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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 availablz and are currently installed in some new facilities wnere
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 smace, filter breakduwn 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, tnrough 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 invalve standard
fire-protection practice (with some modificaticns 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 aerasals
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 capabie 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. Qur approach was Edisonian, but we truncated in short
order to a comhination 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 aerasels 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 1ife 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 the 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 natyral and man-made occurrences can jeopardize the integrity of the
total ventilation system including the final filters®. Fire in a protected
space provides a risk patential somewhat greatur 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 fror 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 af the program were to survey the
praciical response of production HEPA filters to combustion-product exposure and to
assess the effectiveness of existing or newly developed countermeasures to reduce
or ner:te 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 measurements used to define combustion
characteristics of the fuel arrays, the resulting smoke-production rate, and Smoke
aerosol absorption on the HEPA filters. The initia) work has been reported
elsewhere (5,6).

The test facility included a fire-test cell with dimensions approximating
containment-faboratory scale and 2 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 guality of smoke aerosols
generated during the experiments. The aerosol properties are of primary importance
in terms of filter plugging potential,

L A : s e : .
Tornadoes, hurricane, seismic activity, explosions, fire, sabutage.
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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 incarporate 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 "hard wired" 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:

Temperature (wet and dry bulb)

Filter parameters

Total exit gas flow rate

€0y - CO - 07 - Total hydrocarbon gases in exit gas flow
Optical density in the exit duct

Total aerosol mass

Aerosol size distribution

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

Exper imental Procedures

. Sixty-two full-scale smoke production tests have been conducted in the
fire-test cell since its inauguration in the summer of 1976. ATl 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 aerosnls a
direct function of the fuel types, 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 compasition, 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 aerosals to challenge the REPA 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.). MWe had chosen a specific fuel load™ for
the wood crib fires (1 to 2 1b/ft?), and we elected ta maintain the same fuel
loading for all standard smoke production tests. Thus, crib size varied over a
small range proportional to the fuel der-ity.

Eventually we adopted a fuel array made up of specific praportions 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 Tater tests. Because
we needed dense smoke aerosols to challenge the HEPA filters, we provided the fue)
array with a constant premixed flame source (100 f/min natural gas with 57 I/min
air}, centrally placed in the crit Sase. This burner acted hoth as the ignition
source and a thermal driver o 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-aerasol
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-Tine 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 ali 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 fioor surface.

A




1Rl

el

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:

s Temperature directly over the crib {9C)

o Total inlet air flow rate and total exit ¢ir- and combustion gas-flow rate

(1/5)
¢ Crib mass loss (kg
»  Oxygen depletion {0-] in the exit duct (%)

Although Fig. & 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 fir2 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 initia) 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 ajr temperature over the crib, T, and the
oxygen depletion at the exit port lU"],. We note first that V; is not

equivalent to exit (design) flow rate (V4), indicating that the test enclosure is
Teaky. 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 (whic'i depends on the
fire size and Vq), 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 V4, and that V,
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
inlet ducts is over 50% of the initial V,, and is nearly 3 times the steady-state
V5 established after the initial osci]la%ing period of the burn. The greatest
change for both [0-] and T. occurs near the peak outflow time, and the crib

mass loss appear to begin sugstantia11y around this period. The gradual reduction
in V4 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 l-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 "breathing" menifested in the induction peried 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 AP and was
resealed.

k. ar-yoerem : . . - . o
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 enaugh propylalcohol is ignited to expose the
Eottom surfaces of the crib to flames for a period of 1.0 min.(1.0 liter).
Caused by the amount of accelersnt used for ignition.
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Tne volumetric expansion resulting from the initial increase in average
enclosure temperature can be estimated using the expression:(7)

(Mo]e ) mf[ ]
amb
where:
S = volume expansion,
Mo]ep = molecular weight of the combustion products,
e = fuel burning rate,
T = heated gas average temperature, and
Tamb = 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 te 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 ventilat.on controlled and the
average temperature is lowered, resulting in a corresponding reduction of
low-density combustion gases and heated air. Hence, more inlet aic enters the
space available for combustion. If fuel burning rate is constant, the #ir 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, CC, and COp monitors. Note that [0°] is nearly
completely out of phase with the CO and C0p data, as it should be. Oxygen
depletion and production of combustion gases fol]ow 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 (V1qy). The data do not show good
reproduct ibility, but the trends bear well with the gross conditions of the
specific test. As described in Table 1, the total air inflow rate is always less
than the exhaust rate because of Teaks in the test cell. Vyggy, (determined by
the difference batween Uy and V a) varies with the magnitude of the design flow
rate and with the intensity of the fire source, e.g., for a Vd of 500 1/s,

V1eak is about 200 1/s, while for forced burn tests where Vg is 250 1/s; |
V; E var ies betueen 50 and 100 1/s. In the "natural burn" tests with a Vy of

8 /s, the leak rate ranged between 25 1/s and 65 1/s, thus the fire intensity
along with the V4 dictates both the variable inflow rate and the relative leakage
in and out of the test cell.

-6-
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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 Vy; and temperature
dependent parameters are inverseley proportional to V.. 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.q.,
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 Vq of 500 1/s, and for experiments
where atomized water was introduced into the “upstream" duct work to artificially
cool the gases (tests 60,61,62), the temperature at the HEPA filter was seldom
greater than 100 CO.*x 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 ¢, 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
endurance 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 vitjated 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 aerasol sorption into the

Note that the duct gas temperature at the exit measuring station was generally

40 to 60 €O Tower than the average temperature of gas in the test cell which
averages about 2500 C.



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 AP is greater than 1500 Pa. Tr2 curves in each figure
are labeled with information specific to the conditions of tesi; e.g., the average
burning rate of the fuel m, the measured gas temperature at the HEPA filter station
(Tugpa), 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 hoth 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
polyvinylchlaride (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 Vy 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 V4 of 250 1/s and 500 1/s
respectively for the crib tests. At 250 /s, m is about 1/3 to 1/4 the m at 500
1/s 1680 g/min to 6600 g/mm reSpectlvely, but the measured aerosal mass was greater
at the low Vy (4.1 g/m3 to 1.4 g/m3 respectively). The Lemperature at the
HEPA filter was twice as large at Vg = 500 1/s (Typps = 110C9).

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, mare
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 concentration cause plugging at V4 = 500 V/s; i.e., the greater dilution at
the high V 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 fue) 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 anly
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



dried, it could again pass--and filter--air with anly a s1ight increase in the
AP, However, the filter had no langer any endurance to smoke exposure. It would

plug almgst 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 derosals 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
Vg 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%
PyC 14%
PMMA-FR 9%
Polycarbonate 8%

The fuel proportions are based on the general material distribution found in
enclosuras containing radioactive materials. Moreover, we found this combination
to have iae 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.
A1l conditions appear to be favorable for filter plugging except the Tycpy of
1109¢, 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
comporients 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 om 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 aerosel changes and becomes rich in
condensed-phase materia’s 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 “"upstream" 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 smoks 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 asrosol. We were unable to
identify any specific pyrolyzate or combination ~ combustion and pyrolysis
products with unigue capability for filter plun-ing.

Fire Protection Countermeasures for HEPA Filters

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

° Control the fuel

o Contral the fire.

. [ntercept the smake before it reaches the filter.

The first two techniques are accepted fire-protection concepts where a chaice
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 tc be used for inte-
rnal finishes and appliances. Indeed, This protoce)l should be mandatory in any
laboratery 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 radicactive 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
protocal is observed, some method of intercepting smoke aerosols before they reach
the final filter station may be reguired.

"Figure 14 is a scanning electron micrograph (SEM) of HEPA filter media Toaded
with a ligquidous material from a composite crib test. It appears to generally
thicken the fibers, as well 45 forming globules at specific locations. For com-
parison, Figure 15 is a SEM of HEPA filter media loaded with solid-phase aerosol.
Qbviqusly 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 Tists a variety of technigues for removing or raducing 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. Etven 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 afterburmer 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 evenis quickiy quenched our fervor for this procedure.

Another of the iisted ideas {no. 4) was never used for divect 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 cycione 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 & compares the effectiveness of four potential in-duct smoke removal
techniques, one standard fire protection system, and one fuel modification example
&S countermeasures tn 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 derse fiberboard (DF), failed to plug the
HEPA filters at the standard flowrate of 250 1/s. When PC was burned at its
highest rate, very little smoke was perceived. A review of published listings of
combustion and pyrolysis preducts from PC indicates that these products consist of
mostly 1ight gases and Tow-molecular-weight condensed-phase materials, Such
components have little poten ial for filter plugging. The burning rate of the DF
cribs is very low, thus producing a small volume of smoke aerosals that does not
cause HEPA filter plugging. At higher flow rates, the DF did cause a HEPA filter
to olug. 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. A1l other materials produced
plugging aerosols at both 250 f/s and 500 f£/s. Hawever, the rate of filter
plugging at 500 £/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 (750 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 3erosols 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 mirutes of the burn had alapsed.

Very shortly after the sprinklers activated, the filter plugged! We were unable ta
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repeat this occurence. We belisve that water spry, from the sprinklers mixeo with -
the combustion aerosol so that the surface tensinn of the water changed to the
range where it could wet and hence p'ug the filter.” Since we were nut able to
verify the occurence, we propase this explanation cauticusly.

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 dces 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, twa independent effects could be responsible
for the observed phenomond.

The combustion patterns of composite cribs are infermediate between those of
synthetic polymers and fir wood. The acceleration to peak heat release is somewhat
sTower than for wood and the maximum temperature attained is correspondingly less.
Foliowing 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
¢rib, exit-duct flow rate, and pressure drop across the filter. The time at which
the sprinklers fuse is noted by the abrupot 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
gerosols 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 charged to
provide a more potent smoke-exposure challenge to the FEPA filter,

One point of interest for wood-crib fires sprayed by automatic sprinkiers 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 gemerally extinguished the fire.

Chemical Modification of Materials In the past, we have shown the impartance of
water content of wood fuels in influencing the combustion response of the
cribs.(6) We can explain thcse 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 technigue considered for reducing the rate at which
REPA fiTters clog is to "derate" the filter r-tative to the design-mass air-flow
rate, i.e., use a filter rated for 500 (/s in & system where the flow rate is 250
1/s. We tested this concept as a possible counter medsure 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 Lime 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 Lo test the possibility of en-
hanced smoke removal by reducing polar forces between the atomized water and the
smoke aerosol. These exper iments were conducti using smoke from diesel fires
(test B-5.1 through test B-5.27) and smoke aerpsols from platn wond cribs {tests
B-6 through test B-8). None of these “scrubber* tests showed any appreciable
effect with regard to protecting the HEPA fillers from plugging. Indeed, in scme
cases the presence of water spray in the duct appeared to cause the filter to pluy
faster, possibly by surface-tension reduction effects.

Sand-Bed Filter. The last row of Table 4 gives Lhe 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 pluggiag potential of smoke aerosols generated during
ventilation-control fires. The electrified sand filters have successfully cleaned
the "blow-by" 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
"rolling prafilter" (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 technigque showea great
promise.

Upon completion of the experiments to define the filter-plugging potential of
laboratory Tateria]s, 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 provect 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 praduct by the University of Califarnia or the U.G.
Department of Energy to the exclusipn of othérs that may be suitable.
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yontilation cystem, woudld reguere nomp e Lypass ciecLo s, anctadeng Samper s and
35500 fated hardware.  Oue chgober caq ey Uhe degetapmert 26 3 sampler and more
cost-rffectize opotem tngt

could he installed as part of the cont viament ducting and ideally would not add
GANCRCSSAr Y maintenance tp the tolal containment system,  Thus, we decided to seek

asimpler system for furthes rewsech oaml testing,

We net spyeral requirementy 45 wecestion oritesig for the experimentai in-cuct

Syntom:

] cLomust he smple amd easily modif e a9 the experiment progresses.

] [t should be compatible with the axisling duct system,

] [t oshould be reasonably inespensive,

' [t shouid he clegnabln.

[} The design ahould b compalible with ultvmate containment criteria.

. The deesign shnyld be flezihle and scalear o to 3 wide spectrum of <ystem
fynen and gices

s Loahogtd be compatibin with a wr o v ety of Filter media,

We selagted o commarciatly dvailabie RPF, normally ved to prefiiteration
ambinont air for removal of larqe particulate matter ¢ > .005cm), modified it to
fit our erperimental duct system, and tested it wiln composite crib fires to define
the conditions where it would adegquately 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
exper imental 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 £disonian effort, we developed
the laminated system shown in Fig. 23. Fiqure 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 rev”ined and modified the commercial RPF apparatus. With these
modifications, we were ultimately able to achieve pur 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:

o  Development of adequate filter media

8  Remova) 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
geroso) 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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307358 hath the #TPL Frller gnd Uk BT ge op 0ta) oot o rale g -
standard compasite-crid test fp D05 (g w0 The AP npt atart Toaateg

gnt st 20 e, 1 whech time ot was 4 Towed Lo lt e AT e E00 py defare ) g

cngaved,  Cven thougn we were eapas g g coepiole aved NF e 11N met et g

nde, it was ot feasctle Lo redae fne AP AT o tne ponteading valae b dine e -

414 not wish to be evlravagant with the filter media.  The ascillstians in Vd and

in AP across the HEPA reflect the variation in flow caused by the AF changes of

the RPF, The RPF media was depieted al approximately 1300 ¢ and «noke aercun! wds

directed through the HEPA filter, causing filler plugaing and the cessation of fine -
through the system. Note that fuel was available for at least twice the recorded -
duralion, and we are confident that if it were possible for us tn Toad more filter
media, we could have maintained the HEPA filter Tunction for the total burning time.

There is a s}ight degradation in the V4 after steady-state RPF indexing is
established. This rate of fiow reduction 1s 10 1/s over 400 s, We heiieve that
this fiow reduction results from a slow loading of the HEPA fifter ny aerosel
leakage through the RPF. This loading is indicated by the regular increase in
Py recorded before we ran out of media in the RPF.  However, at this low ~ate -
of loading, it would take an additional 1600 s for Vy to degrade to 1/2 the
design flow rate of 250 1/s.

Figure 6 compares AP across the HEPA filter for separate tests of
compasite-crib fires, with and without RPF's inserted between the test cell and the
HEPA filter. The B-20 burn was conducted without an RPF; B-40 was equipped with an i
RPF, byt the apparatus was not modified to reduce filter-tip losses; anc both B8-45
and B-46 were run with fully modified RPF's and laminated filter media. 1In the
B-45 and B-46 tests, HEPA filter plugging resulted because we could nct load enough
of the prefilter media in the modified apparatus to last for the entire burn.
However, the feasibility of the technigue was confirmed. Maoreover, it is now
possible to provide design criteria for in-duct filtration systems using
single-pass RPF'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 io: {1) define the smoke-production
potential of materials in common use in laboratnries where radioactive materials
are stored or worked with, (2) determine the susceptibility to plugging of HEPA
filters exposed to these smoke aerosels, {3) develop countermeasure technigues and
test their feasibility for mitigating the smoke-plugging threat ta 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 techninue.
The scope of this program did not require that we develop a prototype apparatus
based on the optimum methods identified for pratecting tihe 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

——— . N N P
A single pass RPF is defined as an apparatus where the filter media is located
across the duct so that the air-flow vector i5 normal to the surface of the filter
media, :
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to how an operational RPF chnuld be designed and what features it should contain,
More important, however, it 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 prefiiter with the general purpose of
increasing the lifetime of the final HEPA filters. [n this latter emplovment the
RPF could also serve as @ fire protectian 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 envision for an
operational single-pass RPF. [t {5 essentially a self-contained cassetlte 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 cabies or wide mesh-metal screen,
Frangible plastic film iselates the filter reservoir and the spent-filter take-up
space from the flow of contaminated gases. Upon command of 4 fire cetection
system, the filter media is drawn across the duct (through the frangible membranes)
to intercept the smoke aerosels. The pressure-indexing control Zauses new media to
enter the duct at prescribed AP values. The driving force for the take-up reel
and control/detection circuits is located on & 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
mater ials are controlled and contemporary fire-detection and fire suppression
systems are required. The chance of a fire rearhing appreciable size before
discovery is small, Thus, the utility of the ..agle-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
“standard" 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 panetrates 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:

¢ The initiating detector/signaling/RPF-starter solenoid circuits.

¢ The filter-injector linkage.

s The condition of the filter media {compressed, as a roll, in the filter
feed reservoir),

o The pressure indexing control.

The filter drive system.

¢  The drive motors and power-switch contacts.
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f the single-pass RPF 15 designed to be wseéd oniy when d fire occurs, its very
dormancy crectes problems for the contarnment system, and maintenance shoyid be
performed at frequent intervals to insure operat:on upon demand.

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

Forth, since the RPF'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 problen until after the emergency situation is over. Any fault, of
course, would result in smoke exposure to the final HEPA filter station and
patentially compromise cantainment.

Where then would we recommend the use of single-pass RPF's should they be
relegated to fire protection duty only? We belisve that these systems would be
cost erfective in applications where the containment space includes extreme fuel
10ads, adjacent or contiguous to abundant toxic materials, or is in areas where
explosive research or potentially explesive reactions are routinely being conducted.

The common denominator of these activities is that lhey 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 ii:

#  Receives frequent maintenance.
(] [s 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 gxposed 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 remoyving
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 veservair to trap smoke
aerosols in the event of fires in upstream spaces.

¢ e
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Bacauce thic app izatinr of the <ingleapagy A0 raquires more-gr-less continydl
gperatior of the apparatus, many of the problems dentified for the five protection
RPE's disappedr, f.e., a0 Soinaling corcity are required and nQ transient stresses
arp imposed on the system during stdrt-uf Sequences. Maintenance schedules shouid
he routing, since only the fiiter driving motor and indexing system would require
servicing, In fact, monitoring the filter use rate should proviie information
about the comcentrabion of aerose’ produced in the normal operation of the facility.

AL Trast iwo addotinnal benefits are gained by use of a permanently fastalled
RPF: tne reduction n the vilume af contamindled waste and the potentigl for
vecayery 27 erpens ve o doctuntaliie mater sl thal are generally unvecoverable
when trapped by HEPA filters,

Permanent~operal ing single-pass RPF's an santainment system have 3 much larger
set of applications than RPF's relegated to Tire protaction sevvice; therefore, any
nperdating wherv oveossive use of HEPA fiters s cnmmon should be ¢ didates for
these systemy, for oxample:

Ory scrubhing of woud mists,

Incineration of Inoic wasle materials.,

Areas of high dust loadig,

Pre-scrubhing of avrnsois from mining, vetoo g, fabricating and
reprocessing systems,

Since the cost of replacing a4 HEPA filter, throughout the country, has been
pstimated to be $3000, the cnot benefit of the dual-purpose RPF system for certain
operalions should be obvious.

Enhanced Prefiltration Program

The Waste Management Division of 0OE supparts a parallel filtration program at
LLNL to investigate means of extending the normal operating lifetimes of HEPA
filters by enhanced-fi{ltration techniques. These techniques involve increasing the
efficiency of low-efficiency filters by imposing an electric field across the
media, S0 that the aerpsol 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 r~<earch. 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 ares for the pleated RPF is five
times greater than the area of the single-pass RFF. The main reason for the larger
Filter area is to reduce the aergso} transit velocity through the filter so that
the etectric 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 aergsols, we have noi 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 a1 the desirabie qua ities requived for permanent in-duct prefiltration
installation: it wiil 1ncreass normad endurances of standard HIPA falters many fuid
ang will act as g fire protectian cystem far protecting the HEPA from wmene
aerosols, when required.

Summary and Conclusions

The primary purpose of this progrdm was to provide guidance and prototype
hardware fr~ orotection of components of containment ventilation systems from fires
and their products in enclosures contiining tosic materiagls.

Our approach included:

!

L. Defining the magnitude of the problem {the parameters of fire]

(] The type and size range of enclasures o be protected.

] The kinds of flammable materials used as furnishings and finishes in
labnratories.

¢ The distribution of flammable materials in containment facilities (using
LLNL labaratories as models).

¢ The relative smoke-production potential of enclosure materials.

(] The enclasure ventilation patterns and range for different applicetions.

2. Defining the damage potential created by the fire.

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

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

(] Enclosure fire overpressurization causing breaches in enclosure
containment without compromise of the ventiiation system or filtration
companents,

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

e (ontrol the fuel: materials management to reduce the concentration of
combustible materials to the minimum necessary amount in an enclgsure.

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

o (ontrol the smoke: smoke removal or treatment by some means in the exit

i duct of the enclosure, down stream rom the final HEPA filter station.

4, Designing experiments to verify the damage potential.
o Thermal damage to HEPA filter system,
o Smoke logging of HEPA filters by selected flammable materials identified
during laboratory survey.

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

The jast 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 can=hlie of plugging HEPA
filters. They were polycarbonate and dense fiberboard. Bu: these materials
ignited to self-sustained combustion, but their burni.g rates were low, and the
resulting smoke aerosol apparently contain mare 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 he 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 head- is a high temperature at the ceiling. If the fire is
slow growing, or the siting of critical sprinkler heads inappropriate, (e.q.,
shielded from spreading fire plume or in the cooling flow of inlet KVAC ducts) the
fire can grow to appreciable sire before sprinklers fuse. Thus, it is possible to
chalienge 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 aerusol
during tne sprinkler induction period io0 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 woad.

To effectively apply the fire-protection attributes of wet-pipe sprinkier
systems for primary protection of ventilation containment systems, materials
control mist 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 apnliances identified as
exceeding specified fire-risk criteria in enclosures where nonflammable materials
and low-fire-risk activities are gemerally 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 jnspection is frequent, standard
house-cleaning protocol and contemporary fire-management systems should be more
than adequate to protect in-duct filters from smoke aerosols genmerated in that
space. But several conditions can exist which negate the potential of standard
techniques to operate effectively; e.g.:

o Volumes containing high resident fuel load on tiered surfaces.

Volumes for storage of high-energy fuels, explosives, or propellants.
Labaoratories 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 1b/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 'ast item on this list has the greatest potential for causing failure of
genera) ventilation-containment systems since the reguirement 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 smaoke aercsols before
they challenge the ability of the containment filters to perform their runction.
This is especially necessary for operations where loss of containment would be
detr imental 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 "off-the-shelf" 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 uyse as roughing filters. Another attribute of this system is that

the design is scalable to commercial size, making the appliance appiicable - 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 containmant 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 aerosel 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 backgrounu
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.

1.

T



AP

in. wg

feak

Theea

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 {£/s).

Temperature directly gver the burming crib (C°).

Oxygen depietion in exit duct {%].

£xit {design) air flow rate (1/s).

Kilo-joules

Volume expansion of gas due to ambient temperature rise (f).
Molecular weight of the combustion products.

Mass of fuel {kg).

Fuel burning rate (kg/s)

Average temperature of the heated gas (C°).

Time of filter plugging {time at which flow rate is reduced to
1/2 its design value)

Calculated test cell leak rate. (§/s).

Measured gas temperature at the HEPA filter sampling station

(COY.
Time to filter plug (sec)

T T
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Captions

Schematic layout of LLNL full-scale fire test cell with associated
exper imental ventilation system.

Photagraph of LLNL full-scale fire test cell with associated experimental
ventijlation <ystem.

Standard composite crib in metal support frame,

Fire parameter portrait for & natural-burning low-porosity wood crib.
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.

Data oscitlations during a standard wood ¢rib fire. MNote that the period
of the oscillations is relatively constant, with the amplitude some
function of fire intensity.

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

Aergsol loading of HEPA filters by smoke from wood fires; effects of
burning rate and fuel moisture noted.

Aeroso] loading of HEPA filters by smoke from PVC fires; effects of
burning rate noted.

Aerosal Toading of HEPA filters by smoke from PMM fires; effects of
burning rate noted. Design flow-rate at 250 1/s.

Aerosol Toading of HEPA filters by smoke from PMMA fires; effects of
burning rate noted. Design flow rate at 500 1/s.

Aerosol Toading of HEPA filters by smoke from dense fiberboard fires;
effects of burning and ventilation rate noted.

Aerosol loading of HEPA filters hy smoke from composite cribs; effects of
various parameters noted.

HEPA filter media loaded with smoke aersals from composite crib fires.

HEPA filter media loaded with solid phase aerosol (sodium chloride).

Flow and temperature portrait of a composite crib fire with
fire-suppression sprinkler application.

Preliminary design of a hand-powered rolling prefilter using layered
cheesecloth as filter media.

Air flow and filter pressure drop during Neoprene fire tests for a HEPA
filter)protected by a hand-powered rolling prefilter (burning rate = 100
gn/min}.

24 L



19, Exit interface of an unmodified commercial rolling prefilter. )

20, Take-up reel side of modified commercial rolling prefilter.

21, Inlet interface of modified commercial rolling prefilter. Note the side -

blinders for flow collimation. -
22, Exit interface of modified commercial rolling prefilter. Ncte the edge

blinders to prevent tip losses through edges of filters along the slide

path, -
23, Three-ply rolling prefilter media.

24, Filtration efficiency of components and composite rolling prefiiter media. :

25

Pressyre and airflow portraits of orefiltration test showing prefiltration
in indexing and effectiveness.

26

Evaluation of effectiveness of rolling prefiltration technigues.

27, Conceptual design of a rolling prefitter for a contdinment ventilation -
system.

28, Pleated rglling prefilter: experimental model for the enhanced filtration
project.
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Fig. 2. Photograph of LLNL
full-scale fire test cell with
associated experimental
ventilation system,
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Fig. 8 Aerosol loading of HEPA filters by
smoke from wood fires; effects of burning rate
and fuel moisture noted.
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noted.
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Fia. 14 HEPMN filter media loaded with smoke
aersols from comnosite crib fires.



Fig. 15 HEPK filter media Toaded with solid
phase aerosol (sodium chloride).
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Fig. 17 Preliminary design of a hand-powered
relling nrefilter using layered cheesecloth
as filter media.
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Fig. 19 Exit interface of an unmodified
commercial rolling nrefilter,
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Fig. 20 Take-un reel side of modified
corercial rolling prefilter.
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Fig. 21 Inlet interface of modified

conmercial rolling prefilter.
blinders for flow collimation.
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Fig. 22 Exit interface of modified commercial
rotling prefilter. Note the edge blinders

to prevent tip losses throuch edges of filters
along the slide path.
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Fig. 28 Pleated rollina prefilter;
experinental mode} for the enhanced
filtration project.
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Table 2, Fire, alcflow, and gnoke release data for FY 1979
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Table 3.
IDEAS FOR REMOVING OR REDUCING FIRE-CAUSED SMOKES

Use HEPA Filter in series

Increase filter area =«

Use less efficient filters (prefilters) ahead of HEPA Filter «
Use moving filter "tape® «

Electrostatic precipitation

Active resident fire protection «

Serubbing with water sprays with or without surfactant »
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) x

16. Electrophoresis in filter media

17. Dilute aerosol

D ~J O oW N

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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hurn tenclosure} 0 B2 00 003 Yoplug 004 g pleg 4,08 w0 I /Y
Water scrotper
11=100 fmin}
W & wfu surfactant %50 (A
Pustng sprintlec woplg -2 W~ w0 b doply - Neply w0

$ingle pass
Roiling prefilter

Mo plog 0,08

o pluy .31

Het vood o ply 0,03
Large AEPA

st face Wo plug 0,035

Electrified

dand Filter

Aty most fire, spelnkler activation occurs before steady-state burning,
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Anpendix

Critical Tesperaturo Plug,  Peok,

Puel = [3 383 tnit1al Final
\ cenfifutation aic fuel fuel O Toux Toax Tou Tan
Taon By flow weight, weight, fuel (cell} (du. ¢} (filter) (talrer)  Temp., Temp.,
S¢ A rate, Los g R kgrs K R i ‘% % %
« e, tisre,
Lapnid Staqiered I <0 194 L (2 ¥ 145 0 18,5 290.5
o BY
PRI R 50 260 10 .0 00 280 a0 i 4.0 265.5
e TR P 8.1
-4, F1r, tight,
. layers, stajgered 3o - 50 183 w8 .10 700 230 100 64 1.6 1.0
: 0.1
B-1 Fur, oo
Lsject §2ag 0 %6 - 150 141 w1 Rewd W4 1t 50 wie 3T
- a1 u.in
B-1 ity louee,
layers aligeed N - 242 147 W 25 e las b1} 22405 4.9
- 0.14
n-) SE-) Fur,
Yoore, iyl
aligred - 69 50 94 75 .024  sAMD 175 50 37 58.5  211.3
s 1008 0.52
B8-4 3K-1 Fir,
loose, layers
atigred 177 45 500 79 2% . 69D 215 110 55 1.0 218n
- “11% 0.70
B-6 SE-] Fit,
1oose, layers
aligre! 2, . 250 13y [T} 70 00 59 59 354 285.0
- 1800 6.16
B-7 SE-1 fic,
3 lovse, layers
i aligned 15+ 12 250 128 [T 750 310 3 3 271.0 298.5
. e 430 .15
| -8 SE-) Fur,
1006k, layers
y aligred 69 41 20 132 9w .10 800 130 60 60 78,5 2720
i - 1205 0.37
;
B-9 Fir, loose +
: sprinkler 57 NS 250 136 -~ .05 8t 220 100 5 194.0  16.5
! 7 A 0.14
B-10 SE-1 +
| sprinkler 45 50/ 250 8l - 0l 600 185 58 0 16.0  153.0
§ 7/ 1000 0.13
] B-11 texsr - - 250 80 037 300
o 0.5 190 g0 50 -~ 230.3
i
i 8-12 Lexan ¢
1 sprinkle ’9/ 567 250 81 - 0l 410 115 65 40 154.0
H . Z10m 0.35
§ B-13 Fir,
£ 1mse, legy - - 250 138 95 .01 580 2% 105 63 183.5  180.5
021

W
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pilter

Paraneterg Upstrean Inpactor Downstream Inpactor Gas Analysls
13 wet  dry  herosdl  wet  dry  Aegoscl ,
Fuel tpe 4d ¢ mr e, med, ol nams, mss,  se 0 [l [oly (o]
configuration plug  pascals [ rg teend m ng o trend i \ i o
-1 Pir, tlaht,
lapers staggered 0.5 40 T I A 5 A -
B8 i, tight,
layets Lo - W oM e - = kM - -
®-8,2 Pir, tight,
loyets staggered 0,7 2000 - 0 M - - - £.d 1] - -
8-1 ¥ir, loose,
Layers otaggered 032 200 - ney o kM - - - §.0 1.8 - -
B2 fir, loose, 5
lyers allgned G130 27RO - g - - 50 L - - P
k!
B-1 §2-1, layers g
atigned 04 00 - 05 ows - - - 194 .62 0.6 - a
-
4] X
0 B-4 SE-3, layers
aligned 3 Un - m o um - - - 13.6 - .8 400
8-6 §8-1, layers
aligned 037 N8 - i% - oam - - - 5 - s -
-7 88-1, layers
aligned 0,38 1 - W cwm o~ - - 6o - b1 13608
8- 58-1, layers
aligned g3 A0 - b TY T B - - 18 40 1,8 1450
8-9 Pic, Loose +
sprlnkler - - - - v - - 9.0 LD 1600
8-10 §E~3 +
sprinkler b4 BR - - - - - - 19,0 L0 0 9600
8-11 Lexan w160 - - - - - 9.0 0.1 1.2 U
8-12 Lexan +
sprinkler 0,85 1400 - - - - - - 16,3 0.1 40 -
§-11 ¥ir, loose,
leak test .61 doge - - - - - - 5.8 Wl {8 -
- - - - - - 55 14 51 16080

e o B —— e 1
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Initigl Condlitions Fuel Parameters Critical Temparatupes Plyg  bmak

— —

Fuel type and Bt Inittal Fimal
coafiguation it frel el B Ty Tem T® @

Tubt Ry flov  wolght welght fuel eeldi  (dact) (Filter) (Filter) Tesp., femp.,
mte, L5 kg Ky ks XX & % r %

L
Bl Pit, loose, -~ @ - 50 w1 m ol " n.s 118
alib, [
B-15 Benglex - - B0 By om0 20 10 90 - S
0.4
B-16 Benelex + - - 0 B W 110 % 4 - LD
speinkler L1
817 T, lose - - = moomoaoM & 5 4 - 88
0,5
B8 B, loose - %0 woow s 10 90 50 10,5 1B p
0 3
T
B-19 PR + - - m BoO¥ om0 0w -1 3
$ speinkler 8% -
X
810 Congosite - - 0 R L I VA 1 W In 6 183.8 1920
0
-2 Fir, standasd =~ 1 WoowoJd WM 165 0 0 0L S
crib L1
8-l flepeat B3l  ~ - %0 w5 ko0 i % £ WL HLY
019
8-2 Carpasite - .- b G VR 130 I 40 -
Andetson 2000 0.2
824 Composite - - 1w mooN w4 V] % - - B
Andersen 2000
B-75 Conpesite - - 0 Mo g o0 M 150 - - S L
Andecsen 2000 0.40
8-36 Pic, standard - - 20 DL R N I 1} hil) i 3] - UL
crib [
82! flr, standard - 0 5 % 09 0 10 1] - 6.8 28L0

8-28 Fir, standard 280 130 95 0 % o 1 37 L0 5.0
crib, overhesd 6
witilation
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Pilter

Gas Anafysis

Parameters Upstrean Inpactor llownsteeam Inpactor
) 1
1P et dey  herosal owet Gy hewsol . . )
Fuel tpe and ¢ ax, ows, e, meome, ome, oew 17yl g,
confiquiation plug pascals g ng trend 2] g rend i ' § P
8- fir, loose,  0.67 2000 -~ - - - had -~ i 19 1 16200
calib.
5-13 Banelex - 70 e U632 - L6686 [ R Lo 16000
f-1b Benelex + - - "~ m il 1.6 0.2 1.2 560
sprinkler
y-7 e, doose 0.9 IS0 w00 AR - 666 DL R 0.1 1.8 -
B-18 FRP, loose 0,68 1580 -~ e o/ - 15 YT T 0.5 1.5 Bodd
Be19 VAP - - - W owm - 1% SIS 10 0
Spr (k] s
B-20 Composite g.40 200 B 6159 ol - 4800 L85 10 | £.2 L
#-21 #ir, standad 0,57 190D - m - - - - 5.1 i W 14500
wrib
b22 tepeat B+21 0,76 080 - - N L 1.8 15800
#-21 Lomposite - - S ¥ 111 S VL ISR - K] b 4.9 -
Andeson 1000 !
=24 Cunposite - M - B0 - - - R i3 LR 16500
Andetson 2000
4-25 Cunposite - - ~ - - - - 0 Ly s 1558
Anderdon 2000
8- Yie, standacd - - 16800 oS </ - BN ] 5.4 6.0 15000
crib
B11 Pir, standard 0,2 000 - - - - - - I 0.4 15.¢ 15088
g
f-18 Pue, standard 0.4 2250 0000 AL N0 200 2 I 18 130 13000

trib, ovethedd vents

>
T
v
0
2
o3
-
%
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Initial Conditiong Fuel Parameterd Crigical Temperatures pluy  Pesk

Fuel type and St Inftial Fimal
configuration air foel Bl m Ty Tha W Tw

Tamb, RH‘ llow  weight welgnt fuel joell} (dsoty iflers (filve) TeRp, erp.,

@ oy nels #5 kg ks X L r ks v
B-29 Fir, standard - - 0 | UL U L A 11 I 148 5 1518 06,5
arth, overhead 0508
vent:latiom
B-10 Fir, standard % %0 1 e G m ol & - I
zrin, ovethead ALY At
vent:lation Kl
8=3 f1r, standard 2§ 64 mn 14 - 080 T3 AL 100 b7 - NS
¢rib, overhead My i
vent1latio N
B3 owen dried il 50 150 JCVAS LT VU R 2% 12 [ LN AN
[ g3 08
B-4) Lexan Repeat  Jf 8 50 1§ urol g 18 bt 11 -
-1z, sprinelers
weld Fur, Hiinler 40 2 500 w1 Je I 280 5 T - Bk
§-15 Repeat B34 82 5 500 145 g5 6 10 R N i - B
f«In Hepeat B-33 # 1§ 00 145 o % iy e
sonic tutzle
Lpstean fleps
Y lwFloy, W ® 0 TR VAT B T B W
Large Hepa
B-3¢ Cumpusite " il 502 zl Hooo050 410 145 103 [ AT
N=14 Composite bS] i 49 M1 L 5 15 15 5 HIREE R
=40 kolling - - B weoooue a0 1% m U 1] AT
prefilter - b
mliture content
g-4) RBE (DLF) - - 50 175 1)k NI 1 [ LI T

p-114 polsture
Lonfent

xLpuaddy
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Filter

Pasangters Upstrean Inpactor Downstrean {rgactor Gas Analysls
1 *
3P et dty  herosol et dry  herosd!

fuel tipe and t nax, msy,  ms, s omss, mess sl (0 fu)y fe1, s [ctg)y

confiquration plog  pascals ” ng teend n ngtrend i i t ppn

B0 Fir, standacd 0,54 2040 10w L SR U B X R V1. {5 R Lyl 12000

ctib, overhaad

ventilation

B0 flr, standaed - - i B sy B w o T X S X 13500

crib, ovehead

ventilation

B-JL Pie, standard - - 15000 20 <q/80 TEO0 115 T TR X 4 &0 11600

ceih, overhead

ventilation
b}

B+32 oven drled 0.3 i jlld -y W - Oy 6. N ) 14200 E

) o
2

B3] Lewwn, tepesk  ~  H5 - - .- - - - 168 Yraee L 3500 -

B-12, sprlnklers x

Bl Pir, Bl inlet -~ 300 1400 [1E I 7T 11 gl B 1.0 N 11506

B35 Repedt B=31 ~ 380 U500 AW M 160 DN K Ll L2 11500

8+% Repeat B-35 060 200 18250 200 /73 1350 M0 BTN 1.3 10 1300

sanlg mzzle

upstean hepd

B30 Tow flow, -~ 1700 000 Ok/e8 WG R0 s b LE 1ang

Large hepa

818 Compos|te 0.4 250 800 800 Aly% %00 B00 A 32 0.1 5.6 13000

B~19 Coaposlee 0.5 2500 4200 3600 O3az 5300 Aot M - Trace &3 16000

8+40 Rolling 0,55 1600 616 M6 y/Me g0 05 Qe - - - -

pre=filter, 3

misture mnteat

ne

B-4l RRP (D.F.) 0.81 2000 1577 mME Ok/e fe 2l WAL -~ o “

#«11% noisture

content

Al
Ba—

Uil e |5
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Initial Conditiong Fuel Pacameters w al Teaperatures Plug  peak

Puel type and Exit  Initiel Final
canEiqutatian air fuel  fuel B Ty Twgy W T

T, RH, flow  weight welght fuel feell} (duet) (Eiiter) (filter) Temp,, Temp.,

%t omte s Yo g ks X Ly & X X &
B41RPF (D) -~ 160 80 3 .08 %0 50 8 i oLl
mojsture content
-1
B=41 R (Coop,| -~ o~ 50 105 155 050 640 160 5% #0180 09
noistute content
T8y
844 Conpoaite - - n 195 155 0% 5715 180 [§] 50 1509 200
B-45 Composite F ] 20 5 130 .05 6N 155 0 11 5.8 2268
f.p.f 75
B-46 o isite - - 50 19515 .05 50 il 1513 W9
R.PF
B-47 Compos{te - = 490 w10 .70 0 15 58 1 180 uLT
f.p.f
B30 Free Burh - - 160 155 136 .04 - 19,0
(Dougtas Pir)
Be5; Pree Burn nos m JET AR € B 1] J&i] 100 5 - L]
{bouglas Pir}
8-57 Free Bur - - 80 JLETE R I 11 00 i i s DL
Compasite
§-53 Peee Burn noR 500 155 05 .0 an e 130 - Wb
Canposite
B4 Compas(te - - 55 185 N5 066 655 18 4 W HLY I
KPP
#-55 Compoafte ¥ ® 55 W B0 06 60 163 50 0 1346 2389
(R
#-564 Sand - - 20 15 150 .06 00 180 b 30 196.7 238.6
Pilter 1L
8568 Sand no 0 uroour 0T 19 10 ) -0
Fulter 12
B~56C Sand ¥ooo% u 155 112 .03 680 n % 5 - u

Fliver )3

X 1puaddy
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Fllber
Baraneters Upstrean Inpactor DounsLLean Trpactor Gas Anolyals
e
’ L]
3P wt Gty paosl  owet  dty herasa! .
fultpead b mx,  nas,  ws, sl mss,  mes, s IR T O
contiquraticn plug  pascals ng e yeend g ro tend ' ' 4 ppn
B-41 Rolling 69 245 855 B S ¥TE LN SO Lt 10,5
ereftleer (.91,
molituce gontent
-1t
B4 RBF 0al MO Bl BB WA U NE KD LS L6 5.7 14600
{Canpasite)
mislate gontent
18
B34 Conposite 0,40 2000 - - - - - 1.5 id 35 e
B-45 Composite D.gg 500 - - - - - - 10 14 8.0 17000
kP
Z
B-{b Composite /L] - - - - e 8.0 M 8.4 - 5
ap.F T
3
) o
b-47 Composite 0,9 1500 - - - - 12,0 1.t I 15400 -
R.p.F x
B30 Eee Bun 18137 IS A N NS Y S 6.7 i 8000
Nauyias Fit
b-51 Free Buen - B0 o WA om0 oW I0S 0.t - 8500
k.pF
B-92 Free Butn 0,60 280 620 W olymo e i el ILB 0.7 - 10000
Compastte
Y-54 Free Burn w1550 B4 LRI T A 1) I A 1V . B 1.0 1.5 -
H.0.F Campugite
D=4 Compasite 0,46 2000 18613 mooanA lodn S o/ - 1.6 8.5 12500
kol Ling fre-tilter
5% Conpasite 8,5 2008 nipo AN ond WD AR onm - Tree 4§ -
k.p.?
i-56A Send Plltec  0.)6 - A6 g5 SR 9T B o8 103 1Ll 1.2 -
[H
jeAgl Sand pilter  ~ 1N FETET R 1 B Y 17 T U N { - R P/ S 18 1.2 -
1
Ii-56C Sand Pilter -~ - 10046 U e Bl owAl 10 10 9.2 -

X
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e age

Test Cell
Tnitia! Conditigng Fuel Parameters (ritical Temperatures Temgerature
Fuel type and Bxit  Initial Fingl LI i}
confiquration air flos fel fued m T T W e g Yl
Tdmb. B, rate weight weignt fued (cell) fquct) (0lter [fter) Tenp, Tesp,
a0 ISk ookg ks O % LA
1-57 (omposite, %0 %150 08 &0 1% e 4 LIRAIIN
Pleated-ReF
§-58 Campos ite q &) 107168 03 80 0 e o 1.7 2.3
Pleated RPF
859 Comosite ”non %0 2 160 00 680 188 8 % 5.3 BT
Pleated R,P.F,
§-60 Composite oM M e 15 060 M 00 w4 2450
Pleated RPF +
Sanic nozzle
861 Repeat 8-60 0 0% 5% 5
8-62 Composite PR ] - 60 %

Pleated RFF
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Filter

parasebers Upstrean Inpactor Dewnateasn Inpactor Gae Analysis
114 wet  dty  hetosol  wet  dry  Aerodo
N Tal=
Pie) tye and t nax, mags, obe,  slee  Mash, masy,  miae g_O] [Co]m [nglm [CH‘}M
configuration plag pascals om0 ong ted by mp trend | ) | oo
8-5] Coposite 045 2000 - - - - TV R ¥ a»

Rolling pee-filter

1a 18 8.0 -

H
i
A
H
.
H
]
!
H

B-5d Conposite f41 000
Ralling presllter

B39 Standad 041 A0 PV V) R 7L B VR L B Y 14 S (1L B §.2 -
Composite R.P.E,

B0 Compoglte - %l e 65 M 6 M 1S 20 T4 -
Ralling pre-filter
Senic nozale

X Lpuaddy

Bl Contimuation  L.0§ - - - - - -
of B8}

862 Compagite 0.68 - w e a8 61 sl
falling Prefilter
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