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Abstract 

The goal of this project is to find countermeasures to protect HEPA f i l t e r s , in 
exit ventilation ducts, from the heat and smoke generated by f i r e . 

Methods developed to cool fire-heated air by fine water spray upstream of the 
f i l te rs are available and are currently installed in some new fac i l i t ies where 
containment is an issue. Since exposure of HEPA f i l t e r s to smoke aerosols could 
also cause disruption of the containment system defini t ion of the problems, and 
modes of mitigation were sought. 

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

We have identi f ied, through testing and analysis, several methods to part ia l ly 
mitigate the smoke exposure to the HEPA f i l t e r s . These independently involve 
controlling the fuel , controlling the f i r e , and intercepting the smoke aerosol 
prior to i ts sorption on the HEPA f i l t e r . Fuel and f i r e 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, pref i l ters, and inert ial 
impaction, depending on the size, distr ibution, 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 f i l t e r s . Ultimately, we designed a 
continuous, movable, high-efficiency pref i l ter using modified commercial 
equipment. Our technique is capable of protecting HEPA f i l t e r s over the total 
duration of the test f i res. The reason for success involved the modification of 
the pref i l t rat ion media. Commercially available f i l t e r media has a particle 
sorption efficiency that is inversely proportional to media strength. To achieve 
properties of both efficiency and strength, we laminated rol l ing f i l t e r media with 
the desired properties. Our approach was Edisonian, but we truncated in short, 
order to a combination of pref i l ters that were effective for ow purposes. We do 
not believe that the use of ro l l ing prefi l ters solely to protect HEPA f i l t e r s from 
fire-generated smoke aerosols is cost effective in every type of containment 
system, especially i f standard fire-protection systems are available in the space. 
But in areas of high f i re r isk, where the potential fuel load is large and ignit ion 
sources are p len t i fu l , the complication of a rol l ing pref i l ter in exit venti lation 
ducts to protect HEPA f i l t e r s from smoke aerosols is def ini tely jus t i f ied . 

*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. 



Introduction 

High-efficiency particulate air (HEPA) f i l ters, used in ventilation systems of 
toxic-containment facil it ies, have functional l i fe times of months to years, 
depending on the normal resident background aerosol concentration. 

The ventilation circuit for containment facil it ies may include several 
f i l tration stations, in specific application to the risk operations in various 
enclosures of the containment faci l i ty . 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 f i l ter station is upstream of the fan. I t 
generally contains two series sets of HEPA fi l ters (the number and size of f i l ters 
depends on the design and throughput of the system) and is the last protection 
component of the containment system. Because i t generally is remote from 
operational areas and potential damage sources, i t is naturally protected from 
enclosure problems. 

Several natural and man-made occurrences can jeopardize the integrity of the 
total ventilation system including the final f i l ters*. Fire in a protected 
space provides a risk potential somewhat greats- 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 became the Department of Energy 
(DOE), has been conducting research into the protection of HEPA fi lters fror fires 
for about 1Q years. Noncombustible f i l tration material had been developed earlier, 
and was required for use in facil i t ies containing radioactive materials. Thus, the 
fire risk considered in the LLNL work did not pertain to the flammability of the 
f i l ters, 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 nê  'te the effect of such exposure. 

Thi5 paper contains a general description of the experiments conducted during 
the last three years of this program; including descriptions of the faci l i ty 
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 f i l te rs . The init ial work has been reported 
elsewhere (5,6). 

The test facil i ty 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 f i l ter plugging potential. 

Tornadoes, hurricane, seismic activity, explosions, f i re , sabotage. 
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The unique behavior of f ires in negative-pressure venti lation systems is 
described in this paper, along with data and concepts we have developed with regard 
to smoke plugging of HEPA f i l t e r s , tested countermeasures for preventing smoke 
exposure to the f inal HEPA f i l t e r s , and the techniques that we believe to have the 
most promise for mitigating the effect of smoke on HEPA f i l t e r s . In later sections 
we describe cr i te r ia developed for the construction of experimental pref i l t rat ion 
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 Containdient Ventilation System Fire Endurance 

To define the effects of enclosure-fire parameters on the production of the 
smoke aerosols, a test fac i l i t y 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 
fac i l i t y designed for f i re exposure tests on containment venti lation systems and 
components. The fac i l i t y consists of the negative-pressure ventilation test area, 
the f i re test c e l l , and the computer diagnostic room. The ventilation test area is 
coupled to the f i re test cell by standard 2 f t x 2 f t venti lation ducting. 
Diagnostic instrumentation at these locations is "hard wired" to a PDP-11 computer 
for data addressing, data reduction, and f inal display in hard-copy format. (6) 
Instrumentation in the f i re test cell measures: 

Temperature 
Pressure 
Thermal radiation for f i re and adjacent wall surfaces 
Fuel weight, loss 
Total air-f low rate into the test cell 
Fire portraits by video camera 

Instrumentation in the Exit Duct and HEPA f i l t e r station measures: 

Temperature (wet and dry bulb) 
Fi l ter parameters 
Total exit gas flow rate 
COj - CO - Oj - 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 equipment are 
contained in Ref. 5 and 6. 

Experimental Procedures 

Sixty-two ful l -scale smoke production tests have been conducted in the 
f i re-test cell since i ts inauguration in the summer of 1976. All tests had the 
same basic anatomy add were aimed at providing a severe smoke f lux to HEPA f i l t e r s 
with the objective of defining f i r s t , the fi l ter-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, nost 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/ft 2), 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 den-ity. 

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 i/min natural gas with 57 1/min 
air), centrally placed in the cri h base. This burner acted both as the ignition 
source and a thermal driver LO 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 or" the open floor surface. 
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between a naturally burning f i r e * and the controlling parameters of^he 
forced-ventilation test ce l l , using a specially designed wood crib. The 
parameters of interest are: 

• Temperature directly over the crib (°C) 
i Total inlet air flow rate and total exit air- and combustion gas-flow rate 

U/s] 
t Crib mass loss (kgj 
i Oxygen depletion [0-1 in the exit duct [%) 

Although Fig. 4 gives a temporal portrait of the f i re dynamics during this test , i t 
is not a complete one, since i t includes only a sampling of the diagnostic 
measurements used for a complete analysis of both the f i r s conditions and the 
HEPA-filter performance during each test. However, i t does i l lustrate the 
controlling features of natural f i r e behavior in enclosures ventilated by negative 
pressure systems and the corresponding response of the f i l t r a t i on 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 in i t ia l burning rate of fuel are predetermined 
conditions, and hence are somewhat independent of the dynamics of the test c e l l . 

A str ik ing feature of. this figure is the dynamic but interrelated response of 
the inlet air flow rate ( V ^ the air temperature over the crib, T c , and the 
oxygen depletion at the exit port l t H . . We note f i r s t that Va is not 
equivalent to exit (design) flow rate (Vj), 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 f i l t e r s plug, but we did not know the leak rate (whic'i depends on the 
f i re size and Vj) , or the magnitude of the in i t ia l enclosure overpressurization 
(a phenomenon that occurs for almost al l substantial f i res conducted in the 
enclosure). From Fig. 4 we see that the leak is roughly 20% of V^, and that Va 

actually becomes substantially negative early in the f i r e sequence; i .e . , there is 
a net outflow of gas escaping through the inlet ducts. The peak outflow from the 
inlet ducts is over 505! of the i n i t i a l i L , and is nearly 3 times the steady-state 
Va established after the in i t i a l osci l lat ing period of the burn. The greatest 
change for both [0 _ ] and T c occurs near the peak outflow time, and the crib 
mass loss appear to begin substantially around this period. The gradual reduction 
in V(j corresponds to the increase in pressure drop across the HEPA f i l t e r . 

One l i t e r 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 c r ib . The layer w i l l burn away in roughly 60 s, 
and wi l l provide ample flaming heat transfer to positively ignite the cr ib. The 
enclosure "breathing" 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 f i r e . 
This is shown readily in Fig. 5 during a test where we t ight ly sealed the f i r e 
enclosure to observe the extent of internal pressure r ise . The fuel in this case 
was a f i r crib with the natural gas ignitor. The peak pressure of 170 Pa (0.7 in. 
wg) is suff ic ient ly 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. 

* By naturally burning f i res , we mean f i res 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 l i t e r ) . 

Caused by the amount of accelerant used for igni t ion. 
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The volumetric expansion resulting from the i n i t i a l increase in average 
enclosure temperature can be estimated using the expression:(7) 

where: 

S = (Mole 

S 
Molep 

T 
'amb 

*f[U amb J 

= 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 V a 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 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 air enters the 
space available for combustion. If fuel burning rate is constant, the fir 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 CO? monitors. Note that [0"] is nearly 
completely out of phase with the CO and CO-2 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 (VieakJ- The ^ a t a ^° n o t s^ o w 9°°^ 
reproducibility, 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 leaks in the test cell. V-|ea^, (determined by 
the difference between ̂  and tya) varies with the magnitude of the design flow 
rate and with the intensity of the fire source, e.g., for a Vj of 500 1/s, 
tileak is about 200 1/s, while for forced burn tests where ^ is 250 1/s; . 
^Teak varies between 50 and 100 1/s. In the "natural burn" tests with a Vj of 
250 1/s, the leak rate ranged between 25 1/s and 65 1/s, thus the fire intensity 
along with the fj 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 v^; and temperature 
dependent parameters are inverseley proportional to V c. 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., 
6(W 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 V^ 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 C 0.* 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 Df 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 1000° 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 
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 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 C° lower than the average temperature of gas in the test cell which 
averages about 250<> 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 A P is greater than 1500 Pa. Trs curves in each figure 
are labeled with information specific to the conditions of test; e.g., the average 
burning rate of the fuel in, the measured gas temperature at the HEPft filter station 
(THEPA)» t h e t' m e o f f'lter 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. Vie 
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 V d 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 bums with 
fire-retared polymethylmethacrylate (PMMA-FR), at V d of 250 1/s and 500 1/s 
respectively for the crib tests. At 250 1/s, m is about 1/3 to 1/4 the m at 500 
1/s 1680 g/min to 6600 g/irnn respectively, but the measured aerosal mass was greater 
at the lew V d (4.1 g/m3 to 1.4 g/iti3 respectively). The temperature at the 
HEPA filter was twice as large at V d = 500 1/s ( T H E P A = H O C 0 ) . 

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 concentration cause plugging at Vj = 500 1/s; i.e., the greater dilution at 
the high V d, 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 sorhed 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 
A P. 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 A P 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 
V(j 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 W 
PMMA-FR 9% 
Polycarbonate B% 

The fuel proportions are based on the general material distribution found in 
enclosures containing radioactive materials. Moreover, we found this combination 
to have t'ne 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 T^p^ of 
110°c. The other curves show typical response of A P 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 vi t iated by 
combustion products and the character of the aerosol changes and becomes rich in 
condensed-phase mater ial that can adhere to the f i l t e r media. Exposure to th is 
smoke aerosol continues and f i l t e r plugging proceeds at an exponential rate. Com­
parison of this response with that of earlier tests of f i l t e r plugging (the Frank­
l in stove tests) indicates that the rate of plugging w i l l be linear i f the smoke 
production rate is linear and exponentially fast as the f i l t e r becomes more e f f i ­
cient because of sorbed aerosols. 

Chemical analysis shows that the materials collected by the f i l t e r media have 
the same gross distribution as does the aerosol collected "upstream" of the 
f i l t e r , 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 f i l t e r plugging by smoke aerosols 
is dominated by the overall concentration of the aerosol. We were unable to 
identify any specific pyrolyzate or combination r>: combustion and pyralysis 
products with unique capability for f i l t e r pkri-^ng. 

Fire Protection Countermeasures for HEPA Filters 

Three methods of protecting HEPA f i l t e rs from ' v e and f i re 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 tc 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 (SEH) 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 5EM 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 l is ts a variety of techniques for removing or reducing the 
concentration of smoke aerosols within the duct c i rcu i t . These techniques were 
thought to be technically feasible, but only those identif ied by asterisks where 
attempted. Even those identified for cr i t ica l 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, ignit ing the afterburner flame in a constant flow of 
air was t r icky. 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 quickiy quenched our fervor for this procedure. 

Another of the listed ideas (no. 4) was never used for direct f i l t e r 
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 f i res. 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 f i re protection system, and one fuel modification example 
as countermeasures to prevent HEPA f i l t e r plugging by smoke aerosols. The f i r s t 
row in the Table gives representative data for the plugging effectiveness of the 
combustible materials burned in the f i r e test ce l l , without countermeasures. Only 
two materials, polycarbonate (PC) and dense fiberboard (DF), failed to plug the 
HEPA f i l te rs at the standard flowrate of 250 1/s. When PC was burned at its 
highest rate, very l i t t l e smoke was perceived. A review of published l ist ings of 
combustion and pyrolysis products from PC indicates that these products consist of 
mostly l ight gases and low-molecular-weight rondensed-phase materials. Such 
components have l i t t l e poten ial for f i l t e r plugging. The burning rate of the DF 
cribs is very low, thus producing a small volume of smoke aerosols that does not 
cause HEPA f i l t e r plugging. At higher flow rates, the DF did cause a HEPA f i l t e r 
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 f i res produce products 
that would be less l ikely to cause f i l t e r plugging. All other materials produced 
plugging aerosols at both 250 i/s and 500 i /s . However, the rate of f i l t e r 
plugging at 500 i/s was substantially reduced (in some cases because the combustion 
products passed through the f i l t e r as vapors). 

Fire Protection Sprinker. The results with f i re protection sprinkler systems are 
of high interest. Sprinkler heads used for these tests are rated to fuse at 165° 
F (75° C), that is , the temperature-sensitive elements of the sprinkler head w i l l 
f a i l by design at the specified temperature and release water to the site of the 
f i r e . 

The sprinkler system successfully reduced :,moke-aerosol concentration to 
nonplugging levels for all tested fuels except PMMA-FR and PC. The PC, which did 
not produce fi l ter-plugging aerosols during the smoke production tests, did produce 
plugging of HEPA f i l te rs after sprinkler actvation. I t is a slow burning material 
with a relat ively low heat release, and in the test in question; the sprinklers did 
not reach fusing temperatures unt i l nearly 10 minutes of the burn had elapsed. 
Very shortly after the sprinklers activated, the f i l t e r pluggprl! We were unable to 
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repeat this occurence. We believe that water -,fi. 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 p'ug the filter. Smre 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 rlemand. 
PMMA-FR dees not ignite until thermal eros'-on reduces the concentrat>on 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, twj 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 ISO 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 charged 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 tD 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 these 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 Dr 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 Fi l ter Area. One technique considered for reducing the rate at which 
HEPA f i l te rs clog is to "derate" the f i l t e r r.rlative to the design-mass air-flow 
rate, i .e. , use a f i l t e r rated For 500 l/s in a system where the flow rate is 2S0 
1/s. We tested this concept as a possible counter measure for both composite c i b 
fires and for cribs of wood only. The results show partial success, in that the 
large f i l t e r did not plug ove*" during the test with wood, whereas i t did plug 
during the composite crib burn with no increase in HEPA f i l t e r 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 i t might be possible to use simple water spray systems to 
remove some of the smoke aerosols and to some degree extend the l i fe time of HEPA 
f i l t e rs . We used a wide range of spray configurations, and flow rates, and d i f ­
ferent modes of atomization (high-pressure nozzles) for distributing the water. In 
addition, we added surfactants to the sprayed water to test the possibil ity of en­
hanced smoke removal by reducing polar forces between the atomized water and the 
smoke aerosol. These experiments were conducts using smoke from diesel f i res 
(test B-5.1 through test B-5.27) and smoke aerosols from pla ;n wood cribs (tests 
B-6 through test B-8). None of these "scrubber" tests showed any appreciable 
effect with regard to protecting the HEPA f i l t e r s from plugging. Indeed, in some 
cases the presence of water spray in the duct appeared to cause the f i l t e r to pluj 
faster, possibly by surface-tension reduction effects. 

Sand-Bed F i l te r . The last row of Table 4 gives the results of unsuccessful tests 
conducted with a static sand-bed f i l t e r (augmented by electr i f ied 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 f i res. The electr i f ied sand f i l t e r s 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 f i l t e r during 
three successive experiments. 

Rolling Pref i I terat ion. Early in the project, i t was recognized that some form of 
prefi l teration would be the most desirable method for intercepting the smoke 
aerosols from f i res before they reached the final HEPA station. Simple tests with 
stationary roughing f i l te rs showed that they would afford adequate protection unti l 
they plugged, at which point either the protected space became pressurized or the 
pref l i ter burst because of the high AP, thus admitting smoke to the HEPA. A 
f i l t e r 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 
"rol l ing pref i l ter " (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 f i l t e r media used was three layers of 
cheese cloth. Figure 18 shows the u t i l i t y 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 th i r t ie th of the burning rate of composite cribs). This technique shower: great 
promise. 

Upon completion of the experiments to define the f i l ter-plugging potential of 
laboratory materials, we sought sources of commercial RPF systems. The Anderson 
Corporation* maintained a pilot-model RPF system to test the feas ib i l i ty of RPF's 
for a variety of industrial air-cleaning applications. We rented the system with 
operator, and demonstrated the ab i l i t y of automated RPF's to remove smoke aerosols 
and protect HEPA f i l te rs under the severe smoke loads provided by al l composite 
cribs in the test ce11(6). However, since the Anderson unit was designed to f i l t e r 

Reference to a company or product name does not'imply approval or 
recommendation of the product by the University of California or the U .J . 
Department of Energy to the exclusion of others that may be suitable. 
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could be i ns ta l l ed as pa-'t n* the root, i mme'it quctioq and ideal ly would not add 
unnecessary maintenance tn the to ta l containment system. Thus, we decided to seek 
a simpler Systnn f•..:•' iu r t : ie ' ' reseocb and tes t ing , 

Hi. .,..) seve-ra' requ: romen's as c 'ect ion cr i ter ;a for the experimental in-duct 
system: 

• i t must be simple and eas i l y mndifiec as the experiment progresses. 
• I t should lie compatible w i th the e a s t i n g duct system. 
• I t should be reasonably inexpensive, 
t I t should be cleanable. 
I The '.lesiqn should lie compatible with uU"<nte containment c r i t e r i a . 
• Tiie di'siqn should lie f l e x i b ' e and scaled' e to a wide spectrum of system 

types and sices. 
• I t slid'i 'd be compatible wi th a v '• ,- ety of f i l t e r media. 

We se l f , et i 'd a rninmerc I . I ! ly ava i lab le RPF, normally i\ec! to pref i Hera t ion 
ambient a i r for removal of large part iculate matter r; > .005cm), modif ied i t to 
f i t our p»per imental duct system, and tested i t wi t i . eamposite c r i b f ires to define 
the conditions where it would adequately protect HEPA f i l t e r s 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 f i l ter - feed side view of the RPF, as modified to join to the 
experimental dud system. 

The f i l t e r media supplied with the RPF had very low eff iciency, but i t was 
designed to tolerate the tension stresses caused by the force of the take-up r e e l . 
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 f i l t r a t i o n properties required and then to purchase bulk f i l t e r media 
and manufacture our own strip f i l t e r s . After much Edisonian e f for t , we developed 
the laminated system shown in Fig. 23. Figure 21 shows the individual f i l t r a t i o n 
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 re'ined 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 f i l t ra t ion using a continuous-filter 
media. The set of changes necessary to reach this goal include: 

• Development of adequate f i l t e r media. 
• Removal of sharp edges and prominences that could contact and tear the 

f i l t e r media. 
t Sealing leaks in the c lean- f i l te r cassette and the d i r t y - f i l t e r reservoir. 
i Increasing the depth of the edge guides to reduce the f i l t e r - t i p losses. 
• Adding blinders to upstream f i l t e r entrance and outlet slots to reduce 

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

t Control the f i l t e r index distance to provide a complete fresh f i l t e r area 
for each index. 
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did not wish to he extravagant with tne f i l t e r media. The oscillations in Vrt and 
in AP across the HEPA reflect the variation in flow caused tiy the A? charges of 
the RPF, The RPF media was depleted at approximately 1300 s and smoke aerosol was 
directed through the HEPA f i l t e r , causing f i l te r plugq-inq and the cessation of f in * 
through the system. Note that fuel was available for at least twice the recorded 
duration, and we are confident that if i t were possible for us to load more f i l t e r 
media, we could have maintained the HEPA f i l t e r function for the total burninq time. 

There is a slight degradation in the VA after steady-state RPF indexinq is 
established. Th.;s rate of flow reduction is 10 1/s over 400 s. We believe that 
this flow reduction results from a slow loading of the HEPA f i l t e r ny aerosol 
leakage through the RPF. This loading is indicated by the regular increase in 

P̂  recorded before we ran out of media in the RPF. However, at this low v'ate 
of loading, i t would take an additional 1600 s for V̂  to degrjde to \l? the 
design flow rate of 250 1/s. 

Figure ?6 compares AP across the HEPA f i l t e r for separate tests of 
compos i te-c1- ib f i res , with and without RPF's inserted between the test cell and the 
HEPA f i l t e r . The B-20 burn was conducted without an RPF; B-40 was equipped with an 
RPF, but the apparatus was not modified to reduce f i l t e r - t i p losses; and ooth 3-45 
and B-46 were run with fu l ly modified RPF's and laminated f i l t e r media. In the 
B-45 and B-46 tests, HEPA f i l t e r plugging resulted because we could not load enough 
of the pref i l ter media in the modified apparatus to last for the entire burn. 
However, the feas ib i l i ty of the technique was confirmed. Moreover, i t is now 
possible to provide design cr i ter ia for in-duct f i l t r a t i on systems using 
single-pass RPF's , where just i f ied by circumstances of the enclosure to be 
protected. 

Single-Pass Rolling Prefi I ters*: 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 
f i l te rs exposed to these smoke aerosols, (3) develop countermeasure techniques and 
test their feas ib i l i ty for mitigating the smoke-plugging threat to the f inal HEPA 
f i l te rs in containment ventilation systems. 

The experimental RPF ( i . e . , the modified commercial un i t ) , is a simple 
f i l t ra t ion procedure which was bound to work, given the r ight balance of flow and 
f i l t ra t ion conditions. We were able to provide these 
conditions using the modified RPF and thus prove the feas ib i l i t y of the technique. 
The scope of th is program did not require that we develop a prototype apparatus 
based on the optimum methods identif ied for protecting the HEPA (indeed the optimum 
procedure appears to follow the dictates of good f i re prevention and to use 
available in-duct f i l t ra t i on technologies). However, we have definite opinions as 

A single pass RPF is defined as an apparatus where the f i l t e r media is located 
across the duct so that the air-flow vector is normal to the surface of the f i l t e r 
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 PPF should be used. If it 
is employed solely as a fi re protection device, its use mode would be entirely 
different than if it we re used as a permanent prefilter with the general purpose of 
increasing the lifetime nf 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 11 is a sketch of the general features that we envision 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 
spai.e(s). A linkage between the filter reservoir and the take-up reel is provided 
across the durt 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 oetection 
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 A 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 rearhing appreciable size before 
discovery is small. Thus, the utility of the ..ingle-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 p2netrates 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. 
t The filter-injector linkage. 
• The condition of the filter media (compressed, as a roll, in the filter 

feed reservoir). 
t The pressure indexing control. 
• The filter drive system. 
• The drive motors and power-switch contacts. 
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If the single-pass RPF is designed to or used only when a f i re occurs, its very 
do>nancy creates problems fnr the conta'iiment system, and maintenance shnu'd be 
performed at frequent internals to insure operation upon demand. 

Third, the probability of fai lure of any of the automatic systems is f i n i t e , 
regardless of the maintenance schedule. Thus, there must be supervision cf the 
total system to insure trouble-free operation. 

forth, since the RPF's wi l l generally be installed in remote locations near the 
bank of final f i l t e r s , any fault that occurs during emergency operations is 
essentially unforgiving, and once a faul t occurs nothing much can be done to 
rectify the probk.r unti l after the emergency situation is over. Any faul t , oF 
course, would result in smoke exposure to the final HEPA f i l t e r station and 
potentially compromise containment. 

Where then would we recommend the use of single-pass RPF's should they he 
relegated to f i r e protection duty only? WL 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 act iv i t ies is that Lhey require constant 
supervision, hence, al l support equipment and safety systems should be well 
maintained. Moreover, al l 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 f i r e 
protection device where i t : 

* Receives frequent maintenance. 
t Is subject to constant supervision. 
f Is easily accessible during emergency operations. 

Single-Pass Rolling Prefi l ter for Pref i l t rat ion Fire and Protection 

The logical application of a single-pass rol l ing pref i l ter is as a pref i l te r ! 
There are many situations in laboratories and fabricating plants where HEPA f i l t e r s 
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 f i l t e r station could significantly reduce both the HEPA 
f i l t e r replacement costs and the volume of toxic waste. Moreover, a permanently 
installed RPF would also protect the f inal HEPA f i l t e r s from smoke logging should a 
f i re occur in spaces served by the ventilation system. The only difference between 
normal and emergency operations would be the indexing frequency of the pref i l ter 
media which is controlled by i ts 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 f i l t e r material (we have not done the 
engineering design for these operations but we do not think they present l imi t ing 
problems). A protocol would be established to ensure that an adequate supply of 
clean media was always available in the f i l ter - feed reservoir to trap smoke 
aerosols in the event of fires in upstream spaces. 
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Because this app'ica'inr M thr <•'"qi^-p^s ?Pr require-', more-c-'ess continual 
op'"-at ior of the apparatus, many of the problems identified for the f i re protection 
PPF's disappear ; . f \ , no r i ' i i ' i i i c r ed i t s ?.<•?• rr-quirod end no transient stresses 
are imposed on the system qunnq start-up sequences. Maintenance schedules should 
be routine, since only the f i l t e r driving motor and indexing system would require 
servicing. !n fact , monitoring the f i l t e r use rate should provile information 
about the concentration of aerosc1 produced in the normal operation of the f a c i l i t y . 

M. Inast iwo adrjit :ona' benefits are gained by use of a permanently installed 
RPF: In;.' reduction in the vnlupie nf contaminated waste and the potential for 
recovery i- erpunswe or accountable materials that are generally unrecoverable 
when trapped by HEPA f i Iters. 

Permanent-operating single-pass PPF's in containment system have a much la rge 
set of applications than RPF1':, relegated to f i re Detection service; therefore, any 
iiDer.it inn where recessive use of HEPA f i l t e r s is rninra)n should he av Jutates for 
these systems, for sample: 

i Dry scrubbing of acid mists. 
i incineration of dv ic waste materials, 
f Areas of fi igh ' I ' ; ' , 1 , loading, 
t Pre-scrubhinn of aerosols from mining, <v* L, ,i,q, fabricating and 

reprocessing systems. 

Since the cost of replacing a HEPA f i l t e r , throughout the country, has been 
estimated to be S3000, the cost benefit of the dual-purpose RPF system for certain 
operations should be obvious. 

§nhanced Pref i l t rat ion Program 

The Waste Management Division of DOE supports a parallel f i l t r a t i on program at 
ILNl to investigate means of extending the normal operating lifetimes of HEPA 
f i l t e r s by enhanced-filtration techniques. These techniques involve increasing the 
efficiency of low-efficiency f i l t e r s by imposing an electr ic f ie ld across the 
media, So that the aerosol is preferential ly attracted to the media f iber, as 
influenced by the lines-of-force patterns established by the electric f i e ld . Both 
static and moving f i l t e r s are the subject of this r-search. Because the Waste 
Management Division has concerns about the effects of f i r e on the newly designed 
f i l te rs and about their abi l i ty to protect HEPA f i l t e r s from smoke plugging, we 
tested prototype RPF's designed for the enhanced-filtration project in the 
f i re- test c e l l . Figure 23 shows a recent RPF prototype tested in this program, 
Note that the f i l t e r media appears pleated in the duct opening. These pleats are 
actually the path of the f i l t e r , directed by offset ro l lers to increase the surface 
area of f i l t e r exposed to air flow. The surface area for the pleated RPF is f ive 
times greater than the area of the single-pass RPF. The main reason for the larger 
f i l t e r area is to reduce the aerosol transit velocity through the f i l t e r so that 
the electr ic f i e l d can act on the part iculate. 

In tests we conducted with this apparatus, using the composite cr ib, we did not 
use e lec t r i c - f ie ld enhancement of the f i l t e r 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 f i l t e r edges was 
identified as the cause for our problems, and the latest model of the pleated RPF 
has shields to prevent this fau l t . Note that once this apparatus is developed, i t 
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w i i i have a i ' the desirable qua ' i t i e s ••eqiii'e;! for oe'^aneiit in-Juct pref i l l ' a t ion 
i n s t a l l a t i o n ; i t m i l i"c--ease no'-na' endu'-d'";es of standard HrPA f i l l e r s many fo ld 
and w i l l act A<- i f i r e protect ion system '01 protect ing the H E!p A from vnoke 
aerosols, when required. 

Summary and Conclusions 

The primary purpose of th is program was to provide guidance and prototype 
hardware f r ' p rotect ion of components nf containment v e n t i l a t i o n systems from f i r e s 
and their products in enclosures conUinin; ) to<ic mate r ia l s . 

Our approach included: 

1. Defining the magnitude of the problem (the parameters of f i r e ) . 

I The type and size range of enclosures to be pro tec ted. 
« The kinds of flammable mater ia ls used as furn ish ings and f in ishes in 

labora tor ies . 
i The d i s t r i b u t i o n of flammable materials in containment f a c i l i t i e s (using 

LLNL laborator ies as models). 
I The r e l a t i v e smoke-production potent ia l of enclosure mater ia ls. 
• The enclosure ven t i l a t i on patterns and range for d i f f e ren t app l icat ions. 

2. Defining the damage potent ia l created by the f i r e . 

• Destruct ion of f i na l HEPA f i l t e r s by heat or excessive pressure drop, 
r esu l t i ng in toxic release to the environment. 

( Plugging of f i n a l HEPA f i l t e r s by smoke aerosols or water vapor modif ied 
by chemical const i tuents of smoke; resu l t ing in overpressurizat ion of the 
v e n t i l a t i o n system and po ten t i a l spread of contamination throughout the 
f a c i l t i y . 

i Enclosure f i r e overpressur izat ion causing breaches in enclosure 
containment without compromise of the v e n t i l a t i o n system or f i l t r a t i o n 
components. 

3. Defining a set of countermeasures to mi t igate the problem. 

a Control the f u e l : mater ials management to reduce the concentration of 
combustible materials to the minimum necessary amount in an enclosure. 

» Control the f i r e : app l i ca t ion of contemporary f i r e -de tec t i on and 
fire-suppression procedures to quench or control the f i re to reduce 
thermal damage and possible smoke-release rate, 

i Control the smoke: smoke removal or treatment by some means in the exit 
duct of the enclosure, down stream com the f i n a l HEPA f i l t e r s t a t i o n . 

4. Designing experiments to verify the damage potential . 

t Thermal damage to HEPA f i l t e r system, 
• Smoke logging of HEPA f i l t e r s by selected flammable materials i den t i f i ed 

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 th is process was to develop recommendations for the 
appl icat ion of the proposed countermeasures. 
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T^ble 4 shows that under the standard conditions of our f i re test, only two 
materials common to LLNL did not produce smoke aerosols c * n , Me of plugging HEPA 
f i l t e r s . They were polycarbonate and dense fiherboard. Bui 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 producp 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 
f i 1 ters. 

The positive f i re suppression action of wet-pipe sprinkler systems is accepted 
as the primary defense against f i r e spread in enclosures. The required driver for 
fusing of sprinkler head' is a high temperature at the cei l ing. I f the f i r e is 
slow growing, or the siting of c r i t i ca l sprinkler heads inappropriate, (e.g. , 
shielded from spreading f i r e plume or in the cooling flow of inlet HVAC ducts) the 
f i re can grow to appreciable s:.:e before sprinklers fuse. Thus, i t is possible to 
challenge the containment-protection f i l te rs of the venti lation system even though 
the protected enclosure is equipped with sprinklers. Moreover, fast-growing f i res 
(e.g., our standard test f ires) on both flammable and f i re-resistant synthetic 
materials (respectively polycarbonate and PMMA-FR) produce sufficient aerosol 
during tne sprinkler induction period to positively plug HEPA f i l t e r s after the 
sprinklers have actuated. These results are accentuated by similar responses 
during f i re tests with composite cribs where ever half the fuel mass is f i r 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 f i l ter-plugging aerosols regardless of the presence of water :prays. 

An extraordinary fire-protection ploy to consider, is to provide committed 
detection and suppression systems to fac i l i t ies or apDliances identified as 
exceeding specified f i re-r isk c r i te r ia in enclosures where nonflammable materials 
and low-f ire-r isk activit ies are generally in practice. This technique** could 
be quite cost effective and should definitely reduce the smoke aerosol exposure of 
the containment f i l t e r s . 

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 f i l t e r s 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 propel 1 ants. 
• Laboratories in which explosive experiments are conducted. 
• Fac i l i t ies conducting combustion research. 
• Incineration act iv i t ies. 
• Containments near, or adjacent, to any of the above act iv i t ies. 

* Note, for a l l flammable materials: i f the burning rate was less than 
1.0 kg/nrin, HEPA f i l t e r plugging would not occur during 60 min. of exposure. This 
rate corresponds to a fuel load of roughly 0.4 l b / f t , which, according to Table 1 , 
is low for laboratories and high for service areas. 
** This is not a new idea; deluge systems for f i r e protection of individual 
fac i l i t i es in petrochemical plants and independent suppression and detection 
systems for computers, are good examples. 
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The last item on this hst has the greatest potential for causinq failure of 
genera] 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 "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 use as roughing filters. Another attribute of this system is that 
the design is scalable to commercial size, making the appliance applicable 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 o* 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 

A P U - Pressure drop across the HEPA filter (p ). H a 
in. wg - Measure of pressure drop; inches water gauge. 
P = Measure of pressure drop; pascal, a 
cfm = Measure of volumetric flow rate; cubic feet per minute. 
f/s - Measure of volumetric flow.rate; liters per second. 

V a = Total inlet air flow to test cell (Us). 

T = Temperature directly over the burning crib (C ). 
|0'| = Oxygen depletion in exit duct [%). 

VJ = Exit (design) air flow rate U/s). 
kJ = Kilo-joules 
S = Volume expansion of gas due to ambient temperature rise U ) . 
Mole - Molecular weight of the combustion products. 
M f = Mass of fuel (kg). 
K - Fuel burning rate (kg/s) 

T - Average temperature of the heated gas (C°). 

t„ = Time of f i l ter plugging (time at which flow rate is reduced to 
1/2 its design value) 

V l e a | ( = Calculated test cell leak rate. ( i /s). 

Turpn = Measured gas temperature at the HEPA f i l ter sampling station 
(C°). 

t = Time to f i l ter plug (sec) 
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Captions 

1. Schematic layout of LLNL full-scale fire test cell with associated 
experimental ventilation system. 

I. Photograph of LLNL full-scale fire test cell with associated experimental 
ventilation 'ystem. 

3. Standard composite crib in metal support frame. 
4. Fire parameter portrait for a natural-burning low-porosity wood crib. 
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. 

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. 

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

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

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

10. Aerosol loading of HEPA filters by smoke from PMM.". fires; effects of 
burning rate noted. Design flow-rate at 250 1/s. 

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

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

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

14. HEPA filter media loaded with smoke aersols from composite crib fires. 
15. HEPA filter media loaded with solid phase aerosol (sodium chloride). 
16. Flow and temperature portrait of a composite crib fire with 

fire-suppression sprinkler application. 
17. Preliminary design of a hand-powered rolling prefilter using layered 

cheesecloth as filter media. 
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). 

24 



19. Exit interface of an unmodified commercial rol l ing pref i I ter . 

20. Take-up reel side Df modified commercial rolling prefilter. 

21. Inlet interface of modified commercial rol l ing pre f i l te r . Note the side 
blinders for flow col 1imation. 

22. Exit interface of modified commercial rolling prefilter. Note the edge 
blinders to prevent t ip losses through edges of f i l t e r s along the slide 
path. 

23. Three-ply rolling prefilter media. 

24. Filtration efficiency of components and composite rolling prefilter media. 

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

26. Evaluation of effectiveness of rolling prefiItration techniques. 

27. Conceptual design of a rolling prefilter for a containment ventilation 
system. 

28. Pleated ro l l ing pref i l ter : experimental model for the enhanced f i l t ra t i on 
project. 

D M I \ I M I K 

I hi* iliit'timiiK was |irt'|i:iri'i) .is an aminnl uf unrk s|niiis(irnl In ;ni aufiit \ nl 
the I llitnl Mali's (.miTIUttilU. Vilhi-r llw 1 nil«l Malr. Ui.vtnnunl nut llu 
I imrrsih <'f ( alifurnia iwr am nf ihrir tui|ili>UTs. lliakrs am narrauli. i \ -
pri'ss itr imnliiil. nr assuillrs ani Irtal liability ur tisjuuisiliiliu lui lliv .u-
i l ini iv. iiimpk'Uniss. nr iisi-Fulncss i>f am iiifiirnialiun. apparatus. | INHIIHI. HI 
priiviss ilisilnsi'il. i»r rLpri'stnls ihal iis use MIHIIII mil infnniM urnuulv muml 
rictus. Hi'fm-rn-i' lurvin (it am sli i i ' i l i i vnllinii-rvial pnullias. nriiit-ss, ur svn i\T 
in Irailv itanu1. Ir.uii'inark, iiianiiftuturi'r. nr ulliirtiist, linrs mil tuassarih 
siiuslituli1 nr jni|)l> its I'liiliirsL'iiiLiii, ri'i'iiiiiiiit'iiiliiMini. nr fainriiit: hi llu I nilfil 
stalls (.iiH'rilim'iil ur Ilk- I niivrsih iif ( aliriimia. I IK >U«S ami iinininns nf 
atillmrs npri'ssi-il lu-rvin (In lint um'ssaril) Mali' 'it r r l l in llmsv ul tin-1 nilul 
Stales {.iiHTiimi'iil tliLTLaif. am] shall nut lii'itsnl furiiihiTlisiiiu nr pnnluit i>n-
(inrsi'iiu'itl imriiiisi-s. 

25 



LAWRENCEJJVERMORE LABORATORY 

FULL SCALE FIRE TEST FACILITY 
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Fig. 1. Schematic layout of 111 
full-scale fire test cell with 
associated experimental 
ventilation system. 



Fig. 2. Photograph of LLNL 
ful l-scale f i r e test cell with 
associated experimental 
ventilation system. 
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Fig. 4 Fire parameter po r t r a i t fo r a na tu ra l -
burning low-porosi ty wood c r i b . 
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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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F ig . 6 Data o s c i l l a t i o n s during a standard 
wood c r i b f i r e . Note that the period of the 
oscillations is relatively constant, with the 
anplitude some function of f i re intensity. 
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Fig. 8 Aerosol loading of HEPA f i l t e r s by 
smoke from wood f i res ; effects of burninn rate 
and fuel moisture noted. 
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Fig. 9 Aerosol loading of HEPA f i l t e r s by 
smoke from PVC f i res ; effects of burning rate 
noted. 
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Fig. 11 Aerosol loading of HEPA f i l t e r s by 
smoke from PMMA f i r es ; effects of burning rate 
noted. Design flow rate at 500 l /s . 
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Fig. 12 Aerosol loading of HEPA f i l te rs by 
smoke from dense fiberboard f i res; effects of 
burning and ventilation rate noted. 
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Fig. 13 Aerosol loading of HEPA f i l t e r s by 
smoke from composite cribs; effects of various 
parameters noted. 
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Fin. 14 HEPA f i l t e r media loaded with smoke 
aersols from comnosite crib f ires. 
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Fig. 15 HEPA f i l t e r nitdia loaded with solid 
phase aerosol (sodium chloride). 
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Fin. 16 Flow and temperature portrait of a 
composite crib f i re with fire-suppression 
sprinkler application. 
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Fig. 17 Preliminary design of a hand-powered 
rolling nrefliter using layered cheesecloth 
as f i l ter media. 
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Fig. 18 Air flow and f i l t e r pressure drop 
during Neoprene f i re tests for a HEPA f i l t e r 
protected by a hand-powered roll ino pref i l ter 
(burning rate = 100 gm/min), 

43 



Fig. 19 Exit interface of an unmodified 
commercial rolling nrefilter. 
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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 
commercial rolling prefilter. Note the side 
blinders for flow collimation. 
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, ' ^ - ^ iV7 

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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h'n. 23 Three-ply rolling prefilter media. 
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Fig. 24 Filtration efficiency of connonents 
and composite rolling prefiIter 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. ZO Evaluation of effectiveness of 
roll inn prefi 1 tration techniques. 
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Fig. 27 Concentual design of a rol l ing 
pref i l ter for a containment ventilation 
systen. 
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Fig. 23 Pleated rolling prefilter; 
experimental model for the enhanced 
fi ltration project. 
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Table 2 Fire, a i t flow, and smoke release data for FY 1979 

Teat Vd Va VLeak V out Vf Mf Tcell m0 41/2 Atjp/dw Awet/dry 

45 250 175 75 -30 95 .075 229 .42 
46 250 197 53 > .05 243 .36 
47 520 340 180 -20 120 .07 211 .63 
50* 260 235 25 -165 90 .042 260 .52 .59 .62 03 
51* 290 225 55 -145 100 .036 262 .52 ,67 06 
52 280 215 65 -65 85 .028 232 .30 .67 .12 17 
53 560 360 200 +55 200 028 225 ,71 .51 ,25 22 
54 255 150 105 -180 50 066 240 ,45 .66 .45 05 
55 255 155 100 -145 40 06 239 .42 -- - 80 

*56a 065 229 .50 ,51 ,55 44 
*56b 230 165 45 -180 80 031 237 .56 .74 .90 24 

56c 033 203 .54 ,35 .61 21 
57 250 185 65 -120 135 063 248 .51 
58 250 200 50 -60 90 Q63 232 ,50 
59 250 190 60 -90 90 05 255 .53 ,58 .88 46 
60 250 200 50 -105 50 06 235 .75 ,45 .73 15 
61 250 no 035 
62 250 200 50 -275 61 06 240 .61 
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Table 3. 
IDEAS FOR REMOVING OR REDUCING FIRE-CAUSED SMOKES 

1. Use HEPA Fil ter in series 
2. Increase f i l ter area * 
3. Use less efficient f i l ters (prefilters) ahead of HEPA Fi l ter * 
4. Use moving f i l ter "tape" * 
5. Electrostatic precipitation 
6. Active resident fire protection * 
7. Scrubbing with water sprays with or without surfactant * 
B. 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) * 
16. Electrophoresis in f i l ter 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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Ijt ' i: '. Elfecr of vinous cwnteroeasuiei on IIEP* '•:'.'.'•> perlurtam-

fj = 25(3 t'/S KiBW-ieir.forcfl Polyvinyl 
fir mini JUtt-EH Polycaitonde DtW.se flherbdicc l'0>i'.i.'i cr.krlde C»|j.ilie 

1 plug, », 'plug, it, 'plug, e, 'flag, s, pUg, ' . ' M * =. ' ? - J I ! , ». 
Counterwaswe s kg.'s B kg/s s kg/s s kg/.'. s «?/« " >9'! '•' <l/a 

Forced 
ten (enclosure) 320 1.12 100 3.(1 Ho plug 0,0< He plug 0,01 :!0 J.l- "'<> O.Oi W U l 

Water scroller 
(MOO /nidi 
K/ t » / o surfactant ISO C.l! 

Fusing sprin*l« No plug - a « - a 550 - 1 So plug ~ a :;•; sljg •>' M 0.C5 

Single pass 
Boiling piefiltet Ho plug 0,5! So plwj 1.1! 

Wet nod Ho plug 0.01 

Large MM 
sulfate Ho plug 0.035 

Electrified 
Send Filter ISO MS 

a 'Fgt most fires", sprinkler activation occurs before steady-state burning, 
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Appendix 

ul Parn.-.H,.'!:; C r i t i c . ; ! TIN P l - 1 , ?Mk, 

Fuel :yp« and 
r x n f i l ' j r j i i o n 

E m ! I n i t i a l Final 
a i r fuel fuel » T^,,, T H a , r n , T W 

»U, ! 1 » u n i q h t , w a n t , fu.il ( c o l l i I d u i i l l ' i l t - r i ( l i l t . . . t | Tulip., Temp. 

1 r a t e , L/s Ky Rq ku/H °C °C t ' t t " t 

B--J ? » , t i - i r c , 
174 H5 .1) 671. 

:on I : J ,m ?oc :an : i i . u j i i - i . 5 

F R - i . 2 F l : , t l q l ' . t , 
layvm, su-jqererl 21 •' iaj :os .10 70D ;go ion ti ;i.:.s m i 

O.li 

[1-1 F i r . 1 r-•-. 
i J y r ; S t . i , ; ^ . : 0 -6 ' 15(1 M l 7U . 1 1 llllil M s It", M ; „ , - e J I ; ^ 

B-I F i t , lev.:-
layer:, .il I'jr". "5L7 i le Mil 1,0 

0.16 

B-l 5E-3 F i r , 
1 on; e, 1 I, •-.-:. 
j l i:r..Hl 20.- «?.•' 25(1 

/ ' /lODn 
94 75 .028 sflOO 175 50 37 

0.52 

D-4 5K-3 F l l , 
lexis", l a y t m 

79 25 .11 6VD 215 110 55 2 1 1 . 0 2 1 4 . 
0 . 7 0 

B-6 SE- ] F i r , 
l o o n . ' , l a y e r s 
a l i q r e : - ' , IB-' 250 130 60 . 1 0 770 300 59 51 2 3 4 . 1 2 8 6 . 0 

B-7 5F.-1 F i r , 
l ° f : -3 , laypr,-
i l i ; m i 15, • 7 2 / 250 

' ' -"930 
.11 750 310 11 Jl 

0.15 

B-» 5F.-3 F l l , 
loofin, layers 
a l igned 69.-- 4 3 / 250 132 90 .10 »00 130 50 60 278.5 272.0 

0-9 F i r , loose 
sp r ink le r 5 5 , ' 7 0 / 250 136 - .05 780 220 100 35 194.0 16.5 

' ' I o n o .n 

fl-10 SE-3 
sprinkler iy 50/ 250 

/ Asm 
,016 600 185 58 

0.13 
30 16.0 153.0 

BO 35 . 0 3 7 700 
0.55 190 

B-12 bCnan 
sp r ink le r *y 5 6 / 250 

S /loot) 
.01 410 115 65 

0.35 

P-13 F i t , 
lrosc, lejy 250 135 95 .07 680 250 105 63 1B3.5 

.021 
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Upstream Iipactor tonstrean Inpactor Gas SnjIfBis 

i P wet 
Fuel type and t tit, mass, 
crrtfiguratta plug pjacsl! ng 

PB-7 FU, tight, 
layers staggered 0.9 (21 

B- l f i t , tight, 
layers o.7 2 7 i 

B - U f ir , tight, 
layers staggered 0,7 300 

B-l Fir, loose, 
layers staggered 0,32 2800 

B-2 f i r , loose, 
layers aligned 0.1! 2750 

B-3 SE-3, layers 
aligned 0,4 2800 

W 
CO B-4 S E - 3 , l a y e r s 

aligned 1.45 SS75 

B-6 SE-3, layers 
aligned 0.37 2353 

8-1SI-3, layers 
aligned 0,3! 2903 

B-8 SE-3, layers 
aligned 0.32 200 

B-9 Pit, loose * 
sprinkler - 500 

8-10 SE-3 i 

sprinkler 0,4 2350 

fl-U lexan - 11D0 

B-12 taan t 
sprinkler 1,55 2410 

B-13 Fir, loose, 
leak test 0.(1 1100 

dry Aerosol »et dry Aerosol 
mw, she man, «ass, size ' ( ]", 

•g trend » j «g trend I 

1050 >Jji/80 S>4 

12000 > 2u/T0 - - " 4.5 

5000 m - - " i '° 

120J 1<3M/77 - - - i d 

4530 <2p/!! - -- - 5.0 

1085 >l!i/!( - -- -- I) .4 

1371 <lll/1! lJ.f 

2156 '2|i/?l - - - 5.1 

3500 11)1/72 <•« 

W0 (2U/K - - - 1.1 

, 9,0 

- l!.l 

- 9.0 

- - 16,5 

3.5 

[<»],. M i ' [0,],, 
4 i ppm 

0,3 

3,4 

3,1 

2,! 

]. .. - > 
'0 
V 
ft 

o.f! 0,8 -- a 
... 
X 

I , J 400 

-- 1 3 , 1 

1,2 13100 

4 .0 3 , 1 1450 

2.1 13,0 1800 

1,1 4,0 9800 

0.2 10,2 1400 

0.2 4,1 

) , ! 14,0 

1.9 15.7 18008 



Initiil Conditions Fuel Parameters Critical Teipemures tin f t " 

Fuel type and s«i» Initial final 
e m u l a t i o n air Erie! fuel i Trax TW % TSB 

Taabi %- flu Wight weight fuel (cell) Iduct) (filte 1 IfUteil Temp., Temp., 

1 1 rite, L/s Kg Kg kg/s X °C t <t t t 

B-H Fir, loose. _ _, 250 112 100 .12 125 270 120 10 221.5 2!).! 
d l i b . 0,22 

B-15 Bemlei - - m BO 32 ,01 6)0 
0,4! 

210 no 90 - 261.5 

1-16 Benelex t _ - 150 OS 18 ,01 120 110 25 « - 112.0 
sprinkler 0,21 

8-11PVC, Icose - - 250 133 128 .02 2(0 85 (0 1) - 65,5 

B-1B m , loose 250 10 20 

8-19 FBf *• -
sprinkler 

250 3! >: .001 (It 
0,25 

130 10 10 
" 

131.0 

B-20 Composite 1E0 161 in .02 (10 
0.2( 

201 100 (0 113.1 192.0 

B-21 Fir, standard -
crib 

250 115 mo .10 6(0 
0.11 

165 90 60 112,1 2SB.5 

6-22 Repeat B-21 - 250 11! 80 .11 100 
0,15 

170 !5 65 213.0 2 (1 . ! 

B-23 Coiposite 
i'JttBon 2000 

ill 100 Hi .01 no 
0.13 

130 (5 10 -- 19.', 

8-21 Composite 
Anderson 2000 

2SO m US .01 120 125 15 - -- 18.5 

B-2S Composite 
Anderson 2011 

100 ni 11! ,05 310 
0.10 

150 - - - 131,0 

B-36 ?ir , standard -
crib 

210 135 50 .01 100 
0.15 

210 70 65 222,5 

B-21 Fir, standard - 250 115 IS .0) 720 231 to - 116.5 2S1.0 

B-21 Fir, standard - -
a i t , overhead 
.ciitilatioi 

250 130 !i ,10 
,0( 

750 210 110 il 172. D 305.0 

02 5(0 170 90 50 117,5 181,5 
0,13 

> 
'0 
(I 
3 
a 



Filter 
Paraiwters Upstream Kpactor tonstteai Iipactor G a s M'l^> 

IP wet dry Jcosol wt cry Aerosol _ ^ ^ _ 
Fae! type and t tax, »« , »as£, si« wss, wsJ. ! * } ' . , a > L

C£'iii iu lii« 
unfiquiatlon plug pascals 19 »? trend n 15 '.irf 1 * I PH 

» - » « . , l o w , fl.67 MO " ! ' ! »•' 1 M B 8 

cahb. 

, . H t a e t a - 150 - M J <* /U - 1 * < ~ M <•' >•« »•» " » ' 

1-Uhftle 2" < ! > / j l !''> U U M 

sprinHijr 

M1PVC1M 1.59 »» - 2W < « " 1 1 6 i < ! « ' ! ' ^ U l ' " V 

0 
sprinklw 

fa-20 Co. r« S 1 « 0.(0 2100 - f)H > W » - "BOO '2./S5 li.O 2.! E.2 

B-21 r l r , ««dard 0.57 UH - ! « « '-S »•« ' « » 

crib 

6-22 repeat 1-11 0,76 20BU 

S,ll I.) 5.0 

1.0 10.0 MM 

H-2J I'lnposite 
k ' e r s w 2000 

DM >|j/Jl 

M l Mpeai te 
Andeison 2000 

- 200 - 3300 <2U/I! 

H 5 Cutposite 
Anderson 2000 

- - - -

9-25 f i t , standard 
crib 

- - 15100 M <2li/l] 

8-J1 Fir, standard 1.2 2900 .- - -
cnJi 

7.0 I.I 11.5 11)0 

' .J 5.5 ! ( . ( 

!.) 0.11 15.5 WOO 

6-28 Fit , standard 0.1 2250 21000 {000 <3u/)l 11JO0 2200 >•>/!) 2.2 1,1 13,0 IK 
crib, overbad vents 



I n i t i a l Conditions fuel parameters Cr i t i ca l Teiperatjres plui) Pea* 

FIKI type aid a l t Initial Final 

ainfioiitation ait fuel M » I'm TMai T m 
I m l j Ra llov Might wuiqtit fuel |nll) ( i^t l (fil'er1 

°C | ta te , 1,/s Kg Kg kg/s °C c t '< 

T « p . , 1«p., 

B-2! Fir, standard 

crib, overhead 

ventilation 

~ -

6-30 Fir, standard 

: n i , ojcthead 

ventilation 

21 IS 

B-il Fir, standard 

una, overhead 

ventilation 

25 (1 

B-J2 men dried 

• l i 

n 50 

B-J3 Lenan Repeat 

H-li, •jprinnlets 

it 28 

H.-H Fir, m inlet is 32 

IH5 Repeat B-H 52 50 

M « Repeat B-35 

•;oric :ILJ2Z1E> 

'.psteat llepa 

(8 If 

B-37 Lw Flow, 

Large llepa 

21 (0 

B-ii topuslte 31 (! 

B-38 Composite 15 It 

MO Rolling 

pri-liUnr - 11 

nrn.iiure content " 

M l I . f . f (• -F1 
H i t »isture 

^onti-nt 

250 

1(0 105 ,10 600 250 

,05 1,1! 

125 120 . 0 " TOO 

,(!« 0,15 

,011 

1M -- ,050 n 

,013 0,32 

,01! 

115 ,120 120 

.C'30 0.16 

1)5 H I ,010 '10 

115 150 ,1C !'5 280 

H5 15 .» 721 : ) • : 

115 11! .09' 7(1 K 

250 1(5 122 ,031 1(0 !1( 

503 221 110 ,050 (30 Hi 

(1)5 110 155 ,0)0 575 15! 

25C 171 130 .100 138 11; 

175 I I ! , 0 " W 

100 15!,! 111.5 

!?*.] 

221.5 

185.0 125. IJ 

-- 2)8,'. 

2JJ.6 

21),0 J0I.1 

Jlt.i 

35.5 

81,1 

t » . i 

;:i.( 

35',8 

.81.8 , t « . ; 



Upstiean Inpactor Dwnstrcii l ijtctoc Cii Snalysli 

IF 
f « l type and t is*, 
caf i j ir i t im pi^ p j ( c s i B 

B-2« Pit, standard 0.54 2440 
crib, overhead 
ventilation 

WO Fir, standard -
crib, overhead 
ventilation 

H I Pit, standard -
crib, overhead 
ventilation 

1*32 oven dr ied 0 . 3 1 2711 
' 1 ) 

H I L e w , repeat - 225 
B-12, sprinklers 

B-34 Fir, Hi inlet - 300 

1-15 lepeit 1-3) - 310 

0-36 Sepeat S-35 0.6( 2050 
sonic ro i i i t 
-pi'.ci-: hepa 

B-37 to (It*, - 120 

lar-e hepa 

H I Composite 0.44 2258 

B-19 Composite 0.51 2500 
8-40 Rollins, 0.55 1100 
Pre-Eilter, i i 
roisters content 
I0.F.) 

B-41 H.P.P (D.P.I 0.J1 2000 
(•111 loisture 
content 

wt dry Atrosol mt 
nasi, was, sije uss, 

mn no trend rot) 

'.Li'' (66 -US 5100 

(174 251 >]|, 1X0 

15000 2710 <2|i /10 7610 

3010 - W n / 331 

12(00 674 >Jp/!5 6501 

2(100 2119 >]p/79 1600 

16250 2100 >!j/73 13850 

19210 2101 >J|i/[l 10700 

86« 8301 >Vi1 im 

(200 1(00 >3|i/42 5300 

6)16 296 >3«/98 6613 

15717 2726 >3y/61 6171 

dry Aerosol 
nass, slit Vf [CO], 
•" trend ' I ' l ' 

1111 <l;i/S0 i .2 (.5 

212 iJu j.O 2.1 

115 'Jp/52 (.0 2,4 

>Iu 6,2 3.1 

16.5 trace 

621 >3u/ii 1.1 1.) 

2120 >3n/7( 2,1 1.2 

1(0) >Jj/71 1.9 

2200 >3ii/ji i ,8 1.6 

(200 >3p/42 15,2 0,3 

(Of) >3|i/l( - Trace 

3905 <lp/Sl -

221! >3n/4T -

I ppn 

10.1 12000 

(.6 13501 

6,0 11000 

> 
13.2 14200 ~° 

(0 
3 

J.i 2510 5 
X 

12,2 11)10 

!b,D 11500 

12.0 1300 

12.) UCOt 

5,6 13010 

5.5 16010 



Initial Conditions Fuel Parameters . ':al Tenpentures Plug Peak 

Puel type and Exit Initial Find 
configuration ait fuel fuel i t m l t H a i t t r a T^ 

' l ib "H tlm "eight wight fuel Icell) | M | ( f i i tet l f f i l te i l Temp,, t e tp , , 
°C t rate, 1,/s Kg Kg kg/5 °C t 1 ' t °C t 

B-(2 «,P,P (D.P) - - 210 180 l ' l .015 '150 250 80 51 171,1 311.9 
moisture content 
7-111 

M 3 P..P.P ICap.l - - 250 US 155 .ISO 510 1(0 51 (1 117.1 203.9 
noisture content 
7-11 

m i Composite - - 270 195 175 ,051 S75 110 (5 50 157.) 213.1 

B-(5 Composite 25 5! 250 115 131 .050 (70 155 50 (0 15!.l 221,1 
P..P.F .075 

B-« iirjsit* - - 250 195 135 .150 50 50 153,3 2(2,9 
B.P.F 

B-47 Composite - - HO 200 171 .070 701 15! 51 52 151,1 211.7 

> 
V 
a 
3 H.P.F a 

B-50 Ptei Burr. - - 260 155 130 ,0(2 -- 259.1 * 
[Douglas Fit) 

1-51 Free Burn 32 53 270 152 133 ,007 720 230 100 S5 •- 2(2.1 
(Douglas P u l 

B-5! Ptee Burn - - 281 155 13! .025 ((0 200 70 (0 172,9 231.1 
Composite 

B-5! Free Burn 33 51 501 155 115 ,021 701 210 110 130 - 211,1 
Cc-posite 

B-5( Composite - - 255 155 105 ,0(6 (55 160 (5 70 1(2.5 231.6 
H.P.F 

B-55 Coipoatte 38 50 255 171 150 .1(0 170 165 50 10 151.6 218.9 
P..P.P 

l-5MSand - - 250 175 151 .0(3 600 100 90 90 1)1.7 210.6 
Filter |1 

B-S6B Sand 31 6( 230 1(7 117 .011 750 190 110 (0 -- 2)6,7 
F l U t t 12 

B-SKSand 37 St 2(0 155 112 ,031 (10 170 95 51 - j o i . l 
Filter |3 



Filter 
Parameters Upstream Iwpactor D<MistM» Inpactor &n A M I J H S 

J P «tt dij mojol «et dry »*'«• . . , 
m , mi, ross, slat u s i , u i s , ? i« II ™,i ^ j l i H J » 

^ - K trend t * I PP*1 
fue l type and t man, n a s s , m s s , s lae u s i , »ass 
coritujaratiai plug pascals rig »! trend «g n; trend 

6-1! Boiling 0,S1 2150 8556 1! >W< M« 
Ktftlter |D,fl, 
wistute content 
!-!ll 

5.5 « 15.5 

B . , ] | . P . P 0,(1 HI 1315 UH * V » 21K a i l 1<W» I'-' !"S 5 ' ! " W 

(Capon te) 
wistjfe tmtent 

B-H Composite 0,(1 2100 
11.5 i . ( 5.S 1*11 

1,0 1.1 8.0 ™ 
B-(5 Coiposite 1.88 500 
H.P.F > 

2.< 8.8 

H i Ccopasite 1.'5 1500 
H.P.F 

B-58 tut Burn 
Duujlas Ml 

u-"iI Free Barn 
B.P.F 

12,(1 1.0 CO 15101 

,8331 163 » W « 7541 l i t > 3 p » I M «•? <•» m 

100 1221 111 > W » 2U0 IS! ' W « » H.5 «• ' 45)0 

10000 B-52 Free Born 0.S0 2250 7120 1121 > W "11 "<! W "'» »•' 
Conpostte 

9-51 Free Burn •- 1550 IIH SB >W»' " « i m ' ^ > 5 " U " 
H.P.F Cotnprjsite 

p-UCapouu l . « » 1M" ' » > W ( 1 M " "' > ^ / " " '•' " 1 2 S M 

[oiling Pre-filter 

B-« Conposite 0.50 2103 7(72 »H» >W95 WO 521! >WIJ " Ttjce 8.5 

K.f.F 

H-M Sand Filter 1,)( - 21706 MIS > W « » » ««J >W"« ' ^ U *- ! 

I! 

M i l l Sand Filter - 110 W» M l >W«S 13)8 115 >]»/B! ' .5 !•« " ^ 

12 

MbC Sand Filler - - 10046 1211 W 397b i l l >2u/)0 U.5 3.0 « 

13 

B-(fi Composite l . )2 2550 -
9.P.P 3 

a 



Aicaye 
lesi Cell 

In i t ia l Conditions fuel Parameters Critical lenpcratures Temperature 

fuel type and 
configuration 

Eiit Init ial 
air flow fuel 

Hnal 
fyel ii in W 'in rUR 

*t At 
'plug 'plug 
tap,, tap,, âmb. ««, rate neight K'f. fuel ( " 111 (duct) ( f i l t f r j ( f i l l e r ) 

*t At 
'plug 'plug 
tap,, tap,, 

°C /s *S kg kg/s 0[ K »C K or or. 

1-5/ Composite, 
PlHttd-BPF 

- - 250 1)5 150 ,063 650 ISO 66 •18 151,7 2(7.7 

8-58 Composite 
Pleated 8PF 

27 67 250 167 168 ,063 600 170 63 52 156.7 232,] 

B-59 Campos f te 
Pleated R.P.f, 

« 3! 250 1B2 160 ,050 680 138 60 50 157.3 251.7 

6-60 Composite 
Pleated RPF t 
Sonic nozzle 

27 68 250 176 155 .060 MO 80 50 40 » 235.0 

8-61 Repeat 8-60 250 - ,035 55 50 

8-62 Cops i te 
Pleated SPF 

25 1) 250 • - ,060 80 55 

> 
13 
(I 
3 

a 



Flit«[ 
P u u t t e i i llpitran Inpactot DaMtttin Irnpacw CJB Anilyult 

IP mt dty ietojol net dry Mioso) 
Fuel type and t HK, ISBS, nut , site tjs», u s s , l i a [o]' [C5], [C O2)IE [CH*](K 
configuration plug pascals ao H3 trend tj <« trend i ( I PP» 

H I C o i j o a i t e 0,45 2000 - U.2 M '•' 
Rolling Pre-filter 

IMtCotpHltt 0.43 2000 11.0 U t.O 
HolUaq Pte-fllter 

B-5! Standud 1.41 1101 21068 11111 >l|i/!9 2511 M l >!»ffl 10.5 2.1 1,2 
Composite B,P,?, ^ 

v 
H i Cmpoalte - M Hill 1(45 >l|i/9! (E22 i l l >lp/)< 12.5 2,0 7.4 -- V 
Rolling t te - f l l ter 3 
Sonic noiile Q-

X 
B-fl Continuation 1.05 ™ 
of s-83 

8-(J Composite 0.JS - •- - 12998 (13 >l|i/91 
Rolllna prefiltet 


