dotted curve). The 
dashed curve shows the penetration for heterodisperse OOP aerosols as a 
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analyzer and t i e same Climet op t i ca l counter. Note that the heterodisperse 
OOP aerosol d id not show the same e r r a t i c behavior as occurred wi th 
monodisperse PSL. Although sh i f t s in p a r t i c l e size most l i k e l y occurred f o r 
the heterodisperse OOP aerosols also, the gradual change in p a r t i c l e 
concentration with size minimized any errors in the calculated penet ra t ion. 

Another potent ia l source f o r a s h i f t i n pa r t i c l e - s i ze d i s t r i bu t i ons fo r 
op t ica l pa r t i c l e counter is due to coincidence whenever two or more pa r t i c l es 
in tersec t the I i>jht beam a t the same t ime. When t h i s occurs, Ihe p a r t i c l e 
counter does not "see" two smaller sized p a r t i c l e s , but ra ther , a s i ng le , large 
p a r t i c l e . The e f fec t o f coincidence on the measured pa r t i c l e - s i ze d i s t r i b u t i o n 
i f to reduce the number o f small par t ic les and increase the number o f large 
p a r t i c l e s . 

We i l l u s t r a t e d t h i s trend i n F ig . 15 where we p lo t ted tne p a r t i c l e - s i z e 
d i s t r i bu t i ons f o r thre ' i d i f f e ren t concentrations of the same heterodisperse 
NaCl aerosol . The concentrations we1"? var ied by d i l u t i n g the aerosol w i tn 
f i l t e r e d a i r . We obtained these data wi th the laser pa r t i c l e counter, Model 
ASAP-300, from P a r t i c l e Measuring Systems, Inc . Note tha t as t^e aerosol 
concentration increases, the size d i s t r i bu t i on changes dramatical ly from a 
decreasing concentration with size to an increasing concentration w i th s i z e . 
At intermediate concentrat ions, the aerosol appears to have a maximum concen­
t r a t i o n around 0.25i im in diameter. Such major changes in the pa r t i c l e - s i ze 
d i s t r i b u t i o n would lead to serious errors in f i l t e r - p e n e t r a t i o n measurements 
even when using heterodisperse aerosols. However, even s l i gh t changes in the 
p a r t i c l e - s i z e d i s t r i b u t i o n due to coincidence would lead to major e r ro rs when 
using raonodisperse aerosols. 

Another potent ia l cause f o r sh i f t s in p a r t i c l e - s i z e measurements w i th 
op t ica l p a n i c l e counters is due to the generation o f countable pulses by high 
concentrations o f non-countable, undersized p a r t i c l e s . Whitby and Liu have 
shown that the size of PSL par t i c les w i l l s h i f t t o large channels when there 
i s a large concentration o f pa r t i c les below the minimum detectable size of the 
p a r t i c l e counter. They have shown that 0.9-iim-diameter latex spheres 
w i l l be sh i f ted to 1.05 »m at moderate concentrations and to 1.5 urn a t high 
concentrations of non-countable aerosols. This s h i f t presents a major problem 
when latex spheres are used in f i l t e r - p e n e t r a t i o n tes ts since the upstream 
pa r t i c l e measurement w i l l generally be sh i f ted to a greater extent than the 
downstream measurement. 
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Fig. 15 Changes in particle size distribution measured with a laser particle 
counter when the same aerosol fs measured at increasing concentrations. The 
drastic changes in size distribution are due to 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 filter 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. Vhis 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 aerosols can be minimized, hetero­
disperse aerosols are better for filter testing. The error in 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 
aerosols 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 aerosols only and sample the downstream concentration 
directly. This approach allows a sufficiently high concentration of aerosols 
sampled after the filter so that measurements can be made in a reasonable time. 
Integrating the counts over a range of particle sizes also 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 equivalent "quasi-
monod is perse|: 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 encounte-ed in measuring 
the filter penetration of PSL spheres with optical particle counters apply to 
any monodisperse aerosol. Thus, monodisperse aerosols generated by a VOG would 
also yield large fluctuations in filter penetration. In contrast to the PSL 
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spheres, however, the aerosols produced by the TOG do not have a large concen­
t r a t i o n of submicron background aerosols, and single-valued detectors, l i k e a 
photometer or e l ec t r i ca l aerosol detector , may be used in place of the op t i ca l 
p a r t i c l e counter. 

The fundamental problem wi th f i l t e r - t e s t methods based on monodisperse 
aerosols is the lack of t r u l y monodisperse aerosols between 0.1 and 1.0 uoi 
i n diameter. The heterodispersion of the PSL aerosols (see F ig- 12) has 
necessitated the use of an aerosol-;; !ze spectrometer in place o f the s ing le -
valued aetector . As previously pointed o u t , i f an opt ica l p a r t i c l e counter i s 
used, then monodisperse aerosols are no longer requi red. In f a c t , the mono­
disperse aerosols great ly magnify the e r ro rs made by op t ica l p a r t i c l e counters. 

Although i t is possible to accomodate the heterodisperse nature o f the PSL 
l a t ex aerosols or the condensation aerosols by accepting a degree of er ror in 
f i l t e r - p e n e t r a t i o n measurements, the charac te r i s t i c low aerosol concentrat ion 
and the excessive time requirements make use o f monodisperse aerosols 
impract ical f o r f i l t e r t e s t i n g . We have previously described how each p a r t i c l e 
s ize in the condensation aerosol generator requires a separate so lu t ion having 
a spec i f i c concentration o f o i l . To obtain a f i l t e r - p e n e t r a t i o n curve as a 
funct ion of p a r t i c l e s i ze , each so lut ion has to be connected to the 
condensation aerosol generator and penetrat ion measurements are made, one at a 
t ime . This i s extremely time-consuming. 

For PSL spheres, t h i s time-consuming process can he el iminated by placing 
a l l of the d i f f e r e n t la tex sizes in a s ing le suspension. An opt ica l counter 
can then measure the f i l t e r penetration fo r al ~< o f the la tex sizes at the same 
t ime . Figure 16 shows the pa r t i c l e - s i ze d i s t r i b u t i o n generated from a water 
suspension of 0.797-, 1.09- and 2.02-wm diameter spheres. Figure 17 shows 
tne percent f i l t e r penetrat ion derived from the concentration measurements. 
The large spikes in the penetration curve were caused by the s l i g h t s h i f t s in 
p a r t i c l e s ize between the upstream and downstream concentration measurements. 

Thsse sh i f t s in pa r t i c l e - s i ze measurements were due to the i n a b i l i t y of 
t h e logar i thmic ampl i f ie r (Nuclear Data, Par t i c le -S iz ing Ampl i f ie r ) to restore 
the baseline a f te r process'ng one pulse. The baseline o f f se t caused the 
p a r t i c l e s ize to s h i f t to smaller values wi th increasing p a r t i c l e concentra­
t i o n . This type of s h i f t is opposite to the sh i f t s in pa r t i c l e size due to 
coincidence or non-countable pulses where the s h i f t i s toward large sizes wi th 
Increasing concentrat ion. By replacing the logar i thmic ampl i f ie r w i th an 
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Fig. 17 Filter penetration calculated from the concentration measurements in 
Fig. 16. The large spikes are due to the small shifts in the measured 
particle size before and after the filter caused by an electronic baseline 
shift at higher count rates. 
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improved baseline restorer {MVP Elec t ron ics , wideband, OC-Coupled log video 
Amp l i f i e r ) , we s i g n i f i c a n t l y reduced the s h i f t in p a r t i c l e s izes . Figure 18 
-hows the improved penetration curve fo r the aerosol containing 0.797-, 1.09-
and i.OZ-gm spheres. 

Despite considerable t ime-saving in simultaneously measuring the 
concentration o f a l l the monodisperse latexes, F igs. 16 through 18 show tha t 
the def ic iencies in f i l t e r t es t i ng w i th monodisperse aerosols are corrected 
only by making the monodisperse aerosols look l i k e heterodisperse aerosols. 
I t is c lear tha t i t i s be t ter to use heterodisperse aerosols d i r e c t l y . 

The key factors making the use o f heterodisperse aerosols more a t t r a c t i v e 
than monodisperse aerosols are the high aerosol concentration and the f a s t 
penetration measurements (Table 2 ) . Aerosol generators are commercially 
ava i lab le tha t can produce high concentrations of heterodisperse s o l i d or 
l i q u i d aerosols. As previously discussed, a high concentration of aerosols i s 
necessary to provide a s u f f i c i e n t concentration of aerosols downstream of the 
f i l t e r for rap id measurement. A Laskin nozzle is general ly used to generate 
heteroa is perse o i l aerosols whi le a large var ie ty o f d i f f e r e n t nebul izers can 
be used to generate so l i d aerosols from a so lu t i on . 8oth o f these generators 
produce a high concentration of aerosols over the p a r t i c l e - s i z e range around 
the maximum f i l t e r penetrat ion. By measuring the aerosol s ize and 
concentration in one step wi th a aerosol-size spectrometer, f i l t e r penetrat ion 
can be rap id ly computed from the r a t i o o f the aerosol concentrations a t each 
p a r t i c l e s ize before and a f te r the f i l t e r . 

COMPUTERIZED FILTER-TEST FACILITY 

We w i l l break from our discussion o f f i l t e r - p e n e t r a t i o n measurements as a 
funct ion of p a r t i c l e s ize to describe our unique, computerized f i l t e r - t e s t 
f a c i l i t y . Because o f the major advantages of using heterodisperse aerosols and 
pa r t i c l e - s i ze spectrometers, discussei 1 in the l as t sec t ion , we designed our 
f a c i l i t y by these two ideas. Three f i l t e r - t e s t apparatus were b u i l t to 
support the de/elopment of e l e c t r i c a i r f i l t e r s : (1J one large-scale tes t 
apparatus for evaluat ing standard ven t i l a t i on f i l t e r s {610 mm X 610 mm; a t f low 
rates up to 2,000 cfm and (2) two small-scale tes t apparatus fo r evaluat ing 
f i l t e r media 203 mm in diameter at f low rates up t o 7 0 cfm. The two smal l -
sc ?e apparatus were used for fundamental studies ( to be discussed in a l a t e r 
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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. 
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section of t h i s repo r t ) . The large-scale, f i l t e r - t e s t apparatus was used f o r 
determining the performance o f experimental f i l t e r s under cont ro l led laboratory 
condi t ions. A l l three tes t apparatus were equipped w i th heterodisperse aerosol 
generators and pa r t i c l e - s i ze spectrometers f u l l y in ter faced to a L5I-17/23 
computer to permit rapid f i l t e r - pene t ra t i on measurements as a funct ion o f 
p a r t i c l e s i ze . 

We designed the large-sca le , f i l t e r - t e s t apparatus, shown in F ig . 19, 
according to ASHRAE spec i f icat ions intended for tes t i ng a i r condi t ioning and 
ven t i l a t i on f i l t e r s fo r bu i ld ings . In place o f the recommended dust feeder , 
we used e i the r Laskin nozzles fo r generating heterodisperse DES aerosol or 
Wright nebu l i z t rs fo r generating heterodisperse NaCl aerosols- We mounted 
s inple probes before and a f t e r the f i l t e r housing. Wa also placed a HEPA 
f i l t e r at the duct entrance to remove atmospheric aerosols. This f i l t e r - t e s t 
apparatus can measure f i l t e r penetration as a funct ion of pa r t i c l e diameter in 
approximately ten minutes. Larger f i l t e r uni ts can also be i ns ta l l ed in th i s 
f i l t e r - t e s t apparatus since the ven t i l a t i on duct i s modular, 

A schematic o f the two small-scale f i l t e r t es t apparatus is shown in 
F ig . 20. The major components of each system are an aerosol generator, a 
va lv ing system, a t e s t duct and f i l t e r assembly, diagnost ic instrumentat ion, 
and a variable-spaed blower. Typ ica l l y , vie atomize a 1% NaCl so lu t ion to 
proauce a hei-erodisperse aerosol having an aerodynamic mass median diameter of 
0.8 jim wi th a geometric standard dev ia t io ' o f 2. 

A f te r being generated, the aerosol passes through a valv ing system where 
d i l u t i o n a i r is introduced or oart c f the aerosol i s drawn away. Also, the 
aerosol may be iassed through charge neut ra l i zers of e lec t ros ta t i c p rec ip i t a ­
tors i f a more neutral aerosol is desired. The aerosol then enters an alumi­
num duct , passes through the f i l t e r undergoing t e s t i n g , and i s exhausted by a 
variable-speed blower. Flow rates of 14 to 2,550 l i t e r s / m i n can be obtained in 
any t e s t , corresponding t o ve loc i t i es at the f i l t e r face o f 0.83 to 149 a a / s . 

Figures 21 and 22 are photographs o f the two smal l -scale, f i l t e r - t e s t 
apparatus. The ve r t i ca l apparatus in F ig , 22 uses a down-flow design to 
minimize g rav i ta t iona l s e t t l i n g i n the tes t duct by larger sized p a r t i c l e s . 
Both tes t apparatus wpre designed to permit rap id inser t ion of a f i l t e r median 
by separating the central test duct at the sealing f lange. Probes mounted 
before and a f t e r the f i l t e r »ere used to br ing the aerosol samples to the 
computer instrumentat ion. 
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Fig. 19 Photoqraph of the large-scale filter test apparatus used to evaluate 
prototype filters up to 2,000 cfm. 
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Fig. 20 Schematic of the small-scale filter test apparatus. 
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F i 9 . 21 Photograph of first small-scale filter test apparatus used for 
fundamental filtration studies. 
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Fig. d2 Photograph of second small-scale filter test apparatus used for 
funoamental filtration studies. 
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FILTER PENETRATION TEST INSTRUMENTATION 

To measure f i l t e r e f f i c i ency , we used a Climet-208 p a r t i c l e analyzer, a 
Thermo Systems, I n c . , Model-3030, e l ec t r i ca l aerosol analyzer (EAA), and a 
Phoenix Precision Instruments, Model JM-7000, aerosol photometer. TheCl imet 
p a r t i c ' e analyzer measures p a r t i c l e s ize and concentration in the 0.3 vm to 
10 wm diameter range by forward l i g h t - s c a t t e r i n g from s ingle p a r t i c l e s . The 
EAA sizes aerosol par t ic les according to t he i r e l ec t r i c mob i l i t y in the 
0.01 w m to 0.5 urn s ize range. Both of these instruments sample upstream 
and downstream of the f i l t e r undergoing t es t i ng so tha t we can calculate the 
e f f i c iency as a funct ion of p a r t i c l e s i ze . The photometer produces an 
integrated l i gh t - sca t t e r i ng i n tens i t y from a l l aerosol par t i c les and qu ick ly 
indicates overal l f i l t e r performance. In addi t ion to p a r t i c l e s ize and 
concentration measurements, we can measure the t o t a l volumetric f low ra te 
through the f i l t e r wi th a Datametri'c, Model 770-9628, mass-flow meter and the 
pressure drop across the f i l t e r wi th a Barocel, Model 1174, e lec t ron ic 
manometer. Temperature and r e l a t i v e humidity are also monitored. 

ATI of these instruments are inter faced to an LSI-1 V23 computer that has 
128K core and uses the D ig i ta l Equipment Corporation (DEC) RSX-11M operat ing 
system. This system has mul t i -user and mul t i - task capab i l i t y . a , and i t can 
accept the simultaneous operation of both a i r - f l o w systems. The LSI-11/23 i s 
supported by many peripheral devices which include two Western Oynex XL 250-10 
hard disks w i th a combined storage capacity o f 20 megabytes anc a 500-byte 
Thinker Toy TT80DK-PSC f loppy d i sk . Other peripherals include two Tektronix 
4025 graphic-display terminals wi th 32K graphic and 32K display memory, a 
Tektronix 4631 hard-copy u n i t , a S i lent 700 keyboard te rmina l , and a Versatec 
Model 1100AL l ine pr in te r (F ig . 23) . 

I n i t i a l l y , we had only three instruments fo r aerosol incasurenients 
interfaced to the LSI 11/23: a Climet op t i ca l counter, an -IAA, and a 
1 igh t -scat te r ing photometer. These three instruments were interfaced to the 
computer in various ways depending upon t he i r type of output. The Climet 
output , consist ing o f pulses which are proport ional to p a r t i c l e s i ze , i s sent 
via a Nuclear Data PSA log Ampl i f ier to a Davidson Model 1056C pulse-height 
analyzer. Processing the log o f the scattered l i g h t pulses before pulse-height 
analysis is advantageous because only 128 char.nels are required to store the 
s ize d i s t r i b u t i o n from 0.3 H m to 10 pm diameter whi le s t i l l maintaining 
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adequate size reso lu t ion . The computer is able to contro l the s ta r t of pulse 
accumulation, the stop o f accumulation, and the s t a r t o f data output through 
the use of a DRV11 pa ra l l e l I/O card. Data out includes counts in each of 128 
channels ^nd i s read by the computer v ia a CLVll se r ia l I/O card a t a baud ra te 
of 9600. We la te r modified the Nuclear Data PSA to reduce the baseline s h i f t 
t h a t resul ted i n small s h i f t s i n p a r t i c l e s i z e , seen in F igs . 13 and 16 and the 
erroneous f luc tua t ions in f i l t e r penetrat ion seen in F igs. 14 and 17. 

The EAA data output i s i n the form o f an analog s ignal and a pulse 
ind icat ing the appropriate time to take an electrometer current reading. The 
analog s ignal is read through an ADAC Corporation Model-1012 sixteen-channel 
analog/d ig i ta l converter. In add i t i on , three contro l signals are provided: (1 ) 
a s . ^ . . ; ' r ese t , (2) a s t a r t s ignal sent to the EAA by the computer when i t i s 
time to i n i t i a l i z e the EAA cyc le , and (3) a signal from the EAA to the computer 
i nd i ca t i ng the time to read the analog s i g n a l . These control s ignals are 
handled through the DRV 11 pa ra l l e l I/O card . 

The t h i r d aerosol instrument, the aerosol photometer, has an analog signal 
fo r output. The signal is ampl i f ied and sent to the computer v ia the A/D 
conver ter . No control s ignals are required fo r t h i s device (F ig . 24). 

We developed a FORTRAN program code to allow the experimenter to 
accumulate, process, save, and p l o t s i ze -d i s t r i bu t i on and f i l t e r - p e n e t r a t i o n 
data. Besides rapid data analysis and p l o t t i n g , other key features include 
reduct ion o f the EAA data by Twomey methods and the combination of the EAA and 
Climet pa r t i c l e - s i ze d i s t r i bu t i ons in t h e i r region of overlap (0.3 - 0.5 ym). 
Program output includes prompts to the experimenter, status messages to the 
experimenter, hard-copy p l o t s , d i s k - f i l e data storage, and raw and reduced data 
1 is t ings on the 1ine p r i n t e r . 

An example o f the graphic output from a typ ica l measurement i s shown in 
Figs. 25 and 26. Figure 25 shows the concentration of NaCl par t i c les as a 
func t ion c f s ize fo r measurements o f aerosols sampled before and a f t e r the 
f i l t e r . Note tha t the EAA measures p a r t i c l e concentration only at cer ta in 
sizes set by the manufacturer, the resu l ts of which i s the sequence of l i n e 
segments snown in F ig. 25. In cont ras t , the Climet output has 128 s ize 
increments t ha t y i e l d a continuous s ize d i s t r i b u t i o n . Figure 25 also shows 
that the EAA concentration a t 0.5 pin diameter is s i g n i f i c a n t l y lower than the 
corresponding concentration measured by the Cl imet . The problem i s due to the 
EAA's i n a b i l i t y to measure par t i c les greater than 0.25 um in diameter. Af ter 
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the size d i s t r i bu t i on curves in F ig . 25 are generated, the computer calculates 
the f i l t e r penetration at each p a r t i c l e s ize by computing the r a t i o of the 
concentration before and a f te r the f i l t e r and gene'*ates the graph shown in 
F i g . 26. 

The graphic output can be improved by combining the two curves from the 
EAA and the Clfmet using a Spline f i t t i n g technique and disregarding the EM 
data beyond 0.25 ^m. Figures 27 and 28 show the s ize d i s t r i b u t i o n curves and 
the resu l tan t penetration curve we obtained wi th t h i s approach. These curves 
represent some o f the best data generated wi th EAA and CIimet instruments. 

D i f f e ren t i a l Mob i l i t y Analyzer and Laser P a r t i c l e Counter 

The EAA and the Climet had proved sa t i s fac to ry fo r most of our t e s t s . 
However, many tes ts showed extremely e r r a t i c r e s u l t s . The strange resu l ts were 
not caused by improper t es t procedures since near ly iden t ica l resu l t s were 
obtained in repeat tes ts under ca re fu l l y c o n t r o l 1 ^ condi t ions. We f e l t the 
e r a t i c resu l ts were due to tne EAA and the Cl imet. Because of the errors 
inherent in the EAA and the Cl imet , and the subsequent magnif icat ion of these 
e r r o r s , we concluded tha t the EAA was not we l l - su i ted fo r f i l t e r - p e n e t r a t i o n 
measurements. 

EAA Errors. Figures 29 and 30 show such an e r r a t i c t e s t . The s ize -
d i s t r i b u t i o n measurements in F ig . 29 appear to be reasonable, except fo r the 
EAA data at the smaller p a r t i c l e s izes . The concentration of aerosols sampled 
before the f i l t e r reaches a maximum and then drops sharply while the concentra­
t i o n of aerosols sampled a f t e r the f i l t e r continues to increase. The two 
curves eventual ly cross below 0.023 urn Suggesting a higher concentration 
a f t e r the f i l t e r than before. Computing the f i l t e r penetration from these 
curves produced the e r ra t i c resu l ts seen in F ig . 30. 

A f te r examining possible causes fo r these r e s u l t s , we concluded tha t the 
EAA could not always measure p a r t i c l n concentrations w i th s u f f i c i e n t accuracy 
f o r f i l t e r - p e n e t r a t i o n measurements, especia l ly a t low p a r t i c l e concentrat ions. 
Comparing the EAA measurements of aerosols sampled a f te r the f i l t e r in F ig . 29 
w i th the corresponding measurements in F igs . 25 and 27 suggested that the 
primary cause fo r the bad penetration resu l ts was an erroneously high 
concentrat ion measurement in F i g . 29. An analysis of the EAA operat ing 
p r i nc ip le and data reduction showed that the EAA is prone to s i gn i f i can t 
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Fig, n Improved graphic output showing concentration of NaCl aerosols before 
and after a filter using the EAA and Climet analyzers. 
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Fig. Z8 Improved graphic output showing filter penetration calculated from 
the measurements in Fig. 29. 
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F i g . 29 Typical example of e r r a t i c concentration measurements ma<je in a 
s ign i f i can t number of f i l t e r tes ts . 
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f i g . 30 F i l t e r penetration calculated from the e r r a t i c concentration 
measurements in F ig . 3 1 . 
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errors in measuring the concentration of pa r t i c l es below 0.1 \\Hi in diameter. 
We should point out tha t these er rors are s i g n i f i c a n t only in f i l t e r - t e s t i n g . 
For f i l t e r e f f i c iency tes.cs, the concentration at each pa r t i c l e size is 
important and any error w i l l be re f lec ted d i r e c t l y i n the calculated 
penetrat ion. 

The primary source of er ror in the EAA concentrat ion measurements i s due 
to the d i f f i c u l t y in ext ract ing p a r t i c l e concentrations w i th in a d i f f e r e n t i a l 
s i ze range from the integrated measurements over a cumulative s ize range. 
Figure 31 i l l u s t r a t e s the basic components o f the EAA pa r t i c l e - s i ze analyzer. 
A cumulative pa r t i c l e - s i ze d i s t r i b u t i o n i s obtained by measuring the concentra­
t ion of par t i c les ex i t i ng the cyl inder at each o f a sequence o f increasing 
voltage set t ings u n t i l a l l of the pa r t i c l es are trapped i n the cy l i nder . The 
EAA detector is an electrometer which measures the current generated by the 
charged par t i c les captured on a f i l t e r . Other detectors, such as condensation 
nuclei counter, can also be used in place of the electrometer. Posi t ion ing the 
detector at the e x i t o f the mobi l i ty -separat ing cy l inder allows us to determine 
cumulative size d i s t r i b u t i o n s . 

Pa r t i c l e - s i ze d i s t r i bu t i ons can be derived fr.nn cumulative measurements by 
f i r s t taking the d i f ference between the consecutive r.teasurements to get a 
d i f f e r e n t i a l measurement tha t i s proport ional to the p a r t i c l e concentrat ion 
w i th in a narrow p a r t i c l e - s i z e range. Par t i c le concentrations could be computed 
d i r e c t l y from these d i f f e r e n t i a l current measurements since the measured 
current is generated from the sum of the charges on the pa r t i c l es . I f each o f 
the par t i c les had a s ing le electron charge, then the number of par t i c les at 
each size in terva l could be eas i l y determined by mu l t ip ly ing the d i f f e r e n t i a l 
currents in a constant fac tor r e l a t i n g current to a number o f charges. 

Unfortunately, a l l o f the par t i c les do not have a s ing le electron charge. 
In f a c t , the number of pa r t i c les having a s ingle charge decreases rap id l y as 
the pa r t i c l e diameter decreases below 0.1 ym. Thus, the measurement o" an 
extremely small f r ac t i on of charged par t i c les i s used to determine the t o t a l 
number of p a r t i c l e s , the vast major i ty being uncharged. 

Any er ro rs made in measurements are magnified by the mu l t i p l i ca t i on of a 
large number that compensates fo r the decreased s e n s i t i v i t y to smaller 
p a r t i c l e s . I f t h i s er ror i s not the same fo r aerosol measurements before and 
a f ter the f i l t e r , then large errors w i l l be made in f i l t e r penetration 
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measurements. I t i s wel l -estab l i shed tha t the general approach of der iv ing 
d i f f e r e n t i a l data from cumulative data w i l l introduce s i gn i f i can t e r r o r s . 

D i f f e ren t i a l Mob i l i t y Analyzer (DMA). Fortunately, the DMA can obtain 
d i f f e r e n t i a l measurements o f par t i c le -s ize d i s t r i bu t i ons d i r e c t l y . Figure 31 
compares the essent ial features of the DMA wi th the EAA. Common to both is a 
precharger to charge the par t i c les and a column to separate the charged 
par t i c les in an e l e c t r i c f i e l d produced by a high-voltage source. The major 
d i f ference between the EAA and the GHA is the pos i t ion ing o f the p a r t i c l e 
detector . By placing the detector on the column w a l l , d i f f e r e n t i a l s ize 
dSstr i twt ions aca n«aswed (Syre t te . In t h i s p o s i t i o n , only ttrrose p w t i t i e s 
having a proper s ize w i l l be detected. Smaller par t i c les w i l l be def lected and 
trapped in the cy l inder before reaching the detector whi le larger pa r t i c les 
pass by. 

Although an electrometer could also be used wi th the DMA, i t i s be t te r to 
use a detec-or that can measure the par t i c le concentrations d i r e c t l y . This 
avoids the problem o f decreasing s e n s i t i v i t y to the smaller p a r t i c l e sizes and 
the use of the large correct ion factor f o r s e n s i t i v i t y . An ideal detector f o r 
t h i s appl icat ion i s the condensation nuclei counter (CNC), commercially 
avai lable from Thermo Systems, Inc. As in a l l condensation nuclei de tec tors , 
the TSI model i s based on xhe growth of small pa r t i c les in a chamber saturated 
with a l i q u i d and the subsequent detection by op t i ca l means. In contrast to 
other commercial instruments, the TSI model has the advantage o f both 
photometric detection a t h igh-par t ic le concentrations and s i ng le -pa r t i c l e 
counting a t low concentrat ions. Using a DMA coupled to a CNC allows the d i rec t 
measurement o f p a r t i c l e size d is t r ibu t ions without mathematical cor rec t ions . 

Laser P a r t i c l e Counter. We also replaced the Climet op t i ca l counter with 
a LAS-X laser pa r t i c l e counter obtained from Par t i c le Measuring Systems, I n c . 
This move was prompted by the i n a b i l i t y o f the e l e c t r i c a l detectors (both EAA 
and DMA) to accurately measure pa r t i c l e size d i s t r i bu t ions beyond 0.1 u m in 
diameter. Despite the manufacturer's claims tha t the e l ec t r i ca l detectors can 
measure pa r t i c l e -s i ze d i s t r i bu t ions ip to at least 0.5 nm in diameter, i f 
not more, we d id not f i n d tha t to be the case. As a resu l t o f several hundred 
tests w i th the EAA and dozens of tests wi th the DMA, we concluded that the data 
was questionable beyond 0.1 y m diameter. This l e f t a gap in our f i l t e r -
penetrat ion measurements between 0.1 and 0.3 win diameter. Since the maximum 
f i l t e r penetration of most f i l t e r s f a l l w i th in t h i s region, the gap represented 
a major def ic iency i n our f i l t e r -pene t ra t i on measurements. 
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Replacing the Climet with the laser counter eliminated the gap in our 
P a r t i c l e - s i z e measurements. The combination of a laser pa r t i c l e counter and a 
OMA coupled to a CNC allowed f i l t e r - p e n e t r a t i o n measurements over the s ize 
range from 0.01 ]xm to 3.0 vm without, i n te r rup t i ons . These addi t iona l 
instruments were also inter faced to the LSI-11/23. The computer software was 
modified to use e i ther the EAA in the DMA coupled to a CNC for the small 
P a r t i c l e sizes and ha Climet op t i ca l counter or the LAS-X laser p a r t i c l e 
counter fo r the lar .r p a r t i c l e s . 

In our prel iminary evaluat ion of the DMA-CNC-LAS-X instrumentation in 
f i l t e r - p e n e t r a t i o n t es t s , we discovered that the penetration curves der ived 
from the DMA-CNC measurements were occasional ly e r r a t i c (F ig . 32). The prv,olei 
was due to ca l ib ra t ion dif ferences in the CNC detector between the photometer 
mode and the par t ic le-count ing mode. In f i l t e r t e s t s , the CNC would tje in the 
Photometer mode for aerosol measurements made before the f i l t e r and in the 
Par t ic le-count ing mode fo r aerosol measurements made a f te r the f i l t e r , i f the 
Photometer and pa r t i c l e counter were not ca l ib ra ted to give the same readings 
f o r the same aerosol concentrat ion, we would obtain erroneous penetration 
measurement-, l i ke those d iscon t inu i t ies in the penetration curve in F ig. 32. 
Once the two detector modes o f the CNC are properly ca l i b ra ted , a well-behaved 
Penetration curve is obtained. Figure 33 shows a t yp ica l f i l t e r - p e n e t r a t i o n 
Measurement using the DMC-CNC-LAS-X instrumentat ion. 

D i lu t ion System fo r HEPA F i l t e r s 

In order to develop an e f f i c i e n t f i l t e r t es t method fo r HEPA f i l t e r s , i t 
was necessary to d i l u te the high concentrations of aerosols before the HEPA 
f i l t e r i n order to avoid the coincidence e r ro rs and maintenance problems wi th 
the laser opt ica l counter (F ig . 34). The degree of d i l u t i o n is determined by 
the r a t i o o f the concentration of aerosols in the t e s t duct to the maximum 
allnwed concentration for the pa r t i c l e - s i ze spectrometer. I f the aerosol 
concentration in the f i l t e r tes t duct i s comparable to tha t in the standard 
OOP q-machines, then d i l u t i o n ra t i os of approximately 1000 are required. A 
C r i t i c a l requirement of any aerosol d i l u t i o n system is that i t does not perturb 
the o r ig ina l pa r t i c le -s i ze d i s t r i b u t i o n . I f t h i s i s not possible due to 
Pa r t i c l e losses in the d i l u t i o n sytem, then the extent o f the losses must be 
determined so that correct ions can be made to the d i lu ted measurements. 
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Fig. 32 Filter penetration as a function of particle si2e determined with the 
DMA-CNC-LAS-X instrumentation showing the erratic results due to improper 
calibration of the CNC. 
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Fig. 33 Filter penetration as a function of particle size after the CNC was 
properly calibrated. 
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Fig- 34 Schematic of filter test method for measuring filter penetration of 
HEPA filters as a ftmrnon of particle 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 
measurements. One that was the most successful, the Climet diluter, is shown 
in Fig. 36. It was designed to be attached to the inlet of the Climet optical 
counter. In this diluter, 0.25 cfm of concentrated aerosol is pulled through 
the inlet of the diluter and is exhausted at A. Filtered dilution air at 
0.25 cfm is pulled into B and is exhaustd into the particle analyzer, A needle 
is used to transfer a -i.,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 throuph 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 diluter for particle loss using both PSL. spheres 
and heterodisperse aerosols. Table 3 shows the comparison of the dilution 
ratios obtained from a ratio of particle counts to the dilution ratios derived 
from flow measurements. The agreement between dilution ratios obtained from 
particle counts and flow measurements is excellent. 

The agreement on comparing the particle counts before and after dilution 
for heterodisperse NaCl aerosols is also excellent. Figure 36 shows the 
Computed oilution ratio from these measurements as a function of particle size 
is nearly constant at 100 over the measured particle size range from o.l to 
3.0 y m in diameter. The dotted lines define the error limits of the 
measurements which increase at larger particle sizes due to the smaller number 
Of particles. Having a constant dilution ratio over the measured particle size 
range 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 ratio of 
100 and cannot be used for testing HE"A filters. However, by using two Climet 
diluters in series, we were able to obtain a nominal dilution ratio of 1500. 
Figure 3 7 shows the resulting dilution ratio that was calculated from the ratio 
Of particle counts before and after dilution for heterodisperse DOS aerosols. 
Note that the dilution ratio has a parabola shape indicating particle loss for 
both smal1 and large sizes, "ince these particle losses are constant for a 
given operating condition, corrections can be made to particle concentration 
Measurements when using the diluters. 
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F1g. 35 Schematic of Climet di luter based on the principle of transferring a 
small volume of concentrated aerosols through a needle to a large volume of 
f i l te red air . The difference in pressure between A and B determines the f.ow 
through the transfer needle. 



Table 3. Comparison of dilution ratios 
for Climet diluter from PSL 
counts and flow measurements. 

PSL Size Di luti on Ratio 
Count Ratio H ow 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 

100 

1.0 
Diameter, Jim 

Fig. 36 Dilution ratio as a function of particle size for the Climet diluter 
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 d i l u te rs in series to measure the HEPA penetrat ion 
curve shown in F i g . 8 . The pa r t i c l e - s i ze d i s t r i b u t i o n before the HEpA f i l t e r 
was measured a f te r a i l u t i o n while the downstream size d i s t r i b u t i o n was measured 
d i r e c t l y . Mul t ip ly ing the d i l u ted upstream concentration by the d i l u t i o n r a t i o 
in F ig . 37 provided the corrected p a r t i c l e s ize d i s t r i b u t i o n for determining 
the HEPA penetrat ion curve in F i g . 8 . The HEPA penetrat ion measurement was 
made in about ten minutes. The development of t h i s d i l u t e r was the f i n a l 
obstacle to the completion of our computerized system. 

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

INTRODUCTION 

We disccvered during the course of che p ro jec t , t h a t i n the invest igat ion 
of the f i l t r a t i o n process, i t i s important to measure f i l t e r penecration as a 
funct ion of p a r t i c l e charge as wel l as s i z e . In t h i s way, the inf luence of 
elects ical capture mechanisms can be separated from conventional capture 
mechanisms. The e lec t ron ic charge carr ied by a p a r t i c l e becomes especia l ly 
important in measurements involv ing precharged aerosols, polar ized aerosols, 
charged f i b e r s , polar ized f i b e r s , or combinations of these. I f penetrat ion 
measurements are made as a funct ion o f s ize on ly , the capture information o f 
pa r t i c l es carry ing d i f f e r e n t charges is integrated to y i e l d information of 
par t i c les of the same s ize . This is analogous to the loss of s ize information 
where only a photometer is used fo r penetration measurements. 

To bet ter understand the importance of the various e lec t r i ca l capture 
mecnanisms, we developed new instrumentation to measure the concentration of 
aerosols as a funct ion of both pa r t i c l e s ize and charge. One instrument, 
developed a t LLNL, f rac t ionates the pa r t i c les according to t he i r e l e c t r i c 
mob i l i t y and measures the size d i s t r i b u t i o n of each mobi l i t y f r a c t i o n . A 
second instrument, s t i l l under development at the Universi ty of Arkansas, 
simultaneously ..assures the size and charge o f ind iv idual pa r t i c l es by laser 
velocimetry techniques. Both methods have the capab i l i t y of measuring the s ize 
and charge o f heterodisperse aerosols. We shal l discuss these two techniques 
and pr esent examples of the dependence of penetration upon both p a r t i c l e s ize 
and charge. 
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SIZE-CHARGE MEASUREMENT BY MOBILITY FRACTIONATION 

Size-charge analysis i s accomplished by f i r s t f rac t i ona t ing the aerosol 
according to the e l e c t r i c mob i l i t y of the p a r t i c l e . A d i f f e r e n t i a l mob i l i t y 
analyzer (DMA), modif ied to d i f f e r e n t i a t e between pos i t i ve l y and negat ively 
charged p a r t i c l e s , is operated as a charge spectrometer to ext ract pa r t i c l es 
having equal m o b i l i t i e s , or charge-to-size r a t i o s . Secondly, the pa r t i c l e - s i ze 
d i s t r i b u t i o n { that i s , the number of par t i c les in a cer ta in s ize range) f o r 
each extracted mob i l i t y i s determined using an op t i ca l p a r t i c l e counter. By 
accumulating a size d i s t r i b u t i o n fo r each mob i l i t y f r a c t i o n , we can determine 
the aerosol number concentration as a funct ion of s ize and charge. Because of 
the inordinate amount o f data t h i s 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 con f igura t ion , inc luding our 
modi f icat ions. The aerosol is f i r s t sampled by a Thermo Systems, Ir.c. 
Model-3071 e lec t ros ta t i c c l a s s i f i e r ; i t i s a DMA-type, as opposed to the 
cumulative or f i r s t - o r d e r *ype, in tha t i t ex t racts par t i c les in a spec i f i c 
e l e c t r i c mob i l i t y range determined by e l e c t r i c - f i e l d and a i r - f l ow ra tes . The 
aerosol is sampled d i r e c t l y in to the DMA column, bypassing the Kr b ipo la r 
charger so tha t the actual charge on the pa r t i c les remains undis turned. The 
instrument is commercially avai lable wi th a negative high voltage applied to 
the centra l rod o f the c y l i n d r i c a l column. At a given voltage or e l e c t r i c 
f i e l d , charged par t i c les experience a force tangent ial to t h e i r d i rec t ion o f 
f low due to the r a d i a l l y d i rected e l e c t r i c f i e l d . Negatively charged pa r t i c l es 
are repel led outward t o be deposited upon the outer cy l inder . Pos i t i ve l y 
charged pa r t i c l es are a t t rac ted to the center rod Pos i t i ve ly charged 
par t i c les in a cer ta in mob i l i t y range pass through the center-rod aerosol e x i t , 
forming the charged-part ic le sample o u t l e t , q . 

Pos i t i ve ly charged par t i c les e x i t i n g th is airstream are analyzed for s ize 
and concentration by an opt ica l p a r t i c l e counter. As the voltage i s succes­
s ive ly increased, the size d i s t r i bu t i ons corresponding to lower aim lower 
constant mob i l i t i es are measured u n t i l the en t i re mob i l i t y spectrum of the 
pos i t i ve l y charged par t i c les is determined. 

In order to also measure the mob i l i t y spectrum o f par t i c les carry ing 
negative charges, we Incorporated a pos i t i ve high-voltage power supply and 
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Fig. 38 Instrumentation conf igurat^ i for siza-charge analysis by mobility 
fractionation. 
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high-voltage relay into the DMA (Fig. 38). When the positive high voltage is 
applied to the center rod, negatively charged part ic les, rather than posit ively 
charged ones, are collected through the mobility-fractionated sample out let . 
An inverter amplifier, added to the high voltege regulator, is also switched in 
when the positive high voltage is chosen. 

Far a complete cbarge-sr'stribution analysis, i t is also necessary to 
determine the size distribution of particles without charge. For th is , we 
removed the f i l t e r in :-he DWA excess airstream, and changed the optical 
counte-'s sampling configuration so that a portion of the excess air was 
sampled. "«ihile in this mode, the greatest voltage Is selected in an attempt to 
remove al l charged particles'from the excess air outlet. Depending upon the 
part ic le size and the air flows through the mobility spectrometer, particles 
exit ing the excess airstream w i l l be neutral or carry only a few charges. Thi^ 
sample at either the positively or negatively pre-selected high voltage 
determines the "zero" mobility-size spectrum. 

He used 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 lOjim in diameter, 
can be stored in 128 channels. The laser spectrometer, having a size range of 
0,1 to 3.0 win in diameter and 32 channels, has the advantage of detecting a 
lower particle size than the Climet. As many as IS to 60 pre-selected mobility 
intervals might be necessary for a complete charge-distribution measurement. 
And, because a 30- to 50-channel size distribution is accumulated for each 
mobility interval, the inordinate amount of data to be processed necessitated 
the LSI-11/23. The experimental apparatus for the size-change measurement by 
mobility fractionation is shown in Fig. 39. 

Mathematical Derivation o fPar t i c le Charge 

We w i l l now discuss the transformation of the particle mobility to 
particle charge;. The mobility of particles exit ing the center-rod s l i t for a 

12 selected voltaoe, V^, for the i th voltage step is given by Liu and Pui : 

, _ [q. ~ ,2(q i + q,)]ln(r/r1) _ A 
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Fig, 39 txperimental apparatus for the surcharge measurement by mobility 
fractionation. 
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where q t is the t o ta l a i r f low (cc/sec) , q is the i n l e t aerosol f l ow 
(cc/sec) , q s is the sample o u t l e t aerosol f low through the s l i t (cc /sec) , L 
i s the distance between the aerosol i n l e t and the sample e x i t (cm), r-j i s the 
inner column r rd ius (cm), and r^ is the outer column radius (cm). 

Because of the f i n i t e width of the i n l e t and o u t l e t aerosol sample po r t s , 
a range of pa r t i c l e mob i l i t i es i s ac tua l ly sampled. This mob i l i t y range i s - -

A 7 (qs + q. ) '" ( r 2 / r i ) B 
4 Z i " 2 ^ L % • (9) 

The mob i l i t y given by Eq. 8 is compared w i th the e l e c t r i c mob i l i t y of a 
s i n g l e , charged p a r t i c l e in order to calculate the number of charges car r ied by 
a pa r t i c l e e x i t i n g the sample ou t le t f low, q . The - i n g l y charged mob i l i t y 
i s re la ted to the p a r t i c l e s ize as fo l lows : 

Z 1 > ~ QooHWnD. ' ( 1 0 ) 

where D, is the pa r t i c l e diameter (cm), n is the a i r v iscos i ty (P) , and 
8 C; is the Cunningham s l i p -co r rec t ion fac to r . Thus, the counts accumulated 

f o r each p a r t i c l e s i ze , D j , sampled in the mob i l i t y i n te r va l Ẑ  -
A Z ^ / 2 to Z^ + A Z ^ / 2 , is assigned the charge va'ue 

Q . I - V Z 1 , • (11) 

Since the single-charged e l e c t r i c mob i l i t y depends upon p a r t i c l e s i ze , the 
upper and iower charge l i m i t s f o r a given voltage select ion w i l l vary according 
to s ize . Examples of charge bounds are i l l u s t r a t e d in F ig , 40. When operated 
a t a 15 - l i t e r /m in t o t a l f low w i th a voltage range o f 10 to 11400 V, the DMA 
charge range is approximately 5 to 6000 V for 1 uin-diameter par t i c les and 
only 1 to 250 charge un i ts fo r 0.1 urn-diameter p a r t i c l e s . A su i tab le range 
must be chosen so the charge d i s t r i bu t i on l i es w i th in these bounds at each 
p a r t i c l e s ize of i n t e r e s t . 

For l a te r in tegrat ion of p a r t i c l e counts over charge, i t i s desirable to 
have adjacent mob i l i t y or charge in te rva ls . This condit ion can be met fo r a l l 
in te rva ls by using Eqs. fi and 9 and equating the lower bound o f one moo i l i t y 
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f i g . 40 D i f f e r e n t i a l mob i l i t y analyzer charge l i m i t s at 10 V and 1K0O V f o r 
cit = 5, T5, tind 30 l i te rs /nn 'n . 
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range to the upper bound o f the next. The resu l t i ng voltage recurrance 
r e l a t i o n f o r adjacent in te rva ls i s - -

(A + B/2) V, 
V , * 1 _ (A-B/2) • ( 1 2 ) 

Correct detection of the number of uncharged par t i c les presented us wi th a 
compl icat ion. Par t i c les having charges less than the lower charge l i m i t shown 
in F ig . 40 passed through the spectrometer and ex i ted v ia the excess a i r . Such 
pa r t i c l es were then detected i n the "zero" mob i l i t y range when the ^ c e s s a i r 
was sampled, and assumed to be uncharged. The problem was a l lev ia ted for the 
larger par t i c les by decreasing the t o t a l a i r f low through the analyzer, thereby 
p rec ip i t a t i ng more of the low-mobi l i ty , or low-charged p a r t i c l e s . Although t h t 
"zero" m o b i l i t y s ize d i s t r i b u t i o n then becomes a more exact representat ion of 
the uncharged p a r t i c l e d i s t r i b u t i o n s , pa r t i c l es having charge between one and 
the lower charge l i m i t are not sampled a t a l l . An a l te rna t i ve i s to in terpo­
la te pa r t i c l e counts between the charge range o f zero to the lower charge 
c u t - o f f . 

Me developed a FORTRAN program code tha t allowed us to accumulate, 
process, save, and p lo t data fo r the size-charge d i s t r i b u t i o n s , r-rogram output 
included prompts to the experimenter, status messages, hard-copy p l o t s , 
D i s k - f i l e data storage, and raw and reduced data l i s t i n g s . The experimenter i s 
prompted f o r changes in defau l t values f o r the DMA f low ra tes , opt ica l -counter 
parameters, and sample t ime. The program proceeds to set a DMA vo l tage, wa i t 
f o r a cer ta in equ i l ib r ium time per iod, and then accumulate a s ize spectrum wi th 
the speci f ied op t i ca l pa r t i c l e counter. This process ii repeated u n t i l the 
e n t i r e range of pre-selected voltages have been scanned. Equations 8 - 1 2 are 
then applied to transform the mob i l i t y d i s t r i bu t i ons to charge l i s t r i b u t i o n s . 

He used t h i s technique to evaluate a composite f i l t e r using a heterodis-
perse NaCl aerosol. The f i l t e r , comprised o f two layers of Johns-Manville 
AF-18 media, was tested a t a face ve loc i t y o f H cm/s. We d id not pre-charge 
the aerosol ; charge on the par t i c les occurred as a r esu l t o f the atomizat.ion 
process during the aerosol generat ion. The concentration of par t i c les as a 
funct ion of s ize and charge was measured both upstream and downstream of the 
f i l t e r . A three-dimensional surface representat ion o f the r esu l t i ng 
penetration wi th s ize and charge as independent var iables is i l l u s t r a t e d in 
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F ig . 4 1 . The s ize range of 0.1 to 2.8 ym diameter corresponds to the s ize 
range of the laser spectrometer. Grid l i nes comprising the penetration surface 
are at equal logari thmic spacing w i th respect to both p a r t i c l e size and charge. 
Only the penetrat ion of pa r t i c l es carry ing pos i t i ve charge i s included. 

Viewing the surface contour from the charge a x i s , we see that penetrat ion 
decreases w i th increasing charge. The spikes on the surface p r o f i l e occurr ing 
in the high-charga regions are due to an i n s u f f i c i e n t accumulation of counts. 
In the lower charge reg ion , t he penetrat ion has been equated to zero where no 
data was accumulated because of the lower charge c u t - o f f l i m i t a t i o n of the DMA. 

In F i g . 42, we show a co l lec t ion of penetrat ion curves. Each so l i d curve 
corresponds to a d i f f e ren t pa r t i c l e charge. The so l i d curve represents the 
t o t a l penetrat ion as a funct ion of s i2e i f only p a r t i c l e s ize were measured. 
Each charge cur^e has the same general shape as the t o t a l penetrat ion, having a 
maximum penetrat ion wi th d i f f us ion capture dominating a t small sizes and 
impaction a t the .'arger s izes. However, the s ize at maximum penetrat ion moves 
toward larger p a r t i c l e s ize as the charge increases. For pa r t i c les carry ing 
higher charge, larger par t i c les are removed more e f f i c i e n t l y , 

Mob i l i t y - f r ac t i ona t i on measurements have a wide charge range of -1000 to 
+1i>00 e " , and a lower size l i m i t i o n of 0.1 urn in diameter. Flow set t ings 
of the charge spectrometer can be adjusted to obtain a charge reso lu t ion of 
1 e™ i f des i red. For a complete size-charge d i s t r i b u t i o n , however, spectro­
meter f low set t ings must be chosen t o adequately cover the ent i re ch rge 
d i s t r i b u t i o n o f the aerosol to be measured. Higher p a r t i c l e concentrations 
than are norma'.iy possible wi th an op t ica l counter can be sampled because the 
mob i l i t y - f r ac t i ona t i on process precedes detect ion by the op t ica l counter. 

A major disadvantage of mob i l i t y f rac t i ona t ion i s the long sampling time 
required during which the aerosol concentration and size-charge d i s t r i b u t i o n 
•nust remain s tab le . Dependiny upon the charge reso lu t ion desired and the 
opt ica l -counter sampling per iod , one complete size-charge d i s t r i b u t i o n measure­
ment may require 30-90 minutes. Thus, the shortest penetration evaluation 
requires at least 60 minutes. A fu r the r disadvantage i s t ha t the lower charge 
cu t -o f f is a funct ion of s i ze , and concentrations below t h i s leve 1 must 'ie 
i n te r j j o la ted . Often, f u r t he r in terpo la t ions are necessary because many three-
dimensional surface and contour graphics software packages require equal g r i d 
spacings. Invest igat ions of p a r t i c l e lasses w i t h i n the charge spectrometer, 
also as a funct ion of s ize and charge, have yet to be assessed. Further 
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Fig. 42 Penetration as a function of size for tnarge levels of 1.0, 4.3 and 
13.Oe", Hanville AF-18 medi;.. 
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deta i ls o f the site-charge measurement by mc ' j i l i t y f rac t iona t ion are given by 
Biermann and Bergman. 

SIZE-CHARGE MEASUREMENT BY LASER D0PPLE.1 VELOCIMETRY 

Laser Doppler velocimetry {LOV) can measure both the aerodynamic size and 
charge o f ind iv idua l aerosol par t i c les in rea l - t ime . The instrument, under 
development at the Universi ty of Arkansas, is ca l led a Single Pa r t i c l e Aero­
dynamic Relaxation Time (SPART) analyzer. The SPART measures the re laxat ion 

14 tiine of par t ic les a f ter subject ing them to an acoustic (SPART} or an 
osc i l l a t o r y e lec t r i c f i e l d (E-SPART). The e lec t r i c f i e l d causes p a r t i c l e 
osc i l l a t i ons whose ve loc i ty i s measured by a frequency-based d i f f e r e n t i a l 
laser doppler velocimeter. With e i ther the acoustic or e l ec t r i c f i e l d , the 
i n e r t i a of the p a r t i c l e causes a phase lag wi th respect to the f i e l d fi-equency. 
This phase lag i s re lated to the aerodynamic p a r t i c l e s ize . Operation of the 
E-SPART is not as sens i t ive to temperature as the acoustic SPART. 

In add i t i on , by measuring the magnitude o f o s c i l l a t i o n , we can derive 
p a r t i c l e charge. Unfortunately, uncharged p a r t i c l e s , unaffected by the 
e lec t r i c f i e l d , pass undetected, and are nei ther counted or s ized. A revised 
E-SPART, cu r ren t l y being developed, uses the acoustic f i e l d fo r exc i ta t ion and 
a DC e lec t r i c f i e l d to permit neutral par t i c les to be measured as wel l as 
charged p a r t i c l e s . In t h i s manner, s ize information fo r both charged and 
uncharges a r t i c l es i s obtained from the phase l a g ; while the pa r t i c l e charge 
is Dbt* .esi by measurement of the drift velocity in the constant electt-ic 

f i e l d . 

A block schematic of the e lect ron ic and op t ica l components of the E-SPART 
is presented in F ig. 43. The analyzer uses a 15 mW laser (x = 488 vm). 
The LDV-sensing volume, approximately 8 x 10 cm , is formed by a 
33-degree in tersect ion of two laser beams. 

Figure 44 i l l u s t r a t e s the sensing chamber of a modified E-SPAR"> having an 
acoust ic f i e l d exci ted a t 25 kHz and a super mposed DC e l e c t r i c f i e l d of 
2 x lCr V/cm. The acoustic d r i ve r is e l e c t r i c a l l y grounded whi le the high 
voltage is applied on a spherical electrode. As the pa r t i c l e t r ans i t s the 
sens i t ive volume, i t experience; an o s c i l l a t o r y motion due to the acoustic 
f i e l d , and i f charged, a d r i f t ve loc i t y due to the e lec t r i c f ' e l d . The 
p a r t i c l e motion i s detected by the LOV. 
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F i g . 43 Electronic and opt ics block diagram fo r the E-Spark size-charge 
analyzer. 
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The equation fo r motion of a charged p a r t i c l e in a gas driven by a 
uniform acoustic f i e l d i s 

^ ( d c / d t ) + cp = U s i n M ) , ( 1 3 > 

where U is the amplitude of the acoustic f i e l d , M is the pa r t i c l e 
ve loc i ty component para l le l to the f i e l d , and a is the angular frequency o f 
the d r i v ing f i e l d . 

The re laxat ion t i m e , - r D , f o r the p a r t i c l e is given by 

rp = d a

2C a/18, . (14) 

where d a is the p a r t i c l e aerodynamic diameter, C g is the Cunningham s l i p 
cor rec t ion , and n is the v iscos i t y of the gas. The steady-state so lu t ion to 
the equation of motion, Eq. 13, i s 

I-P (I) + |U/(1 + u . V ) " 2 ] sin [art - « . (15) 

where the phase lag, •, is 

* = tan "' (UJTJ,) (1 c 

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

d̂  „[(18,tan«)/^Cj1/2 . ( 1 7 ) 

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

V 6 = (neCE)/(3m,d) , 0 

where e is the un i t of e lect ron ic charge, n is the number of charges car r ied 
by the p a r t i c l e , £ i s the e l e c t r i c f i e l d strength in the sens i t ive volume, and 
d is the pa r t i c l e s ize . The resu l t ing Doppler frequency s h i f t caused by a 
Pa r t i c l e having the ve loc i t y i s 
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f E = (neECK)/{6jr3i)d) , (19) 

where K is the magnitude of the scattering vector of the LOV optical system. 
This Doppler shift, due to scattered radiation, is added to the bias frequency 
of the LOV, f Q, to yield a final carrier signal, f $, of 

(s = f, ± f E + fa,sin(2xf,t) . (20) 

The result is an FM signal whose carrier frequency is f Q ± f, and 
whose modulating frequency is f , the frequency of the acoustic excitation. 
Demodulation of this signal results in two outputs: (1) an AC signal which is 
processed to obtain the phase lag, and (2) a DC signal inticative of the 
particle drift velocity in the electric field. 

Currently, the modified version of the E-SPART is still being evaluated 
with regard to particle charge. However, filter-efficiency measurements have 
been made using monodisperse aerosols and the unmodified 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 aerosol. The filter efficiency is 
shown for both positive and negative charged particles, and also for tiie filter 
Under normal operation (0 kV) and electrically enhanced operation (1Q kV). 

As we have said, a major advantage of the E-SPART analyzer is the 
real-time measurement of aerodynamic particle size and charge of individual 
particles. The size range of the current instrument is 0.3 - 3.0 vm in 
diameter. But, it is expected that the lower lirit can be extended to 
0.1 urn by (1) increasing the laser intensity in tie sensitive volume, (2) 
increasing the solid angle for scattered light detection, nd (3) 
Incorporating a cooled photomultiplier. The charge range for a 
1-um-diameter particle is 0 - ± 40 e- using current electronics and a 
field strength of 2 x 10 5 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 
i 120 e- with further modifications of the electronics. Particles having 
higher charge than this would have to be measured by lowering the overall field 
Strength. Since the electric mobility is actually being measured, these charge 
limits vary according to the particle size. Also, the aerodynamic diameter 
liust be ronvcted to a physical diameter before interference from the 
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Fig. 15 F i l te r efficiency for positively and negatively charged part icles, 
with and without f i l t e r voltage, as measured by the E-spart analyzer. 



electronic charge of the mobility measurement. Although the E-SPART is a 
real-time instrument, signal-processing time limits actual counting to less 
than 100 particles/sec. As in the case of size-charge analysis by mobility 
fractionation, an appreciable sample time is required 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 fiKration, including both mechanical and electrical 
air filtration. These studies were necessary in order to lay a foundation for 
designing experimental filters later on. Although electric a*> filters had 
been available commercially in the early 1950s , manufacturers had ceased 
producing them a few years later because of low demand and unreliable 
performance. These electric a' filters had been introduced into the market 
without an adequate understanding of their principles and their limitations. 
Recognizing these previous failures, we have avoided the temptation of 
designing and building electric filter units in oi*r 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 a large number of variables and a variety of phenomena, mar-/ areas of 
filtration have been extensively studied while others have not. Since the 
objective of our fundamental 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 were 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 
filtration in clean filters has been extensively studied and is reasonably 
well understood. Electrical filtration of clean filters, thou^n, has not been 
studied thoroughly and is not well understood. Filter clogging mechanisms 
have been investigated even less: mechanical filter clogging is poorly 
understood while clogging of electric filters is not understood at „11. 
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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 only reasonably understood filtration mechanisms are those for 
clean mechanical filters. Therefore, to reach our objective, we had to 
Investigate and develop theories for the othe'- filtration mechanisms discussed 
before. Although the fundamental studies reported here are applicable 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 PROJECT 

We selected a design concept for the electric air filter basea upon 
applying an electric •'Meld externally across a fibrous filter. This concept 
was selected over the other approaches for electrification of the filter media 
because it had the best potentiaJ 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 
experiments was to understand the mechanical and electrical fJitration 
Mechanisms for both clean and clogged filters .n sufficient detail to design 
experimental electric air filters. We will also discuss a more rigorous 
theory, developed by investigators at the University of California at Davis, 
that includes both mechanical and electrical capture mechanisms. 

Electrostatic filters have been investigated since 1930. Although th.-y 
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 between 
the fibers and charged aerosol particles. 

The first electrostatic filter was developed in 1930 by Hansen, who found 
that a powdered re'.in mixed with wool fibers greatly improved filter 
efficiency. ma -esin particles that coated *he fibers were highly clurged 
by the mixing proces . which, in effect, produced charged fibf-s. This siiple 
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electrostatic filter is still widely used today, especially in respirators. 
Unfortunately, resin filters are ruined when they are exposed to organic vapors 
which dissolve the resin or to icnizinq radiation that neutralizes the resin's 
charge. 

Recognizing the problem of charge dissipation in the resin filter, 3 
number of investigators developed methods to continuously recharge the filter 
by generating charged aerosols upstream of the filter, Rossano ai^ Silverman 
in 1954 used an electric corona to charge the areosol particles before they 1 ft entered the filter. These charged particles were initially trapped in the 
filter by attractive forces caused by the charged particles until the fibers 
acquired 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 

19 efficiencies. 
Another method for continuously recharging the filter was proposed by 

20 Mazumder and Thomas in 1967. Instead of charging the aerosols tc be 
filte-ed, they injected a charged mist into the air stream in front of the 
filter. The charged mist was trapped by the filter fibers which effectively 
charged them. Oncoming aerosols were then collected by Coulombic forces 
between the aerosols and the charged fibers 

Electrostatic filters have also been made by polarizing filter fibers 
externally with an electric field. Although these electrostatic filters have 
been commercially available since the early 1950=, they have not been widely 
used. In 1954, Silverman et al., evaluated several commercial electric air 
filters made of glass fiber mats sandwiched betweeft a high-voltage electrode 

pi and a ground screen. 
Oavies wrote an excellent review of electrostatic-filter-application 

rowels available up to 1972. The theoretical investigations showed that the 
increase in filter efficiency with an applied electric field resulted from the 
attraction between polarized fibers and charged aerosol parcicles or polarized 
fibers and polarized aerosol particles. Rivers gives a good, elementary 

?2 description of this attraction. 
The most comprehensive theories were developed by Zebel who 

••'^irporated the idea of attraction with Lamb's flow field around isolated 
fibers. His equations represent the combined filtration mechanisms of 
interception and electrical forces. All recent investigations have 
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used Zebel's model to interpret experiments. All of these studies were 
concerned primarily with the well-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 
Hill 3* and by Pich , 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 
development occurred in 1975 when Frederick ' 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 externally appli.d electric 
field. Z 8.32 f36,37 S u c h r e s u l t s indicated that an electrostatic filter has a 
longer service 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 woodfin J O 

fillea the space between plates of an electrostatic precipitator with L glass-
fiber medium and observed a large efficiency increase compared to the 
precipitator or to the filter alone. In this configuration, applied high 
voltage generates an external electric field; it also generates ions in the 
same region by a corona discharge. Hybrid electrostatic fillers can also be 
built by having separate regions for both particle-charging and filtration. 
Inculet and Castle evaluated a two-stage electrostatic filter having * 
concentric geometry. Particles charged by a corona discharge in a first 
stage are trapped in a second stage that consists of a filtar medium with a 
superimposed electric field. 

Another kind of electrically enhanced filter is the permanently charged 
filter. When we began our program in 1976, the only permanently charged media 
available was the Hansen filter. Since then, a new generation of permanerrly 
charged filter media, based on electrets, has been developed by van 
Turnhout. ' Electrets, the electrical counterparts of magnets, are 
formed by heating and cooling a polymer in an electric fielt1. He have 
investigated several types of electrets and found that their charge can * 
dissipated when exposed to certain aerosols and organic vapors. 
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ELECTRICALLY CHARGED ELECTRIC AIR FILTER 

Charging Techniques 

We 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 
illustrated 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 electrode 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 acrnss the two electrodes is typically 5 Pa at 
66 cm/s. Polyethylene pacers are inserted to maintain the proper spacing for 
the applied electric field. By applying high voltage to the downstream 
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 
"luirements. 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 DC power supply for laboratory studies, a small power supply is quite 
sufficient for adequate charging of the filter. 

Enhanced Filter Efficiency Experimental Results 

He summarize here our fundamental-study findings that demonstrate one of 
the most important aspects of electric air filters, namely the increased 
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. 
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Fig. 46 Disassembled view of an eiectrir. air f i l t e r showing the f i l t e r media 
and high-voltage e^ctrodes. 
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Most of our studies involved two layers of AF-4, AF-11 or AF-18 media 
(Johns-Manville, Denver, Colorado) challenged with a NaCi aerosol (unless 
stated otherwise). The NaCi aerosol, nebulized frcm a IS NaCl water solution, 
had an aerodynamic diameter of 1.0 urn and a geometric standard deviation of 
2.0. Filter properties are listed 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, <r , 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 placed 
in an electric field can be illustrated readily *>y measuring filter efficiency 
is a fu^-tion of particle size. "Mgure 48 shows the efficiency of the AF-13 
media at a face velocity of 66 cm/a. To cover the wide range of particle 
sizes, simultaneous measurements of the filter efficiency were made using botli 
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 
applied electric field of 10 (tV/cm. The electric field causes a dramatic 
effect, nearly eliminating the deep minimum in filter efficiency that occurs 
in conventional filters. This increase in filter efficiency occurs with no 
corresponding increase in pressure loss. 

Although the elimination of the deep minimum has not been a recognized 
attribute of the electric a** filter, this experimental result can be easily 
predicted. Since very large and very small particles are captured effectively 
by a conventional fibrous filter, the particles that are able to penetrate the 
filter must fall within these fcoundaries. It has also been well established 
that applying an electric field to a filter greatly increases the filter 
efficiency. Ue 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 fiher 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 si*e 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 large particle sizes having a broader charge 
distribution. Although our size-charge aerosol instrumentation for decoupling 
particle size .<nd charge effects was. not fully developed at this time, by 
measuring the efficiency as a function of particle si2e, we were able to see 
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Table 4. Properties of Manville AF-4, AF-11, and AF-18 filter media. 

Media Packing Fiber Pressure 
Type Fraction Oiara (pm) Loss {Pa) 

AF-4 0.0028 0.9 110 
AF-11 0.0038 2.6 21 
AF-18 0.0086 3.9 13 
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Fig. 47 Electron micrographs of AF-4, AF-11 and AF-18 filter media. 
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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 to 2.5 units using a Kr source. 

A comparison 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 efficiency when 10 kV/cm was 
applied across the filter for particles ranging from 0.02 to 0.2 urn diameter. 
Above 0.4 urn in diameter, the reduction in particle charge had no effect on 
filter efficiency. 

If we assume particle charge was reduced proportionally for all sizes, then 
the efficiencies for the electric air filters in Figs. 48 and 49 have a simple, 
qualitative explanation. For particles above 0.4 iim in diameter, tfie 
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 ths filter medium. 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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An alternative method of plotting the Fig. 50(a) data is presented in 
Fig. 50(b). Here, instead of plotting filter efficiency, the logarithm of the 
penetration ratio, P/P 0, is graphed, where P Q is the penetration occuring 
without an applied electric field. Larger values of -ln(P/PQ) indicate 
greater filter efficiency. This normalized plot usually results in more 
linear electric-field dependencies. As we will cjiscuss in the next section 
regarding theory, this type of plot, in effect, cancels the mechanical capture 
mechanisms, leaving 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 cm-spaced screens at a 
face velocity of 65 cm/s. Compressing the two layers 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 of fiber size on the 
filter performance, we tested comparatively using AF-4 and AF-11 media having 
fiber diameters of 0.89 um and 2.6 urn, respectively. The penetration 
ratios in Fig. 57 have been normalized to the packing fraction since the AF-4 
has a higher volume of fibers than the AF-11 media. 

Conductivity. The conductivity of the fiber is an important variable in 
electric air filtration since it determines the amount of charge that can be 
accumulated on the fibers and the associated particle load on 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 on a conducting filter using both insulated and 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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limit 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. 

Q 
The resistivities of the conducting and nonconducting filters were 10° and 
1 0 1 0 ohm/cm, respectively. Figures S3 and 54 also show that sparking across 
the electrodes occurs at 11 kV/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, E Q, within the filter bed that polarizes 
individual fibers. Charged aerosol particles are then attracted to the 
polarized fibers, and, if the fibers have a low conductivity, accumulate a net 
charge en 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 electrode of opposite charge and build 
up an induced charge. 

If the electrodes are not insulated, these induced charges are neutralized 
on contact with the electrodes. If the electrodes are insulated, 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 opposing 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 electric 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 
conditions (Figs. 56,57,58) demonstrate that the characteristics of the 
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electrification process are much more complex than previously thought. ' 
Transient penetration tests can provide 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 the penetration when the electric field was turned on and off. In 
contrast, the "non-conductivity" filter showed a pronounced delay in 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 "lightly conducting" filters had gross resistivities of 

in ft 
10 ohm/cm and 10 ohm/cm, respectively. Further cases of transient 
behavior are shown in Figs. 57 and 58. Figure 57 compares the penetration of 
a filter having "non-conductivity" fibers placed between either insulated or 
noninsulated electrodes. As previously described, the noninsulated-electrode 
case rapidly reached a steady-state penetration level after application of the 
electric field. However, for the Insulated electrode case, the penetration 
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 of 
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 a much 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 the 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 
for the deiign of electric air filters. 

Relative Humidity. It 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 Slightly Moderate enhance- Small No Yes 
conducting ment, Fast 

transient 
Insulated DC Non-conducting No enhance- None Yes No 

ment. Slow 
transient 

DC Slightly No enhance- None Yes No 
conducting ment, Fast 

transient 
Both AC Both Moderate enhance- None No Yes 

ment. Fast 
transient 
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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, OOF .-erosols were used for these tests 
with a light-scattering photometer on the detector. The filter efficiency 
with and without high voltage remains constant over all relative humidities 
tested; below 70% relative humidity, 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). We 
would expect that electric ai™ filters made from plastic fibers can operate at 
a much higher relative humidity. 

SIMPLIFIED FILTER EFFICIENCY THEORIES 

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 mechanical capture mechan sms, but 
decreases the filter efficiency for electrical mechanisms. T- a air flow 
resistance or pressure drop across a filter is unaffected by the addition 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. We 
.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 
behavior of electric air filters. They ar& applicable to clean filters only; 
theoretical models applicable to mass-loading will be discussed later in the 
section Effects of Particle Loading on Filter Efficiency. 

Steady-State Penetration Theory 

The most frequently used approach for investigating microscopic filtration 
mechanisms in fibrous filters is the concept of single-fiber efficiency. This 
concept assumes that a single fiber is representative of all fibers in the 
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filf r. Single-fiber efficiency takes into account all 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 

~ dX JrR(l - a) ' { ' 

where N is concentration (cm ) 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, 

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

E - 1 - n . (23) 

The single-fiber efficiency, n_, in Eq. 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 n T 

combines the three mechanical capture mechanisms of diffusion, interception, 
and inertial impaction with the Kuwabara flow-cell model. Although the 
resulting equation has predicted many experimental trends, much additional work 
is still required before quantitative predictions cai. be made for real filters. 

An important finding of these theoretical investigations is that the 
efficiency of individual capture mechanisms cannot be added, a 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. It seems reasonable to expect additional mixing of terms when 
electrical mechanisms are added to the filtration model. Since the derivation 
of T>J for the combined electrical and mechanical mechanisms superimposed 
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on the air-flow pattern is not yet available, we shall approximate it with the 
sum of the efficiencies for the mechanical, r w and individual electrical 
mechanisms,^-: 

IT = "7M ' 5> • (24) 
Previous theoretical and experimental studies have 'identified two 

mechanisms responsible for the increased efficiency resulting from an applied 
electric field: the attraction between polarized particles and polarized 
fibers and the attraction between charged particles and polarized fibers. The 
external electric field polarizes both fibers and particles. We have ignored 
the additional capture mechanism due to attractiveforces between charged 
particles and neutral fibers because ft is a minor contribution to the fifter 
efficiency for naturally charged aerosols. 

?3 Zebel derived the following two equations for single-fiber efficiency 
that represent the force between polarized particles and polarized fibers, 
iiRP , and the force between charged particles and polarized fibers, 
nR,P q. Equations 35 and 36 represent the electrical capture mechanisms 
for particles in the interception region: 

" R P p = l^T2A7TTJe^R7 a n d (25) 

neEC 
TR.P0 = 

' orfivr 

l " i I € F _ 1 

*f + 1 

1 + n e E C 
wiyirv_ 

(26) 

where e is the dielectric constant of the particle, ep is the 
dielectric constant of the fiber, r is the particle radius, E is the effective 
field strength, C is the Cunningham slip-ccrrection factor, v is the air 
velocity inside the filter, n is the number .if elementary charge units, e is 
the elementary unit of charge, and u is the gas viscosity. 
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Zebel also derived an equation for the single-fiber efficiency 
resulting from the diffusion of charged particles to a fiber polarized by an 
electric field: 

'D. I\. 
gni-EC 

9flTV 
(27) 

The value of g in Eq. 37 depends upon regions of attraction and repulsion 
on the fiber. Note the single-fiber efficiency 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, 
rij,PD, has been identified for the theoretical electrostatic filter. 
Although no one has yet determined this term, it is applicable in the region 
of inertial impaction and will most likely 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 

IT = 1M = 1R.PP + IRP, + ID,P, + II.P, (28) 

For comparison to experimental measurements, we have dropped the inertial terra 
and substituted Eq. 32 into the expression for penetration. Dividing the 
resulting penetration equation by the initial penetration without an electric 
field, P Q, 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 

>°™-{w^\m^) £^£ + _neEC 
' 6rprv 6irnrv 

1 + 
«f + 1 

i + 
neEC 
6ir*irv, 

gneEC 
9/jrv ' p ( 2 9 ) 
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We calculated theoretical curves using Eq. 39 without the last two single-
fiber efficiency terms. The definition of terms and values used in these 
calculations are listed in Table 6. The results in Figs. 60-64 show the 
dependence of the penetration ratio, -ln(P/P 0), on the applied electric 
strength for a variety of parameters affecting filter performance. These 
dependencies include face velocity, packing density, fiber si?e, particle size, 
and particle charge, which we have already discussed. The greater the slope of 
any curve, the more dependent filter performance is on the variable being 
compared. We will next compare these dependencies with the experimental 
results described previously. 

Figure 60 illustrates the penetration ratio for three common face 
velocities. Note that lower face velocities 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 1S3 cm/s 
at higher E fields, indicating that for the NaCl aerosol, the primary 
electrical capture mechanism is Coulombic, [Eq. 36], rather than the 
polarization term in Eq. 35. According tc Eq. 36, the polarization terra would 

2 make the data increase as E , which clearly does not occur. 
The filter 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 finer diameters is illustrated in Fig. 62 
for a 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 
electric field, the filter efficiency first decreases to a minimum, and then 
increases as the particle size increases. The trends are best understood by 
referring to Eq. 39 in which the polarization term varies as the square of 
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Table 6. Parameters used for the theoretical calculations. 

Medfa ' Johns-ManviHe 1.27-cm Microlite (AF-18) 
Layers 2 
Packing fraction, a 0.086 (filter weight 10.8 q) 
Thickness, x 1.27 cm 

-4 
Fiber radius, R 4.5 x 10 era 
Face velocity, v 6S cm/s 
Particle dielectric constant, e 6.12 
Fiber dielectric constant, e^ 3.81 
Particle charge, n 5 units 
Particle diameter, count median, 2r 0.29 x 10" cm 
Electric field, E 0 to 12 kV era 
Cunningham slip correction, C 1.66 
Air viscosity, u 1.8 x 10" Pas 
Electronic charge, e 4.8 x lO" 1^ esu 
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Fig. 60 Theoretical filter penetration as a function of electric fiely for 
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Fig- 61 Theoretical filter penetration as a function of electric field at 
various filter packing fractions. 

114 



B 1 1 1 1 ' } ' i ' i ' 
- 1 jim / -

S 

4 

i 3 

1
.

1
,

1 

/ 2 / i m y — 

y' 3j«n , 

• 
2 

/ ^ 5jum 

1 ^ ^ L - ^ ' " * * ' • — " ^ » n m 

0 -rT7 i , I ' l l 
8 10 12 

Electric field, kV/cm' 

Fig. 62 Theoretical filter penetration as a function of electric field for 
fibers of varying diameters. 
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oiameter, whereas the Coulombic terra varies in the first approximation as the 
inverse diameter. Thus, smaller particles interact, primarily in a Coulombic 
manner, while larger ones show polarization behavior. 

The effect of particle charge on the penetration ratio as predicted by 
this model is illustrated in Fig. 64. As the particle charge increases, the 
filter-collection efficiency also increases. Calculations were made for 
O.Z9-um diameter particles. The dependence of the pt-etration on size and 
charge has not yet been compared to experimental results 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 follow the trends predicted fron 
the theoretical relationship. This implied model assumes steady-state 
conditions and the aspects of mechanical capture mechanises having been 
avoided by using penetration ratios. The dependence on part.cle 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 

All of the previous experimental and theoretical investigations have 
assumed that an applied electric field would quickly increase the filter 
efficiency with little or no transient effects. This assumption was supported 
by a general concensus among investigators that the fundamental mechanisms 
embodied in Eq. 39 sufficiently described the increased filter efficiency of 
the electrostatic filter. According to Eq. 39, changes in the applied 
electric field would result in instantaneous u'ianges in the filter efficiency. 
However, measurements in Figs. 64-66 indic?: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 additional mechanism is illustrated in fig. 66. 

The larger and smaller circles in Fig. 66 represent the cross sections of 
the fibers and the charged particles, respectively. The solid lines are the 
electrical lines of force, while the dashed lines are the particle 
trajectories. Although only the attraction for charged particles is included, 
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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 
polarized or 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 deposit 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 csn 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 i s 4 5 

L neQC 

The corresponding single-fiber efficiency for neutral particles is 

*«v=!(jTi)(^r) • < 3 1 > 
We should note that the induction force on the neutral particles in Eq. 41 

is produced by the fiber charge, Q. As in the case of the steady-state 
theory, additional mechanisms are also required for the electrical capture 
mechanisms in the diffusion and inertia! impaction regions of particle size. 
Zebel has derived the following expression for the combined mechanisms of 
diffusion and Coulombic attraction between charged particles and charged 
fibers : 

gneQC 
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Although the single-fiber efficiency for charged fibers and polarized 
particles in the inertial region, nj gp, 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 2 Q . 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 to 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 variables 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 

^l-f^ + C^eE + C ^ + CsneQ + C ^ + CsQE] . 

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

d Q ~& „„v <*** 
_ = _ _ _ n e V _ . ( 3 4 ) 

Eq. 34 is the sum of a dissipation term, -TQ/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 
transient and steady-state penetrations, we can qualitatively 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 
Eq. 34. For a tionconducting filter, small T, a significant charge can bu^d 
up on the fiber before the charge-dissipation term, - Y Q A , reaches 
equilibrium with the charge-accumulation term, -neVdN/dx. However, the 
charge-dissipation term for the conducting fiber, large y. is so large that 
equilibrium between charge dissipation and accumulation is established with a 
negligible charge on the fibers. Since the 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 
approximation, the accumulation term in Eq. 34 can be ignored and the resulting 
equation integrated to yield 

where Q 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 when the electric field is removed, the 
charged-fiber mechanism persists until all of the charge bleeds 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. He grouped all of the different mechanisms previously discussed 
that involve charged fibers and charged or polarized particles as charged-."iber 
mechanisms. Similarly, all of the previously discussed mechanisms involving 
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 illustrates the large contribution of 
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both mechanisms to the total decrease 1fi 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 complicated 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 
can predict the dynamic nature of the accumulation and dissipation of charge 
on fibers. 

RIGOROUS THEORY 

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 particles include those resulting from the 
air-flow field, as modeled by Kuwabara, and those resulting from all 
combinations 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 
particle. The single-fiber efficiency is defined as 

V = */2 RxiflV,, , (36) 

where R is the fiber radius, n 0 is the incoming particle concentration, V Q 

is the the mean particle velocity 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 Fuchs : 

a\~-= -67rjjr(w-u)+ F , (37) dt 

where m is the particle mass, r is the particle radius, w is the particle 
velocity, u is the airstream velocity, and K represents the external forces. 
The term, -6iriir (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. No analytical solution for 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. » Particle-deposition rate 
and single-fiber efficiency are then computed. Methods have been developed in 
our theory to overcome much of the computational inefficiency in the above 
"shooting method." 

In the case of the interception/diffusion region for particle collection, 
we developed a numerical method that requires the solution of only a single, 

47 
initial-value problem as opposed to the shooting method . Computed single-
fiber efficiencies are in excellent agreement with the shooting trajectory 

23 method and ZebeVs theory in the diffusion-capture regime for strong 
electric fields. Furthermore, the new numerical method is 20-50 times faster 
than shooting methods, depending upon the method used for trajectory 
integrations. 

In the case of the inertial-efficiency region.. wr> used a perturbation 
approach to develop a numerical procedure for finding an acceptable 
approximation to the inertial efficiency that does 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. 
For particles of radius 1 urn or less, the observed error using the 
perturbation technique is approximtely 7% or less compared to the shooting 
technique. The average computational time is only 1/20 of that required for 
the shooting method. 
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PERMANENTLY CHARGED ELECTRIC AIR KILTERS 

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 
removing submicron aerosols. The permanently charged surfaces on the fibers 
add electrostatic collection 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, 
our study of electric air fi iters 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. ' 4 0' 4 1 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. ''* 

Our primary incentive for investigating permanently charged filters is 
illustrated in Fig. 68. Here we compare efficiency as a function of particle 
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 that 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 permanently charged 
filters using NaCI aerosols at a face velocity of 66 cm/s. 

(A) Manville AF-18, AP - 0.6 in. H?C 
(B) Manville AF-18, iP - 0.6 in. H 20 
(C) Filtrete, 200 g/m2, aP - 0.6 in. HjO 
(D) Filtrete, 300 g/ro2, 4p - 0.6 in. HjO 
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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 one method, permanently 
charged filters are generated from electret sheets. ' 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 subsequent 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 

50 of fiber formation. 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 is manufactured by coating 
the fiber surface with charged resin particles. This media, commonly called a 
Hanson filter, is coifKierclally available from BIS Minerals Limited, London, 
England as tapofilters. 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 2 obtained with the 200 g/m 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 (DOS) aerosols to simulate liquid 
particTe loading. The filter loading with NaCl aerosol 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 mechanical capture of new particles by the previously 
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Fig . 69 Electron micrographs of F i l t r e t e f i l t e r media, (c) and (d) have 
co l lec ted sa l t pa r t i c les 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/m^ 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. Thi". behavior would be 
typical for any solid aerosols, namely 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 DOS-aerosol loading, we see a continual decrease in 
efficiency and relatively no change in pressure drop as the aerosol 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 
to NaCl loading, there is no minimum and subsequent increase in efficiency as 
the filter becomes loaded with DOS aerosols. This occurs because the liquid 
OOS aerosols do not form a particle deposit that significantly increases the 
mechanical efficiency of the filter. 

Aerosol Pet.etration 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 NaCl 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 clean 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 aerosols and aerosol 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 an 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 aerosols, Filtrete 200 g/m2, face velocity = 64 cm/s. 
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diameters because of the loss of electrical attractive forces in the 
permanently 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 particles are polarized by the electric field generated by the charged 
filters. Thus, for neutral aerosols 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 
minimuni 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 
neutralized. ' We believe the same phenomena is responsible for the 
shift in peak penetration to larger particle sizes when the permanently 
charged filter is neutralized. 

Techniques for Decreasing Filter Determination 

Permanently charged filters are subject to deterioration due to actual 
usage in collecting both solid and liquid aerosols, and by various 
environmental conditions, such as water solutions with trace contaminants of 
ions and a wecting agent, as well as exposure to organic solvents. This 
filter deterioration places severe restrictions on the applications of 
permanently charged filters and is the primary factor limiting 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 prevent the 
charge neutralization. Several types of coatings were tested including a 
vapor-deposited parylene, silicone polymer by dissolution, cellulose acetate 

52 butyrate by a spray technique. The water immersion technique was selected 
as being representative of mild charge deterioration. Although the 
vapor-coated parylene indicated some degree of charge loss prevention, only 
the front few layers of fibers within the media were coated. Other- coating 
techniques usually resulted with fiber discharge during the application 
process. 

134 



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 aerosols or 
ions, (b) chemical reaction of organic solvents with the charges on the 
polymer surface which are presumably free radicals or ions, and (c) 
cancellation of the net fiber charge by the close proximity of opposite 
charges. The problem of filter discharging fs inherent to permanently charged 
filters as presently designed and will limit the widespread use of these 
filters. Since the filter discharging problem is due to charged aerosols or 
reactive chemicals, field applications will have to avoid these agents. Thus, 
permanently charged filters will be ideally suited for filtering neutral or 
low-charged aerosois that occur in filtering atmospheric aerosols in building 
ventilation systems. 

Filter Exposure to Water. We found that permanently charged filters may 
lose some of their efficiency due to exposure to water, we measured the 
efficiency of the permanently charged filters before and after immersion in 
water solutions. 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 filter that 
could arise under high-humidity conditions. 

We conducted a number of experiments to measure the effect of water 
exposure on 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 NaCl. 

We added the acid and NaCl in an effort to see if the ions would cause 
additional deterioration of the charge. In fact, no further deterioration 
occurred due to the ions. Since these water solutions were unable to wet the 
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Fig. 75 Efficiency of Fi l t rete 200 q/m2 before and after immersing in wate 
solutions, NaCl aerosols, face velocity = 64 cm/s. 
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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 hypothesis, we immersed the 
filter in 0 water solution having a surfactant. The results were similar to 
the inversion 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 
observed 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 designed to 
remove toxic particulates and gaseous matter. In Fig. 76, we show the 
efficiency of the permanently charged filters before and after rinsing them in 
a number of organic solvents. Again, this test is rather severe, but it is 
one intended to simulate extreme environments to which the filter could be 
exposed. 

When the permanently charged filter is imersed in alkane solvents 
{hexane, heptane and iso-octane), we see a 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 HEK/acetone solution, the filter 
efficiency has dropped to the lev^l 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 ions). 

Since th? exposure 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/m , 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 organic 
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vapors using NaCl aerosols and the light-scattering photometer. We found the 
efficiency at a face velocity of 64 cm/s dropped from 71% to 49%. Although 
the decrease in filter efficiency is less with organic vapors than with 
organic liquids, our tests demonstrate that exposure to organics 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, Illinois. We 
did this in 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 to wftic*: the electrification is responsible for 
the total 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 permanently 

52 charged filter are reported elsewhere. 
NaCl-Aerosol 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 electrical 
collection to predominantly mechanical collection produces the minimum in the 
efficiency during the NaCl loiding for the standard Filtrete. In contrast, 
the neutralized Filtrete shows a systematic increase in efficiency and 
pressure drop as NaCl particles load the filter. Note that the efficiency of 
the discharged filter approaches that of the charged filter at higher particle 
loadings. This ;s what would be "xpec*";! since the collection mechanism for 
both filters w i 1 1 be doirn-,a;ed at high-particle loadings by mechanical capture 
due to the p^iticle Jepoiits. The efficiency of the initially charged 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 electrical attraction is still 
significant (below 1.0 grams of NaCl), thj charged filter has a messu-eable 
loading enhancement over the dischar<y;d filter. We should also i.'pntij'i t;iat 
overcharged aerosols will demonstrate increased particle loading beei*. the 
charged filter will not be neutralized 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 0.5 g NaCl. Measuring the efficiency and 
pressure drop after this rinsing revealed that v.e had effectively reached the 
same values that were originally obtained at that particle mass loading. The 
data, shown in Fig. 78 as solid squares, illustrate that once the dominant 
mechanism for particle capture of solid aerosols 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 
no longer lose additional fiber charge because the newly collected particles 
will be trapped by previously deposited particles, and will be unable to 
neutralize the fiber charge. 

EFFECT Of PARTICLE LOADING ON FILTER EFFICIENCY 

We have addressed previously 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 collection 
efficiency of a filter at the expense of increasing the pressure drop. 
Despite the fact that most filters are operating -it various levels of particle 
loading, the clogging process is difficult to understand because the formation 
of particle deposits is highly nonlinear, depending upon previous deposits and 
all the aspects describing clean filters affecting filtration. He developed 
filter-loading models based an a phenomenological approach that avoids the 
determination of the detailed capture mechanisms and flow streamlines in a 
loaded filter. These models will be developed after our loading studies are 
presented. 

Experimental Results 

For the filter-loading experiments described here, we again used the 
AF-series glass-fiber media available from Hansville. We used the solid, NaCl 
aerosol for test aerosols in all cases. 
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The effect of particle fading on the collection 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 correspond to two face velocities, 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 to clog, aj seen by tie sharp increase on pressure drop 
at 2-gms loadings. 

The ather relationship betwee" particle size and filter clogging is 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 curves represent the mass t Nad trapped on the filter. 
The curve with zero particle mass represents the efficiency curve of a clean 
filter. At increasing levels of clogging, the efficiency increases for all 
particle ^izes and the point of minimum-fiUer efficiency shifts to smaller 
particle sizes. 

It is interesting to compare the results wi*:h a clean filter having a 
smaller fiber diameter. In Fig. 81, 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 aerosols. The number median diameter of the 
aerosols was 0.28 jim. The dashed curve represents the efficiency of a clean 
AF-4 filter which has a median fiber diameter of 0.73 urn. 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 fibers. As we will see later, this supports our theoretical 
assumptions that particle deposits can be treated as newly formed fibers. 

Electrified Fibrous Filter. The data presented in F"ia. 32 illustrate the 
effects of loading on an electrified fibrous filter. The two sets of curves 
are the pressure loss and collection efficiency for the filter with no 
tlectric field and with a fiel-i 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 ths variations in filter construction. The two primary effects 
of electrification, enhanced filter efficiency and service life, can be 
readily seen. 
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The service life or a filter is generally defined in terms of the time or 
particle-loading required to reach a certain pressure drop. If the service 
life 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 Z.l g to 6.0 g. 
Tie electric field has also increased the average service life efficiency for 
the same filters from 70% to 95S. For clean filters {zero particle mass), the 
efficiency increases from 40S! to 90* when 10 fcV/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 wrong impression that effect of the electric fifld is diminished as the 
filter becomes clogged. This is not correct since the ratio of penetration 
with and without the electric field, P/P«» 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 Particle Deposits 

The morphology of the particle deposits in clogged filters is the most 
important factor controlling the increase in filter efficiency and pressure 
drop. Knowing how the deposits initially form and change at increasing 
particle 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 morphology 

53 of particle deposits goes through four major stages : 

(1) Particles deposit directly on the filter fibers; deposit morphology 
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 particle dendrites. Deposit 
morphology is characterized by particle dendrites intermeshing with 
their neighbors, forming a coat of particles nonuniform thickness 
around each fiber. 

(4) Particles deposit exclusively on the intermeshing particle 
dendrites. Deposit morphology is characterized 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. * ' ' 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 filter. 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 took 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 experiment-, are easier to interpret, we wanted to establish 
the morphology of the deposits under real conditions. VJe felt that the 
non-ideal structure of real filters may either alter the deposit morphology or 
introduce additional variables to the deposit •norphology observed in 
single-fiber studies- The purpose of these t „tron micrographs was to 
qualitatively describe +he morphology of particle deposits for use in 
constructing realistic models of filter-clogging. 

Figure 83 shows a series of electron micrographs of NaCl deposits at 
increasing level1: of filter-clogging on the front surface of AF-4 filters. 
First stage of filter-clogging in which captured particles form a random 
covering over the fiber surface is seen in (A). At increasing particle 
loading, the deposit then covers the fiber surface more or less uniformly as 
shown in (B). Once the fiber surface is sufficiently covered, incoming 
particlbS are captured on the previous deposits to form particle dendrites (C) 
and (D). As more 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 

54-56 micrographs agree with previous studies on single fibers. 
Our studies show an extensive range of particle-deposit morphologies 

coexisting within the same filter. Figure 83 (B) and (C) are electron 
micrographs of different regions on the same filter. The deposits in (B) are 
in Stage 1 of filter-clogging, while the deposits in (C) are in Stage 2. 

Particle 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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F i g . 83 Electron micrographs of p a r t i c l e deposits showing d i f f e ren t stages of 
f i l t e r clogging on AF-4 f i l t e r s . 
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Fig, 84 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-quality 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. The 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 filter is shown in Fig. 85. Although most 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 responsible for the lower pressure-
drop increase that occurs during filter-clogging when an electric field is 
applied 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 06 (A)-(C) represents increasing 
magnifications of the particle deposits on the surface of an AF-18 filter with 
no electric field applied during filter-clogging. 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 Mm and a = 1.7. 

A comparison of Fig. 86 (A)-(C) with those in (0)-{F) show that the 
primary effect of the electric field is to increase the particle deposition on 
the front surface of the filter. In (A)-(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 clogginj. 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 fi 
ana (D-F) with an electric field. eld 
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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." -m the filter surface is partially responsible for the 
decreased pressure drop that occurs in filter-clogging with an applied 
electric field. These observations have been previously reported by Lamb et 
a l . 5 7 

In iiddition 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 

CO 
the c?se without an electric field. This observation applies only for the 
early stages of filter-clogging. At the higher stages of filter-clogging, 
there appeared to be little difference in the deposit rvorphologies with or 
without an electric field. 

An important aspect of the particle deposit morphology that we are ur.able 
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 !je a significant 
deposit. Th*se findings have btan substantiated in other theoretical * 
and experimental * 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 Theory 

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

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

We show three different geometries of particle deposits, each of which 
with a different function for the cross-section area. Each of these 
geometries yields a different set of equations for pressure Hrop and 
efficiency. The dendrite model is characterized by a series of particle 
chains, i.e., dendrites, extending from the fiber surface. Tha 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 model can oe viewed as a combination of dendrite and 
increasing fiber models, the proportion of the two models changing with 
different stages of filter-clogging. In the beginning (Stage 1), particle 
deposits on a clean 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 intennesh 
(Stage 3) and the deposit once 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 *or the earlier stages because a filter is usally thrown away or cleaned 
when I-he last atage is reached. 

The Dendrite Model. We assume that the formation of particle dendrites 
can be apprtximated 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-flow field around a di. jrite 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-ordered, 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 particle 
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. Ai. 
important aspect of the derivation is the compounding effect of particle 
depcsit on filter efficiency, and, hence, on the rate of dendrite growth. We 
begin trie J -•'"ation of the filter penetration by considering the fraction of 
particles lost, -dN/N, because of collisions with fibers and particle 
dendrites in a differential filter element of thickness, dx: 

~!T-*W{da* + d a J ( 3 8 ) 

where da F and da represent the effective differential areas o'; the fibers 
and particle dendrites, respectively. Substituting expressions for da F and 
da p, yields 

dN 
" N VA ̂(-^r^ + V^Mf (39) 
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where n p and n represent the single fiber efficiencies for the fibers 
and dendrites, respectively, and dM represents th? cumulative number of 
particles in the differential filter element. After integrating Eq. 39 over 
the filter tlr-kness, we have 

P = P n e x o _ ( ^ N ° M ' o e X p _ l 2 / ' (10) 

where P 0 and P are the penetration at time 0 and t, respectively, and N Q 

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

m = ( 3 ^ ) H n ( P / P o ) + P-Po] , (41) 

where m is the particle mass in the fiKer. With Eqs. 40 and 41, the increase 
in filter penetration due to dendrite growth 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 consider dendrites to 
act like filter fibers, we can use the same equations to calculate the 
resistance of the original fibers as we could for the resistance of the 
particle dendrites. For a clean filter, the resistance or pressure drop is 
detet-mi ned by 

AP=AVr"FLF J 4 2 J 

where aP is the pressure drop, u is the fluid viscosity, V is the face 
velocity, Fp is the dimensionless drag over the fiber, and Lp is the total 
length of the fiber. If particle dendrites are added to the system, the total 
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pressure drop is 

.IP = ̂ V(FFLF + FpLp) , (43) 

where F and L„ are the corresponding dendrite variables of dimensionless 
P P drag and total length, respectively. The dimensionless drag, F , is a 

function of the volume fraction, a, of the fibers within the filter. /*". 
important consideration in the pressure-drop derivation is the valuf- of a 
used to calculate the dimensionless drag in Eq. 43. 

Me 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 p and L/L . 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 

and (44) 

' - - " ' P S ) • <"> 
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 clogged filter can be determined once we have 
selected the appropriate functions for the dimensionless drag. Any of several 

CO 
flow models can La used. We chose the Davies empirical equation0 because 
of its simplicity. For very loose fibrous filters, Davies' equation for the 
dimensionless drag is 

F> = 1 6 ™ ' (46) 
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where the i subscript represents the fiber or dendrites. Using the definitions 
for L v and L and substituting Eqs. 44-46 into Eq. 43, the following x p 
expression for pressure loss can be derived: 

where aP 0 is the pressure drop across the clean filter. 
Although Eq. 47 was derived for a filter consisting of fibers am) 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 

39 reported the results in. 
To test the accuracy of our theoretical equations, 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 load 
the filters. We replotted the two sets of data using terms from Eqs. 41 and 
47 to eliminate the velocity dependence. If * represents the term 
-ln(P/PQ) + P - P 0 in Eq. 41, then penetration data plotted as T vs m 
should fall on the same curve for any filter media and experimental conditions, 
provided aerosol properties remain constant. Figure 88 shows the two 
efficiency curves from Fig. 79 replotted as t vs m. We multiplied the T 
values of the two experiments with a factor N to account for changes due to 
the velocity in the particle-dendrite collection efficiency, n . The 
excellent agreement between the normalized * values seen in Fig. 88 
indicates the accuracy of Eq. 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 Eq. 47. Since the pressure drop is linearly dependent 
on the velocity, the ratio AP/V or AP/APQ would then be independent of 
velocity. We plotted the data as (AP - *PQ)/V SO the resulting curve 
would pass through zero at zero particle mass-loading. The resulting datf 
show good agreement between the two experiments (Fig. 89). An even better fit 
could be obtained by normalizing both sets of data to the same value of filter 
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Particle mass, g 

Fig. 88 Normalized penetration f as a function of particle mass loading for 
filter clogging tests at different flow velocities. 
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Fig. 89 Pressure drop increase per unit flow velocity as a function of 
particle-loading at different flow velocities. 
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thickness (X) and fiber volume fraction (a p); however, the normalization 
is complicated by the compression of the filter at higher flow rates. This 
compression increases the value of Ap/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 

53 that the dendrite structure is independent of the air velocity. Billings 
found the dendrite structure did not change significantly in experiments 
conducted et varying air flows. 

The Increasing Fiber Model. The increasing fiber model assumes that 
particles form a deposit that increase the fiber size withc.'t changing the 
fiber's shape. This requirement can be significantly relaxed only and produce 
a minor change in the model equations. The primary requirement of t\ • model 
is that the particles form a relatively close-packed deposit on the iber 
surface. We ha/e 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 be determined for the deposit geometry illustrated in 
Fig. 87. If we assume the particle deposit has a uniform thickness on the 
front half of the fiber and each particle occupi; a cubic cell of volume 
8r (47.655 open space), then we obta 
for the increase in fiber radius, R: 
8r (47.655 open space), then we obtain the following expression is obtained 

/ 12«P\" (48) 

where R„ is the original fiber radius, and a and a- are the volume 0 3 ,i F 
fractions of the particles and fibers. The open spaces in the particle 
deposit are not inci^d in a . 

Equation 49 represents the increase in fiber size from R Q to R due to 
particle accumulation on only one half of the fiber. The effective 
fiber-volume fraction a-, can be derived in terms of the increased fiber 
size, R: 

••-t m 
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Note that « E is not the sura of a p and o . 
The derivation ot the penetration equation for the increasing fiber model 

begins the fractional decrease in particle concentration across a differential 
filter element 

" N VA = — da r , ( 5 0) 

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

dN 
" N " ™ l *R3 j • ( 5 1 ) 

We can obtain the solution of the penetration equation by substituting the 
increasing fiber radius, given by 

(52) 

into Eq. 5? «.rtd integrating over the filter thickness, X. Unf tunately, 
these steps are complicated by the single-fiber efficiency, n F, which is 
also a function of R. 

42 In a previous report, 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, n^, so that 

(53) 
l i = 1M = TR.P, + 1I,P P + IDJQ^ a n d 

12 - 1R.P, + 1D.P, • (54) 

Substituting these single-fiber efficiencies into Eq. 51, integrating over 
the filter thickness, and simplifing the resulting penetration for the 
increasing fiber mode creates this expression: 
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r i 6 r 3 V t N 0 , 2 ' 

~L(l-a F )irRo 
P = P 0 exp • 

where the penetration for the initially clean filter is 

(55) 

P = P0 exp 
ler'VtNoTfc 

_ ( l - « F ) i r R 0 _ 

The corresponding theoretical relationship for particle mass 

m = (^jh l n( p /-o) + p - p » ] • (57) 
Next, we derive the pressure drop equation for the increasing-fiber 

model. As in the dem'rite model, we start with Eq. 42 for the pressure drop 
across a clean filter. When particles are closely deposited around the fiber, 
the total pressure drop is given by 

-IP = ̂ VFLF (58) 

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

16^ VAx V 2 / 12a_Y' 

Or, in terms of the initial pressure drop, aP 

AP =- AP, 
V TOF/ 

(59) 

(60) 
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Althouph we have not quantitatively verified the accuracy of our 
theoretical expressions of penetration 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 corroborate this experimental 
trend using Eqs. 40 and 56, which represent the theoretical penetration 
equations for the dendrite and increasing fiber models. Taking the time 
derivative of the relative penetration, we have 

[(Hffll 
e p/\dt/j„efib 

(61) 

where n represents all of the mechanical and electrical capture 
mechanisms for the particle dendrites. Since n 2 only represents a small 
portion of the total single-fiber efficiency, the ratio n /n 2 is very 
large. The ratio Rg/r is also large. Therefore, the relative penetration 
changes much faster for the dendrU model than for the increasing fiber model. 

Comparing Eq. 59 to Eq. 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 occur for the increasing fiber model. 

We m&de a quantitative comparison 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 applied electric 
field closely follows the pressure drop predicted by the increasing fiber model 
at low particle mass. At Mgh mass loadings, the electrostatic filter deviates 
sharply from the increasing-finer model and tends to follow the rate predicted 
for the dendrite model. Particle capture at the higher loadings is increasing­
ly dominated by the particle deposits and less by the original fibers. At the 
higher particle loadings, the deposits are not constrained to follow the shape 
of the original fibers, and, consequently, incrsase their dendritic character. 
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Fiy. 90 Comparison of theoretical and experimental pressure drops 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 field. 
At very low 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 small 
amount of deposit has formed, the pressure drop rapidly increases and follows 
the trend predicted by the dendrite model. Comparing the two caf^s 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 limiting case of the combined model at high 
particle loadings for both filters with and without an electric field. Much 
higher particle loadings are required for the electrostatic filter before the 
pressure drop increase follows the dendrite model. 

DEVELOPMENT AND EVALUATION OF EXPERIMENTAL ELECTRIC AIR FILTERS 

INTRODUCTION 

Our extensive theoretical 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 based our 
experimental filters on the polarization method because we fett this method 
would be the most acceptable to the nuclear industry. The 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 precnarger will 
significantly improve the performance of the electric air filter. Criteria *or 
prototypes charged only by the polarization method will differ slightly from 
the criteria for experimental filters charged by the corona method, either by 
itself or in combination with the polarization method. The corona-charging 
method affects two design parameters, the high-voltage power supply and the 
high-voltage electrodes. The high-voltage power supply would require a greater 
output current while the Iiigh-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 used for 
all of our filters. We shall discuss these criteria in some detail. 

Filter Size Limitation 

Filter size is limited by the its application and its maximum initial air­
flow resistance. For ventilation ducts, tlie 610 x 610 x 305 mm HEPA filter is 
generally chosen so that existing housings may be used. In other applications, 
no firm restriction exists on size although a minimum size is preferred by the 
industry. The limitations on air-flow resistance closely follow site restric­
tions in filter applications where the ventilation construction and the blower 
capacity limit the total load on the ventilation system. Most nuci^ar 
f?cilities require that the i-itial pressure drop across a new filter be less 
than one inch of water (250 Pa). This pressure drop is controlled primarily by 
the resistance of the filter medium and the face velocity. The nuclear 
industry, as a whole, requires all filters to meet existing size restrictions 
and the pressure drop limitation. 

Filter-Face Velocity 

After the physical dimensions, the most important design parameter is the 
filter-fare velocity, wJjich shou'ii 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 longer time to attract particles to the 
filter 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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Table 7. Design criteria for electric air filters u:ing the polarization 
charging method. 

Design parameter Criterion 

Physical dimensions 
Pressure drop 
Face velocity 
FiIter medium 

High-voltage electrodes 

Electrodes and medium 
integrated or separated 
High-voltage 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 
minimum compressiblity 
roinimimum 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 DC voUage 
automatic shut down during overload 
output current below 100 uA 
maximum value 
maximum value 
minimum value 
minimum value 
minimum effort 
minimum hazard 
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resistances that greedy exceed our criterion. We selected the deep-bed 
fibrous media far our electric air filters. The medium has to be nonflammable 
because of potential fires in the ventilation system. It needs a minimum 
Conductii ".y to prevent short-circuiting of the high-voltage electrodes. A 
medium with lower conductivity also increases the filter-collection efficiency 
flue 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, 
glass fibers are non.'lamr.iable, but are moderately conductive, and plastic 
fibers have very low conductivities, but are flammable. 

We established a jjiifiimum fiber-packing density to increase the filter-dust-
holding capacity. Lamb et al. have shown that electric air filtirs with a low 
fiber-packing density have a significantly lower pressure drop during 
filter-clogging than filters with a high fiber-packing density. 
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 interior 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. 

However, with an applied eleciric field, particles are captured by fibers 
on the front face of the filter, where more deposits can be accommodated 
because the fiber-packing density is very few. The electric field fm^reases 
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 more 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 moderately com), -essed as compared 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 cempresson for the AF-4 
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medium is due to the smaller diameter fibers that are easier to bend. The 
AF-4 filter has a median fiber diameter of 0.73 urn while the AF-18 
filter has a median fiber diameter of 3.5 urn. 

The last filter-medium requirement is minimum water adsorption. It is a 
well-established phenomenon that water adsorbed on an insulator dramatically 
increases surface conductivity. For example, the surface conductivity of soda 1 ? 7 lime glass increa-es from 10 to 10 mhos as the relative humidity 
increases from 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 
filter medium requirement discussed so far. It is nonflammable and has 
reasonable values 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 experimental filters 
was the AF-18 filter from Johns-Manville. We have already illustrated the 
typical performance data for this madium in terms of increased efficiency in 
the section on fundamental studies. 

High-Voltage 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 prevent 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 
electrode can have a relatively small open area since it cannot conceal the 
filter medium and adds very little resistance. We selected a perforated metal 
sheet with a 40% open area for our rear electrode. 

One of the most important criteria for the design of the high-voltage 
electrodes is good electrical contact with the filter medium. If the filter 
medium 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. 
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This phenomenon occurs because the fiber charge migrites across the filter bed 
and it accumulates next to the electrodes if they -ire not in contact with the 
medium. The accumulated charge creates an electric field within the filter 
medium that cancels the field produced by the high-voltage electrodes. 
However, if the electrodes are in contact with the medium, the fiber charge 
that migi aces to the electrodes is neutralized and therefore cannot reduce the 
electric field generated 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-voltage electrode for optimum electric 
field orientation is not well-established. All of our studies were conducted 
with the electric field either parallel or anti-paralJeJ 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 voUage and the grounded filter housing. Grounding 
the front electrode also provided an additional safety feature against 
accidental short-circuits and electric shock hazard. 

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

The Ci iterion for having electrodes with a high electrical resistance was 
estab.ished to 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 Uoodfin have shown thai the use of high resistance electrodes 

Op 
significantly reduces the potential for sparking across the electrodes. 
High-resistance electrodes also reduce the prooability for accidental short-
circuits and electric shock hazards. We should point out that hiqh-resistance 
electrodes do not reduce the electric field as compared to highly conductive 
electrodes at the same applied voltage. However, high-resistance electrodes 
must have a sufficient conductivity to pass the currents due to the particle 
charges. 
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Filter Media with Integrated or Separated Electrodes 

Another design parameter we considered for electric air filters was having 
the electrodes be an integral part of the filter media or be separate from the 
media, depending on whether the complete filter unit or only the filter medium 
was discarded when the medium became clogged. 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 dasign having the electrodes integrated with the filter 
media has a Tow ffxed cost due to the high-voltage power supply tiut 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 only 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 is directly 
dependent upon particulate concentrations, the selection of the design type can 
be determined from an assessment of <:he particulate levels. An important 
assumption in this design selection 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 power 
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: 

Integrated 

Filter changes/year 

F ig . 91 Total f i l t r a t i o n cost as a funct ion of f i l t e r changes fo r e l e c t r i c 
f i l t e r s hav'ng electrodes integrated wi th or separate from +*>e f i l t e r meoia. 
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electric field, the maximum voltage will be low for electrodes closely 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 closely spaced electrodes. Me 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 filters 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 without 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 power 
supply. Figure 92(a) shows a typical power supply we used for our experimental 
filters. We designed the high-voltage power supply to convert 110 volt AC 
input to 10 kV DC output; Fig 92(b) shows a top view of the power supply with 
the cover 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 current 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 powei- supply is not 
capable of exceeding the 70 MA 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 the power supply is overloaded; e.g., if 
the load on the power supply exceeds 70 MA. Indicator lights on the front 
panf.l show if the high voltage is on or off. 

The remaining des gn parameters in Table 7 describe performance and operat­
ing characteristics of the electric air filter. The characteristics were fixed 
by the criteria we estab^shed for the physical dimensions of face velocity, 
filter medium, high-voltage electrodes, and the power supply. Tht?se physical 
parameters determined the following parameters for the experimental filter: 
efficiency, dust-holding capacity, cost, and waste volume. The success of the 
electric air filter in meeting its objective to reduce the filtration cost and 
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Fig. 92 High-voltage power supply for the electric air filter: (a) exterior 
view and (D) interior view with Spellman unit in lower right-hand corner. 
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volume of radioactive waste depends upon 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 overall 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 
performance 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 (lable 7). Additionally, the high voltages 
employed in the use of the ffTter cannot create hazards for personnel. 

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 for 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 nuclear 
industry consists of one or more HEPA filters, the cost/benefit of a ntw 
filtration system should be compared with HEPA filters. This comparison 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 
can be between the total cost of the prefilter-HEPA filtration system $nd 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 total filtration 
cost, C-j-, for a given filter i$ 

C T = NC + E/L , (62) 

where N is t.. numbe' 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 life of the equipment. 

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

C T = NpCp + Ep/Lp + N H C H + E H/L H , (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 overcome 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, H, the dust-hcilding capacity of the filter, Mr, 
and the filter penetration, P: 

* - ^ • (64) 

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

M MPP{] - P H) 

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

MP F 

M H 

Substituting Eqs. 64 and 66 into Eq. 63 yields 

(65) 

(66) 

M ( 1 - P F ) „ EF MP f EH 

Equation 68 includes capital-equipment cost , p r e f i l t e r c leaning, recovery 
of mater ia l , and the e f fec t of pa r t i c le s ize . The operating cost of th 
p r e f i l t e r then becomes 

Cr-Cpp + CLP + JCcF-CMfMpJn , (68) 

where C p p i s the purchase cost of the f i l t e r ; C. p is the labor cost to 
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test, install, remove and dispose of the filter; C C F is the cost for cleaning 
the filter inplace or external to the ventilation system; C^ is the cost per 
gram of material recovered from the filter; f is the fraction of matet-ial 
removed from the filter; and n is the number of cleaning cycles for the life 
of the filter. 

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

C H = c P H + ^ . (69) 

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

^ % F + C L F + (C C F - C MfM F)n] + J + ^ ( C + C L H ) + ^ (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, Pp, or the 
dust-holding capacity for the prefilter.. H F, or the HEPA filter, M„. 

The effect of particle size on the dust-holdiny "apacity, M p and M„, 
is derived from our model of filter-clogging described earlier in this report. 
W$ have shown the equation for the pressure drop at low particle loadings 
(Eq. 52). 

The following relationship between particle volune fraction and particle 
mass, M, is 

M = a pAzp p , (71) 

where A is the filter area, z is the filter thickness, and is the density 
of the particles. 

Substituting Eq. 71 into Eq. 52, we have 

r a F Az pf j AP 
Mi (£-') • F R \W~L • (72) 
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Equation 72 represents the pcrticle-loading capacity for a filter. If the 
criteria for either replacing or cleaning the prefilter is AP = 2APQ, 
then Eq. 71 reduces to 

M F = ̂ F ^ - K F r . (73) R "F 

where Up is a constant for a given filter. 

Equation 73 shows that the particle-loading capacity, Mr, is directly 
proportional to the particle size; i.e., the smaller the [article size, the 
lower the particle-holding capacity. 

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

Jo D(r) r
2 dr 

IT D(r)rdr (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 :<{r)P(r). Thus, 0(r) is equal to N(r)P(r) for the HEPA filter. The 
distribution of particles trapped on the prefilter is N(r)[l - P(r)] Thus, 
D(r) is equal to N{r)[(l - P{r)J for the prefilter. This term is grated 
over all particle sizes and equals the mass of particles trapped on 
prefilter: 

M ( l - P F ) = |o°°(|1rr3)ppN(r)[l-F(r)|dr . (75) 

Equation 75 represents the difference in the size distribution of p ?s 
before the filter, N(r), and after the filter, N(r)P(r), The mass particles 
trapped on the filter is obtained by multiplying this difference by ^ volume 
and density of each particle. A similar equation can be obtained fo, Lhe mass 
of particles trapped on the HEPA filter: 
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M p F = r ( T r r 3 ) p p N ( r ) p { T ) d r • ( ? 6 ) 

In general, the average particle size trapped on the HEPA filter is much 
smaller than the average particle size trapped on the prefliter. Because of 
the difference in average particle size between par cles trapped on th§ pre­
filter and the HEPA filter, different valuei of r must also be used. This 
trend caused some researchers to speculate that the use of a prefilter niay 
accelerate the clogging of HEPA filters. This speculation, although not 
supported by experi<netttst is t.ased Oft Ifte fact tttat st!n}7er stee 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 

M (1 - P F) , , _ „ , E F MP F , , E„ 
CT - - % + C t f + (CCT - C MK Fr Ff)n + p + jr^- C P H + C m H -*« 

The comparable cost equation for a single filter is 

(7'". 

M (1 - PF) r _ E c 

^---jr^^ + c^ + iCv-c^r,,'*^ . ( 7 8 ) 

If the Single filter is a HEPA filter, then n = 1, I~C|_ = 0, and f = 0. 
Filter cleaning has a major effect on the total cost of filtration, if 

the prefiittr *3 not cleaned after 1t becomes clogged, then n = 1, C-- = o, 
f = 0, and Eq. 77 reduces to cost Eq. 7B. In that case, the cost of replacing 
the prefilter aecomes the major variable affecting the overall cost. For 
example, if replacing the prefilter requires a major effort, such i.i ? bag-in 
and -out operation in a glove box or ventilation duct, then the labor costs, 
Cipi, will be high and the use of a prefilter will not be cost-effective. 
This condition has been a major factor preventing the use 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 
illustrated in the next section on applications of electric prefilters in glove 
boxes. In these applications, the prefilter is changed within one minute 
inside the glove box without interrupting the ventilation system or requiring a 
bag-in or oag-out operation. 

Cleaning the prefilter can greatly reduce the cost if the cleaning costs, 
Ctf, are not high. Here again, the manner in which the prefilter is cleaned 
will control the overall cost-effectiveness of the prefiltration system. If 
the prefilter has to be removed from the ventilation system and cleaned in a 
remote location, then the cleaning costs will be very high. If the prefilter 
can be cleaned in 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. where 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 cannot be cleaned must have a high dust-holding 
capacity. Unfortunately, most filter media with a high dust-holding ca&acity 
also have a high penetration, P F, 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 low, the cumulative dust-holding capacity over 
thousands of cleaning cycles fs °*tremely high. 

The recovery of radioactive material is another benefit of filter 
cleaning. The cost of recovered material like Pu may significantly offset the 
cost of the filtration system and even make the total filtration costs negative 
or permit profitable operation. 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 frc.n the ratio of the number of HEPA filters used without a pr^filter, 
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(N„), to the number of HEPA filters used with a prefilter, ( N H p ) . This 
ratio is obtained from Eqs. 66 and 73: 

HL = ^ L = ^ J - , (79) 

where r„ is the average particle size after passing through a prefilter, r„ 
is the average particle size before passing through a prefilter, and Pp 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 r,:ust be minimized is the volume of 
filter waste that is collected from both 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 radioactive 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 Eg. 76 is 

VT-^(V,« (80) 

where V, is tiie total filter waste volume, V p 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-HEPK 
filter system is 

M l - PF) M P F 

K.F r F n K. H r H 

wherp " is the volume of a HEPA filter and h is size reduction factor for 
the HEPA filter. 
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From Eq. 61, we see that the volume of total filter waste can be reduced by 
increasing the loading capacity of both prefilter anu HEPA filter, K prp and 
K„r„, decreasing the penetration of the prefilter, Pp, increasing the 
number of cleaning cycles, n, and compacting the prefilter and HEPA filter for 
size reduction, g and h. Cleaninc, 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 cleaninq 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 Radiation Exposure 

Another uajor consideration in the cost/benefit study of air filtration 
systems in the nuclear industry is radiation exposure due to contaminated 
filter' and accidental releases of radioactivity /hen 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 radioactive spills 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 
radiation exposure to personnel by inhalation or ingestion. 

Another source of radiation exposure and accidental releases of radio­
activity occurs when changing the HEPA filters in the large plenum chdmbers. 
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 radiation exposure during accidental 
spills. By decreasing the frequency of HEPA-filter changes through the use of 
prefilters, the risk of accidental spills can be reduced significantly. 

A number of radionuclides like americium that are filtered out by HEPA 
filters have a high gamma emission. Because of the difficulty in shielding 
out this - Mation, HEPA filters are generally replaced after a sm^ll quantitj 
of gaimu emitters is trapped on the filter. Another reason for changing HEPA 
fil. before they reach their dust-holding capacity is TiTiiting hi^h-level 
radioact!ve waste. If radioactive particles which have a high specific 

238 activity, like j aPu, are loaded onto a HEPA filter, the HEPA filter m^y be 
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classified as high-level waste when discarded. Because of the significantly 
greater expense and difficulty in disposing of high-level waste, HEPA filters 
are generally removed before accumulating that much radioactive material. 

Since the maximum mass, fcL, of the radioactive material that yields 
acceptable radiation levels and waste criteria is much lower than the filter 
dust-holding capacity, K Hr H, the HEPA filter has to be -eplaced at a much 
higher frequency. The total cost and volume of waste may be computed by 
replacing K,,rH in Eqs. 77 and 81 with Mft. It is clear from the resulting 
equations that a prefilter would only be effective if it had an extremely low 
penetration value. Thus, for applications where radiation criteria are used 
for changing HEPA filters, a high-efficiency prefilter must be used nhich can 
he repeatedly cleaned or inexpensively removed. If the prefilter cannot be 
cleaned or easily removed, the advantage of a prefilter is lost since th$ 
raaiation problem is transferred from the HEPA filter to the prefilter. 

Additional reductions in radiation exposure can also be expected because 
the probability of a spill occuring during the replacement of a prefilter is 
mucfi less than during the replacement of a HEPA filter. Pref liters are 
generally much lighter and easier to handle than HEPA filters and are easier to 
bag-out of a ventilation system, ^refilters are also easier to replace than 
HEPA filters because the support and sealing structure for a prefilter is 
generally less complicated for a prefilter than for a HEPA filter. 

ELECTRIC AIR FILTERS FOR GLOVE BOXES 

rfrrRODurrropf 

One of u,e most attractive applications of an electric air filter in the 
nuclear industry is as a prefliter inside a glove box. We felt that the design 
of our experimental glove-box prefilters had to ireet two requirements in order 
to be successful: (1) simple operation for replacing or cleaning filter media 
by ufitrained operators and (2) prefilters must be mounted inside the nl^-c aox 
to contain all of the radioactive material within the box. Proper design would 
allow the operator 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 
small supply of clean filters inside the glove box, a number of filter changes 
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can be made without bag-in or bag-out operations. 
To date, we have built and evaluated two experimental electric air filters 

for use as prefiIters inside glove boxes. We designed both of these units so 
that each can be mounted on either a ceiling or a wall. The primary difference 
Between the two designs 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 hiiged door. The exposed electrode for safety reasons in both 
designs is the ground electrode. We also examined the safety features of the 
glove-box prefilters and incorporated the following features to reduce the 
possible 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 flasrJ,ig yellow warning light. We li,„er 
removed the interlock mechanism and flashing yellow light when the electrical 
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 installed inside 
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 for changing 
filters. The electrodes, made from perforated aluminum plates, have H 40% open 
area. These electrodes were coated with 25 urn-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 evfect in this prefilter, the 
electrodes apparently were not completely insulated. Independent tests on 
other parylene-coated electrodes indicate that the insulation coating had been 
partially removed, presumably by mechanical abrasion. 

We used two layers of 6.4 mm thick AF-18 obtained from Johns-Man/ilie for 
the filter medium (th> tab allows easy replacement). The prefilter was 
electrified with a Spellman miniature DC power supply, Model UM15-1500-D, that 
had a negative polarity and was rated up to 15 kV at 75 r • 

T85 



^•^•••••w^.* ̂ MV^fli^^J^^^m^M^Cvi 

fig. 93 Experimental electric air filter of the lever-arm design installed in 
a glove box where it acts as a prefilter to the HEPA filter. 
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Figure 94(a) shows an operator pulling 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 electrode in its 
locked position. By pushing up on the handle, the ground electroae 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 lift 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. In other 
installations, 'he use of a damper to reduce the air flow during filter changes 
would elimina'a this problem. 

We also found that the cam mechanism did not 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 ciesigns 
with a cam that provides greater compression. 

Another problem with the lever-arm design was the ground electrode. WP had 
used a perforated aluminum plate that had a 4055 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 4 M of the filter 
surface available for partic?e lieposits, the pressure drop would increase much 
faster than if the entire surface had been available. However, the template 
effect due to the electrode was not important for most of our laboratory 
evaluations because we had used a thinner filter medium that did not make 
contact wi "i 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 
prefliter. 

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) Operator pulling down on handle to change filter medium from the 
filter medium, arc; (o) Operator removing filter medium from the filter holder. 
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NaCl aerosols by nebulizing a 1% NaCl solution to yield a heterodisperse-NaCl 
distribution with a mass median aerodynamic diameter (MMAO) of 1.0 pm and a 
geometric standard deviation, a- of 2,0. Laboratory filter efficiencies 
were determined with a flame photometer obtained from Dynatech-Frontier, Inc., 
Albuquerque, 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 
simultaneously; this avoids the problem of large fluctuations in aerosol 
concentration.) 

Since we wanted to make a large number of efficiency measurements without 
the complications of bag-in and bag-out operations, we built a special sampling 
chamber to house the filter holders for sampling before and after the electric 
air filter. The sample filter holders are changed by access through two 
1atched 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 were made in our 
controlled glove box using NaCl aerosols. We determined he efficiencies with 
the in-line filters oj atomic absorption analysis for Na, Figure 95 shows a 
series of efficiency measurements we made using the two techniques at applied 
voltages 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 photometer was close enough to be used for 
field evaluations. 

Field Evaluation in LLWL's Uranium Powder Hilling Box 

We installed the experimental electric air filter inside a glove box at 
LLNL where chunks of uranium and beryllium oxide (U0 2 and BeO) are ground 
into a fine powder using a ball mill 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 relatively 
low, thereby providing an ideal envi. ,iment for our evaluation. The electric 
air filter was counted on a ceiling exhaust port; a plastic tube was mounted on 
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A NaCI (in-line filter) 
O NaCI (flame photometer) 
O U 0 2 (in-line filter) 
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F ig . 95 Ef f ic iency o f prototype f i l t e r using lever arm design as a funct ion 
o f appl ied e l e c t r i c f i e l d . 
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the lower electrode to provide a representative sample of U aerosols before the 
filter (this tube prevented erroneous 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 flow corresponded to the rated flow through typical HEPA filters used to 
filter glove-box exhaus'-. An electric balance, accurate to 0.1 g, was inside 
the glove box and allowed us to periodically weigh the filter. 

We conducted our initial filter evaluation ?n the milling box using two 
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 
increased from 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 consisted of periodically weighing the filter medium and measuring 
the filter pressure drop and efficiency. By taking filter samples of the 
aerosols before and after the electric air filter and by measuring the activity 
on a proportional counter, we determined filter efficiency for UO, aerosols. 
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 pm, with *j = 2.0. 
Comparable measurements on NaCl aerosols showed a MMAD of 1.0 pin. Figure 96 
shows the size distribution of the UO ? and NaCi aerosols with the cmlative 
percent of mass or activity plotted as a function of the aerodynamic diameter 
(the NaCl distribution was determined from mass measurements, while the U0 2 

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 subsequent 
filter tests. Accurate efficiency measurements were not possible 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 UO^/SeO 
glove box (two layers of AF-18, V = 0.65 m/s). 

Par t i c le Mass * Eff ic iencies aP 
(9) 

Mass 
0 kV 10 ktf (kPa) 

0.0 
4.3 

2 .5 b 

92.9 
97.5 
99.0 

"97.2 " " 

99.7 

0.144 
0.197 
0.498 a 

0.197 b 

*the air velocity dropped to 0.48 m/s. 
"after shaking off 5.9 prams. 

10 

7 
5 

E a. 
1 3 

a* 2 
01 
E 
<D 1 
TJ 
U 0.7 
I 
a 

O.S 
C 
> 2 0.3 

< Q.2 

0.1 

-
1 T 1 1 1 l > r 

- Activity / / Mass -

1 
1 

1 o U0 2 

-

-
I I I 

a NaCS 

r i r i i 
0.1 1 10 30 50 70 .90 98 

Percent mass or activity less than stated size 

Fig. 96 Particle-size distr ibution for UO? and NaCl aerosols for f i r s t 
evaluation of LLNL glove-box electric air f i l t e r . 
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downstream filter sample whenever the electric air filter had efficiencies in 
excess of 99.7%. 

At the time, we did not recognize the full consequence of using the thinner 
medium. The thinner medium did not have direct contact with both electrodes. 
This lead 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 velocity through the filter 
from 65 cm/s to 52 cm/s to allow additional flow control during iiigher particle 
loadings. 

The second evaluation of the electric air filter under the new experimental 
conditions is summarized in Table 9. Table 9 shows three sets of efficiency 
and pressure-drop measurements in which 0 and 10 kV was applied to the 
electrodes during filter-clogging. Each data set was generated with a single 
AF-18 filter in the manner previously described. The data set with no 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 likely 
explanation for this high efficiency is a leak in the downstream filter holder. 
Although we recognized the potential for leaks, we did not systematically 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 U0?/Be0 glove box 
(one layer of AF-18, V = 0.52 m/s). 

Particle mass % Efficiencies AP 
(q) 0 kV 5 kV 10 kV 15 kV (kPA ) 

Test 1 0 kV Applied During Particle Loading 
0.0 78.0 — 97.9 99.V 0.052 - 0.060 

98.4 99.9 a >99.5 b >99.9 b 0.070 
0.062 c 

99 .8 a 99.8 a 99.7 a 99.8 a 0.393 
C.082c 

10 kV Applied During Part i c l e Load ing 
97.9 86.0 91.2 92.9 0.065 

0.097 

98.5 99.5 99.9 a 0.112 

99.2 99.5 99.7 a 0.378 - 0.406 

10 kV Applied During Part i c l e Loading 
73.7 39.6 

2.1 
0.6C 

5.6 
2.0 C 

Test 2 
0.0 
2.1 
3.2 
6.8 

Test 3 d 

0.0 
0.062 
1.1 80.2 99.6 
0.070 

a. Radioactive counts on the downstream sample were lower 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 clean filters. Since the distance between the electrodes was 
O.0O118 m, we divided the applied voltage by this value to get the correct 
field strength. In addition to the U0~ 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 UO, aerosols, this 
is not what occurs. The electric air filter reduces the penetration of both 
NaCl and U0 ? aerosols by about 70%. We should also point out that the U data 
was obtained at 52 cra/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 decrease in air velocity for the 0 
aerosols is responsible for a slightly higher efficiency far the U0-, aerosols 
when high voltage is applied. The major contribution to the higher filter 
efficiency with UO, aerosols is their larger si2e as compared to the NaCl 
aerosols. This fact is readily seen when comparing the filter efficiencies in 
Fig. 95 at 0 kV. 

In addition to the increased 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 particle mass loadings is 
slightly lower for the filter with an electric field than without, we expected 
the difference to be much greater. We believe 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 life is the inconsistent use of high voltage 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 life 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 particles were collected by the filter, 
the efficiency for both the standard and e^ctric air filter were nearly 
100%. The evaluation also showed that 70* af the radioactive dust could be 
removed and the filter •ueeiiuni placed back into service. 
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Cost/Benefit Analysis 

Although our field evaluation has to stop after only three months because 
work 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 previously noted. The filter 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 
solutions 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 single spark or overlaod. Had either 
of these events occurred, the high voltage power supply would have shut down. 

We performed our cost/benefit analysis of the experimental filter using 
the field evaluation data in Fig. 97. Unfortunately, we were unable to measure 
the HEPA-life extension directly because we did not have an accessible HEPA 
filter downstream of the electric prefiltsr. To compensate far this lack of 

£3 baseline data, we used data reported by Adley and Wisehart 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-holding capacity of 2000 g for 5.5 nm-diameter particles and 300 g for 
0.C inn-diameter particles. The mass median diameter of the U0o/Be0 
particles in our evaluation was 5.4 pm. Although we did not measure the 
particle-size distribution after the air filter, a mass median diameter of 
0.5 urn is very reasonable. By scaling down the capacity of the 1000-cfm HEPA 
to air-equivalent 50 cfm HEPA, the dust-holding capacity is 100 g for 5.5 urn 
particles and 15 g for 0.5 um particles. 

We determined the remaining parameters needed for the cost/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 
electric air filter is D9% and 6.B g respectively. The prefilter cost 
approximately li and had a volume of 0.21 1. During the field evaluations, we 
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also found that 67S 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 
corapressing the filter. This factor was 0.16 for the prefilte" 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/benefit 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 
labor 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, make 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 the life of one 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 {n = 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 decreases very rapidly from $27.00 to 
$7.54 and finally to $2.09 when using a mechanical prefilter and electric 
prefilter, respectively. Note that cleaning the prefilter has very little 
effect on the cost of the system due to the insignificant cost of the prefilter 
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 UOg glove box. 

Pref i I t e r 3 

HEPAh 

(a f te r p re f i H e r ) 
HEPA* 

(alone) Variable Mechanical E lec t r i ca l 
HEPAh 

(a f te r p re f i H e r ) 
HEPA* 

(alone) 

c p F , c p H $0.02 .PO.02 $27.00 $r/.oo 
V F ' VH 0.21 1 J.21 1 P. 29 1 6.29 1 

PF» PH 0.04 
100 g 

0.01 
100 c 

0.00 
100 g 

0.00 
100 g 

MPp — . . . 4 g, l g c 100 g 
M ( l - P p ) , « ( I -P H ) 96 g 99 g —_ - — 
» > r H 2.25 Mm 2.25 (inn 0.25 urn 2.25 um 
K F r F i K H , r H 5.6 g 6.8 g 15 g 10C g 
f 0.67 0.67 0 0 

g 0.16 0.16 C,45d 0.45 d 

» variable subscript is f. 
° variable subscript is H. 
c dust load on the HEP/v is 4 g using the mechanical prefi Iter and 1 g with 
the electrical prefiIter. 

if the wooden frames are burned, then the volume reduction fractioi is 
0.11. 
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Table 11. Calculated annual performance of glove-box filtration systems based 
en experiments in UOj powder milling box. 

Performance Criteria 
Filtration 

System Cost 
Vol 
(wi 

ume of waste 
th compression 

Material 
recovered 

i) (100 g input) 
HEPA 
Life 

HEPA $27.00 6.29 1 
(2.83 1) 

0 g Ix 

HEPA plus 
Mechar.ical Pre-
Filter (n=l) 

$ 7.54 S.28 1 
(1.34 1) 

0 g 2.8x 

HEPA plus 
Mechanical 
Prefilt^r (n=10) 

$ 7.23 2.04 1 
(0.82 1) 

6 7 a 2.8x 

HEPA plus 
Electric 
Prefilte>" (n=l) 

$ 2.09 3.48 1 
(0.50 1) 

0 g 11.1s 

HEPA plus 
Electric 
Prefliter (n=10) 

$ 1.83 0.73 1 
(0.24 1) 

69 g 11.lx 

?00 



compressing the filter after cleaning reduces the waste volume by only a small 
amount. Table 11 also shows that the only recovery of 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 life. Note that HEPA life is inversely 
proportional to the cost of the filtration system and increases to 2.8 and 
11.1 times the original HEPA life as a mechanical prefilter and an electric 
prefilter are added. 

It is important to recognize that the large difference in filter cost and 
HEPA life 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. Note that the transient period where the efficiency rapidly 
increases as particle mass accumulates is the dominant factor 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 conditions 
reduced the difference in performance between the mechanical and electrical 
prefilter. We would expect much greater extension in HEPA service life for a 
prefilter that was elec+rified all of the time. In reviewing the results of 
the U0 2 glove-box evaluation, we must also remember that the MMAD was 
5.4 pm. This size aerosol 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 mechanical prefilter would 
have a much smaller savings and only a modest extension in HEPA life. The 
performance of the electric air filter acting as a prefilter would have its 
most dramatic effect below 1,0 pm 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 ihows the unit attached to the end-plate of the glove box, it could 
also be mounted on the ceiling as in the other filter design. The hinged-door 
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Fig, 98 Electric air filter with hinged doc mounted 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 aerosols 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 
erroneously low inlet aerosol concentrations due to bypass around the sample 
probe. If aerosol samples ere not required, the thickness of the e1«>ct-ic 
filter could be reduced to less than BO mm. 

The important design features of this hinged-door electric prefilter :re 
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 latch was closed. The filter medium used 
in this evaluation was the same as in our previous evaluation. 

In designing this experimental unit, we avoided the problems encountered 
with the previous design. Secause 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 h*gh voltage 
electrode was a hand-strung grid with wires spaced every 10 mm. We had 
initially used insulated wires for the rear high-voltage electrode in order to 
minimize the possibility of sparking. Sirce we uncovered the negative effects 
of the insulated electrodes, we replaced the insulated electrode screen 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 
has a variable 0-15 kV DC output, a current meter and automatic shut-down 
during an overload condition when the current exceeded 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 two doors for 
shutting down the high voltage whenever the filter door was opened. Heavy-duty 
cable was used for all of the exposed 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 to ensure that the power would 
be shut off when the load exceeded 40 uA. As an additional safety 
precaution, a 10 Mfl current-limiting resistor was placed in jsries between 
the power supply and the electric filter. This limited the available energy 
in a potential spark whi'e providing sufficient current to trip the overload 
circuit. ; 

Laboratory Evaluation 

We tested the filters with heterodisperse NaCl aerosols 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-line filters 
housed in the sampling chamber. We then conducted filter-efficiency 
measurements over a range of experimental conditions intended to encompass 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 
increase in filter efficiency that resulted when the flow velocity was 
decreased (Fig. 99). 

Field Evaluation in Fu-Dust Vacuum Box at Rocky Flats 

After the laboratory tests at LLNL, the electric air filter and end plate 
were shipped 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 glove boxes 
that extract Pu in molten salt operations. The vacuum-cleaning system consists 
of suction hoses inside the other glove boxes, connecting pli-mbing that leads 
to four cartridge filters and a vacuum turbine. Oust vacuumed from the other 
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 nitrogen, very dry, and is kept at room 
temperature. 

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 be seen through the side 
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F i g . 99 F i l t e r e f f i c iency as a funct ion of e l e c t r i c f i e l d f o r one layer of 
AF-18 medium tested at d i f f e ren t f low v e l o c i t i e s . 

F i g . 100 Plutonium dust vacuum box housing the e l e c t r i c p r e f i l t e r . 
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window. Figure 100 also 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 
butterfly 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, 
is controlled by the exhaust vacuum source and th» total resistance due to the 
electric air filter, KEPA filter, butterfly valve, and inlet restrictions to 
the box. 

Since the maximum exhaust vacuum is normally 249 Pa, the exhaust flow 
decreases as the filter resistance increases due to filter-clogging. When the 
total resistance equals the 249-Pa-source vacuum, then the exhaust flow rate 
drops to zero. However, as the flow decreases to nearly zen, the glove-box 
vacuum remains nearly constar.t. We discovered during our evaluation that when 
the filter was plugged and the exhaust flow was reduced to nee; Jy zero, the 
glove box was still 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. In .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 filter and HEPA filter. We placed a balance 
inside the glove box for these weighing. The pressure drop across the HEPA 
and air filter was measured with a magnehellc and the exhaust flow was 
measured with a Hastings velocity meter before and after each filter weighing. 
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We conducted the efficiency measurements by generating radioactive dust 
inside the glove box through cleaning of the cartridge filters. These 
cartridges were readily cleaned by striking them firmly on the floor of the 
glove box to knock off particle deposits. After installing the clean 
cartridges and sweeping the dust into a canister, there was a sufficient amount 
of airborne dust to begin the efficiency measurements. We initially made 
efficiency measurements at 0, 5, and 10 kV, but later changed to only one 
measurement at 10 kV to simplify the procedure. Table 12 shows the results of 
thesa efficiency measurements for our electric air filter. 

As in our previous evaluations in the U0 7 glove box, we also weighed the 
filter to obtain the particle mass and measured the pressure drop. Note that 
we had to calculate the efficiency at 10 kV for zero particle mass because we 
had inadvertently left the filter medium out of the sample holder. Table 12 
also 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 loaded 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 velocity at 0 g particle loading 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 particle 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 low voltages. 
The higher efficiencies for the Pu salt aerosols are due to their larg-.r size. 
We raeasi/red the particle-size distribution of the Pu salt aerosols using the 
same Andersen impactor we used previously in the U0, glove box. Thesi 
measurements showed the AMAD and geometric standard deviation were 3.5 tim 
and 2.0, respectively. In comparison, the NaCl aerosol had a iWWO 1.0 and a 
geometric standard deviation of 2.0. The higher efficiency of the larger Pu 
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Table 12. Hinged-Ooor electric air filter in a Pu glove box (two layers of 
AF-18, V = variable , 10 kV during particle loading). 

Particle Mass % Efficiencies iP 
(g) 0 kV 5 KV "10 kV (kPA) 

0 
5.6 

92.6 97.5 99.2 b 

99.97 
0.037 
0.199 

V = 8 cm/s (5 cfm) at 0 g loading, V * 1 cm/s (0.5 cfra) at 5.S g loading 
Calculated based on 0 and 5 kV data. 
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salt aerosols can be explained by the filter efficiency as a function of 
particle sire. 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 0.6S iim and an efficiency of 
40%. The corresponding mass median diameter for the Pu salts is 1.43 urn, 
assuming a density of 6, and an efficiency of 80*. 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 aerosols accounts for the higher efficicicy 
as compared to NaCl aerosols. 

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. Ccher 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 reduction in 
filter penetration is 67% for the Pu salt aerosols and 89% for the NaCl 
aerosols. However, based on our theoretical 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 NaCl aerosols. 
The decreased flow velocity used in filtering out Pu salt aerosols should 
result in even higher efficiencies. 

A possible explanation for the lower increase in filter efficiency than 
expected from laboratory 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 0 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 0.20 
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 later 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 problem 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 measure the exhaust 
flow rate. Unfortunately, during the first year of the evaluation, the 
Hastings velocity meter was mounted too close to the value controlling the 
exhaust flow and consequently did not accurately measure the flow. The valve 
was manually adjusted to maintain a negative 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 rapidly 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 removed it from the filter housing for weighing. He had assumed 
that an adequate flow was still passing through the filter because the glove 
box vacuum was within the normal limits. Although the Hastings velocity meter 
had indicated a very low exhaust flow, we had discounted 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 vas 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 101 shows the relative flow and the pressure drop across 
the filter taken during a portion of this evaluation. Note that whenever the 
pressure drop decreases, 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 regular clearings. 
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Figure 101 also shows a filter cleaning that had a very short-term effect on 
the pressure drop and flow. Presumably, the filter was improperly cleaned. 
Note 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 some deposit flakes off the filter surface. 

The above procedure provided us with sufficient information 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 maintain a constant flow throughout the evaluation. We were 
able to maintain a constant flow of 2.4 1/s (5 cfm) by either closing 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 
orifice plates. 

figure 102 shows the resulting flow and pressure drop across 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 
open, 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 pressure 
drop st:d low flow during the first seven days were part of the previous 
evaluation. As before, the Cs represent filter cleanings. Figure 102 also 
Shows a 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 holders that prevented us from measuring filter efficiencies. This 
became a major problem. We had used the 25-mtn plastic filter holders for 
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F ig . 102 Pressure drop and f low rate fo r e l e c t r i c a i r f i l t e r operated at 
constant f low w i th i r regu la r cleanings. 
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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 holder? since, after each use, the filter holder had to be 
decontaminated or discarded. We discovered that the Gelman filter holders 
leaked. As part of an established procedure, we had routinely checked fov 

leaks 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. On a number of occasions, we spent an entire 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 filter holder 
appeared to help at times, but the holders still leaked when installed. 

We tested in-line plastic filter holders from five other manufacturers and 
found that they all leaked. Since we would not take filter samples of the Pu 
salt aerosols using leaky filter holders, we could not obtain sufficient 
prefliter efficiency measurements to make a quantitative comparison filter 
performance with and without electrification for the Pu salt aeiisnls. 

The final proolem encountered during the field evaluation jas an 
intermittent failure of the safety interlock system that shut off the high 
voltage when the hinged doors were not properly closed. The reed switches 
imbedded in the filter frame were sensitive to the postion of the magnets 
mounted in the hinged doors. After constant use over many moiths, the reed 
switches and magnets were not properly aligned and would disconnect the high 
voltage. Me had solved this prob'eni in the final stages of the evaluation 
wher. -<e replaced the high voltage power supply with a much smaller unit. Since 
the new power supply was not capable of delivering a potentially hazardous 
current, the interlock 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 radioactive material. Every time we cleaned the 
filter to increase its service life, we also recovered radioactive material. 
We weighed the filter before and after cleaning ;nd 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 n.edium recovered. However, 
the deposit that remained after the medium was cleaned was relatively constant 
during the evaluation. Once the medium was in service for a short time, nearly 
1003S of the new deposit was recovered. Based on our measurements, we estimated 
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that we recovered 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 
ei,aluation in Janauary, 1979. The electric air filter was operated 
continuously under high voltage until the unit was removed in March, 1980. 
During this 14-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 filter had to be changed 
every month due to plugging. 

From the beginning of our evaluation ':/. January, 1979 to September, 1983, 
we have used two HEPA filters in the glove box. The first HEPA filter was 
protected by our electric iiir 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 prefliters: 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 to 50 Pa. The mechanical 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. It 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 obtained 
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 particle mass loading for the electric and 
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mechanical prefilter for the Pu salt aerosols as we had done for the U0 ? 

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 (Pp) to be used in the cost/benefit 
analysis are 0.001 for the electric air filter and 0.005 for the mechanical 
prefilter. 

The values 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 labor 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 U0 2 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, cleaning the prefilter had very little effect on the cost of the system 
due to the insignificant cost of the prefilter 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 liters 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 occured 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 life is inversely proportional to the cost of the filtration system 
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Table 13. Values of var iables used in cos t /benef i t analysis of e l e c t r i c a i r 
f i l t e r s in Pu glove box wi th hinged-door design. 

Prefi I t e r 3 HEPAb 

af ter a i r f i l t e r 
HEPAb 

Variable Mechanical E lec t r i ca l 
HEPAb 

af ter a i r f i l t e r alone 

c p F , CpH J0.02 $0.02 $27.00 $27.00 

V VH 0.21 1 0.21 1 6.29 1 6.29 1 
P F> PH 0.005 0.001 0.00 0.00 

M 
MPp 

750 g 750 g 750 g 750 g 
M 
MPp — .__ 3.7g, 0. 7g c 750 g 

MCl -Pp) , M ( I - P H ) 746.3 g 749.3 g — - — 
r F ' r H 1.75 um 1.75 um 0.2S „m 1.75 Mm 
KF rF' V rH 12 g 12 g 15 g 69 g 
f 0.98 0.98 0 0 

g 0.16 0.16 0 .45 d 0.45 d 

a var iable subscript i s F. 
° var iable subscript i s H. 
c dust load on the HEPA i s 3.7 g using the mechanical p r e f i l t e r and 0.7 j 
wi th the e l e c t r i c a l p r e f i l t e r 

i f the wooden frames are bu rames are burned then the volume reduct ion f r ac t i on i s 0 .11 . 

Table 14. Calculated annual performance of the hinged-door glove-box 
f i l t r a t i o n systems based i n Pu-dust vacuum box. 

F i l t e r 
cost 

Performance C r i t e r i a 

F i l t r a t i o n 
system 

F i l t e r 
cost 

Volume of waste 
(wi th compression) 

Material 
recovered 
750 g input 

HEPA l i f e 
(11/year) 

HEPA $297.00 69.2 1 
(31.5 1) 

0 g Ix 

HEPA p l u s mechanica l 
p r e f i l t e r (n = 1) 

J7.90 14./ 1 
(2.8 1) 

0 g 28.6x 

HEPA plus mechanical 
p r e f i l t e r (n = 62) 

36.68 1.76 1 
(0.73 1) 

735 g 28,6 x 

HEPA plus e l e c t r i c 
p r e f i l t e r (n = 1) 

$2.51 13.4 1 
(2.23 1) 

o g 142.9 x 

HEPA plus e l e c t r i c 
p r e f i l t e r ( r = 62) 

31.28 0.50 1 
(0.26 1) 

735 g 142.9 x 
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and increases to 28.6 and 142.9 times the original HEPA life 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 electric prefilter 
was used to protect the HEPA filter. Since the HEPA filter had shown no 
increase in pressure drop, the extension of HEPA life due to the electric 
prefilter is much greater than the actual 14 months. This test also showed 
that 98% of the collected 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 performance of the prefilter systems are shown 
in Table 15. Please note that the data for the HEPA plus electric prefilter 
were 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 for the filter cost, volume of waste, and HEPA life in Table 15 
would approach the values shown in Table 14 if the evaluations were continued 
until the HEPA filter 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 
life are achieved even with mechanical prefilters. Since prefilters are 
generally not used in the exhaust of most glove boxes, 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 life predicted in Table 14 for mechanical and electric prefilters 
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Table 15. Measured annual performance of glove-box filtration systems in 
Pu-dust vacuum box. 

Annual performance criteria 
Material 

Filtration Filter recovered HEPA life 
system cost Volume of waste (750 g input) (12/year) 

HEPA (12) J324.00 75.5 1 0 1 x 
HEPA plus $23.28 a 6.0 l a 735 b 14 x a 

electric 
prefilter 
(0.86 HEPA 
3 prefiIters) 
HEPA plus ?7.97 c 3.3 l c 735 b 42 x 
various 
prefilters 
(0.29 HEPA 
7 prefiIters) 

a Assuming HEPA filter plugged, but pressure drop never increased. 
Calculated from actual material recovered. 

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

INTRODUCTION 

Me 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 life 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 lower than simply replacing the HEPA 
filter. A critical factor controlling 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 been 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 
prefTitration system requiring minimal maintenance. Figure 103 shows one of 
our experimental prefilters mounted inside a ventilation housing designed for 
minimizing prefiltration maintenance. To increase the flexibility of our 
evaluation program, we built two separate filter housings into 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 flow from one chamber to the other. 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 maintenance. 
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Fig. 103 Low-maintenance ven t i l a t i on housing for e l ec t r i c a i r f i l t e r s - HEPA 
f i l t e r penetration system. 
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VENTILATION FILTER WITH PERMANENT ELECTRODES AND REPLACEABLE MEDIA 

Design 

One version of our prefilter has the prefilter as a permanent component of 
the ventilation system. It has a rigid, stainless-steel frame and durable high 
voltage and ground electrodes. This prefilter design, shown in Fig. 104, uses 
an inexpensive filter medium inserted into the filter unit whic1* 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. He made the filter more accessible by attaching the front 
electrode to a pivot connection on slides mounted on the frame. This allowed 
the front electrode to be pulled out of the filter housing and rotated tor 
efficient media replacement. (Replacing filter media is a serious problem only 
in radioactive environments.) 

Laboratory Evaluation 

We evaluated .his electric prefilter in our large-scale filter test 
facility as a function of applied voltage at 0.47 m /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 smaller fiber diameters have higher efficiencies and pressure 
drops than media with larger fiber diameters/ ' This accounts for the 
increase in pressure drop and zero-voltaye 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 90.1% for the AF-18 medium, from 85.OX to 
97.7* for the AK-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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fig. 104 Electr'c ventilation filter designed as permanent component of the 
ventilation duct using permanent electrodes and replaceable filter media. 

4 6 8 10 
Applied Voltage, kV 

12 14 

Fig. 105 Filter efficiency of the electric ventilation filter design having 
permanent electrodes 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 Pat respectively. Based on our 
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 
bigh-particulate applications where the frequency of filter changes would be 
high. The total 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 ntPA filter and from the filter used alone. In both rases, a 
high purchase cost for the filter, Cnc, 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 cost for replacing the filter, C,_, 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 costs 
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 
glove 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 experimental filters as shown in Fig. 103. Glove ports 
allow the filter or filter media to be replaced while inside the housing. 
Fresh or ustd 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 prefliters 
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 parallel 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, C„ F, and the labor cost, 0 Lp, but 
also the capital costs of the filter and the filter housing. Without such an 
analysis, it is possible 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 operating cost for a filte" having a high 
purchase cost, 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 filter involves cleaning the filter n 
times before discarding, then the operating costs are reduced by n tiroes. This 
is only true if the cleaning cost, C C F , is negligible, as was the case for 
our glove-box prefilters. We minimized the cleaning cost for the ventilation 
filter by having the filter 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 MEOIA 

Design 

Electric ventilation filters can be designed as a disposable i liters 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 
annual filtration cost, however, depends oupon the number of filter changes 
which will benefit the disposable design at low dust loadings and the permanent 
electrode 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 handled once during 
instaHation and once during removaL The e?ectric filter ctesfgn hiving 
permanent electrodes has increased handling by removal and replacement of f.'ie 
front electrode each time the filter media is replaced. After ? 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 ô -.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 cost. In order to meet our design criteria of low pressure 
drop and low air-flow velocities, the filter media and electrodes have a 
pleated configuration. Our initial design had two continuous, pleated 
electrodes with the AF-18 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 electrode behaved like aspring and popped out of the housing. Three 
additional 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 difficulty in this design was maintaining the proper distance 
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 
significantly 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-voltage and ground electrodes at 
the sewn edges of the filter media, we used rectangular 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 installed 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 11 let side of disposable electric ventilation filter having 
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 model- Mounting the disposable filter on J.z sealing flange 
of a ventilation duct is much easier than replacing the filter medium in the 
permanent filter model. However, since the disposable filter has a rigid frame 
and integral electrodes, the disposable fSter is 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 light-weight and the pleated media can be folded to reduce the filter 
size. 

Laboratory Evaluation 

We conducted a laboratory evaluation of the disposable prefilter design in 
our large-scale ff7ter 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 NaCl aerosols have an AMMD of 0.8 w with a: = 2.0. 

9 Figure 108 shows that the filter efficiency increases significantly with 
increasing voltaqe 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 
lower pressure drops are obtained at lower air flows. The two efficiency 
curves represent the filter 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 uranium burn box for our field evaluation because it 
had one of the highest rates of radioactive particulate emissions at LLNL and 
would therefore provide field data within a relatively short time. The uranium 
burn box was designed to oxidize machine turnings and chips of depleted 
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Fig. 108 Efficiency of disposable electric filter as a function of applied 
voltage at 100 and 1014 cfm. 

400 800 
Air flow, cfm 

1200 

Fig. 109 Filter efficiency and pressure drop as a function of air flow for 
the disposable electric prefilter. 
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uranium metal into a stable form for shipment and burial. If 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 loaded into the left side 
of the burn box. The barrel is then mounted on a pivot and the lid 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 into the center chamber of the burn box 
where they are ignited with an electric arc and burned L;- adding oxygen. After 
the oxidation is complete and the tray is cooJed down, the tray is transferred 
to a chamber where the ash is vacuumed into disposal 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 is 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 1C0-200 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 aucting. A sufficient 
number of viewing ports were added to the transition ducts to permit visual 
inspection of the prefilter and HEPA filter. He 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 light-scattering photometer to 
measure the efficiency of the prefilter. This diagnostic equipment enabled us 
to evaluate the performance of the prefilter on a routine basis. 
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Fig. no Ventilation system bui l t for evaluating the disposable electric 
f i l t e r . 
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The disposable prefHter is mounted in a clear plastic f-.flie to make the 
prefilcer compatible with the sealing mechanism of the filter housing. Before 
the pr-efliter 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 ptrformance of the electric prefilter 
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 most of the 
evaluation with short intervals at zero voltage. The average efficiency was 
98% at 8 kV and 92% at 0 kV. We do not know the cause of the large 
: luctuations 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 pro^em was 
due to excessive humidity at the beginning of each burn that would occasionally 
saturate the filter media and cause the high-voltage power supply to shut off 
due to the overload. However, after a few minutes into the bum, the humidity 
was sufficiently reduced and the power supply functioned normally. The second 
problem was an electrical overload condition 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. He speculate that the weight of the dense uranium 
dust had altered the electrode separation by the increased gravitational force. 
The prefilter was then removed from the ventilation housing. 

Cost/Benefit wnalysis 

The design of the prefilter ventilation system in the uranium burn box 
provides an excellent example of why prefiTters are raret^ used in the nuclear 
industry for removing radioactive particles. Although we had used a standard 
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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 ventilation 
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 prefilter 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. Deposits on the prefilter 
could be removed by using an automatic or manual shaker or vibrator that would 
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 give a quantitative estimation of the H£PA life extension 
and the total filter costs and volume of filter waste because \-i do not have 
sufficient baseline data on the HEPA life in the uranium burn box, but, based 
on the average prefilter efficiency of 98%, and the values of particle loading 
in HEPA filters used in tie UOj powder-handling box, we estimate that the 
HEPA life could be extended by more than 10 times. 

RECIRCULATING ELECTKlC AIR FILTER FOR CONFINED SPACES 

INTRODUCTION 

Recirculating air filters have become very popular in rece/it year-s to 
remove particulates from industrial work environments because cf the 
substantial savings in heating and cooling costs. Portable room ?.ir .'ieaners 
that recirculate filtered air ir,co the room have also become wide!;. M?d in 
office and factory environments. These portable recirculating air fiters 
supplement the existing ventilation system. The key difference between a 
conventional air filter and a recirculating air filter is that the 

235 



recirculating air filter discharges its exhaust into the same volume that is 
being filtered while the conventional air filter discharges its exhaust into 
another volume. The same filter element may be used 1n either application. 

Recirculating air filters are especially cost-effective in the nuclear 
industry when an existing ventilation system may be inadequate. The cost of 
retrofitting a higher capacity air-cleaning systerr to an existing facility is 
so high that it is generally more economical to accept incidased maintenance 
costs due to the high particulate levels than to reduce the particulate levels. 

238 
A good example of this situation is provided by the Pu f t

2 fuel-
fabrication facility at the Savannah River Plant, South Carolina. The 
approximate annual maintenance cost is $250,000 due to suspended particles in 

65 their fabrication cells. 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 elsewhere . The use of 
a recirculating air filter in this facility would result in a major reduction 
in the operating costs. He 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 ulectric air filter for evaluation at the 
Savannah River Plant to demonstrate the use of electric air filters in another 
application. Our other experimental filters were designed for existing 
ventilation systems as prefliters to HEPA filters. The experimental filter for 
the Savannah 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 constraints when installed in ventilation systems. The filter is 
a self-contained unit that recirculates contaminated air from a confined space 
through an electric filter and blower and then exhausts back into the same 

238 confined space. The severe particulate problem in the f u efy 
fabrication facility also represents t formidable challenge to our experimental 
electric air filter. The severity ot the particulate problem 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 
238 

Pu 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 1C. Total annual replacement costs of Savannah River fuel-fabrication 
plant. 

Item Present cost 
Cost with 100% 
particulate control 

Potential 
savinqs 

Manipulators 
Gloves 
Hoists 
HEPA Filter 

TOTAL 

5185,640 
$ 82,459 
$ 11,232 
$ 8,801 
$283,132 

$38,205 $147,435 
$ 2,829 $ 79,630 
$ 930 $ 10,302 
$ 918 $ 7,883 
$42,882 $245,250 
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size of the suspended particles. Measurements of the particle-size 
distribution with a Coulter Counter indicated that most of the particles fall 
below the instrument detectability of 0.5 urn diameter. The use of 
electric filters is better than mechanical filters for such aerosols since 
electric filters dramatically improve collection efficiency for particles 
below 1.0 um. We have demonstrated previously in laboratory experiments that 
increased filter efficiency for electric filters is most pronounced for 
submicron particles where mechanical filters have their lowest efficiency. 
Electrification increases efficiency from 15-8555 for Q.2um-diameter 
particles (at larger particle sizes). '*• observe 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 5 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 external 
ventilation system in operation, only a portion of the chamber air volume is 
processed by the recirculating filter, thus imposing a limitation on its 
cleansing ability even if it possesses a 100% efficiency for particulate 
removal. 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. 

To undei:tand the behavior of a recirculating filter in a chamber having a 
constant aerosol formation, consider the aerosol sou"„es and sinks in th e 

example illustrated in Fig. 113. The chamber has a V volume and a ventilation 
volumetric flow rate of F,. The aerosol source is assumed to enter the 
chamber having a concentration C Q. In actual situations, the aerosol source 
would more likely be within thj chamber itself. In any case, for this 
simplified analysis, we are assuming a thorough mixing of the aerosols within 
the chamber volume. The chamber ventilation exhaust supplies an aerosol sink 
of CF^V where C is the chamber concentration at any time, t. The 
recirculating filter in the chamber supplies a similar sink term where F„ is 
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Fig. 113 Aerosol sources and sinks present with a recirculating filter in a confined chamber. 
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the volumetric flow rate through the filter. And, finally, the particle 
concentration penetrating the filter supply adds another source, CF~P/V 
hhere P is the total filter penetration. The overall change in the chamber 
concentration is then given by the following differential equation: 

^=Y^'^ + F' + ^-¥^ (32) 

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--

f" = y<F.)-£(F. + FA + F3) (83) 

to include only one source and three sink terms. Assuming that the chamber has 
been previously equi 
integrated to yield 
been previously equilibrated to an aerosol concentration of C , Eq. 83 may be 

C, = C„ 5-(-& (84) 

where A = F 1 + r^E + fy 
To see the effect of the recirculating air filter on chamber air cleaning, 

we are interested in the final equilibrium chamber concentration, which is 
reached after infinite time. For this case, Eq. 84 reduces to 

*-ao ~~ *~0 
F, 

F, + F2EF + F3 

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

(85) 

(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 

R = f , (37) 

Then, the relative concentration of particles remaining is 

£ ^ = _ J (88) 
C„ 1 + RE F 

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 variables are 
inversely related since a filter with a higher efficiency usually has a higher 
resistance that decreases the flow through the filter. Thus, once a given 
filter design and filter media are selected, the values of filter efficiency, 
E F, and the relative filter flow rate, R, are fixed. The efficiency for 
cleaning the room, E R, is defined as 1 - CJCQ and can be computed 
using Eq. 88: 

REF 
K 1 + RE F (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-cleaning efficiency will always 
be less than the filter efficiency since only a small fraction of the 
contaminated air is filtered. Equation 88 can be approximated by 

ER = RE F (9C) 

at very low relative flow rates. cigure 114 shows that for R = 0.5 and low 
filter efficiencies, the room cleaning efficiency increases with increasing 
filter efficiency. 
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At high relative flow rates (R > 1), the room-cleaning efficiency can be 
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 occurs 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. 89 also reduces to Eq. 90. 
Figure 114 shows that for R = 2 and 3 and low 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-
cleaning 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 

" 1 + R 

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, E , at which the room-cleaning efficiency 
equals the filter efficiency is obtained from Eq. 89. 

E . - 1 - i . <«> 

Equation 92 shows that the critical efficiency increases to higher values 
at higher relative filter 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 ba less than the filter efficiency. The critical filter 
efficiency defines the boundary in room-cleaning efficiency between filter 
control and ventilation control. Thus, for low filter efficiencies, the room-
cleaning efficiency is controlled by the filter efficiency as app-oximated by 
En. 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 Eq. 84, the concentration of aerosols in the chamber is a function of 
time. The time required to reach half the equilibrium concentration, Ca, 
can be derived from Eq. t?4 to yield 

'""[F. + F X ^ H ' 03) 
Equations 84 and 93 apply to the case where the recirculating air filter was 
turned on, with the chamber having an equilibrium aerosol concentration of 
C„. 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. + F-E F + F 3 ) , 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 obtained from 
Eq. 83 with the source terms C F,/V removed and the resulting differential 
equation intergrated to yield 

C t = C„e * . (94) 

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

As we can see, the evaluation of a recirculating air filter involves not 
only the efficiency of 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 aerosols 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-lined 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 frequent 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 meeting 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 blower 
air flow due to the increasing filter pressure drop. The blower-filter 
combination that we selected pulls 180 cftn 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 order 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 roughly 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 slips over the filter housing and blower with 
the aid of a handle mounted on top of the filter cartridge. Two clamps, net 
shown in Fig. 115, secure the filter cartridge to the blower housing and 
provide an electrical ground to the outer electrode. Figure 116 shows 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 th3 filter cartridge. High voltage 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 supply 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. Me 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, 
lowers the center of gravity for increased stability, and places the electric 
motor inside the filter cartridge, thereby preventing motor failure due to 
dust particles. Since all of the filtered air are pulled across the electric 
motor, there is adequate motor cooling. 
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Fig. 115 Recirculating electr ic air f i l t e r . Fig. 116 Recirculating electric air f i l t e r with 

the f i l t e r cartridge removed. 



The rectangular box at the bottom is the solid-state, high-voltage power 
supply. With a 15-volt OC input, it provides 10 kV output to the lr jh-voltage 
lead at the to,, 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 there is an excessive drain on the power supply due to some 
failure mode, a light on the electrical control box turns on. 

Laboratory Evaluation. The electric recirculating air filter was evaluated in 
an LI.NL test cell under controlled laboratory conditions designed to simulate 
actual operation in a cell of the ""PuO^ fuel-fabrication facility in the 
Savannah River Plant. NaCl or dioctyl sebacate {DOS) aerosols were injected 
into the cell through the ventilation inlet. Our evaluation consisted of 
measuring the efficiency of the filter unit and determining hew we 1! t.ne 
experimental filter reduced the particle concentration in the eel 1. The 
evaluation was conducted by measuring the aerosol r:oncentration in the blower 
exhaust and the aerosol concentration in the cell as a function of time after 
the recirculating air filter was turned on. These measurements were made 
using a light-scattering photometer and NaCl aerosols having a AMMD = 0.8 pm 
and a og = 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 in the room and the concentration exiting the 
recirculating filter was 23J> with no high voltage and 96% with the applied 
voltage. The time required to rcriuce 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 iir flow entering the recirculating air filter (F 2) and 
the air flow exiting the chamber (FT) would not have a uniform par^.cle 
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Fig. 117 Decay of particle concentration with and withott an applied electr ic 
f ie ld in a confined chamber using a recirculating air f i l t e r . 

Table 17. Comparison of theoretical and experimental 
data for recirculating air f i l t e r (design 1). 

Voltage 
<*) 
Exp Exp Theory 

(mm) 
Exp Theory 

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 flow 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 filter 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 0 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 produces a higher room cleaning efficiency while the h^ner efficiency 
filter produces a 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. During the on-site review of the experimental filter, 
we discovered that the recirculating air filter did not meet all of the 
stringent requirements for installation in the cell. The primary concern with 
the experimental filter was the fear of contaminating the highly pure PuO, 
in the cell with SiO ? 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 PuO ? product, the experimental filter could not be 
installed in the fuel fabrication cell. 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 residual contamination on the 
filter cartridge when it would be d^comissioned. Based on our previous 
experience with the dust-holding capacity and the amount of residual dust 
remaining after cleaning, we estimated the recirculating air filter would have 
a maximum dust loading of 235 grams after 9 months of operation and a residual 
deposit of 47 grams after cleaning. Since any item containing more than 10 

23fi grams of PuO„ 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 Pc 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 to build up a deposit on the filter over many months and periodically 
recovering the material by cleaning, the experimental filter would have to be 
replaced every two to four weeks to ensurt hat the filter 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 PuOj 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 PuO ? particles below 10 grams, we had to 
Completely redesign the filter cartridge. Tie 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 -formation and removal before the entire unit was discarded. Replacing 
the giass fiber media with chemically acceptable media or immobilizing the 
glass fiber media by using porous metal electrodes met the chemical 
Contamination criterion, but did not meet the 10-gram limit if the filter 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 cjst 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 elactrode made from 
Perforated aluminum and reinforcement and sealing flanges, the unit could not 
be easily disassembled or compressed for reduction of the voTume of waste. 

We concluded that the overall design of a cylindrical filter cartHdge 
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 i 
replacement of the filter media using a hinged outer electrode. The outer 
ground electrode is removed by releasing three compression clamps and opening 
the hinged electrode. Figure 118 shows the filter cartridge with the outer 
yround electrode partially removed. 
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Fi2• 118 Filter cartridge with outer ground electroae partially removed. 
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Once the outer electrode is removed, the filter media can be easily 
replaced hy unwrapping a flat sheet of filter media from around the central 
electrode. The central electrode is a cylinder of perforated aluminum and is 
reinforced 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 possible because a varie'.y o.' oolymeric 
filter media, made from various hydrocarbons such as polyolefin. "rd 
polyesters, can be used in the fuel-fabrication cell which do not contaminate 
the PuO, powder. If hydrocarbon fibers from a filter become mixed with the 
PuO, powder, they will be rapidly oxidized to carbon dioxide and water when 
the PuO, powder is heated in a high temperature oven. 

We tested various polyolefin and polyester filter media individually and 
in combinations in our small-scale filter test facility. Each test consisted 
of measuring the filter efficiency with and without high voltage at a filter-
face velocity of 15 cm/s which corresponds to the face velocity in the 
redesigned recirculating air filter. Many of these filters showed larqe 
increases in filter efficiency as high voltage was applied. For example, the 
efficiency of a polyester filter was 13% at 0 kV and 70% at 10 kV. J^e 
pressure drop across 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. So, we were not able to use these polymeric 
filters. 

We finally selected a needle-punched polypropylene (Verto Company, The 
Netherlands). This media is made from electret fibers and was discussed in 
detail in the section 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 distortions as 
the o'jter electrode was being clamped together. It also had Sufficient 
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compressibility 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 Pu0 2 dust while 
complying with the 10-gram limit on disposable items. 

Laboratory Evaluation 

The laboratory evaluation consisted of measuring the concentration of Nad 
particles in the chamber and in the filter exhaust as a function of time after 
turning on the recirculating air filter. Separate tests were conducted with 
0 kV 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 residua] charge on the Filtrete medio 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 

We installed the recirculating electric air filter in the Pu fuel-
fabrication facility in " .ilding Z35-F at the Savannah River Plant, South 
Carolina. This facility consists of nine interconnected cells in which 
23ft 

PuO„ 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 S for transporting material. 

The entire operation in the nine cells can be grouped into tl> e major 
parts according to the form of PuCL and the levol of suspended particulates. 
In Cells 1 and 2, PuCL is a fine powder and the cells have a high concentra­
tion of suspended particulates. The particles become suspenc. i in the pouring 
and other powder-handling operations. Cells 3-5 handle the PuO, 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 Pu0 2 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 rep>renting the 
worst case, Cells 3-5 an intermediate case, and Cells 6-9 having 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-lined gloves, and vacuum gauges. The failure in each of these cases is 
due to the intense radioactivity directly destroying the component 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 1 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 in the floor. Glove ports are used for pouring PuCL powder into the 
oven and removing the sintered product. Prior to the installation of the 
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Fig. 119 Recirculating electric air filter installed in Savannah River'; 
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 
air filter in the cell, we did not physically examine the sample media for 
degradation. The sample media was very sticki, indicating that the fibers had 
melted. 

The evaluation of the recirculating electric air filter consisted of 
measuring the concentration of suspended Pu0 2 particles btf^re and after the 
filter as a function of time. We used a light-scattering photometer 
commercially available from Air Techniques Inc. in these measurement . Since 
penetration.1" in the chamber wall were not permitted, we placed the irticle 
measuring system inside the cell. 

The results of our evaluation are shown in Fig. 120 where we have graphed 
the relative photriieter measurements in the chamber and in the filter exhaust 
as a function of time. We encountered a considerable amount of baseline drift 
in the photometer 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 photometer 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 operations are 
terminated at 50 minutes. The concentration of PuO, dust in the chamber 
then steadily decreased since the remaining operations in the cell did not 
involve handling exposed powder. All of the operations in Cell 1, except for 
the filter equation, 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 measurements 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 23X with no 
voltage and 50* with 8 kV. The higher filter efficiency for the C kV filter 
that occurred during the sharp increase in the chamber concentration was 
probably due to a larger particle size. 
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Since Cell 1 had open passages to a wing cabinet and to Cell 2, the volume, 
V, 'jsed in the half-life calculations was the total of all of these chambers, 
that is 920 ft 3. The existing ventilation flow, F,, consisted of a HEPA 
filter in Cells 1 and 2, yielding a total flow of 160 cfm. The final data 
needed for the half-life calculations were the flow rate (180 cfm) and the 
efficiency (23* at 0 kV and 50% at 8 kV) of the recirculating electric air 
filter. We obtained a half-life of 3.2 minutes for the 0 kV filter and 2.6 
minutes foi -he 8 kV filter. 

The particle concentration data in Fig. 134 steadily decreased after 50 
minutes with a half-life 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 ex'f-emely slow dispersion of Pu dust throughout 
the cell volume. The cold pressing of the Pu powder is done in a wing cabinet 
that projects 4 feet out of Cell 1. Dust generated in this cabinet mixes very 
slowly with the air in the main portion of Cell 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 uniform 
dispersal of Pu dust throughout the cells, the effective ventilation flow w<ll 
be much less than the actual flow, 'iven 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-life. 

The most important information from our field evaluation wass the effect 
of the recirculating electric air filter or> the total reduction of particles 
in the chamber. We can estimate the room-cleaning efficiency using Eq. 89 and 
R = 1.13 and Ep = 0.23 and 0.50 for 0 kV and 8 kV, respectively. These 
calculations show that the recirculating air filter with 0 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, E-, combine to produce low 
room-cleaning efficiencies. 
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When we designed the experimental Miter, we did not realize that the door 
between Cells 1 and 2 is always kept jpen thereby requiring both cells to be 
cleaned. If the interconnecting door was closed, then the recirculating air 
filter would only have to clean Cell 1. The resulting room-cleaning efficiency 
would be 36% with 0 kV and 53* with 8 kV. The unexpected low filter efficiency 
also contributed to the relatively low room-cleaning efficiency. Our 
laboratory studies with NaCl aerosols showed an efficiency of 85X which should 
have produced a room-cleaning efficiency of 49X for- both Cells 1 a<-.* t. 

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 laboratory tests. Although an 
increase in tht filter pressure drop is usually accompanied by an increase in 
the filter efficiew.y, we had obtained the opposite results. We suspect that 
the filter media had somehow deteriorated in the harsh radioactive environment 
since the exposed portion of the media at the base of the filter was extremely 
frayed. The filter media was remo' A for inspection. In 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. 

238 The source of the filter deterioration was PuO_ particles that 
behaved as microscopic heat sources to melt the surface of thn fibers. This 

?3P occured because the high specific activity of the Pu- generates a 
considerable amount of heat. Althojgh the individual Pu partings cannot melt 
the polypropylene filter mat, they can melt the surface of individual fibers. 
Since heat is continuously generated, the surface of the fibers will be liquid 
and make the filter mat appear to be sticky. Since the polypropylene filter 
was under compression between the two electrodes, melting the fiber surfaces 
caused the fibers to stick tog'.-ther and thereby increased the resistance to 
the air flow. The recirculat.-ig 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 electric 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 \liter 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 lOnram limit on residual Pu and 
recovery of Pu dust. The filter design, however, cannot simultaneously meet 
all 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 recovery of collected dust, and have less 
than 10 grams of residual deposit when the filter is discarded. Our new filter 
design also occupied far less space, thereby minimizing any interference with 
cell operations. 

He were motivated in this design by the conclusions of our cost/benefit 
analysis and our field evaluation of the glove-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 i- relatively small volume, the filter media must be packaged in a 
configuration that placed filtering surfaces in close proximity to each other. 
Unfortunatsly, packaging a large filter surface in a relatively small volume 
does not ;llow recovery of deposited material. For example, the pleated 
configuration 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 medi'im. Contaminated air is filtered by the 
filter media and passes through the hollow interior and into the central 
opening. When the filter is clogged, the individual disks can be removed and 
the deposits brushed or shaken off. After cleaning 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, all of the materials used in the disk needed high-teraperatura 
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 bciit 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 
stainless-steel filters made from sintered powder. The requirement that the 
Bakaert filter did not meet was efficiency. Laboratory test; conducted at a 
face velocity of 23 cm/s showed an efficiency of only 615S 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 Lhe 
outer stainless-steel medi-jm. A portion of the Bakaert stain^ss-steel filter 
is shown uncovered. The high voltage electrode is then placed over the Saffil 
filter, seen in Fig. 123. Insulation strips or polyethylene are inserted 
around the interior and exterior perimeter of the high voltage electrode to 
prevent short circuitinq with the grounded exterior ring and the grounded 
interior exhaust flange. 

262 



Fig. 121 High-temperature electric air f i l t e r consisting of f ive disks 
stacked together. 

Fig. 122 Partial assembly of electr ic disk f i l t e r with fibrous alumina mat 
nearly covering the grounded outer electrode. 
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The high voltage electrode 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 over the high-voltage electrode followed by the Bakaert stainless-
steel filter. The assembly was completed after welding the Bakaert media to 
the perimeter ring. Figure. 124 shows the fully assembled high-temperature 
electric air filter. Note that the exterior Bakaert media completely encases 
the Saffil media, thereby preventing possible contamination of alumina fibers. 

Laboratory Evaluation 

We evaluated the performance of the high-temperature electric disk filter 
in our small-scale filter test laboratory. The filter penetration was measured 
as a function u, applied voltage using heterodisperse NaCl aerosols and a 
light-scattering photometer. Figure 125 shows the results. With no applied 
voltat,?, the filter had a penetration of 5%. Increasing the applied voltage 
produced a logarithmic decrease in penetration until the penetration reached 
0.02% at 5 I'V. 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 air filters described previously. We electrified the 
rolling prefilter because it resulted in c higher collection efficiency 
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Fig. 123 Central high voltage electrode placed over the alumina mat and 
electrical insulation added. 
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Fig, 124 High temperature electric air filter designed as a disk, 
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Fig. 125 Penetration of NaCl aerosols through an electric disk f i l t e r as a 
function of applied voltage. 
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and longer filter life than conventional fibrous filters due to the added 
electrical capture mechanisms. The REF' concept allows for the continuous 
replacement of filter media once it has plugged. The media can be advanced 
automatically subject to the pressure loss across the filter. Since the 
probability of hs'ing a fire is very low, the multi-pass REP functions 
primarily as a stationary prefilter. From an operational point of view, the 
REP would reduce maintenance costs associated with replacing 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 costs for replacing stationary 
prefliters. 

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 serious :rcidents 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 s„ioke aerosols. The following three countermeasures can mitigate the fire 
hazard: 

1) materials management to reduce the quantity of combustible materials, 
2) conventional fire detection and fire suppression techniques, and 
3) smoke removal or treatment in the ventilation duct upstream of the 

HEPA filter. 
Among various methods examine- for in-duct countermeasures were wet 

scrubbers, afterburners, granular beds, and prefiIters. 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, 
like 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 illustrated 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 
electron microscope show that the smoke deposits form a solid, impenetrable 
layer on the filter surface. This type of particle deposit differs 
significantly from the deposits seen previously in solid NaCl particles, 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 should point 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 f^res produce a 
gradual filter plugging while the smoke aerosols produced ir. oxygen-starved 
fires produce an extremely rapid filter plugging. 

FEASIBILITY STUDY OF ROLLING ELECTRIC PREFILTER 

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

Our objective 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 modified filter housings and 
filter media of commercial units until we obtained the desired results. The 
modifications we made to the filter housing consisted of removing sharp edges 
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Fig. 126 Filter media clogged 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 spools, adding an additional rear screen 
to support the filter medium and extending the blinders used to prevent edge 
leakage. Figure 127 shows the inlet side of the rolling 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 low compressibility and spring-like behavior. In order to 
increase the f i Iter efficiency, we added one or more lays.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 following media sequence from bottom 
to top: a 50 mm layer of the RCP 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 LLfiL 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 ft ventilation ducting, Diagnostic instrumentation at these 
locations is connected to a PDP-11 computer for data addressing, data 
reduction, and final display in hard-copy format. 

We used a fuel source made of specific proportions of fuel materials common 
to physical science laboratories. We ignited the fuel with 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 fires and smoke 
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r i g . 127 Commercial rolling prefilter modified tor high filter efficiency. 
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Fig, 128 Laminated filter media used in rolling prefilter. 

272 



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 at.-.ols from plugging the HEPA 
filter. Test results were compared on the basis 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 t'iat the REP made little difference in 
protecting the HEPA filter, although the efficiency of the laminated filter 
media had steadily increased in the sequerce of Tests 2-4. 

We then increased the efficiency of tho 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 aerosols. The HEPA filter plugged at 
1305 seconds because we had run out of prefilter media and the HEPA filter was 
directly exposed to smoke aerosols. We were only able 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 self-
' 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 iriore extensive analysis of experiirint 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 2400 seconds of the burn. The 
oscillations in the pressure drop across the prefilter were due to ,-epeated 
cycles of filter plugging and filter advancement. Note that the pressure 
fluctuations across the prefilter are also reflected in thi> flow rate an J the 
pressure drop across the HEPA filter. 

Although the single-pass REP is an effective means for protecting a HEPA 
filter from smoke aerosols, its exclusive use as an emergency 'ire protect, i 
device is not cost-effective. However, if the REP were designed to also 
function as a prefilter that extended the life of the HEPA filter under normal 

273 



6 0 ' ' 1 ' I ' I ~ r ~ ^ 
1 - Baseline - no RPF 
2 - RPF 

5.0 3 -AF-18+RPF 5.0 4 -AF-18+AF-18+RPF 
5-AF-1Bt -AF-4+RPF " 

i 9 

4.0 
(9 m length) _ 

i 4.0 G - A F - I S + A F ^ + RPf 
a. L „ (18 m length) 
o 1 •6 3.0 , 4 5 
£ U i 

• I 2 

£ 2 0 
" 1 

1.0 I -

•J» 6 - - I 
n -6f * — T . 1 , 1 , 

1 2 3 
Tine, ks 

F i g . 1Z9 Ef fec t o f f i l t e r media on r o l l i n g p r e f i l t e r s a b i l i t y to protect hEPfl 
f i l t e r from plugging by smoke aerosols. 

RPF HEPA 

t - i 

£ 0.8 
e 

•a 

e 

0-4 

O l -

O RPF Pressure drop 
D HEPA Pressure drop 
A A r 

H 600 

400 

H 200 

Time, ks 

F i g . 130 Performance of the r o l l i n g prefilter-HEPA f i l t e r system as a 
funct ion of exposure time to smoke aerosols. 

271 



operating conditions, then the REP would become a cost-effective device. The 
only difference between normal and emergency operations 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 prefiUer 
that operates under normal conditions because of the excessive pressure drop 
thiit is encountered. The conventional method for reducing the pressure drop 
is to increase the filter surface area by pleating the medium. Theref re, we 
developed a pleated rolling prefilter. 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-' ^£P. The 
key feature of the single-pass REP which we kept was pulling t>u fitter medium 
over a fixed supporting screen. The pulling force was provided by the take-up 
reel powered by an electric motor, Ue changed four other design fetures 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, ke 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 tie rear electrode and created an excessive drag. We concluded that 
the concept of pulling the filter medium over a stat'inary, pleated srreen was 
not practical because of the excessive drag on the medium. 

Cur 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 belt that provides support for the filter medium. he 
filter medium rides on the electrode belt and is advanced through th Iter 
housing as the belt advanced. Figure 132 illustrates the continuous oeit that 
is used in forming the pleated rear screen. The design of the electric sEP is 
complicated by applying high voltage to the screen belting. Special 
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Fig. 131 Electric ro l l ing pref i l ter havng stationary, pleated electrodes. 
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Fig. 132 Continuous screen belting that serves as the high voltage e^ctrode 
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 grooves for supporting the 
belt chain, in addition to the screen insulation, all connections to the 
screen belting, like 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 installed in this unit because we 
first wanted to demonstrate the REP's ability to protect HEPA filters from 
smoke aerosols. Since the high acid and water content of the smuke would 
short-circuit the electrodes, all of our fire tests were conducted withou': the 
grvattd eJectrvde {Fig. 133). 

We conducted a series of fire tests to evaluate the ability of the REP to 
protect HEPA filters from smoke aerosols. During our evaluation tests, we 
encountered a number of problems that prevented a successful demonstration 0 f 
the REp to protect the HEPA filter from olugging due to smoke aerosols. We 
identified the causes of the test failures, made the appropriate modifications 
to correct problems ind then evaluated the effectiveness of the modifications. 
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 t e c results obtained in our small-scale 
laboratory experiments using NaCl aerosols. The result is the REP shown ih 
Fig. 134. 

An improved REP was constructed using the improved filter media and edge 
seal developed previously; this took care of leak proble.ns. In operation, the 
prefiTter inlet duct (the central opening in Fig. 134] is connected to the 
upstream ventilation ducting. Through this opening, the filter media can be 
viewed traversing the ventilation duct along three V-pleats. The le-f; and 
right ports i'i Fig. 134 expose portions of the take-up mechanism and stooge 
box for the filter medium respectively. Plexiglas panels can be removed for 
access to these areas. 

The control box located on top of the p"*efilter housing allows the 
selection of an appropriate pressure drop across the prefilter at which the 
filter media is automatically advanced by the drive mechanise. In this 
raarnpr, the filter medium, which becomes loaded with parMculate material, can 
be r^niaced continually with clean medium. The filter medi'im traverses from 
the filter merlium storage box (right side of F1g. 134) through the pleated 
prefilter section (center portion) and is pulled out of the prefilter section 
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F ig . 13J Rol l ing e lec t r i c p r e f i l t e r ins ta l led in the ven t i l a t i on system of 
LLNL. 

F i g . 134 Improved oesign of r o l l i n g e lec t r i c p r e f i l t e r . 
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by take-up rollers (left side of Fig. 134) and finally wound on a disposal 
spool. When the disposal spool has reached its capacity, the filter medium is 
cut, and the spool removed from the disposal box and placed directly into a 
waste drum. The cut filter medium is then attached to a new spool. A very 
important feature of our filter design is that frest filter medium can be 
added and used filter mRdium disposed of while the rolling prefilter is in 
operation. 

Me added three take-up rollers on the left side of the filter to 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 below the disposal spool. The enclosure box has 
flanges that normally provide support to the filter medium supply. 

The central filtering section of the electric REP is shown in Fig. 135. 
One of the most cr'cical components of the filtering rection 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-Hanville 
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-18 '.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 'jsed 
in an electrified mode of operation, an additional metal mesh screen (not-
shown) will be glued on the upstream side of the filter medium in place 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 to 
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Fig. 135 Central f i l te r ing section of ro l l ing electric p re f i l te r . 
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500 cfn through the rolling prefilter unit. Liquid DOS aerosols were usei in 
this evaluation since smoke aerosols are predominantly liquid. Figure 136 
shows the percent penetration of DOS aerosols through the composite filter 
medium as a fu'-tion of particle diameter. This figure shows the percent 
penetration with and without an applied electric field. 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 voltage and 99.6% 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 similar conditions, it had a pressure drop of only 0.6 in. and an 
efficacy of 84% with no applied voltage. The low pressure drop in the REP 
was due to leaks from the upstream to the downstream side cf the filter media 
as well as leaks from outside the rolling prefilter to the downstream side of 
the filter. The leaks from outside the rolling prefilter caused a reduction in 
the total flow through the REP while leaks from the upstream side of the filter 
result in a lower filter efficiency. The drop in efficiency from 9 7.5% to 84% 
is due to edge leakage. A traverse of the particle concentration across the 
downstream side of the rolling 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. I suming that the 
particles follow the leak path;, 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 ddge-sealing 
mechanism in the rolling prefilter design. 

Evaluation of Electric REP in Dense Smoke Aerosols 

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 sn.oke aerosols. Figure 137 shot.s the test results of placing 
our REP in the ventilation duct upstream of a HEPA filter 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 function of time from the start of the 
fire. Figure 137 also shows the total air flow through the ventilation duct. 
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Fig. 136 Penetration of DOS aerosols InrDugn composite media with and without 
high voltage as a functicn of particle size. 
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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 downstream 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 reflected 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 

All of the experimental electric air filters described so far in this 
report were designed for use 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 138 illustrates 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 
2.5 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 that the filter media shown in Fig. 138 was an AF-18 medi? that only had an 
efficiency of 35% at 16 cm/s with no applied voltage. The difference between 
the lower grade AF-18 media and the higji 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 ?'lter. Since the aluminum 
separators are inserted in the deep pleats of the filter media, every other 

235 



99.99 

99.9 -

si 

20 40 60 

Face velocity, cm/s 

F i g . 138 F i l t e r e f f i c iency as a funct ion of face v e l o c i t y a t various applied 
voltages f o r AF-18 msdium. 

High voltage -
electrode bus 

Aluminum 
separators 

Ground-
electrode 
. bus 

Filter 
medium 
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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 filter and 
applying high voltage to the electrode bus on the other side converts the HEPA 
filter to an electric HEPA filter. 

Laboratory Evaluation 

We evaluated the performance of the electric HEPA filter in laboratory 
tests using heterodisperse NaCl aerosols and an ASA laser particle 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 kV applied to 
the corregated 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 
dramatically increases the filter efficiency. In fact the filter efficiency 
with 1.9 kvVcm at 0.3 pm 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. Mthough we were not able to 
apply more than 1.9 kV/cm to the electric fiKsr, we have shown the ootential 
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 efficiency, rn 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 w<\s readily detected 
by the laser particle counter since the particle coneentraiton downstream of 
the HEPA filter increased dramatically each time there was a spark. 
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The source of the sparking that both limited the degree of electrical 
enhancement and produced pintle leaks in the HEPA media was the non-uniform 
spacing between the high voltage and ground electrode separators. There is a 
great variation in the separation distance between adjacent electrodes. At 
some locations, the adjacent electrodes are only separated by the thickness of 
the HEPA media while at other locations the separation is twice the separation 
distance of the HEPA media. It. is obvious that applying high voltage to one 
electro- 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 filter 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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