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NUCLEAR STANDARDS AND SAFETY 
PROGRESS IN NUCLEAR STANDARDS DEVELOPMENT 

James F. Fish, Chairman, CONAGT 
Nuclear Environmental Systems 

American Air Filter Co., Inc. 
Louisville, Kentucky 

At our last meeting I reviewed formation of the ASME Committee on Nuclear 
Air and Gas Treatment, its direction and future activities. 

Of immediate interest to this audience is the fact that Rev. 1 to N509 and 
Rev. 1 to N510, the equipment and test stadnards originally published in 1975 
and 1976 have been approved, printed and are now available, 1980 edition. The 
need for certain changes became evident as a result of using the original 
documents. One thing of interest is that adsorbent qualification now follows 
ASTM Standards which became available during the revision period. Appendix B to 
N509 has been expanded to provide guidance in determining maximum test leakage 
for ducts and housings. Tables listing minimum instrumentation for both ESF and 
Non-ESF air cleaning units have been added. N510 has had both appendices 
expanded to provide more detail on the significance of in-place leak tests and 
leak test procedures. These editions will be the last for these two standards. 

We are now well into the generation of code documents covering not only 
air cleaning but also other f acits of the CONAGT expanded scope as I reported 
two years ago. 

Under Bill Miller the main divisions are: (1) Air cleaning including 
filters, adsorbers, holding frames and moisture separators; (2) Air tempering 
systems including cooling and heating coils, electric heaters, refrigeration 
equipment including chillers, dampers, and related items; (3) Process gas 
systems including vessels, valves, piping, compressors, special heat exchangers, 
catalysts and related areas; and (4) substantially expanded areas of common 
coverage, applicable to all or several areas such as ducts and housings, basic 
structural requirements including seismic considerations, materials and finishes 
suitable to the nuclear operating environments, welding of materials specifically 
used in our type equipment, fans and drivers, and instruments and controls. 
Other across the board considerations include applicable QA, inspection and test, 
fabrication and installation, packaging and shipping, and nameplates and 
certification. 

Another main division under Jack Jacox is the present N510, expanded into 
test codes for what we generally regard as ventilation systems. This is extended 
to confirm performance of strictly process gas applications. 

One other division under Mel First has undertaken to define minimum quali
fications for personnel undertaking to test and confirm perfo.rmance in the field. 
It will eventually cover laboratories and manufacturer's facilities. 
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Sounds simple! But I assure you it has not been exactly simple in execution. 

For example, consider a couple of fringe areas. Fred Leckie has been 
keeping a glossary of terms because we found ourselves using different terms 
for the same thing and different things by the same term, a most confusing 
situation which could not be tolerated. Cliff Burchsted has been attempting to 
keep abreast of organizations and standards writing groups, other than ASME, 
that are working in areas closely interfacing or even overlapping those defined 
in the CONAGT scope. 

Specifically, code documents as we currently see them, will cover two sets 
of minimum requirements. Those applicable to ESF systems and those applicable 
to Non-ESF, but still critical systems. 

As the ESF requirements are more demanding, these are getting first 
priority~ 

Some groups are well on their way to substantial documents. Fans and 
drivers under Ted Porembski is some 99% complete for ESF and around 90% for 
Non-ESF devices. Refrigeration equipment under Ray Weidler is over 90% in 
hopefully final form. Dampers and ductwork are 80-90% with conditioning and 
air cleaners in the 70% completion range for the ESF areas. What we (and 
particularly Mel First) expect is the final draft of qualifications of field 
test personnel for testing nuclear air and gas cleaning components and systems 
has gone through final committee ballot and has been referred to Nuclear Codes 
and Standards, the ASME supervisory committee over CONAGT. Jack Jacox is well 
into Revision of NSlO into the new code format. 

Along the way, with CONAGT growing in obligations, complexity and areas of 
coverage, we have had a task group, again under Mel, looking closely to see how 
and where we could improve the organization and procedure to better meet our 
objective of better serving you who need and will apply the codes we produce. 
This also gets into, the areq of what form the code will finally assume, to make 
it of maximum usefulness. First and foremost is our intention to produce a 
logical clearly presented, set of code requirements, highly meaningful to 
owners, designers, vendors and Regulatory personnel. I believe this objective 
is achievable, particularly in. light of all the hours and efforts put into it 
by so many top notch knowledgeable people. With deep appreciation, I know you 
all join me in thanking them for their efforts. I close by thanking you for 
your time and attention this afternoon. 

DISCUSSION 
GILBERT: Mr. Fish, the Chairman of the ASME-sponsored 
Committee on NU.clear Air and Gas Treatment, has given us some 
important information about the work of this important committee, 
a massive effort that should afford us quite a few new tools to 
work with in improving nuclear safety. 
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AN INDEX TO THE AEC/ERDA/DOE AIR CLEANING CONFERENCES* 

C. A. Burchsted 
Oak Ridge National Laboratory 

Oak Ridge, Tennessee 37830 

The AEC/ERDA/DOE Nuclear Air Cleaning conferences span a 
period of nearly 30 years; have outlived two sponsoring agencies, 
the Atomic Energy Commission and the Energy Research and Development 
Administration; and are now in a third, the Department of Energy. 
The term "energy" in each of these agency titles is significant, 
because air cleaning is an integral part of our nation's nuclear 
energy program. It is, in fact, one of the factors that makes that 
program possible. Somewhere in every nuclear energy facility, be it 
reactor, radiochemical operation, or laboratory, there is an air or 
gas cleaning system which is at the heart of its dynamic contain
ment. The final barrier between it and the operating personnel, 
between it and the great outdoors. Our efforts, the efforts of the 
researchers, designers, and operators of air and gas treatment 
systems in this room today and in similar rooms over the past 30 
years, have played a major role in developing the exceptional safety 
record of the nuclear energy program. 

The history, developments, and experience of the nuclear air 
cleaning technology are summarized, and in fact detailed, in the 
Proceedings of these conferences. The first meeting was held at the 
Harvard School of Public Health in Boston, Massachusetts, in 1951. 
To paraphrase Dade Moeller1, the volumes which have resulted from 
the publication of the Proceedings of the 15 subsequent conferences 
held during the intervening years represent a veritable encyclopedia 
on nuclear air cleaning. A major problem with this encyclopedia, 
however, is that we have no convenient mechanism for searching it to 
find what is available. The purpose of this paper is to introduce a 
solution to that problem, to introduce a comprehensive index to the 
papers given at the 2nd through 16th Conferences which will enable 
you to find those specific papers on topics of interest. (There 
were no Proceedings of the first conference). Again paraphrasing 
Dr. Moeller1, the published Proceedings of these conferences range 
from the 248-typewritten-page document covering the 2nd Air Cleaning 
Seminar at Ames, Iowa in 1952 to the two-volume, probably 1250-plus 
page treatise that will be published on this 16th Conference. Back 
copies of these Proce.edings are hard to come by, and those of the 
2nd through 7th Conferences are virtually unobtainable. To remedy 
this situation, we have arranged to have microfiche copies of all 
conferences made available through the National Technical Informa
tion Service (NTIS), U.S. Department of Commerce, 5285 Port Royal 
Rd., Springfield, Virginia 22161 (Telephone: 703-557-4650). 

The index, which will be published as Vol. 3 of the 
Proceedings of this Conference, it will include the papers being 

*Research sponsored by the Office of Safety, Quality Assurance, 
and Safeguards, U.S. Department of Energy under contract 
W-7405-eng-26 with the Union Carbide Corporation. 
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given at this Conference and will be available early next year. The 
index has three parts, a straight numeric tabulation, an author 
index, and a Key-Word-In-Context (KWIC) index. The numeric index, 
Fig. 1, lists each paper of each conference by a two part identifi
cation consisting of the conference number followed by a sequential 
number identifying the individual paper. This same number is used 
in both of the other indexes for identifying paper. 

The author index, Fig. 2, lists each author who has partici
pated in the air cleaning conferences over the years, together with 
the number(s) of the paper(s) to which each person has contributed. 
Where there were multiple authors, each author is listed 
separately. 

The KWIC index, Fig. 3 is, in effect, a comprehensive cross
index to all papers that have been presented in these conferences 
over the past 29 years. Each paper is listed once for each signifi
cant key word of its title. Although this multiple listing results 
in a rather lengthy tabulation, it provides deep indexing of the 
title. A sincere effort was made to eliminate as many inconsequen
tial index terms as possible, but some anomalous terms still remain. 
We ask your indulgence of these, and point out that the indexing can 
be no better than the titles provided by the authors. Consideration 
was given to developing a permuted index, but this proved 
impracticable. 

In ordering a microfiche of a Proceedings from NTIS it will be 
necessary to identify the document number. Conference document 
numbers are given in Table 1. 

Table 1. 

Conference Conference Conference Document 
Number Year Location Number 

1 1951 Boston No Proceedings 
2 1952 Ames WASH-149 
3 1953 Los Alamos WASH-170 
4 1955 Argonne TID-7513 
5 1957 Boston TID-7551 
6 1959 Idaho Falls TID-7593 
7 1961 Brookhaven TID-7627 
8 1963 Oak Ridge TID-7677 
9 1966 Boston CONF-660904 

10 1968 New York CONF-680821 
IAEA 1968 New York CONF-680811* 

11 1970 Hanford CONF-700816 
12 1972 Oak Ridge CONF-720823 
13 1974 San Francisco CONF-740807 
14 1976 Sun Valley CONF-760822 
15 1978 Boston CONF-780819 
16 1980 San Diego CONF-801038 

*Available from IAEA as STI-PUB-195. 
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Dade Moeller outlined the progression of Air Cleaning 
Conferences through the 11th at Hanford, noting for each Conference 
events or conditions which made it outstanding from the foregoing 
Conferences.1 I would like to continue that progression: 

12th Conference (1972). The first Conference to which archi
tect engineers and utilities were invited and, correspondingly, the 
first Conference at which attendance "broke" 300. It was noted 
that the Conference severely strained the facilities available at 
Oak Ridge, and that the banquet served a greater number of persons 
at the Country Club than had ever before been served at a single 
event. Also the first Conference to highlight, in the form of a 
special session, the growing importance of plutonium. A session on 
the special problems of uranium mining was also held at this 
Conference. 

13th Conference (1974). The first Conference to stress the 
problems and experience of commercial power reactors, and to speci
fically invite papers from the commercial nuclear power industry. 
The first at which a formal meeting of the Government-Industry 
Working Group on Radioiodine was held; like the Government-Industry 
Working Group on Filters and Filtration, this had started out as a 
group of interested parties meeting in a smoke-filled hotel room 
and "graduated" to a full-fledged adjunct to the Air Cleaning 
Conferences. 

14th Conference (1976). The first Conference to highlight 
the special air cleaning needs and problems of radioactive waste 
handling and treatment facilities. A greater emphasis on sand 
filters occurred at this Conference, as compared to the several 
previous Conferences; some of these papers were remarkably similar 
to, and repetitious of, papers on the same subject given during the 
very early Conferences. First to report on standards activities. 

15th Conference (1978). The papers of this Conference 
concerned experience and problems of operational systems rather 
than new developments, more than in previous Conferences. A 
special session was held on new air cleaning technology from 
Europe, and this emphasis on overseas developments and experience 
is being continued in the 16th Conference. 

If one includes the proceedings of 2the IAEA symposium on 
Treatment of Airborne Radioactive Wastes , the conference held 
jointly with the 10th AEC Air Cleaning Conference in New York in 
August of 1968, there are now 21* volumes available which cover the 
entire field of air and gas treatment for nuclear applications. 
These represent the most comprehensive, the most authoritative, and 
the most up to date literature in the field. With the new index to 
aid in searching this reservoir of material, it should be of even 
greater value than in the past. 

*This will be 24 with the Proceedings of the 16th Conference. 
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In closing, I want to acknowledge the two members of my staff 
who made this project possible, Susan Carr and Mary Phillips. I 
merely had the idea and described what was needed; they did the 
work of both compiling the index and figuring out how to put it 
together. 

REFERENCES 

1. WELCOME by Dade W. Moeller, Harvard Air Cleaning Laboratory, 
Proceedings of the Eleventh AEC Air Cleaning Conference, USAEC 
report CONF-700816, Dec. 1970. 

2. Proceedings of a Symposium New York, 26-30, 1968, Treatment of 
Airborne Radioactive Wastes, International Atomic Energy 
Agency, Vienna, 1968. 
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DISCUSSION 
GILBERT: An index is something we have needed for a long I' 
time. I have a complete set of proceedings starting with the Second 
Nuclear Air Cleaning Conference, and it is quite a problem to go 
through them and find something. 

MOELLER: Did you include in your Index the summaries of the 
Air Cleaning Conferences which have been published in the journal, 
Nuclear Safety? 

BURCHSTED: 
no problem. 

GILBERT: 

No, I have not, but I could do that. It would be 

That would be a nice addition. 

1212 



16th DOE NUCLEAR AIR CLEANING CONFERENCE 

FIRE PROTECTION COUNTERMEASURES 
FOR 

CONTAINMENT VENTILATION SYSTEMS* 

by 

Norman J. Alvares, Donald G. Beason, Dr. Werner Bergman, 
Henry W. Ford, and Anne E. Lipska 

Lawrence Livermore National Laboratory 
P.O. Box 5505 

Livermore, CA 94550 

Abstract 

The goal of this project is to find countermeasures to protect HEPA filters, in 
exit ventilation ducts, from the heat and smoke generated by fire. 

Methods developed to cool fire-heated air by fine water spray upstream of the 
filters are available and are currently installed in some new facilities where 
containment is an issue. Since exposure of HEPA filters to smoke aerosols could 
also cause disruption of the containment system definition of the problems, and 
modes of mitigation were sought. 

Several potential faults could occur, including plugging of the HEPA filter 
which would cause overpressurization of the ventilated space, filter breakdown due 
to extreme pressure differential across the filter media, and penetration of the 
filter by condensable gas-phase pyrolyzates which could carry chemically combined 
toxicants with them. 

We have identified, through testing and analysis, several methods to partially 
mitigate the smoke exposure to the HEPA filters. These independently involve 
controlling the fuel, controlling the fire, and intercepting the smoke aerosol 
prior to its sorption on the HEPA filter. Fuel and fire control involve standard 
fire-protection practice (with some modifications for new materials and 
nontraditional geometries). Exit duct treatment of aerosols is not unusual in 
industrial applications and involves the use of scrubbers, prefilters, and inertial 
impaction, depending on the size, distribution, and concentration of the subject 
aerosol. However, when these unmodified techniques were applied to smoke aerosols 
from fires on materials, common to experimental laboratories of LLNL, we found they 
offered minimal protection to the HEPA filters. Ultimately, we designed a 
continuous, movable, high-efficiency prefilter using modified commercial 
equipment. Our technique is capable of protecting HEPA filters over the total 
duration of the test fires. The reason for success involved the modification of 
the prefiltration media. Commercially available filter media has a particle 
sorption efficiency that is inversely proportional to media strength. To achieve 
properties of both efficiency and strength, we laminated rolling filter media with 
the desired properties. Our approach was Edisonian, but we truncated in short 
order to a combination of prefilters that were effective for our purposes. We do 
not believe that the use of rolling prefilters solely to protect HEPA filters from 
fire-generated smoke aerosols is cost effective in every type of containment 
system, especially if standard fire-protection systems are available in the space. 
But in areas of high fire risk, where the potential fuel load is large and ignition 
sources are plentiful, the complication of a rolling prefilter in exit ventilation 
ducts to protect HEPA filters from smoke aerosols is definitely justified. 

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

High-efficiency particulate air (HEPA) filters, used in ventilation systems of 
toxic-containment facilities, have functional life times of months to years, 
depending on the normal resident background aerosol concentration. 

The ventilation circuit for containment facilities may include several 
filtration stations, in specific application to the risk operations in various 
enclosures of the containment facility. The systems are necessarily negative 
pressure systems; i.e., the air-moving fan is th~ last component of the ventilation 
circuit, and ventilated enclosures have negative pressure relative to the ambient 
atmospheric pressure. The final HEPA filter station is upstream of the fan. It 
generally contains two series sets of HEPA filters (the number and size of filters 
depends on the design and throughput of the system) and is the last protection 
component of the containment system. Because it generally is remote from 
operational areas and potential damage sources, it is naturally protected from 
enclosure problems. 

Several natural and man-made occurrences can jeoP,ardize the integrity of the 
total ventilation system including the final filters~. Fire in a protected 
space provides a risk potential somewhat greater than other hazards, and, 
consequently, has been the subject of several research and testing programs over 
the past two decades (1-4). The Lawrence Livermore National Laboratory (LLNL), in 
contract to the various agencies that evolved to become the Department of Energy 
(DOE), has been conducting research into the protection of HEPA filters from fires 
for about 10 years. Noncombustible filtration material had been developed earlier, 
and was required for use in facilities containing radioactive materials. Thus, the 
fire risk considered in the LLNL work did not pertain to the flammability of the 
filters, but to the effects of products of combustion (thermal damage and smoke 
plugging) on HEPA-filter performance. The goals of the program were to survey the 
practical response of production HEPA filters to combustion-product exposure and to 
assess the effectiveness of existing or newly developed countermeasures to reduce 
or negate the effect of such exposure. 

This paper contains a general description of the experiments conducted during 
the last three years of this program; including descriptions of the facility 
developed for the experiment and of the me~surements used to define combustion 
characteristics of the fuel arrays, the resulting smoke-production rate, and smoke 
aerosol absorption on the HEPA filters. The initial work has been reported 
elsewhere (5,6). 

The test facility included a fire-test cell with dimensions approximating 
containment-laboratory scale and a corresponding ventilation test section flexible 
enough to survey the range of ventilation systems used throughout the industry. 
Because we are dealing with containment ventilation circuits, we have designed the 
test cell to be served by a negative-pressure ventilation system. The response of 
the ventilation flow to the fire-heated gases in such enclosures dictates the 
ultimate combustion processes that control the degree and quality of smoke aerosols 
generated during the experiments. The aerosol properties are of primary importance 
in terms of filter_ plugging potential. 

* Tornadoes, hurricane, seismic activity, explosions, fire, sabotage. 
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The unique behavior of fires in negative-pressure ventilation systems is 
described in this paper, along with data and concepts we have developed with regard 
to smoke plugging of HEPA filters, tested countermeasures for preventing smoke 
exposure to the final HEPA filters, and the techniques that we believe to have the 
most promise for mitigating the effect of smoke on HEPA filters. In later sections 
we describe criteria developed for the construction of experimental prefiltration 
apparatus and guidelines for the development of prototype production models. We 
also give suggestions as to where these appliances would be best applied. A 
comprehensive table containing pertinent data for most of the tests is contained in 
the Appendix. 

Development Of The LLNL Test Cell For Containment Ventilation System Fire Endurance 

To define the effects of enclosure-fire parameters on the production of the 
smoke aerosols, a test facility was designed and constructed to incorporate the 
best characteristics of a fire-research laboratory, while maintaining the essential 
geometric and ventilation configuration found in most laboratories that contain 
radioactive materials. 

Figure 1 is a schematic representation and Fig. 2 is a photograph of the LLNL 
facility designed for fire exposure tests on containment ventilation systems and 
components. The facility consists of the negative-pressure ventilation test area, 
the fire test cell, and the 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 11 hard wired 11 to a PDP-11 computer 
for data addressing, data reduction, and final display in hard-copy format. (5) 
Instrumentation in the fire test cell measures: 

• Temperature 
• Pressure 
• Thermal radiation for fire and adjacent wall surfaces 
• Fuel weight loss 
• Total air-flow rate into the test cell 
• Fire portraits by video camera 

Instrumentation in the Exit Duct and HEPA filter station measures: 

t Temperature (wet and dry bulb) 
t Filter parameters 
• Total exit gas flow rate 
• C02 - CO - 02 - Total hydrocarbon gases in exit gas flow 
1 Optical density in the exit duct 
t Total aerosol mass 
t Aerosol size distribution 

Details and descriptions of the instrumentation and diagnostic equipment are 
contained in Ref. 5 and 6. 

Experimental Procedures 

Sixty-two full-scale smoke production tests have been conducted in the 
fire-test cell since its inauguration in the summer of 1976. All tests had the 
same basic anatomy and were aimed at providing a severe smoke flux to HEPA filters 
with the objective of defining first, the filter-plugging potential of smoke 
aerosols from typical fuels, and second, to develop practical measures for 
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protecting the HEPA filters from smoke exposure. The data collected from all these 
tests are tabulated in Appendix. The characteristics of the smoke aerosols a 
direct function of the fuel type, the fuel air supply, and the fuel geometry. 
Dependent on these parameters are: the fuel consumption rate, local and average 
product gas temperatures, product gas composition, oxygen depletion in the exhaust 
gases, smoke aerosol size distribution, and phase. 

Preliminary Tests In The Fire-Test Cell 

We initially used fir wood cribs for smoke production tests and also to test 
selected countermeasure arrangements and other combustion parameters. We 
ultimately adopted a modified crib arrangement for creating both the thermal 
exposure and smoke aerosols to challenge the HEPA filters. A large proportion of 
the furnishings, finishes, and construction materials in LLNL laboratories is 
composed of synthetic thermoplastics that soften upon heating. These materials 
would not maintain geometric integrity upon exposure to heat sources or flames, and 
cribs made of them would soon lose their shape, thus causing the burning behavior 
to change continuously throughout the test. Therefore, we conducted most of our 
tests using steel frames to define the fuel layers. These frames were modified 
according to the type of fuel being burned for specific tests; open mesh screens 
supported fuel layers consisting of thermoplastics, while no screen support-was 
necessary for cribs made entirely of wood. Each different fuel has unique 
properties; i.e., density, conductivity, moisture content, etc., and available 
geometric form (for example, most synthetic polymers are economically available in 
large sheets no thicker than 1/2 in.). We had chosen a specific fuel load* for 
the wood crib fires (1 to 2 lb/ft2), and we elected to maintain the same fuel 
loading for all standard smoke production tests. Thus, crib size varied over a 
small range proportional to the fuel density. 

Eventually we adopted a fuel array made up of specific proportions of fuel 
materials common to physical science laboratories. Figure 3 is an example of a 
composite crib used as the major fuel source for most of our later tests. Because 
we needed dense smoke aerosols to challenge the HEPA filters, we provided the fuel 
array with a constant premixed flame source (100 1/min natural gas with 57 1/min 
air), centrally placed in the crib base. This burner acted both as the ignition 
source and a thermal driver to maintain high constant temperatures in the crib when 
the test cell became ventilation controlled. 

Smoke Measurements 

We used cascade impactors in our attempts to measure the total smoke-aerosol 
mass and mass-size distribution. We recognize the short comings of this approach 
and have sought other methods. However, the state of the art of aerosol 
measurement is not advanced to the degree that dense aerosols can be analyzed 
accurately either on-line or by grab sampling. Because of this gap in the 
technology, we continued to use cascade impaction methods for gross smoke 
analysis. The results are included in the table containing all test data in the 
Appendix. 

Results and Discussion 

Enclosure Fire Behavior 

Figure 4 is a composite of data curves from an assessment of the interaction 

* The fuel load is defined as the weight of combustable material contained in an 
enclosure divided by the unit area of the open floor surface. 
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between a naturally burning fire* and the controlling parameters of the 
forced-ventilation test cell, using a specially designed wood crib.* The 
parameters of interest are: 

1 Temperature directly over the crib (OC) 
1 Total inlet air flow rate and total exit air- and combustion gas-flow rate 

(i./s) 
1 Crib mass loss (kg) 
• Oxygen depletion [O-] in the exit duct (%) 

Although Fig. 4 gives a temporal portrait of the fire dynamics during this test, it 
is not a complete one, since it includes only a sampling of the diagnostic 
measurements used for a complete analysis of both the fire conditions and the 
HEPA-filter performance during each test. However, it does illustrate the 
controlling features of natural fire behavior in enclosures ventilated by negative 
pressure systems and the corresponding response of the filtration system. The data 
curves can be divided into control parameters and dependent parameters. Note that 
all these data are interdependent to a degree, but factors such as the total exit 
air-flow rate and the initial burning rate of fuel*** are predetermined 
conditions, and hence are somewhat independent of the dynamics of the test cell. 

A striking feature of.this figure is the dynamic but interrelated response of 
the inlet air flow rate (Va), the air temperature over the cri~, Tc, and the 
oxy~en depletion at the exit port lo-] .. We note first that Va is not 
equivalent to exit (design) flow rate (Vd), indicating that the test enclosure is 
leaky. We were aware of air leaks in the system because of the smoke that escapes 
when the HEPA filters plug, but we did not know the leak rate (which depends on the 
fire size and Vd), or the magnitude of the initial enclosure overpressurization 
(a phenomenon that occurs for almost all substantial fires conducted in the 
enclosure). From Fig. 4 we see that the leak is roughly 20% of vd, and that Va 
actually becomes substantially negative early in the fire sequence; i.e., there is 
a net outflow of gas escaping through the inlet ducts. The peak outflow from the 
jnlet ducts is over 50% of the initial Va, and is nearly 3 times the steady-state 
Va established after the initial oscillating period of the burn. The greatest 
change for both [o-] and Tc occurs near the peak outflow time, and the crib 
mas~ loss appear to begin substantially around this period. The gradual reduction 
in Vd corresponds to the increase in pressure drop across the HEPA filter. 

One liter of propylalcohol is used as the accelerant to ignite these cribs to 
positive burning. This volume provides a layer of accelerant 1-cm thick over the 
surface of the pan containing the crib. The layer will burn away in roughly 60 s, 
and will provide ample flaming heat transfer to positively ignite the crib. The 
enclosure 11 breathing 11 manifested in the induction period of the burn is not unique 
to either the ignition source or the major fuel components. What occurs is simply 
expansion of internal gases due to the average temperature rise from the fire. 
This is shown readily in Fig. 5 during a test where we tightly sealed the fire 
enclosure to observe the extent of internal pressure rise. The fuel in this case 
was a fir crib with the natural gas ignitor. The peak pressure of 170 Pa (0.7 in. 
wg) is sufficiently greater than atmospheric pressure to cause gas propulsion to 
any region of lower pressure. In this test, the discontinuity in the pressure data 
at 500 s resulted when one of the seals broke because of the high ~p and was 
resealed. 

By naturally burning fires, we mean fires positively ignited and allowed to 
burn without further acceleration by contained sources. 
**contained in a metal pan in which enough propylalcohol is ignited to expose the 
bottom surfaces of the crib to flames for a period of 1.0 min.(1.0 liter). 
*** Caused by the amount of accelerant used for ignition. 
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The volumetric expansion resulting from the initial increase in average 
enclosure temperature can be estimated using the expression:(?) 

where: 

S = (Molep) mf[ t ] , 
amb 

= volume expansion, 
= molecular weight of the combustion products, 
= fuel burning rate, 
= heated gas average temperature, and 
= ambient gas temperature. 

Table 1 compares calculated outflow rates with the Va measured at the period 
of peak overpressurization of the cell for tests with naturally burning cribs. The 
calculated values are remarkably close to the peak values measured for the wood 
cribs and the data trends are in the right direction for the composite cribs. The 
calculated values for volume expansion during the steady state phase of burning do 
not agree nearly as well, which is understandable because we know neither the 
dynamic fuel composition nor the products of combustion accurately. 

These experiments begin to give us a quantitative picture of the dynamics of 
fires in enclosures serviced by negative pressure ventilation systems: upon 
ignition of the accelerant fuel, the average temperature in the space increases 
rapidly. Ideal gas laws tell us that this condition should increase either the 
pressure in the space or the volume of the gas, and that this response will in some 
way influence enclosure fire dynamics. Indeed, we observe that gas expansion can 
account for substantial changes to the inlet flow to the enclosure. As fire 
depletes available oxygen in the space, it becomes ventilation controlled and the 
average temperature is lowered, resulting in a corresponding reduction of 
low-density combustion gases and heated air. Hence, more inlet air enters the 
space available for combustion. If fuel burning rate is constant, the air inflow 
rate and the average enclosure temperature, will approach some intermediate 
magnitude until fuel depletion becomes a factor. 

Figure 6 shows an extreme example of this balance, where equilibrium is not 
established during the steady burn period. Instead, an oscillating response is 
set up between the crib temperature characteristics and the exit flow parameters as 
indicated by the oxygen, CO, and C02 monitors. Note that [o-] is nearly 
completely out of phase with the CO and C02 data, as it should be. Oxygen 
depletion and production of combustion gases follow similar, but reciprocal trends, 
where the composition of the combustion gases and the production of smoke aerosols 
are extremely sensitive to both temperature and oxygen concentration. 

Table 2 collects all data pertinent to the combustion dynamics and gross 
aerosol measurements made during fiscal year 1979. (The data contained in Table 2 
are also included in the total set of data in the Appendix). The table delineates 
the tests where instruments were available to measure the variable inflow rate and 
thus we were able to compute the leak rate (V1eak)· The data do not show good 
reproductibility, but the trends bear well with the gross conditions of the 
specific test. As described in Table 1, the total air inf}ow rate is always less 
than the exhaust rate b~cause gf leaks in the test cell. V1eak• (determined by 
the difference between v0 and Va) varies with the magnitude 9f the design flow 
rate and with the intensity of the fire source, e.g., for~ Vd of 500 l/s, 
Yleak is about 200 l/s, while for forced burn tests where vd is 250 l/s; . 
V1eak varies between 50 and 100 l/s. In the "natural burn" tests with a Vd of 
250 l/s, the leak rate ranged between 25 l/s and 65 l/s, thus the fire intensity 
along with the vd dictates both the variable inflow rate and the relative leakage 
in and out of the test cell. 
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The variable magnitude of leakage makes it impossible for us to quantify the 
combustion mass balance through the test cell/duct flow system. However we can 
show qualitative correlations of the data trends: 

Most of the gas flow data varies directly with Vd; a~d temperature 
dependent parameters are inverseley proportional to Ve. Aerosol 
mass measurements are very sensitive to both the distance that the 
sample was taken from the fire and the condition of the fire, e.g., 
60% of aerosol mass is lost between the sampling station at the exit 
to the test cell and the sampling station at the HEPA filter. On the 
other hand, the difference in aerosol production when the fire 
changes from fuel control to ventilation control is very apparent, as 
there is a net gain of 60% in aerosol mass when this occurs (note, 
both these trends are gross averages only). 

One bit of interesting information in Table 2 is the data showing the 
temperature loss by the combustion gases in transit between the test-cell exit and 
the HEPA filter station. Excluding tests at Vd of 500 l/s, and for experiments 
where atomized water was introduced into the 11 upstream 11 duct work to artificially 
cool the gases (tests 60,61,62), the temperature at the HEPA filter was seldom 
greater than 100 co.* This is an encouraging observation, since temperatures at 
this level are substantially below destructive temperatures that are potentially 
available in enclosure fires. Figure 7 shows the endurance of HEPA filters exposed 
to a range of high temperature.(8) At the temperature levels measured at the HEPA 
filter station of our duct system, the endurance time for the conditions 
encountered during our tests is of the order of days. Since our testing conditions 
are probably far more severe than most natural enclosure fires, it follows that the 
risk of thermal damage to the final filters of most containment systems is very 
small. In fact, heat transfer calculations show that if the gases that enter the 
duct are somewhat less than 10000 C, the heat transfer along the duct is 
sufficient to reduce the gas temperature at the final HEPA filter station to 
acceptable temperatures (so long as the duct length is greater than 10 times the 
duct diameter).(9) By acceptable temperatures, we mean temperatures where filter 
endura~ce is sufficient to provide containment over the period of active fire 
fighting and until alternate containment ventilation can be provided. 

Smoke Plugging of Filters 

Aside from the gas temperature, the major threat to the normal operation of 
HEPA filters during fires in protected enclosures is plugging by smoke aerosols. 
Most of the tests conducted in the LLNL fire test cell where to determine what 
materials and what conditions of combustion (fuel geometry and degree of 
ventilation) produce smoke aerosols with the most potent filter-plugging 
potential. Most materials burning under well-ventilated conditions produced more 
gas-phase combustion products at relatively high temperatures, which have low 
filter-plugging potential. When the air becomes vitiated by combustion products, 
condensed-phase aerosols, composed of high-vaporization-temperature pyrolyzates, 
prevail. 

Figures 8 through 13 show the pattern of HEPA filter plugging for most of the 
materials used as fuels during this research. The curves show the time-dependent 
pressure difference across the filter resulting from aerosol sorption into the 

~Note that the duct gas temperature at the exit measuring station was generally 
40 to 60 co lower than the average temperature of gas in the test cell which 
averages about 2500 C. 
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filter media. The time to filter plugging is arbitrarily defined as the time at 
which the flow rate is reduced to 1/2 its design value. For most tests, this 
condition is achieved when LlP is greater than 1500 Pa. The curves in each figure 
are labeled with information specific to the conditions of test; e.g., the average 
burning rate of the fuel m, the measured gas temperature at the HEPA filter station 
(THEPA), the time of filter plugging, (tp), and other pertinent information 
that might apply to that experiment. Included with the m data are indications of 
the measured total aerosol mass taken by cascade impactor during the 
ventilation-controlled portion of each fire when such measurements were made. We 
have reservations about the value of these measurements because of the nature of 
dense smoke aerosols where both temperature and pressure changes can cause extreme 
changes in aerosol character. 

Figure 9 shows plugging data for a test where the crib is made up of 
polyvinylchloride (PVC) elements. These data are compared to an earlier test 
conducted by hand feeding the fuel to a Franklin stove, modified to be a practical 
smoke generator .. The fuel consumption difference is a factor of 12 between the 
experiments, and Vd differs by a factor of 2. Thus we have provided a dilution 
factor of greater than 20 between the two measurements. Yet under both conditions 
the HEPA filter plugs in measurable times. 

Figures 10 and 11 contain data for cribs and Franklin stove burns with 
fire-retared polymethylmethacrylate (PMMA-FR), at Vd of 250 l/s and 500 l/s 
respectively for the crib tests. At 250 l/s, m is about 1/3 to 1/4 them at 500 
l/s 1680 g/min to 6600 g/mm respectively, but the measured aerosal mass was greater 
at the low Vd (4.1 g/m3 to 1.4 g/m~ respectively). The temperature at the 
HEPA filter was twice as large at Vd = 500 l/s (THEPA = llOCO). 

Two factors appear to cause the appearance of more effective plugging at the 
low ventilation rate; the most important factor is the temperature of the 
combustion-gas-smoke aerosol complex at the HEPA filter. At low temperatures, more 
volatile components of the mixture will be in the condensed phase and available for 
blinding of the filter media. This can also account for the fact that aerosols of 
low conce~tration cause plugging at vd = 500 l/s; i.e., the greater dilution at 
the high Vd, the more cooling of the smoke mixture, hence the more 
condensed-phase aerosols. 

The other cause for the observed phenomenon is that the chemistry of pyrolysis 
is changed because of the higher temperatures of combustion throughout the test 
period. We must be very cautious in proposing this mechanism since the observed 
behavior of fuel during PMMA-FR fires showed that maximum smoke production occurs 
during most active combustion. Moreover, the mechanism of fuel pyrolysis and 
combustion is entirely different in the crib tests than in the Franklin stove 
tests. In the crib tests, the fuel elements are exposed directly to premixed 
flames, whereas in the Frankin stove, chunks of fuel are dropped into a fire-heated 
pan at prescribed intervals to dictate the fuel consumption rate; thus in the crib 
tests we are making mostly pyrolysis products while in the Franklin stove tests the 
yield is a combination of pyrolysis and combustion products. However, it is clear 
that given the proper conditions, PMMA-FR produces potent filter-plugging aerosols. 

The character of the material sorbed on the filter media was different for the 
different fuels used. During the early phases of this program, weighed the plugged 
HEPA filter as soon as possible after test termination. When wood was the only 
fuel, the substance absorbed by the filter media was highly volatile--it would 
evaporate rapidly to as low as a tenth of its initial weight. After the filter 
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dried, it could again pass--and filter--air with only a slight increase in the 
AP. However, the filter had no longer any endurance to smoke exposure. It would 
plug almost instantaneously, even during the initial fully ventilated phase of the 
tests. 

Where the fuel elements were either PVC or PMMA-FR, the deposits on the filter 
media were dry to the touch after the test, moveover, they maintained the initial 
weight regardless of the post exposure period; once plugged, the filter was always 
plugged. Thus the type and very likely the composition of smoke aerosols from 
synthetic polymers are very different from the smoke aerosols of wood or cellulosic 
based materials; moreover they have very different filter plugging characteristics. 

Figure 12 gives the AP of HEPA filters exposed to smoke aerosols from a dense 
fiberboard made by compression of wood fibers and extracts. Again, the data comes 
from both crib fires and tests done in the Franklin stove. Neither of these tests 
caused filter plugging over the test period, but the slope' of the AP curve for 
B-15 appears to show a potential for plugging, given enough fuel and time. 

Figure 13 contains AP data for HEPA filters exposed to smoke aerosols from 
composite crib fires. The five curves represent data from crib fires at various 
Vd and for both free and forced-accelerant fires. The fuels elements consist of 
a mixture of materials with the distribution: 

Fir wood 40% 
Fiber-reinforced polyester 29% 
PVC 14% 
PMMA-FR 9% 
Polycarbonate 8% 

The fuel proportions are based on the general material distribution found in 
enclosures containing radioactive materials. Moreover, we found this combination 
to have the most consistant filter-plugging potential of any fuel we used during 
the entire test series. Thus, we adopted this composite crib composition as the 
standard against which we rate the smoke plugging of filters and the 
countermeasures to protect HEPA filters from smoke aerosols. 

The only burn that failed to cause filter plugging was B-53, a free-burn test. 
All conditions appear to be favorable for filter plugging except the THEPA of 
11ooc. The other curves show typical response of AP vs time for this fuel 
combination regardless of the variability of the burning rate and the measured 
aerosol mass at the HEPA station. 

We have attempted to determine the nonlinear plugging signature of the filters; 
i.e., how they change abruptly from apparent complete throughput to complete filter 
blinding. Trying to duplicate the observed phenomena on a small scale was 
unsuccessful. Chemical analysis of the materials trapped on the HEPA filters for a 
range of fuel types, combined with analysis of combustion gases and pryolyzates 
"upstream" and "downstream" from the HEPA filter, revealed no selective sorption of 
components of the products of combustion and pyrolysis on the filters.(10) A 
search of the literature of filtration technology for examples of similar 
phenonmena were unrewarding in terms of locating cause or theoretical analysis of 
the observed event. 

A qualitative description of the phenomena, based on our observations, follows: 
during the well-ventilated induction period of the fire, no plugging aerosols are 
formed (this period will be 2-3 min for dry wood 
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cribs, and somewhat longer for cribs formed of synthetic polymers or mixtures of 
polymers). After the induction period, the air supply to the fuel is vitiated by 
combustion products and the character of the aerosol changes and becomes rich in 
condensed-phase materials that can adhere to the filter media.* Exposure to this 
smoke aerosol continues and filter plugging proceeds at an exponential rate. Com
parison of this response with that of earlier tests of filter plugging (the Frank
lin stove tests) indicates that the rate of plugging will be linear if the smoke 
production rate is linear and exponentially fast as the filter becomes more effi
cient because of sorbed aerosols. 

Chemical analysis shows that the materials collected by the filter media have 
the same gross distribution as does the aerosol collected 11 upstream 11 of the 
filter. There is also no great difference in the composition of the aerosols from 
burning cribs of wood or from composite materials. (We have no data on the com
position of smoke from single-component synthetic materials because we did not have 
the analytical tools available when we were making those tests.) 

The results of chemical analysis suggest that filter plugging by smoke aerosols 
is dominated by the overall concentration of the aerosol. We were unable to 
identify any specific pyrolyzate or combination of combustion and pyrolysis 
products with unique capability for filter plugging. 

Fire Protection Countermeasures for HEPA Filters 

Three methods of protecting HEPA filters from fire and fire products are 
generally available: 

• Control the fuel. 
• Control the fire. 
• Intercept the smoke before it reaches the filter. 

The first two techniques are accepted fire-protection concepts where a choice 
of methods are available for affecting the countermeasure. For example, control
ling the fuel may involve specified housekeeping procedures, prohibiting certain 
classes of materials from a space, or specifying the materials to be used for inte
rnal finishes and appliances. Indeed, This protocol should be mandatory in any 
laboratory situation. Control of the fire implies actively attacking the fire in 
its incipient stage, and involves alarm systems, professional and portable fire 
fighting equipment and procedures, and automatic fire suppression apparatus. 

However, to provide ultimate protection to the filters in containment venti
lation systems, its necessary to ensure that the final filters can maintain their 
function under any circumstance. Because fire plumes can cause extreme disruption 
of normal ventilation patterns, it is possible to project situations where smoke 
aerosols from an unprotected space could enter the containment ventilation ductwork 
of an enclosure containing radioactive materials. Another possible scenerio is 
that static pre-filters might absorb combustible materials which could ignite and 
thus produce smoke that is directly communicated to the final HEPA filters. An 
infinite number of low probability fire scenarios can be proposed that would com
promise active fire protection systems, thus, even if rigid fire protection 
protocol is observed, some method of intercepting smoke aerosols before they reach 
the final filter station may be required. 

* Figure 14 is a scanning electron micrograph (SEM) of HEPA filter media loaded 
with a liquidous material from a composite crib test. It appears to generally 
thicken the fibers, as well as forming globules at specific locations. For com
parison, Figure 15 is a SEM of HEPA filter media loaded with solid-phase aerosol. 
Obviously the mechanism, and thus the buildup of pressure, will be different with 
the two types of smoke aerosol exposures. 
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Table 3 lists a variety of techniques for removing or reducing the 
concentration of smoke aerosols within the duct circuit. These techniques were 
thought to be technically feasible, but only those identified by asterisks where 
attempted. Even those identified for critical testing were limited to a few 
procedures which showed promise and some practical compatibility with containment 
duct systems. 

One concept we attempted, but soon rejected, was to convert smoke particulate 
to gas using an afterburner. The problems of this technique, even on a small 
scale, are many; for example, igniting the afterburner flame in a constant flow of 
air was tricky. Ignition to combustion was nearly impossible if the flow rate or 
the composition of exposure gases changed. Moreover, small detonations were both 
common and quite loud. These events quickly quenched our fervor for this procedure. 

Another of the listed ideas (no. 4) was never used for direct filter 
protection, but was used at the termination of every test as our air-pollution 
control system. This device (shown in Fig. 1) consists of a cyclone separator and 
high pressure venturi scrubber in series. We have never seen smoke at the exit 
diffuser, so we believe the apparatus has sufficient air cleaning capabilities to 
protect downstream components from quite large fires. However, the cost for 
general application to containment ventilation systems would be prohibitive. 

Table 4 compares the effectiveness of four potential in-duct smoke removal 
techniques, one standard fire protection system, and one fuel modification example 
as countermeasures to prevent HEPA filter plugging by smoke aerosols. The first 
row in the Table gives representative data for the plugging effectiveness of the 
combustible materials burned in the fire test cell, without countermeasures. Only 
two materials, polycarbonate (PC) and dense fiberboard (DF), failed to plug the 
HEPA filters at the standard flowrate of 250 l/s. When PC was burned at its 
highest rate, very little smoke was perceived. A review of published listings of 
combustion and pyrolysis products from PC indicates that these products consist of 
mostly light gases and low-molecular-weight condensed-phase materials. Such 
components have little potential for filter plugging. The burning rate of the DF 
cribs is very low, thus producing a small volume of smoke aerosols that does not 
cause HEPA filter plugging. At higher flow rates, the DF did cause a HEPA filter 
to plug. We did not burn PC cribs at high ventilation rates because the results of 
our tests and literature studies indicate that hotter PC fires produce products 
that would be less likely to cause filter plugging. All other materials produced 
plugging aerosols at both 250 1/s and 500 1/s. However, the rate of filter 
plugging at 500 1/s was substantially reduced (in some cases because the combustion 
products passed through the filter as vapors). 

Fire Protection Sprinker. The results with fire protection sprinkler systems are 
of high interest. Sprinkler heads used for these tests are rated to fuse at 1650 
F (75° C), that is, the temperature-sensitive elements of the sprinkler head will 
fail by design at the specified temperature and release water to the site of the 
fire. 

The sprinkler system successfully reduced smoke-aerosol concentration to 
nonplugging levels for all tested fuels except PMMA-FR and PC. The PC, which did 
not produce filter-plugging aerosols during the smoke production tests, did produce 
plugging of HEPA filters after sprinkler actvation. It is a slow burning material 
with a relatively low heat release, and in the test in question; the sprinklers did 
not reach fusing temperatures until nearly 10 minutes of the burn had elapsed. 
Very shortly after the sprinklers activated, the filter plugged! We were unable to 

1223 



16th DOE NUCLEAR AIR CLEANING CONFERENCE 

repeat this occurence. We believe that water spray from the sprinklers mixed with 
the combustion aerosol so that the surface tension of the water changed to the 
range where it could wet and hence plug the filter.* Since we were not able to 
verify the occurence, we propose this explanation cautiously. 

The burning behavior of PMMA-FR is responsible for filter plugging during tests 
where this material was used, even though the sprinkler operated upon demand. 
PMMA-FR does not ignite until thermal erosion reduces the concentration of bulk re
tardant below a critical value. Once ignited, however, the PMMA burns with fierce 
intensity and produces copious smoke. We believe that enough smoke was produced 
before the sprinkler fused to plug the filter. We also believe that the surface 
tension reduction of the water spray carry over through the duct could operate 
during the burning of PMMA-FR. Thus, two independent effects could be responsible 
for the observed phenomona. 

The combustion patterns of composite cribs are intermediate between those of 
synthetic polymers and fir wood. The acceleration to peak heat release is somewhat 
slower than for wood and the maximum temperature attained is correspondingly less. 
Following this, the time to ventilation control conditions is longer. 
Consequently, the time for the plume gas to reach fusing temperatures is longer 
than for wood cribs. 
Figure 16 is a map of a composite-crib fire test where sprinklers were employed as 
fire control countermeasures. The plotted parameters are: temperature above the 
crib, exit-duct flow rate, and pressure drop across the filter. The time at which 
the sprinklers fuse is noted by the abrupt temperature reversal at 180 s and HEPA 
filter plugging is indicated by the complementary response of the air flow and 
pressure drop signatures. Filter plugging results form either the generation of 
aerosols that continues at high rates after the fire plume has been knocked down or 
because the characteristic of the aerosol-water vapor complex has been changed to 
provide a more potent smoke-exposure challenge to the HEPA filter. 

One point of interest for wood-crib fires sprayed by automatic sprinklers is 
that the combustion reaction was seldom quenched; i.e., enough heat was contained 
in the crib volume to allow rekindling of the fire even after the sprinklers opera
ted for 5 to 10 min •• For the other fuels, exposure to the sprinkler shower for 
the same duration generally extinguished the fire. 

Chemical Modification of Materials In the past, we have shown the importance of 
water content of wood fuels in influencing the combustion response of the 
cribs.(6) We can explain those results by using research conclusions from work 
performed elsewhere,(11) which shows that absorbed water appears to be chemically 
active under pyrolyzing conditions. The reduction in burning rate and the change 
in the type and numbers of pyrolyzates points to chemical interaction of the water 
with the pyrolyzates during thermal degradation of the material. This process is 
not exclusive to wood. Almost all flammable materials will exhibit changes in 
thermal degradation kinetics if impurities in sufficient quantitites are intimately 
distributed through the material. 

We mention the results for wet wood here to illustrate that the materials we 
used for the tests are unique; i.e., they are materials in common use at LLNL. 
Should other materials with the same name be used for similar smoke production 
tests, the results may not be the same. Moreover, by either planned or random use 
of additives, impurities, or retardants to generic materials of the same type, 
smoke-aerosol production can be reduced or enhanced. 

We conducted water spray tests with HEPA filters early in the series and found 
that the only way we could cause water to affect the flow through the filter was to 
reduce the surface tension of the water. 
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Increasing Filter Area. One technique considered for reducing the rate at which 
HEPA filters clog is to 11 derate 11 the filter relative to the design-mass air-flow 
rate, i.e., use a filter rated for 500 l/s in a system where the flow rate is 2SO 
l/s. We tested this concept as a possible counter measure for both composite crib 
fires and for cribs of wood only. The results show partial success, in that the 
large filter did not plug over during the test with wood, whereas it did plug 
during the composite crib burn with no increase in HEPA filter endurance time. 

Smoke Scrubbing. We know that water scrubbing can successfully remove of aerosols 
of any size and concentration, so long as sufficient power and water volume are 
used. We thought that it might be possible to use simple water spray systems to 
remove some of the smoke aerosols and to some degree extend the life time of HEPA 
filters. We used a wide range of spray configurations, and flow rates, and dif
ferent modes of atomization (high-pressure nozzles) for distributing the water. In 
addition, we added surfactants to the sprayed water to test the possibility of en
hanced smoke removal by reducing polar forces between the atomized water and the 
smoke aerosol. These experiments were conducted using smoke from diesel fires 
(test B-5.1 through test B-5.27) and smoke aerosols from plain wood cribs (tests 
B-6 through test B-8). None of these 11 scrubber 11 tests showed any appreciable 
effect with regard to protecting the HEPA filters from plugging. Indeed, in some 
cases the presence of water spray in the duct appeared to cause the filter to plug 
faster, possibly by surface-tension reduction effects. 

Sand-Bed Filter. The last row of Table 4 gives the results of unsuccessful tests 
conducted with a static sand-bed filter (augmented by electrified grids upstream of 
the sand bed to intensify particulate collection) marketed by the EFB, Inc.* These 
results indicate the plugging potential of smoke aerosols generated during 
ventilation-control fires. The electrified sand filters have successfully cleaned 
the 11 blow-by 11 from asphalt production plants. However, in our tests, the smoke 
aerosols completely clogged the surface layer of a 10-cm-thick sand filter during 
three successive experiments. 

Rolling Prefilteration. Early in the project, it was recognized that some form of 
prefilteration would be the most desirable method for intercepting the smoke 
aerosols from fires before they reached the final HEPA station. Simple tests with 
stationary roughing filters showed that they would afford adequate protection until 
they plugged, at which point either the protected space became pressurized or the 
prefilter burst because of the high AP, thus admitting smoke to the HEPA. A 
filter that could be changed in-duct; or moved as the pressure drop increased to 
intolerable levels, would offer a tentative solution to this dilemma. A man-powered 
11 rolling prefilter 11 (RPF) was jury-rigged as a demonstration of the concept. 
Figure 17 is a photograph of the RPF installed in the ductwork of the system using 
the Franklin stove as a smoke generator. The filter media used was three layers of 
cheese cloth. Figure 18 shows the utility of the system as the RPF is indexed. 
The fuel used for this test was synthetic rubber fed at a rate of 0.1 kg/min (about 
a thirtieth of the burning rate of composite cribs). This technique showed great 
promise. 

Upon completion of the experiments to define the filter-plugging potential of 
laboratory materials, we sought sources of commercial RPF systems. The Anderson 
Corporation* maintained a pilot-model RPF system to test the feasibility of RPF's 
for a variety of industrial air-cleaning applications. We rented the system with 
operator, and demonstrated the ability of automated RPF's to remove smoke aerosols 
and protect HEPA filters under the severe smoke loads provided by all composite 
cribs in the test cell(6). However, since the Anderson unit was designed to filter 

* Reference to a company or product name does not imply approval or 
recommendation of the product by the University of California or the U.S. 
Department of Energy to the exclusion of others that may be suitable. 
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air-pollution aerosols, its operation is based on high-velocity impaction 
techniques, requiring high-pressure blowers driven by large electrical motors and 
control systems. Installation of systems of this type in most containment 
ventilation systems would require complex bypass circuits, including dampers and 
associated hardware. Our charter requires the development of a simpler and more 
cost-effective system that 
could be installed as part of the containment ducting and ideally would not add 
unncecssary maintenance to the total containment system. Thus, we decided to seek 
a simpler system for further research and testing. 

We set several requirements as selection criteria for the experimental in-duct 
system: 

• It must be simple and easily modified as the experiment progresses. 
• It should be compatible with the existing duct system. 
• It should be reasonably inexpensive. 
• It should be cleanable. 
• The design should be compatible with ultimate containment criteria. 
• The design should be flexible and scaleable to a wide spectrum of system 

types and sizes. 
• It should be compatible with a wide variety of filter media. 

We selected a commercially available RPF, normally used to prefilteration 
ambient air for removal of large particulate matter (d >- .005cm), modified it to 
fit our experimental duct system, and tested it with composite crib fires to define · 
the conditions where it would adequately protect HEPA filters from smoke. Figure 
19 is a view of the exit of the as-received RPF. Figures 20, 21, and 22 show the 
front, back, and filter-feed side view of the RPF, as modified to join to the 
experimental duct system. 

The filter media supplied with the RPF had very low efficiency, but it was 
designed to tolerate the tension stresses caused by the force of the take-up reel. 
We soon learned that the range of media available for use in sizes comparable to 
our RPF was very limited and that the only way we could conduct our research was to 
define the filtration properties required and then to purchase bulk filter media 
and manufacture our own strip filters. After much Edisonian effort, we developed 
the laminated system shown in Fig. 23. Figure 24 shows the individual filtration 
efficiency of each component of the lamination and the resultant composite 
efficiency. The total ensemble resulted in an average pressure drop of 250 Pa. 

We also refined and modified the commercial RPF apparatus. With these 
modifications, we were ultimately able to achieve our goal of trapping smoke 
aerosols from composite cribs by in-duct filtration using a continuous-filter 
media. The set of changes necessary to reach this goal include: 

• Development of adequate filter media. 
• Removal of sharp edges and prominences that could contact and tear the 

filter media. 
• Sealing leaks in the clean-filter cassette and the dirty-filter reservoir. 
• Increasing the depth of the edge guides to reduce the filter-tip losses. 
• Adding blinders to upstream filter entrance and outlet slots to reduce 

aerosol escape and to collimate the aerosol through the central regions of 
the exposed media. 

• Control the filter index distance to provide a complete fresh filter area 
for each index. 
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Figure 25 is a portrait of duct flow parameters, showing the pressure drop 
across both the HEPA filter and the RPF and the total exit flow rate during a 
standard composite-crib test (rhf = 0.05 kg/s). The RPF did not start loading 
until 300 s, at which time it was allowed to attain .6.P of 800 pa before it was 
indexed. Even though we were exposing a complete area of new filter media at each 
index, it was not feasible to reduce the RPF .6.P to the preloading value be~ause we 
did not wish to be extravagant with the filter media. The oscillations in Vd and 
in .6.P across the HEPA reflect the variation in flow caused by the .6.P changes of 
the RPF. The RPF media was depleted at approximately 1300 s and smoke aerosol was 
directed through the HEPA filter, causing filter plug~ng and the cessation of flow 
through the system. Note that fuel was available for at least twice the recorded 
duration, and we are confident that if it were possible for us to load more filter 
media, we could have maintained the HEPA filter function for the total burning time. 

There is a slight degradation in the Od after steady-state RPF indexing is 
established. This rate of flow reduction is 10 l/s over 400 s. We believe that 
this flow reduction results from a slow loading of the HEPA filter by aerosol 
leakage through the RPF. This loading is indicated by the regular increase in 

PH recorded before we ran out of media in the RPF~ However, at this low rate 
of loading, it would take an additional 1600 s for Vd to degrade to 1/2 the 
design flow rate of 250 l/s. 

Figure 26 compares .6.P across the HEPA filter for separate tests of 
composite-crib fires, with and without RPF's inserted between the test cell and the 
HEPA filter. The 8-20 burn was conducted without an RPF; 8-40 was equipped with an 
RPF, but the apparatus was not modified to reduce filter-tip losses; and both 8-45 
and 8-46 were run with fully modified RPF's and laminated filter media. In the 
8-45 and 8-46 tests, HEPA filter plugging resulted because we could not load enough 
of the prefilter media in the modified apparatus to last for the entire burn. 
However, the feasibility of the technique was confirmed. Moreover, it is now 
possible to provide design criteria for in-duct filtration systems using 
single-pass RPF 1 s*, where justified by circumstances of the enclosure to be 
protected. 

Single-Pass Rolling Prefilters*: Disign and Applications 

The primary goal of this project were to: (1) define the smoke-production 
potential of materials in common use in laboratories where radioactive materials 
are stored or worked with, (2) determine the susceptibility to plugging of HEPA 
filters exposed to these smoke aerosols, (3) develop countermeasure techniques and 
test their feasibility for mitigating the smoke-plugging threat to the final HEPA 
filters in containment ventilation systems. 

The experimental RPF (i.e., the modified commercial unit), is a simple 
filtration procedure which was bound to work, given the right balance of flow and 
filtration conditions. We were able to provide these 
conditions using the modified RPF and thus prove the feasibility of the technique. 
The scope of this program did not require that we develop a prototype apparatus 
based on the optimum methods identified for protecting the HEPA (indeed the optimum 
procedure appears to follow the dictates of good fire prevention and to use 
available in-duct filtration technologies). However, we have definite opinions as 

A single pass RPF is defined as an apparatus where the filter media is located 
across the duct so that the air-flow vector is normal to the surface of the filter 
media. 
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to how an operational RPF should be designed and what features it should contain. 
More important, however, is where and how a single-pass RPF should be used. If it 
is employed solely as a fire protection device, its. use mode would be entirely 
different than if it were used as a permanent prefilter with the general purpose of 
increasing the lifetime of the final HEPA filters. In this latter employment the 
RPF could also serve as a fire protection device by protecting the HEPA filters to 
maintain their function under any circumstance. 

Single Pass Rolling Prefilter for Fire Protection Only 

Figure-27 is a sketch of the general features that we env1s1on for an 
operational single-pass RPF. It is essentially a self-contained cassette made of 
any inert and thermally stable material. The filter-media reservoir should contain 
enough media to allow continued operation during any possible fire in the protected 
space(s). A linkage between the filter reservoir and the take-up reel is provided 
across the duct air path using either steel cables or wide mesh-metal screen. 
Frangible plastic film isolates the filter reservoir and the spent-filter take-up 
space from the flow of contaminated gases. Upon command of a fire detection 
system, the filter media is drawn across the duct (through the frangible membranes) 
to intercept the smoke aerosols. The pressure-indexing control causes new media to 
enter the duct at prescribed ~p values. The driving force for the take-up reel 
and control/detection circuits is located on a mating duct transition piece that 
contains the cassette. (Note that this design is patterned after film cassettes 
used in small cartridge cameras.) We believe that our research gives us the 
necessary background to design and construct a single-pass RPF for most practical 
containment systems, but we will not indulge ourselves by supplying details to Fig. 
27, since the design criteria will vary for different applications. We question 
the wisdom of recommending installation of this appliance solely for to protect 
HEPA filters from the effects of fire, especially in light of stringent codes 
imposed on facilities dealing with toxic materials; e.g., in areas where 
radioactive materials are stored or worked with, amounts of potentially combustible 
materials are controlled and contemporary fire-detection and fire suppression 
systems are required. The chance of a fire reaching appreciable size before 
discovery is small. Thus, the utility of the single-pass RPF for protecting HEPA 
filters from fire effects is correspondingly small. In addition, several factors 
must be considered before deciding on the applicability of this concept to 
11 standard 11 containment ventilation systems. 

First, would the addition of RPF systems in the ventilation circuit increase 
the complexity of the circuit so that the probability of accidental release of 
toxic materials is also increased? Each time filter media penetrates the duct 
during filter injection checks, we face an increased potential for toxic release 
because we have penetrated the integrity of the containment. 

Second, if single-pass RPF's are installed as permanent fixtures in containment 
ventilation systems they would require stringent maintenance for: 

1 The initiating detector/signaling/RPF-starter solenoid circuits. 
1 The filter-injector linkage. 
• The condition of the filter media (compressed, as a roll, in the filter 

feed reservoir). 
• The pressure indexing control. 
1 The filter drive system. 
• The drive motors and power-switch contacts. 
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If the single-pass RPF is designed to be used only when a fire occurs, its very 
dormancy creates problems for the containment system, and maintenance should be 
performed at frequent intervals to insure operation upon demand. 

Third, the probability of failure of any of the automatic systems is finite, 
regardless of the maintenance schedule. Thus, there must be supervision of the 
total system to insure trouble-free operation. 

Forth, since the RPF 1 s will generally be installed in remote locations near the 
bank of final filters, any fault that occurs during emergency operations is 
essentially unforgiving, and once a fault occurs nothing much can be done to 
rectify the problem until after the emergency situation is over. Any fault, of 
course, would result in smoke exposure to the final HEPA filter station and 
potentially compromise containment. 

Where then would we recommend the use of single-pass RPF 1s should they be 
relegated to fire protection duty only? We believe that these systems would be 
cost effective in applications where the containment space includes extreme fuel 
loads, adjacent or contiguous to abundant toxic materials, or is in areas where 
explosive research or potentially explosive reactions are routinely being conducted. 

The common denominator of these activities is that they require constant 
supervision, hence, all support equipment and safety systems should be well 
maintained. Moreover, all automatic safety circuits should have parallel overide 
systems to provide safety redundancy. 

In general, we would only recommend the use of a single-pass RPF as a fire 
protection device where it: 

• Receives frequent maintenance. 
• Is subject to constant supervision. 
• Is easily accessible during emergency operations. 

Single-Pass Rolling Prefilter for Prefiltration Fire and Protection 

The logical application of a single-pass rolling prefilter is as a prefilter! 
There are many situations in laboratories and fabricating plants where HEPA filters 
are exposed to heavy aerosol loads. Consequently, they require frequent 
replacement and because they generally are contaminated with toxic materials, they 
create bulky waste-disposal problems. A continuously operating RPF located 
upstream from the HEPA filter station could significantly reduce both the HEPA 
filter replacement costs and the volume of toxic waste. Moreover, a permanently 
installed RPF would also protect the final HEPA filters from smoke logging should a 
fire occur in spaces served by the ventilation system. The only difference between 
normal and emergency operations would be the indexing frequency of the prefilter 
media which is controlled by its pressure difference. 

The design of the permanently installed single-pass RPF would not be too 
different from the sketch in Fig 27. Provision would have to be made for removing 
the contaminated media and for loading new filter material (we have not done the 
engineering design for these operations but we do not think they present limiting 
problems). A protocol would be established to ensure that an adequate supply of 
clean media was always available in the filter-feed reservoir to trap smoke 
aerosols in the event of fires in upstream spaces. 
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Because this application of the single-pass RPF requires more-or-less continual 
operation of the apparatus, many of the problems identified for the fire protection 
RPF's disappear; i.e., no signaling circuits are required and no transient stresses 
are imposed on the system during start-up sequences. Maintenance schedules should 
be routine, since only the filter driving motor and indexing system would require 
servicing. In fact, monitoring the filter use rate should provide information 
about the concentration of aerosol produced in the normal operation of the facility. 

At least two additional benefits are gained by use of a permanently installed 
RPF: the reduction in the volume of contaminated waste and the potential for 
recovery of expensive or accountable materials that are generally unrecoverable 
when trapped by HEPA filters. 

Permanent-operating single-pass RPF's in containment system have a much larger 
set of applications than RPF's relegated to fire protection service; therefore, any 
operation where excessive use of HEPA filters is common should be candidates for 
these systems, for example: 

• Dry scrubbing of acid mists. 
• Incineration of toxic waste materials. 
• Areas of high dust loading. 
• Pre-scrubbing of aerosols from mining, refining, fabricating and 

reprocessing systems. 

Since the cost of replacing a HEPA filter, throughout the country, has been 
estimated to be $3000, the cost benefit of the dual-purpose RPF system for certain 
operations should be obvious. 

Enhanced Prefiltration Program 

The Waste Management Division of DOE supports a parallel filtration program at 
LLNL to investigate means of extending the normal operating lifetimes of HEPA 
filters by enhanced-filtration techniques. These techniques involve increasing the 
efficiency of low-efficiency filters by imposing an electric field across the 
media, So that the aerosol is preferentially attracted to the media fiber, as 
influenced by the lines-of-force patterns established by the electric field. Both 
static and moving filters are the subject of this research. Because the Waste 
Management Division has concerns about the effects of fire on the newly designed 
filters and about their ability to protect HEPA filters from smoke plugging, we 
tested prototype RPF's designed for the enhanced-filtration project in the 
fire-test cell. Figure 28 shows a recent RPF prototype tested in this program. 
Note that the filter media appears pleated in the duct opening. These pleats are 
actually the path of the filter, directed by offset rollers to increase the surface 
area of filter exposed to air flow. The surface area for the pleated RPF is five 
times greater than the area of the single-pass RPF. The main reason for the larger 
filter area is to reduce the aerosol transit velocity through the filter so that 
the electric field can act on the particulate. 

In tests we conducted with this apparatus, using the composite crib, we did not 
use electric-field enhancement of the filter because we do not need the degree of 
efficiency required for diffuse aerosols. While we have been able to show some 
effect with regard to protecting the HEPA from smoke aerosols, we have not repeated 
the effectiveness of the single-pass RPF. Tip leakage across the filter edges was 
identified as the cause for our problems, and the latest model of the pleated RPF 
has shields to prevent this fault. Note that once this apparatus is developed, it 
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will have all the desirable qualities required for permanent in-duct prefiltration 
installation; it will increase normal endurances of standard HEPA filters many fold 
and will act as a fire protection system for protecting the HEPA from smoke 
aerosols, when required. 

Summary and Conclusions 

The primary purpose of this program was to provide guidance and prototype 
hardware for protection of components of containment ventilation systems from fires 
and their products in enclosures containing toxic materials. 

Our approach included: 

1. Defining the magnitude of the problem (the parameters of fire). 

1 The type and size range of enclosures to be protected. 
• The kinds of flammable materials used as furnishings and finishes in 

laboratories. 
1 The distribution of flammable materials in containment facilities (using 

LLNL laboratories as models). 
1 The relative smoke-production potential of enclosure materials. 
1 The enclosure ventilation patterns and range for different applications. 

2. Defining the damage potential created by the fire. 

1 Destruction of final HEPA filters by heat or excessive pressure drop, 
resulting in toxic release to the environment. 

1 Plugging of final HEPA filters by smoke aerosols or water vapor modified 
by chemical constituents of smoke; resulting in overpressurization of the 
ventilation system and potential spread of contamination throughout the 
faciltiy. 

1 Enclosure fire overpressurization causing breaches in enclosure 
containment without compromise of the ventilation system or filtration 
components. 

3. Defining a set of countermeasures to mitigate the problem. 

1 Control the fuel: materials management to reduce the concentration of 
combustible materials to the minimum necessary amount in an enclosure. 

1 Control the fire: application of contemporary fire-detection and 
fire-suppression procedures to quench or control the fire to reduce 
thermal damage and possible smoke-release rate. 

1 Control the smoke: smoke removal or treatment by some means in the exit 
duct of the enclosure, down stream from the final HEPA filter station. 

4. Designing experiments to verify the damage potential. 

1 Thermal damage to HEPA filter system. 
1 Smoke logging of HEPA filters by selected flammable materials identified 

during laboratory survey. 

5. Testing of countermeasure procedures that are both promising and cost effective 
(see Table 4 and the appendix). 

The last step in this process was to develop recommendations for the 
application of the proposed countermeasures. 
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Table 4 shows that under the standard conditions of our fire test, only two 
materials common to LLNL did not produce smoke aerosols capable of plugging HEPA 
filters. They were polycarbonate and dense fiberboard. Both these materials 
ignited to self-sustained combustion, but their burning rates were low, and the 
resulting smoke aerosol apparently contain more lower molecular weight fractions 
than do the fuels that produce plugging aerosols.* 

Thus, where possible, replacement of materials with high burning rates and high 
smoke aerosol production by polycarbonate and dense fiberboard would be a logical 
materials-control measure to reduce the risk of smoke and heat damage to HEPA 
filters. 

The positive fire suppression action of wet-pipe sprinkler systems is accepted 
as the primary defense against fire spread in enclosures. The required driver for 
fusing of sprinkler heads is a high temperature at the ceiling. If the fire is 
slow growing, or the siting of critical sprinkler heads inappropriate, (e.g., 
shielded from spreading fire plume or in the cooling flow of inlet HVAC ducts) the 
fire can grow to appreciable size before sprinklers fuse. Thus, it is possible to 
challenge the containment-protection filters of the ventilation system even though 
the protected enclosure is equipped with sprinklers. Moreover, fast-growing fires 
(e.g., our standard test fires) on both flammable and fire-resistant synthetic 
materials (respectively polycarbonate and PMMA-FR) produce sufficient aerosol 
during the sprinkler induction period to positively plug HEPA filters after the 
sprinklers have actuated. These results are accentuated by similar responses 
during fire tests with composite cribs where over half the fuel mass is fir wood. 

To effectively apply the fire-protection attributes of wet-pipe sprinkler 
systems for primary protection of ventilation containment systems, materials 
control must also be practiced to reduce the quantity of potential fuels that can 
produce filter-plugging aerosols regardless of the presence of water sprays. 

An extraordinary fire-protection ploy to consider, is to provide committed 
detection and suppression systems to facilities or appliances identified as 
exceeding specified fire-risk criteria in enclosures where nonflammable materials 
and low-fire-risk activities are generally in practice. This technique** could 
be quite cost effective and should definitely reduce the smoke aerosol exposure of 
the containment filters. 

In areas where the fuel load is moderate and inspection is frequent, standard 
house-cleaning protocol and contemporary fire-management systems should be more 
than adequate to protect in-duct filters from smoke aerosols generated in that 
space. But several conditions can exist which negate the potential of standard 
techniques to operate effectively; e.g.: 

• Volumes containing high resident fuel load on tiered surfaces. 
• Volumes for storage of high-energy fuels, explosives, or propellants. 
• Laboratories in which explosive experiments are conducted. 
• Facilities conducting combustion research. 
• Incineration activities. 
• Containments near, or adjacent, to any of the above activities. 

Note, for all flammable materials: if the burning rate was less than 
1.0 kg/min, HEPA filter plugging would not occur during 60 min. of exposure. This 
rate corresponds to a fuel load of roughly 0.4 lb/ft, which, according to Table 1, 
is low for laboratories and high for service areas. 
** This is not a new idea; deluge systems for fire protection of individual 
facilities in petrochemical plants and independent suppression and detection 
systems for computers, are good examples. 
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The last item on this list has the greatest potential for causing failure of 
general ventilation-containment systems since the requirement for ventilation 
protection may be overlooked in spaces where fire risk is perceived as being 
negligible. 

Clearly, some in-duct appliance is needed to intercept smoke aerosols before 
they challenge the ability of the containment filters to perform their function. 
This is especially necessary for operations where loss of containment would be 
detrimental to the environment, or where internal spread of contamination could 
perturb productivity in the mission of the facility. The single pass rolling 
prefilters designed and tested during this program can provide this protection. 
This capability is demonstrated by the period of protection afforded the HEPA 
filters in series with RPF, during both wood- and composite-crib fires. The 
apparatus was a modified commercial unit, containing empirically coupled filter 
media. This is, in fact, the most encouraging aspect of the research; i.e., the 
most promising overall countermeasure is nearly an 11 off-the-shelf 11 item. 
Modification for application to containment ventilation systems should entail only 
precision in manufacture and sealing criteria since the conceptual models exist and 
are in current use as roughing filters. Another attribute of this system is that 
the design is scalable to commercial size, making the appliance applicable to the 
range of common ventilation ducts. 

The system described in this report is so far just an experimental prototype 
that tested the feasibility of a prefiltration concept. Also, single-pass RPF's 
refined for containment systems would have limited application as a pure 
fire-protection device. However, they would enjoy much broader use as 
high-efficiency RPF's, used practically for increasing the nonemergency lifetime of 
HEPA filters exposed to high ambient aerosol concentrations. Naturally, they would 
still be able to to protect HEPA-filter function during a fire in or near the 
protected enclosure. Continued use of containment-protection rolling prefilters of 
this type would be the optimum application of this concept. 

We reiterate that single-pass RPF's will have limited application over the 
spectrum of containment ventilation systems in current use; however, the 
feasibility of the technique has been proven. A prefiltration technique that is 
universally applicable is needed, and such a system is currently being 
developed--the electrified-pleated RPF under development by the Enhanced Filtration 
Program at LLNL. Optimization of this RPF will provide an appliance that can be 
used on almost any containment ventilation system, regardless of the ambient 
aerosol load. Its most cost effective application would be where the background 
aerosol concentration is not high, resulting in minimum attention or changing of 
both the prefilter and the HEPA filter. However, because of the wide variety of 
facility types and applications, both single-pass and pleated RPF's provide fuller 
options in the range of contemporary and future containment ventilation systems. 
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List Of Symbols 

Pressure drop across the HEPA filter (pa). 

Measure of pressure drop; inches water gauge. 

Measure of pressure drop; pascal. 

Measure of volumetric flow rate; cubic feet per minute. 

Measure of volumetric flow.rate; liters per second. 

Total inlet air flow to test cell (J./s). 

Temperature directly over the burning crib (C 0
). 

Oxygen depletion in exit duct (%). 

Exit (design) air flow rate (1/s). 

Kil a-joules 

Volume expansion of gas due to ambient temperature rise (1). 

Molecular weight of the combustion products. 

Mass of fuel (kg). 

Fuel burning rate (kg/s) 

Average temperature of the heated gas (C0
). 

Time of filter plugging (time at which flow rate is reduced to 
1/2 its design value) 
Calculated test cell leak rate. (J./s). 

Measured gas temperature at the HEPA filter sampling station 
(CO). 
Time to filter plug (sec) 
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Fig. 1. Schematic layout of LLNL 
full-scale fire test cell with 
associated experimental 
ventilation system. 
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Fig. 2. Photograph of LLNL 
full-scale fire test cell with 
associated experimental 
ventilation system. 
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Vd [021 m Va 
(J/s) (%) (kg) (l/s) 
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Fig. 4 Fire parameter portrait for a natural
burning low-porosity wood crib. 

1239 



Tc 
(Pa) (°C) 

16th DOE NUCLEAR AIR CLEANING CONFERENCE 

300 soo.--~~--~~-.-~~----..--~~--~~--.-~~~.--~~-.-~~-. 

2001 500 

100 400 

0 300 

-100 200 

-200 100 

-300 0 
0 

----- Cell temperature (Tc) 
• • • • • • Pressure at 2.1 m 

Pressure at 0.5 m 
• • -... -. ·. -.. ... .. 
••• • ••• • • • ... . , 

• l 
t ' 
~ \ 

"'""'~ t 
' 

.. I\ 
~ ....... 
• -... ~ ....... \, ... _ 

I ,_ 
t 

... _ ......... 
I ... , 

f 
• I 

• I# 

' f 

' , 
200 400 600 800 1000 1200 

Time (sec) 

Fig. 5 Temperature and internal test cell 
pressure for a standard wood crib fire in an 
enclosure tightly sealed, except for exit duct 
work. The sudden drop in pressure was due to 
HEPA filter rupture. 
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Burn #35-Wood crib 

Ch-8 Temp over crib 
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Fig·. 6 Data oscillations during a standard 
wood crib fire. Note that the period of the 
oscillations is relatively constant, with the 
amplitude some function of fire intensity. 
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\ 
\ 

\ 
\ 

\ 
\ 

\ .._ __ _ 

Metal frame 
(sealed with HT-30-F R) 
3/4-in. particle-board frame 
3/4-in. plywood frame 

--------..... -----.. --., 
.f-.- -

100L-~"-...L-.L.....l-.L.1..U...L-~L---'-..1-1....L..J...L..U"----'L--"-L.-L...L...L.LL.1.~___.L~.l-IL-L-~""'-I 
10 100 1000 10000 

Exposure time (min) 

Fig. 7 Effect of air temperature of HEPA 
filter endurance. The data points indicate 
average time-to-failure of HEPA filters at the 
indicated temperature. 
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Douglas fir 
1200 

1100 

1000 

B-32-dry crib B-50 900 
m ~ 4800 g/min (3 g/m3 ) 2400 g/min (7 g/m3 ) 

forced crib free burn 

TH E p A = 110° C TH E p A = 1000 C 

% moisture <6% % moisture <12% 

B-31-wet wood 
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forced crib 

TH EPA= 10ooc r Time of 1/2 flow % moisture <20% 
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Fig. 8 Aerosol loading of HEPA filters by 
smoke from wood fires; effects of burnin9 rate 
and fuel moisture noted. 
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B-17 PVC 
1200 g/min (1.7 g/m3 ) 
@250 l/s OCrib burn 

6/77 DFranklin stove burn 

100 g/min 
@ 500 l/s 
7/72 

Time of 1 /2 flow rate 

Time {minutes) 

Fig. 9 Aerosol loading of HEPA filters by 
smoke from PVC fires; effects of burning rate 
noted. 
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8 in. 

I 
I Fire retarded PMMA 
I 250 l/s 

' OCrib burn 
I OFranklin stove burn 

B-3 I 
I 1680 g/min (4.1 g/m3 ) TH EPA= 50°C 

I 
I 
I 
I 
I 
I 
I 
I 

74.5 g/min 
Feb 73 
[no plug by 2 hr] 

Time (minutes) 

Fig. 10 Aerosol loading of HEPJ', filters by 
smoke from PMf·1A fires; effects of burnina rate 
noted. Design flow-rate at 250 l/s. 
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/s-4 
I (1.4 9;m3 l Fire retarded PMMA 

/ 6600 g/min 500 1/s 

TH E p A = 110° C OCrib burn 
OFranklin stove burn 
0Franklin stove burn 

60 70 
Time (minutes) 

Fig. 11 Aerosol loading of HEPA filters by 
smoke from P~·lf'.lA fires; effects of burning rate 
noted. Design flow rate at 500 l/s. 
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I 
I B-15 

/ 4800 g/min (250 Q/s) (1.7 g/m3 ) 

1
1 Terminate run@ 20 min - probably plug 

I 
I 

I 
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Fig. 12 Aerosol loading of HEP~ filters by 
smoke from dense fiberboard fires; effects of 
burning and ventilation rate noted. 
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HEPA Wood 
vd mf ms TH EPA wt. gain moisture 
(Q/s) (g/min) (g/m3) (oC) (g) (%) 

8-44 250 3000 6.4 65 470 
(500 l/s filter) 

8-20 250 1200 4.8 86 

8-38 500 3000 8.6 105 574 

8-52 250 1500 7.6 70 106 11 
Free burn 

8-53 500 1680 8.4 110 550 8 
Free burn 

10 

X {B-38 
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8 2000 x 
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0 ~ N 6 1500 ::c (ti 
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40% Wood 14% PVC 

29%·FRP 9% PMMA 

2 8% Polycarb. 500 
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Fig. 13 Aerosol loading of HEPA filters by 
smoke from composite cribs; effects of various 
parameters noted. 
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Fig. 14 HEPA filter media loaded with smoke 
aersols from composite crib fires. 
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Fig. 15 HEPA filter media loaded with solid 
phase aerosol (sodium chloride). 
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STANDARD COMPOSITE CRIB 
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Fig. 16 Flow and temperature portrait of a 
composite crib fire with fire-suppression 
sprinkler application. 
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Fig. 17 Preliminary design of a hand-powered 
rolling prefilter using layered cheesecloth 
as filter media. · 
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------- Airflow 
---- HEPA filter 
--- Rolling prefilter 
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Fig. 18 Air flow and filter pressure drop 
during Neoprene fire tests for a HEPA filter 
protected by a hand-powered rolling prefilter 
(burning rate= 100 gm/min). 
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Fig. 19 Exit interface of an unmodified 
commercial rolling ~refilter. 
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Fig. 20 Take-up reel side of modified 
commercial rolling prefilter. 
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Fig. 21 Inlet interface of modified 
com~ercial rolling prefilter. Note the side 
blinders for flow collimation. 
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Fig. 22 Exit interface of modified commercial 
rolling prefilter. Note the edge blinders 
to prevent tip losses through edges of filters 
along the slide path. 
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Fig. 23 Three-ply rolling prefilter media. 
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Fig. 24 Filtration efficiency of components 
and composite rolling prefilter media. 
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Fig. 25 Pressure and airflow portraits of 
prefiltration test showing prefiltration in 
indexing and effectiveness. 
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Fig. 26 Evaluation of effectiveness of 
rolling prefiltration techniques. 
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Fig. 27 Conceptual design of a rolling 
prefilter for a containment ventilation 
system. 
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Fig. 28 Pleated rolling prefilter; 
experimental model for the enhanced 
filtration project. 
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TABLE 1. Test cell flow dynamics for natural crib fires, in liters/second. 

51 52 53 54 
Wood crib Wood crib Composite Composite 

Design 
air inflow (Vd) 270 280 280 500 

Measured 
air inflow (Va) 235 225 215 360 

Leak 35 55 65 140 

Measured outflow 
(Tmax) 165 145 65 -55 

Calculated outflow 
(Tmax) 146 149 125 -180 

Measured steady-state 
flow 90 100 85 200 

Calculated steady-state 
flow 102 51 4 -300 
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Table 2. Fire, airflow, and smoke release data for FY 1979 

• • • • • • 
Test Vd Va V Leak V out Vf Mf Tcell liT0 lil/2 lmp/dw !iwet/dry 

4S 2SO 17S 7S -30 9S .07S 229 .42 
46 2SO 197 53 - .05 243 .36 
47 520 340 180 -20 120 .07 211 • 63 

. ..... 
O> 

50* 260 23S 2S -16S 90 .042 260 .S2 .S9 .62 .03 -:::r 
51* 280 225 55 -145 100 .036 262 • 52 • 67 .06 c 
S2 280 21S 6S -65 8S .028 232 .30 .67 .12 .17 0 m 
53 560 360 200 +55 200 .028 225 • 71 .Sl .25 .22 z 
S4 25S 150 lOS -180 so .066 240 .45 .66 .45 .05 c: 

0 
5S 255 155 100 -145 40 .06 239 .42 -- -- .80 r 
56a .06S 229 .so .Sl .SS .44 

m 
l> 

56b 230 185 45 -180 80 • 031 237 • S6 • 74 .90 .24 ::llJ 

S6c .033 203 .S4 .3S .61 .21 ~ 

~ S7 2SO 18S 6S -120 135 • 063 248 • Sl 
::llJ 

58 250 200 50 -60 90 .063 232 .so 0 
!.P:. I'"" 

59 2SO 190 60 -90 90 • OS 25S • 53 • 58 .88 .46 m 
l> 

60 250 200 50 -lOS so .06 235 .75 .4S .73 .15 z 
61 250 110 • 035 z 

G> 
62 250 200 50 -275 61 .06 240 .61 0 

0 z 
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Table 3. 
IDEAS FOR REMOVING OR REDUCING FIRE-CAUSED SMOKES 

1. Use HEPA Filter in series 
2. Increase filter area * 
3. Use less efficient filters (prefil ters) ahead of HEPA Filter -JC 

4. Use moving filter "tape" * 
5. Electrostatic precipitation 
6. Active resident fire protection ~ 
7. Scrubbing with water sprays with or without surfactant * 
8. Acoustical agglomeration 
9. Natural aging 

10. Chemical additives * 
11. Minimize quantity of materials which smoke (fuel control) * 
12. Convert smoke particulates to gas * 
13. Recirculate smoke 
14. Use high pressure Venturi scrubbers * 
15. Control ventilation (oxygen starvation} -JC 

16. Electrophoresis in filter media 
17. Dilute aerosol 

Note: The above ideas are given on the basis that they are 
technically possible-not that they are necessarily practicable 
or cost effective. 
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Table 4. Effect of various countermeasures on HEPA filter performance 

Countermeasure 

Forced 
burn (enclosure) 

Water scrubber 
(1-100 /min) 
w/ & w/o surfactant 

Fusing sprinkler 

Single pass 
Rolling prefil ter 

Wet wood 

Large HEPA 
surface 

Electrified 
Sand Filter 

Fir wood 

t plug I 
s 

320 

350 

No plug 

No plug 

No plug 

No plug 

ril, 
kg/s 

0.12 

0.11 

_a 

0.08 

0.03 

0.035 

PMMA-FR 

tplug I 
a 

400 

400 

m, 
kg/s 

0.03 

__ a 

Va= 250 f/s 
Polycarbonate 

tplug I 
s 

ril, 
kg/s 

No plug 0.04 

550 _a 

a,For most fires, sprinkler activation occurs before steady-state burning. 

Fiber-reinforced 
Dense fiberboard polyester 

tplUg I 
s 

m, 
kg/s 

No plug 0.08 

No plug 
__ a 

tplug I 
s 

880 

No plug 

m, 
kg/s 

0.02 

__ a 

Polyvinyl 
chloride 

tplug, 
s 

590 

m, 
kg/a 

0.02 

Compoai te 

tplug, 
a 

400 

265 

No plug 

360 

m, 
kg/a 

0.02 

0.05 

0.07 

0.06 

..... 
0) -::r 
c 
0 m 
z 
c: 
0 r 
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Appendix 

Initial Conditions Fuel Pararr.eters Critical Temp€ratures Plug, Peak, 

Fuel type and Exit Initial Final 
=nfiguration air fuel fuel m Tmax TMax TDB T1o.13 

Tamb, %, flow weight, weight, fuel (cell) (duct) (filter) (filter) Temp., Temp., 
oc % rate, L/s Kg Kg kg/s Oc Oc Oc Oc Oc Oc 

l?B-7 Fir, tight, 
layers staggered 7 7 500 194 145 .13 670 295 185 70 18.5 290.5 

0.37 
PB-B Fir, tight, 
layers staggered 

%0 %, 250 200 120 .09 700 280 90 62 214.0 265. 5 
1340 o. 24 

PB-8.2 Fir, tight, 
layers, staggered y 250 183 108 .• 10 700 290 100 65 222.5 278.0 

0.34 

B-1 Fir, loose, 
layers staggered y ~ 250 143 78 .13 800 305 105 60 207.0 317.5 

910 0.16 

B-2 Fir, loose, 
layers aligned 7 250 147 117 .12 750 310 100 60 223.5 309.5 

0.16 

B-3 SE-3 Fir, 
loose, layers 
aligned 7 ,,:, 250 94 79 .028 s000 175 50 37 68.5 211.3 

1000 o. 52 

B-4 SE-3 Fir, 
loose, layers 
aligned ;v % 500 79 25 .11 670 215 110 55 213.0 214. 5 

1350 0.70 

B-6 SE-3 Fir, 
loose, layers 
aligned y ~ 250 130 60 .10 770 300 59 59 234.3 286.0 

1000 0.16 

B-7 SE-3 Fir, 
loose, layers 
aligned y % 250 128 68 .11 750 310 31 31 271.0 298.5 

930 0 .15 

B-8 SE-3 Fir, 
loose, layers 
aligned ~ % 250 132 90 .10 800 130 60 60 278.S 272.0 

1215 0.17 

B-9 Fir, loose + 
sprinkler y %, 250 136 .05 780 220 100 35 194.0 16.S 

1012 0.14 

B-10 SE-3 + ;ro;· sprinkler 7 250 81 .016 600 185 58 30 16.0 153.0 
1000 0.13 

B-11 Lexar. 250 80 35 .037 700 
0.55 190 80 so 230.3 

B-12 Lexan + 
sprinkler ;>"' %r 250 81 .01 410 115 65 40 154.0 

1000 0.35 

B-13 Fir, 
loose, leak 250 135 95 .07 680 250 105 63 183.5 280.5 

.021 
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Filter 
Parameters Upstream Impactor Downstream Impactor Gas Analysis 

a P wet dry Aerosol wet dry Aerosol 
Fuel type and t max, mass, mass, size mass, mass, size [o]-, [co] m• [co2]m, [Ctt4Jm, 
configuration plug pascals mg mg trend mg mg trend % % % ppm 

PB-7 Fir, tight, 
layers staggered 0.9 420 -- 1000 >3µ/80 -- -- -- 5.4 0.3 .... 
PB-8 Fir, tight, en -layers 0.7 2700 -- 12000 >2µ/70 -- -- -- 6.5 3.4 -- -- ::r 

c 
PB-8.2 Fir, tight, 0 
layers staggered 0.7 2300 -- 5000 2µ/80 -- -- -- 6.0 3.3 -- -- m 

z 
B-1 Fir, loose, c: 
1ayers staggered 0.32 2800 -- 7200 1<3µ/77 -- -- -- 6.0 2.8 -- -- 0 

r-m 
B-2 Fir, loose, > 
layers aligned 0.33 2750 -- 4580 <2µ/87 -- -- -- 5.0 3. -- -- ):::> :a -o 

-0 )loo 
B-3 SE-3, layers ro :a ...... aligned 0.4 2800 -- 4065 >lµ/90 -- -- -- 19.4 0.62 0.6 -- ::::s 

0.. N ...... 0 O"I >< r-C:> B-4 SE-3, layers m 
aligned 1.45 2075 -- 1377 <lµ/72 -- -- -- 13.6 -- 4.8 400 )loo 

z 
B-6 SE-3, layers z 
aligned 0.37 2350 -- 2196 >2µ/77 -- -- -- 5.0 -- 13,8 -- G) 

B-7 SE-3, layers 0 
0 aligned 0.38 2900 -- 3500 <lµ/72 -- -- -- 4.0 -- 6.2 13600 z ,, 

B-8 SE-3, layers m 
aligned 0.32 200 -- 1480 <2µ/86 -- -- -- 3.8 4.0 3.8 1450 :a m z 
B-9 Fir, loose + 0 
sprinkler - 500 -- -- -- -- -- -- 9.0 2.0 13.0 1600 m 

B-10 SE-3 + 
sprinkler 0.4 2350 -- -- -- -- -- -- 19.0 1.0 4.0 9600 

B-11 Lexan - 1800 -- -- -- -- -- -- 9.0 0.2 10 .2 1400 

B-12 Lexan + 
sprinkler 0. 55 2400 -- -- -- -- -- -- 16. 5 0.2 4.0 

B-13 Fir, loose, 
leak test 0.61 2000 -- -- -- -- -- -- 5.0 3.2 14.0 

3.5 3.9 15.7 16000 



Initial Conditions Fuel Parameters Critical Temperatures Plug Peak 

-- --
Fuel type and Exit Initial Final 
configuration air fuel fuel m Tmax TMax ToB TWB 

Tamb• RH, flow weight weight fuel (cell) (duct) (filter) (filter) Temp., Temp., 
Oc % rate, L/s Kg Kg kg/s Oc De Cc Cc Cc Cc 

B-14 Fir, loose, -- - 250 142 100 .12 725 270 120 70 227.5 293.8 
calib. 0.22 .... 
B-15 Benelex - - 250 88 32 .08 630 

0.42 

O> 
230 110 90 -- 264.5 -~ 

c 
B-16 Benelex + -- -- 250 88 78 .04 320 110 75 45 -- 142.0 0 
sprinkler 0.27 m 

z 
B-17 PVC, loose - - 250 133 128 • 02 240 85 60 40 -- 85.5 c: 

0 0.50 ... 
m 

B-18 FRP, loose - -- 250 38 20 .02 560 170 90 50 187.5 187.5 )::> l> 
0.43 -0 :::D 

·o 
Cl> ~ 

I-' B-19 FRP + -- -- 250 38 36 .001 410 130 80 40 -- 134.0 :::s 
:::D 

N 0... 
en sprinkler 0.25 --'· 

0 x I.Cl ... 
B-20 Composite - - 260 161 149 .02 640 200 100 60 183.8 192.0 m 

0.24 l> z 
B-21 Fir, standard - -- 250 145 100 .10 640 165 90 60 222.8 268.5 z 
crib 0.14 G) 

B-22 Repeat B-21 -- -- 250 145 80 • 08 700 170 95 65 213.0 241.3 
0 
0 

0.15 z .,, 
B -23 Composite -- -- 280 180 146 • 07 390 130 45 40 -- 89.5 m 

:::D 
Anderson 2000 0.23 m z 
B-24 Composite -- -- 280 171 116 • 07 420 125 35 -- -- 48.S 0 
Anderson 2000 m 

B-25 Composite - -- 380 174 118 .06 370 150 -- -- -- 134.0 
Anderson 2000 0.40 

B-26 Fir, standard - -- 280 135 so .OB 700 210 70 65 -- 222.5 
crib 0 .10 

B-27 Fir, standard -- -- 250 135 88 .09 720 230 80 -- 216.5 281.0 

B-28 Fir, standard - -- 250 130 95 .10 750 280 110 87 172.0 305.0 
crib, overhead .06 
vo;.:1,tilation 



Filter 
Parameters Upstream Impactor Downstream Impactor Gas Analysis 

* * 
aP wet dry Aerosol wet dry Aerosol 

Fuel type and t max, mass, mass, size mass, mass, size [o]- [co]m [co2]m [ CH4) m 
configuration plug pascals mg mg trend mg mg trend % % % ppm ..... 

O> -:::r 
B-14 Fir, loose, o. 67 2000 -- -- -- -- -- -- 3.5 3.9 15.7 16000 c 
ca lib. 0 m 
B-15 Benelex - 750 -- 1663 <2µ/82 -- 1666 <2µ/82 3.1 3.0 15.0 16000 z 

c: 
B-16 Benelex + -- -- -- 201 <2µ/91 -- -- -- 17.6 0.2 3.2 900 0 
sprinkler r m 

2100 <2µ/82 <2µ/88 0.2 ):::o 
J> 

B-17 PVC, loose 0.59 2250 -- -- 1666 17.4 1. 8 -- ::D 
-0 
-0 !:: B-18 FRP, loose o. 88 1580 - 1140 >2µ/73 -- 1592 >2µ/67 8.3 0.5 11.5 8000 ro 
:::> ::D 

....... 
<2µ/92 >2µ/94 

0. 
N B-19 FRP + -- -- -- 226 -- 176 17.5 -- 3.0 700 ..... 0 
-.....J sprinkler >< r-
0 m 

B-20 Composite 0.40 2100 -- 6359 >lµ/99 -- 4800 >2µ/85 13.0 2.8 8.2 J> -- z 
B-21 Fir, standard 0.57 1900 208 -- -- 5.2 1. 5 14.0 14500 

z -- -- -- G) 
crib 

0 
B-22 repeat B-21 o. 76 2080 -- -- -- -- -- -- 2.8 2.2 15.8 15800 0 z 
B-23 Composite -- -- -- 13700 >lµ/91 --

.,, 
-- -- 8.8 1.3 9.0 -- m 

Anderson 2000 :a 
m 

B-24 composite 200 3300 <2µ/79 7.0 4.0 10.0 16500 
z - -- -- -- -- 0 

Anderson 2000 m 
B-25 Composite -- -- -- -- -- -- -- -- 7.0 4.8 10. 5 1550 
Anderson 2000 

B-26 Fir, standard -- -- 16800 685 <2µ/73 -- -- -- 2.0 5.6 16.0 15000 
crib 

B-27 Fir, standard 0.2 2000 -- -- -- -- -- -- 3.2 a.a 15.6 15000 
crib 

B-28 Fir, standard 0.4 2250 27000 6000 >3µ/91 11000 2200 > 3µ/89 7.2 3.8 13.0 13000 
er ib, overhead vents 



Initial Conditions Fuel Parameters Critical Temperatures Plug Peak 
-- --

Fuel type and Exit Initial Final 
configuration air fuel fuel m Tmax TM ax Too Tws 

Tamb, RH, flow weight weight fuel (cell) (duct) (filter) (filter) Temp., Temp., 
Oc ' rate, L/s Kg Kg kg/s oC oC oC oC oC oC 

... 
B-29 Fir, standard - - 260 140 105 .10 600 260 100 52 151.8 286.5 0) -crib, overhead .OS 0.19 :::s-
ventilation c 

0 
B-30 Fir, standard 24 76 260 175 120 .077 700 120 55 -- 274.0 m 
er ib, overhead • 047 0.19 z ventilation .034 c: 

0 
B-31 Fir, standard 26 64 270 144 -- .060 730 200 100 60 -- 221.5 r-
crib, overhead .043 0.32 m 

)> 
ventilation .013 ::i:::o ::zJ -o 
B-32 oven dried 28 50 250 142 115 .120 770 256 112 60 185.0 325.0 -0 ~ rD 

I-' > 6% .030 0.16 ::I ::zJ 
N 0.. 

0 -...! -'• 
I-' B-33 Lexan Repeat 36 28 250 135 131 • 010 730 125 70 37 -- 153.5 >< r-

B-12, sprinklers m 
)> 

B-34 Fir, Hi inlet 40 32 500 185 150 .10 775 280 180 70 298.5 
z -- z 

B-35 Repeat B-34 52 50 500 145 85 • 06 720 290 180 160 -- 283.0 
Ci) 

0 
B-36 Repeat B-35 48 16 500 145 132 .097 740 295 70 213.0 302.7 0 
Sonic Nozzle z 

'Tl 
Upsteam Hepa m 

::zJ 
B-37 Low Flow, 28 60 250 145 122 .035 780 230 65 -- 319.8 m z Large Hepa 0 m 
B-38 Composite 34 42 500 221 140 .050 430 140 105 90 135.6 193.1 

B-39 Composite 35 46 485 190 155 • 030 575 152 105 52 183.3 210.4 

B-40 Rolling -- -- 250 178 130 .100 738 220 98 68 169.3 357.6 
prefil ter - 3% 
moisture content 

B-41 R.P .F (D.F) -- -- 250 175 132 .066 740 60 60 181. 9 284.3 
8-11\ moisture 
content 



Filter 
Parameters Upstream Impactor Downstream Impactor Gas Analysis 

* * 
c. p wet dry Aerosol wet dry Aerosol 

Fuel type and t max, mass, mass, size mass, mass, size c0r (CO)m [co2)m (ett4J m 
configuration plug pascals mg mg trend mg mg trend % ' ' ppm 

B-29 Fir, standard 0.54 2440 10, 000 466 >3µ/99 9300 1100 <lµ/50 9.2 13. 5 10.8 12000 ..... 
crib, overhead O> -ventilation :::r 

B-30 Fir, standard - -- 4174 258 >3µ 1940 212 >3µ 8.0 2.6 4.6 13500 
c 
0 

crib, overhead m 
ventilation z 
B-31 Fir, standard -- -- 15000 2700 <2µ/80 7600 115 >3µ/52 8.0 2.4 6.0 11000 

c: 
0 

crib, overhead r-
ventilation m 

l> 
)::> ::D 

B-32 oven dried 0. 31 2700 3000 -- 1-2µ/ 332 -- >lµ 6.2 3.0 13.2 14200 "'O 
"'O l> > 6\ <D $ I-' ::s I'.:> 0.. 

-....J B-33 Lexan, repeat -- 225 -- -- -- -- -- -- 16.5 Trace 3.6 2500 ...... 0 N B-12, sprinklers >< r-m 
B-34 Fir, Hi inlet -- 300 12400 674 >3µ/75 6500 621 >3µ/71 8.8 1.0 12.2 11900 l> z 
B-35 Repeat B-34 -- 380 24600 2189 >3µ/79 1600 2720 >3µ/76 2.1 1.2 16.0 11500 z 

C') 

B-36 Repeat B-35 o. 64 2000 16250 2100 >3µ/73 13850 1400 >3µ/71 1.9 12.0 1300 0 
sonic nozzle 0 
upsteam hepa z .,, 

m 
B-37 low flow, -- 120 19200 2800 >3µ/68 10700 2200 > 3µ/55 8.8 1. 6 12.4 14000 ::D 
large hepa m z 
B-38 Composite 0.44 2250 8600 8300 >3µ/59 6900 6200 >3µ/42 15.2 0.3 5.6 13000 

0 m 
B-39 Composite o. 53 2500 4200 3600 >3µ/42 5300 4060 >3µ/44 -- Trace 5.5 16000 

B-40 Rolling 0.55 1800 6716 296 >3µ/98 6603 3905 <lµ/68 
Pre-filter, 3% 
IfOisture content 
(D.F.) 

B-41 R.P.F (D.F.) 0.81 2000 15787 2726 >3µ/64 8178 2218 >3µ/4 7 
8-11% moisture 
content 



Initial Conditions Fuel Parameters Critical Temperatures Plug Peak 
-- --

Fuel type and Exit Initial Final 
=nfiguration air fuel fuel m Tmax TM ax Toe Twe 

Tamb, Rt!, flow weight weight fuel (cell) (duct) (filter) (filter) Temp., Temp., 
oc ' rate, L/s Kg Kg kg/s Cc Cc Cc Cc Cc Cc 

B-42 R.P.F (D.F) -- - 260 180 143 .085 750 250 80 68 171.1 311.9 
rroisture content 
7-11% .... 

Q) 

B-43 R.P.F (Comp.) -- -- 250 185 155 .050 640 160 58 48 162.0 203.9 -::J" 
moisture content c 
7-8% 0 

m 
B-44 Composite -- -- 270 195 175 .050 575 180 65 50 157.9 203.0 z 
B-45 Composite 26 55 250 185 130 .050 670 155 50 60 158.8 228.8 

c: 
0 

R.P.F • 075 ... 
m 

B-46 Composite - -- 250 195 135 .050 50 50 153.3 242.9 > 
)::o ::D 

R.P.F "O 
"O !? 

B-47 Composite - -- 490 200 170 .070 700 158 58 52 154.0 211. 7 
(1) ::D ~ I-' R.P.F 0.. N ..... 0 

-...J >< ... w B-50 Free Burn -- -- 260 155 130 .042 -- 259.8 m 
(Douglas Fir) > z 

B-51 Free Burn 32 53 270 152 133 .007 720 230 100 55 -- 262.7 z 
(Douglas Fir) G> 

0 
B-52 Free Burn -- -- 280 155 133 .025 640 200 70 40 172.9 231. 6 0 
Composite z 

'Tl m 
B-53 Free Burn 33 58 500 155 115 .028 700 210 110 130 -- 223.6 ::D 
Composite m z 
B-54 Composite - 255 155 105 .066 655 160 45 70 142. 5 239.6 

0 -- m 
R.P.F 

B-55 Composite 38 50 255 178 150 .060 670 165 50 70 154.6 238.9 
R.P.F 

B-56A Sand -- -- 250 175 150 .063 600 180 90 90 196.7 238.6 
Filter U 

B-568 Sand 34 66 230 147 117 .031 750 190 110 60 -- 236.7 
Filter t2 

B-56C Sand 37 56 240 155 132 .031 680 170 95 55 -- 203.3 
Filter 13 



Filter 
Parameters Upstream Impactor Downstream Impactor Gas Analysis 

* * 
a P wet dry Aerosol wet dry Aerosol 

Fuel type and t max, mass, mass, size mass, mass, size [o]- [co]m [co2]m (CH4)m 
configuratioo plug pascals mg mg trend mg mg trend % ' ' ppm 

B-42 Rolling o. 51 2150 8556 78 >3µ/98 3344 >3µ/61 5.6 4.8 10. 5 
Prefil ter (D.F), 
moisture content 
7-11% .... 

O> -· B-43 R.P .F 0.41 540 4315 1384 2<3µ/39 2186 1380 1<2µ/30 11. 5 1. 6 5.2 14600 ::r 
(Composite) 0 
moisture content 0 
7-8% m 

z 
B-44 Composite o. 40 2000 -- -- -- -- -- -- 11. 5 1.4 5.5 14400 c: n 
B-45 Composite 0.88 500 -- -- -- -- -- -- 7.0 1. 8 8.0 17000 r-m 
R.P.F )> 

)::> :u 
B -4 6 Composite 1. 32 2950 -- -- -- -- -- -- 8.0 2.4 8.8 -- -o 

-0 ~ R.P.F (I) 

I-' ::s :u 
N 0. n "'-J B -4 7 Composite 0.75 1500 -- -- -- -- -- -- 12.0 1. 0 6.0 15800 ...... 
..:::. R.P.F >< r-m 

B-50 Free Burn 18337 169 >3µ/92 7041 194 >3µ/86 10.0 0.7 
)> 

4.0 6000 z 
Douglas Fir z 

G') 
B-51 Free Burn -- 800 8220 237 >3µ/95 2730 152 >3µ/88 10.5 0.6 -- 6500 
R.P.F n 

0 
B-52 Free Burn 0.60 2250 7620 1222 >lµ/92 6713 1141 >lµ/93 12.8 0.7 10000 

z -- '11 
Composite m :u 
B-53 Free Burn -- 1550 8404 593 >lµ/97 6310 1070 >lµ/95 -- 1.0 7.5 -- m z 
R.P .F Composite n m 
B-54 Composite 0 .46 2000 18273 731 >2µ/94 10,074 561 >2µ/90 -- 1.6 8.5 12500 
Rolling Pre-filter 

B-55 Composite o. 50 2000 7472 4354 >2µ/95 7910 6289 >2µ/89 -- Trace 8.5 
R.P.F 

B-56A Sand F i1 ter 0.36 -- 21706 8425 >2µ/98 9799 4283 >2µ/86 10. 5 3.1 9.2 
fl 

B-56B Sand Filter -- 320 14474 2701 >3µ/96 1398 335 >3µ/82 9.5 1. 8 11.2 
f2 

B-56C Sand Filter -- -- 10046 1232 2µ/97 3976 816 >2µ/90 10.5 3.0 9.2 
13 



Average 
Test Cell 

Initial Conditions Fuel Parameters Critical Temperatures Temperature 
--

Fuel type and Exit !nit i al Final At At 
configuration air flow fuel fuel ·m Tmax TMax Tos Tws tplug tplug 

Tamb, RH, rate weight weight fuel (cell) (duct) ( f i lter) ( f i lter) Temp., Temp., 
oc /s kg kg kg/s oc oc oc oc oc oc ...lo 

O> -:::J" 
B-57 Composite, -- -- 250 175 150 .063 650 190 68 48 151. 7 247.7 c 
Pleated-RPF 0 

m 
B-58 Composite 27 67 250 187 168 .063 600 170 83 52 156.7 232.3 z 
Pleated RPF c: 

0 
B-59 Composite 43 32 250 182 160 .050 680 188 80 50 157.3 254.7 r m Pleated R.P.F. )lo 

):::> :a 
B-60 Composite 27 88 250 176 155 .060 740 80 50 40 -- 235.0 -0 

-0 :!?: Pleated RPF + C'D 
...... Sonic nozzle ::::i :a 

0.. 
N -'• 0 
" B-61 Repeat B-60 250 -- -- .035 -- 55 50 -- -- -- x r 
(J1 m 

B-62 Composite 25 19 250 .060 80 55 
)lo -- -- -- -- -- -- z 

Pleated RPF z 
Ci) 

0 
0 z 
'Tl 
m 
:a 
m 
z 
0 
m 



Filter 
Parameters Upstream Impactor Downstream Impactor Gas Analysis 

a P wet dry Aerosol wet dry Aerosol 
Fuel type and t max, mass, mass, size mass, mass, size (oJ- [co]m [co2Jm (CH4Jm .... 
configuration plug pascals mg mg trend mg mg trend % % % ppm O> -:::7' 

B-57 Composite 0.45 2000 -- -- -- -- -- -- 11.2 3.0 8.2 -- c 
Rolling Pre-filter 0 

m 
B-58 Composite 0.43 2000 -- -- -- -- -- -- 11.0 2.8 8.8 -- z 
Rolling Pre-filter c: 

0 
B -59 Standard 0.41 2000 21868 11716 >lµ/99 2514 1158 >2µ/79 10.5 2.8 8.2 

... -- m 
Composite R.P.F. 

):::> 
l> 

-0 
::u 

B-60 Composite -- 260 17218 1645 >lµ/99 4622 678 >lµ/94 12.5 2.0 7.4 -- -0 ~ Rolling Pre-filter ro 
I-' ::s ::u 
r..> Sonic nozzle 0.. 
-.....J ....... 0 
C'I 

B-61 Continuation >< ... 1.05 -- -- -- -- -- -- m 
of B-60 l> z 
B-62 Composite 0.68 -- -- -- 12998 678 > 1µ/98 z 
Rolling P refil ter C) 

0 
0 z 
'Tl m 
::u m z 
0 m 



16th DOE NUCLEAR AIR CLEANING CONFERENCE 

DISCUSS I OM 
ORTH: When you were showing us how different filters 
plugged under various conditions, you noted that with a hot input 
(which I think was in the order of 500° with some kind of a load), 
the filters did not plug. But with that kind of heat, what got 
through? 

ALVARES: I was showing that if you have a well ventilated 
fire, (airflow at 1,000 cfm) which is twice our normal ventilation 
rate, the temperature of the fire and efficiency of combusion is such 
that the kinds of combustion products produced would be in the gas 
phase within the duct. At these initial conditions there doesn't 
appear to be enough heat transfer to condense the products to liquid 
phase. They apparently do not condense until they pass through the 
HEPA filter. 

FREEMAN: Your expression, "a plugged filter," I take to 
mean zero flow. But is it not true that a filter is considered to 
have failed prior to that point? 

ALVARES: Our normal criteria for filter failure is when air 
flow is reduced by half the design flow rate. When we reach that 
condition, the pressure drop across the filter is increasing 
exponentially. 

RIVERS: You laminated a piece of roll filter media with a 
90% efficiency ASHRAE dust spot efficiency filter to make this dual 
roll filter. Is that correct? 

ALVARES: Actually, we used two filters, a 90% and a 40% 
efficient filter along with the standard roughing filter that came 
from American Air Filter. 

RIVERS: Of course, the roll filters are designed to oper
ate at about 500 fpm duct velocity whereas the other one operates at 
10-20 fpm. One way or another, it seems to me to be a horrendous 
misapplication of the material. Commercially available equipment 
using these media at their correct velocity would have worked satis
factorily in this application at substantially reduced pressure drop. 

ALVARES: We ran the series at two velocities, 500 and 1,000 
cfm, with a variety of filter media and, by luck, we got a combina
tion that worked. Other combinations simply did not function as well. 

RIVERS: I am really amazed that you can put that amount of 
air through that kind of media. 

ALVARES: It worked very well. 

1277 
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16th DOE NUCLEAR AIR CLEANING CONFERENCE 

CONCLUDING REMARKS OF SESSION CHAIRMAN: 

Mr. Fish has told us that we now have much-needed revisions 
to ASME/ANSI N501 and N510. Mr. Burchsted has promised us a very 
worthwhile index to all of the air cleaning conference proceedings. 
I believe we are to receive the latter with the Proceedings of this 
Air Cleaning Conference. Mr. Alvares has detailed various successful 
methods for protecting filters in ventilation systems from plugging 
when exposed to products from fires. 
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