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Abstract

The fire accident analysis computer code FIRAC was designed to
estimate radioactive and nonradioactive source terms and predict
fire-induced flows and thermal and material transport within the ven-
tilation systems of nuclear fuel cycle facilities. FIRAC maintains
its basic structure and features and has been expanded and modified
to include the capabilities of the zone-type compartment fire model
computer code FIRIN developed by Battelle Pacific Northwest Labor-
atory. The two codes have been coupled to provide an imprcved simula-
tion of a fire-induced transient within a facility. The basic mate-
rial transport capability of FIRAC has been retained and includes
estimates of entrainment, convection, deposition, and filtration of
material. The interrelated effects of filter plugging, heat trans-
fer, gas dynamics, material transport, and fire and radioactive
scurce terms also can be simulated. Also, a sample calculation has
been performed to illustrate some of the capabilities of the code and
how a typical facility ls modeled with FIRAC.

In addition to the analytical work being performed at Los
Alamos, experiments are being conducted at the New iMexico State Uai-
versity to support the FIRAC computer code develooment and verifica-
tion. This paper summarizes two areas of the experimental work that
support the macerial transport capabilities of the code: the plug-
ging of high-efficliency particulate air (HEPA) filters by combustion
aerosols and the transport and deposition of smoke in ventilation
system ductwork.

I. Introduction

The deveiopment of the FIRAC computer code and the supporting
experimental work are beilng sponsored by the Nuclear Regulatory Com-
mission (NRC). The NRC is responsible for ensuring that nuclear fuel
cycle facilities are designed and opereted in a gate manner so that
the release of radicactive material under both normal and accident
conditions will not result in unacceptable radi?lggical effects on
the surrounding population and the environment.

The NRC recquested the original FIRAC computer code be modified
and expanded to include the capabilities ¢f the zone-type compartment
fire model FIRIN, which was developed by Battelle Pacific Northwest
Laboratories (PNL). The two codes have been coupled to allow an im-
proved cimulatior of a fire-induced transient within a fecility.
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The expanded version of FIRAC is designed to predict the radio-
active and nonradioactive source terms that lead to gas dynamics, ma-
terial transport, and heat transfer transients in a nuclear facility
when it is subjected to a fire. The code is directed tcward nuclear
fuel cycle facilities and the primary release pathway--the ventila-
tion system. However, the code is applicable to other facilities
and can be used to model other airflow pathways within a structure.

The physical models used in the code may be divided into four
principal categories.

e Gas dynamics model

e Material transport models

e Heat transfer models

e FIRIN fire and radioactive source term models
A brief summary of the gas dynamics, convective material transport
capabilities, heat transfer capabilitles, and FIRIN source term mod-
els is presented. Details of the gas dynamics, material transport,
and heat transfer capabilities can be found in Reference 2. More
information on the FIRIN source terms is provided in Reference 3.

In addition to the FIRIN fire compartment option, the code al-
lows the user to employ any fire compartment model provided that the
output of the compartment wodel is in one of two forms:

e pressure and temperature time histories or

e energy and mass time histories.

An application of the code using the FIRIN source term models .o a
typical nuclear facility is presented, ac is a summary of experiments
in two areas that support the development and verification of FIRAC.
The two areas of experimental support are: high-efficieuncy particu-
late air (HEPA) filter plugging by combustion aerosols and smoke
transport and deposition in ventilation system ductwork.

Physical Models

The lumped-parameter method is "e basic formuletion that de-
scribes the airflow system. No spatlal distribution of paramecters
is considered in this approach, but an effect of spatial distribution
can be approximated by noding. Network theory, using the lumped-
parameter method, includes a numbey of system elements called
branches jolned at certain points called nodes. Ventilation system
components that exhibit flow resistance and inertia (such as dampers,
ducts, valves, and filters) and that exhibit flow potentlal (such as
blowers) are located vithin the biranches of the system.

Nodes are the connectior points of branches for components that
have finite volumes, such as rooms, gloveboxes, and plenums, and for
boundaries where the volume is practgcally infinite. When the FIRIN
source-term modcls are selected to simulate a fire accident, internal
boundary nodes are used tn represent tne {ire compartment within the
ventilation network. Even though they are zero-volnme nodes within
the numevical scheme, the fact that they are coupled to a fire com-
partment model that accounts for mass and energy balances keeps the
computational formulation consistent.
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Material Transport Models

The object of the material transport portion of the code is to
estimate the movement of material (aerosol or gas) in an intercon-
nected network of ventilation system components representing a given
fuel cycle facility. Using this capability, the code can calculate
material concentrations and material mass flow rates at any location
in the network. Furthermore, the code will perferm these transpert
calculations for various gas-dynamic transients. The code solves the
entire network for transient flow and in so doing takes into account
system interactions.

A generalized treatment of material transport under fire-induced
accident conditions could become very complex. Several different
types of materials could be transported. Also, more than one phase
could be involved, including solids, liquids, and gases with phase
transitions. Chemical reactions could occur during transport, lead-
ing to the formation of new species. Further, for each type of mate-
rial there will be a size distribution that varies with time and
position depending on the relative importance of effects such as ho-
mogeneous nucleation, coagulation (materjal interaction), diffusion
(both by Brownian motion and by turbulence), and gravitatinnal sedi-
mentation. We know of no codes that can handle transient flow in-
duced material transport in a network system subject to the possibil-
ity of all of these complications. The transport portion of the code
also does not include this level of generality. However, this ver-
sion of tiile code does provide a simple material transport capability.

The material transport components of this code consist of the
following.

1. Material characteristics

2. Transport initiation

3. Convective transport

4. Aerosol depletion

5. Filtration
Material characteristics and transport initiation are areas that must
be considered by the user as he begins to set up the code to solve a
given problem. Calculations of convective transport, aerosol deple-
tion, and filtration are performed automatically by the code. 1Items
2--5 ara2 actually separate subroutines or modules within the code.
Item 3, convective transport, is a key subroutine that cails on items
2, 4, and 5 as needed during the course of the calculation. We also
will specify the required user specifications and provide appropriate
references for the theory in eacg case.

Duct Heat Transfer
The purpose of the duct heat transfer model is to predict how
the combustion gas in the system heats up or cools down as it flows
throughout the ducts in the ventilating system. The model predicts
the temperature of the gas leaving any section of the duct {f the
inlet temperature and gas properties are known. An ancillary result
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of the celculations yields the duct wall temperature. A duct compon-
ent Zs the only one for which a heat transfer calculation is perform-
ed. Furthermore, the calculation is performed in a given duct only
if that branch has been flagged in the user specifications. Experi-
ence in using the code has shown that duct heat transfer calculations

can increase the computer running time by a factor of 2. Therefore,
we advise that duct geat transfer calculations be performed only

where needed. The main region of interest and concern is generally
those ducts downstream from the fire compartment and especially be-
tween the fire compartment and any filters downstream from the. fire
compartment.

The overall model is composed of five distinct sub-models of
heat transfer processes along with a numerical solution procedure to
evaluate them. The heat transfer processes modeled are the fol-
lowing.

° Forced convection heat transfer between the combustion gas

and the Jinside duct wallg.

° Radiation heat transfer between the combustion gas and in-

side duct walls

° Heat conduction through the duct wall

° Natural convection heat transfer from the outside duct walls

to the surroundings

° Radiation heat transfer from the outside duct walls to the

atmnosphere

FIRIN Fire and Radioactive Source Term Simulation

Accidental fire-generated radioactive and nonradioactive source
terms for nuclear facjlities are estimated in the FIRIN module of the
FIRAC code. FIRIN uses a zone-type comparimant fire model. A zone-
type fire compartment assumes that the gas .n the room is divided in-
to two homogeneous regions, or iaycers, during a fire. One layer
(the hot layer) develops near tlie ceiling and contains the hot
combustion Eroducts released from the burning material. The c¢old
layer, which is located between the hot layer and the floour,
contains fresh air. FIRIN predicts the fire source mass loss rate,
energy generation rate, and fire room conditions (temperatures of
the two layers and room pressure) as a function of time. It also
calculates the mass generation rate and particle slze distributions
for radioactive and nonradioactive particles that can become
alrborne for a given fire accident scenarjo. The radioactive
relcase factors incorpurated within the FIRIN module are primarily
those developed in experimental work at PNL, and the cembustion pro-
duct data were developed from a literature search of combustibles that
commonly are found in nuclear facilities. More information on the
fire and radioactive source term models and FIRIN code assumptions is
available in Reference 3.
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Fire Accident Analysis Example

Description and Comput=r Model of the Facility. This example
calculation will illustrate how the improved fire code can be applied
to a complex facility as shown in Figure 1. This facility is repre-
sentative of most nuclear fuel cycle ventilation systems in that it
contains multiple fans, compartments, dampers, filter systems, and
parallel/series flow cenfigurations. The facility model features 39
branches, 24 nodes [19 capacitance (room) nodes, 2 standard boundary
nodes, and 3 internal boundary nodes], 2 blowers, and 9 filters. For
this calculation, the FIRIN fire ccompartment model is used to char-
acte~ize the nonradiocactive and radicactive source terms resulting
from the fire. Within the facility ventiletion network, internal
boundary nodes 9, 21, and 22 represent the fire compartment. (A
closeup of the fire compartment noding iis shown in Figure 2.) The
inlet and outlet branches (connections) to the fire compartment have
been positioned so that the ventilation flow direction is downward
in the room. That is, the inlet is located near the ceiling, and the
outlet is near the floor.

The fire compartment is assumed to be 39 ft (12 m) long, 39 ft
(12 m) wide, and 20 ft (6 m) high. The centerline elevation (mea-
sured from the floor) of the two inlet vents is 18.74 ft (5.71 m),
and the elevation of the outlet vent is 3.0 ft (0.9 m). Also, the
fire compartment is assumed to have a concrete floor, ceiling, and
walls. The ceiling and floor are assumed to be 1.0 ft (0.3 m) thick;
the walls are assumed to be 0.5 ft (0.2 m) thick.

When the system is operating under steady-state conditions, the
fire compartment has a pressure ¢i -0.20 in. w.g. (-0.76 cm w.g.) at
a temperature of 72°F (21°C). rhe two inlet vents (branches 16 and
17) supply 3250 ft3/min (1.534 m3/s) and 300 ft3/min (0.141 m3/s) of
air to the compartment. The cutlet ventiiator exhausts 3550 ft3/min
(1.675 m3/s) under steady-state conditions. The fire compartment ex-
haust filter (branch 14) is assumed to be 50% efficient and have a
plugging factor of 10.0 1/kg. A low fire compartment exhaust filter
efficiency was selerted to illustrate the transpcrt »f particulate
material to the facility exhaust filter and the potential for depo-
s'tion of material in the two ducts (branches 38 and 39) located
downstream of the fire compartment (Figure 2).

Fire Accident 3cenario

In de /ining an accident scenario, thc combustible materials sus-
ceptible to ignition and the radioactive materials at risk must be
identified. For a ccmpartment fire, typical combustible materials
are elastomers (neoprene glcves), cellulosic materials (rags, paper,
wood), flammable and combustible liauids (solvants and hydraulgc
oil), and plastic (polymethylmethacrylate and polyvinyl chloride).
The materials at risk could include contaminated noncombustible sur-
faces, contaminated combustible liquids and solids, and open con-
tainers of divided powders or liquids. After the amount and type of
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Figure 2, Closeup system schematic near the fire compartment.

combustibles and at-risk radioactive materials have been identified,
the fire growth sequence (the order in which the combustible mate-
rials are assumed to burn) can be formulated. It is recognized that
fire accidents most probably occur under abnormal operating condi-
tions (spilled combustibles or improper use of solvents) or from un-
anticipated events (failed electrical equipment or faulty processing
equipment).

For the sample calculation two combustibles are assumed to be at
risk within the fire compartment: a container of flammable solvent
(kerosenc) and several pairs of rubber (polychloroprene) gloves. The
fire begins after the solvent container overturns and is accidentally
ignited. The rubber gloves are assumed to be located near the over-
turned solvent. As the solvent burns, the gloves are gradually heat-
ed and ignite as the solvent stops burning. The spilled solvent is
assumed to have an exposed surface (burn) area of 5.0 ft2 (0.5 m2)
and an initial mass of 3.0 1bm (1.4 kg). The rubber gloves are as-
sumed to have an exposed surface area of 4.0 ft2 (1.8 m2) and an
initial mass of 8.1 1lbm (3.6 kg). The FIRIN sequential buruing op-
tion was used to achieve the fire growth sequence described above.
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Two mechanisms for the release of radioactive material located
within the fire compartment are used in the example calculation: the
release of material associated with the heating of contaminated sur-
faces and of material associated with the burning of a contaminated
combustible solid. The fire compartment floor and walls are assumed
to be contaminated with 0.165 1bm (0.075 kg) of mixed oxide powder.
In addition to the fixed surface contamination, the combustible poly-
chloroprene gloves are contaminated with 0.033 1bm (0.015 kg) of mix-
ed oxide powder. The radioactive particulate release rates for the
single nonradioactive (smoke generation rate) and the two radioactive
release mechanisms are calculated within the FIRIN module.

Calculative Results

The sequence of events for the example calculation is presentead
in Table 1. The kerosene ignition initiates the accident sequence
2 s into the simulation. The fire compartment (represented by nodes
9, 21, and 22 in the system model) rapidly pressurizes from its
steady-state operating value of -0.30 in. w.g. (-0.76 cm w.g.) to
approximately 0.55 in. w.g. (1.40 cm w.g.) because of the rapid
volumetric expansion of the compartment gases caused by cthe fire.
Figure 3 shows the fire compartment pressure response for the entire
transient. As 13 result of the pressure increase in the compartment,
a reduction in flow at the intakes (branches 16 and 17) and an in-
crease in flow at the compartment exhaust (branch 14) is calculated
by FIRAC. Volumetric flow rate results for the fire compartment are
presented in Figure 4.

Between 2 s and 175 s, the hot layer gradually expands and
descends toward the outflow ventilator (Figure 5). As the outflow
ventilator begins to exhaust the hot combustion products/gases com-
posing the hot layer, the fire compartment begins to depressurize

Table 1. Transient event sequence for example calculation.

Event Time (s)
Kerosene ignites 2
Maximum system temperature ( 150°F) attained 5
Hot layer descends to centerline elevation of 15

inflow boundaries

Hot layer descends to centerline elevation cf 205
out flow boundary

Contaminated polychloroprene ignites 275
Radioactive material gppears in system 275
Polychloroprene stops burning 350

End of calculation 500
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slightly. The volumetric and mass flows at the intakes to the com-
partr~nt are enhanced by the depressurization. The compartment ex-
baust flow rate decreascd because of the depressurization and the
pres-uce of the hot (less dense) combustion gases at the outflow ven-
tilator. The temperature history for the fire compartment is shown
in Figure 6.

The system is perturbed again as the kerosene fire terminates
and the contaminated polychloroprene ignites via the sequential burn-
izg option. The ignition of the polychloroprene repressurizes the
fire compartment to -0.2 in. w.g. (-C.5 cm w.g.) by 350 s. The
flow rates tc the compartment are affected by the repressurization:
the exhaust flow (branch 14) is enhanced and flow at the intakes
(branches 16 and 17) is reduced. As the polychloroprene burns, the
compartment becomes more filled with smoke perticulates because burn-
iag polystyrene releases a larger amount of smcke particulate than
does burning kerosene.

The production of smoke at a faster rate within the compartment
begins to deplete the amount of oxygen available to the fire. The
fire compartment oxygen concentration never dropped below 207 because
the polychloroprene burned for only a short time ( 90 s). By 355 s,
all the combustible materials within the rompartment have been con-
sumed and the system begins to recover from the fire-induced
traasient. '

Even though the filter plugging option was used in the calcula-
tion, the fire compartment exhaust filter does not plug and therefore
does not influence the system response to the fire. ‘The low fire
compartment filter efficiency (50%) prevents the filter from col-
lecting enough mass to plug. However, the low efficiency value does
allov smoke and radioactive material to be cransported to the facil-
ity exhaust filter (branch 35). Figures 7 and 8 show the mass ac-
cumulations for the smoke and total radioactive particulates on the
fire compartment exhaust filter (branch 14), the two ducts located
between the compartment exhaust filter, the facility exhaust filter
(branches 38 and 39), and the facility exhaust filter (branch 35).

The primary release mechanism for radioactive material is the
burning of a contaminated combustible solid (polychloroprene). The
releases associated with the heating of a contaminated surfacz are
simulated in this calculation but are not evident in the mass ac-
cumulation results (Figure 8). Once the hot layer has descended to
the outflow elevation, material released as a result of the contami-
nated surface being heated is convected through the system. The re-
lease rates for the contaminated surface mechanism are several orders
cf magnitude less than the release rates for the burning contaminated
combustible. Significant quantities of radioactive material are not
transported until the polychloroprene ignites at 275 s. The poly-
chloroprene 1s assumed to ignite after the kerosene pool fire has
ended.
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Following the termination of the fire (350 s), the smoke and
radioactive particulate flow rates begin to decrease as the particu-
late concentrations in the hot layer decrease and as the compartment
exhaust flow rate decreases. Tho system gradually will rcestablish
the steady-state operating conditions.

An important result of any fire-induced transient is the calcu-
lated gas temperatures at various locations in the system. The tem-
perature values ar: useful in assessing the damage to system cocmpon-
ents, especially HI'PA filters. The temperature variation from the
fire compartment to the facility exhaust is shown in Figure 9. As
the warm gases are convected to the facility exhaust, convection and
radiation heat losses occur in the duct components (branches 38 and
39). As a result of the hcat losses, a decrease in gas temperature
with increasing distance from the fire compartment is calculated.

Summary

The example calculation i{llustrated how the improved FIRAC code
can be used to simulate a fire within a facility. Also, implementa-
tion of the FIRIN complex sequential burning option, the release of
radioactive material by burning a contaminated combustible solid and
the hcacting of a contaminated surface, the transport of smoke and
radioactive particulates, and the internal boundary nodes represent-
ing the fire compartment were demonstrated. The example calculation
also indicates how complicated the interpretation of the calculated
results can become when several user options are enabled.

I1. Full-scale Measurements of HEFA
Filte:r Pluggling and Particulate Deposition
by Combustion Products

This section of the paper summarizes the results of experiments
in two areas that were conducted by Los Alamos and New Mexico State
Universiiz. The areas are (1) HEPA filter plugging by combustion
aerosols (%) and gz; smoke transport and deposition in ventilation
system ductwork. In both cases, the work was part of Los
Alamos' efforts to obtain experime?tgl dgt? tg support FIRAC computer
code development and verification. (1 »(2),(6-8) A specialized fu-
cility was ccnstructed to supply the needed experimental data.

Test Facility and Fucls

The test facility(9,10) was designed to supply experimental
data for 0.61- by 0.6{-m HEPA filters under condgtions simulating
those postulated as credible for fires in nuclear facilities. In-
dustrial fires such as thesc are expected to differ from other kinds
of fires in the types of materials involved and the ventilation con-
ditions (availsability of oxygen). A tygii9} fuel mixture may be com-
¥osed of the materilals 1iste§ in Table 2. These materials are

ikely to burn under both oxygen-rich and oxygen-starved conditions
(over- and under-ventilated conditions) to produce particulate mate-
rial, water vapor, and gaseous combustion products.
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Table 2. Typical fuel mixture composition.

Component Composition (%)
1. Polymethylmethacrylate 45
2. Cellulosic 26
3. Elastomer 18
4., Polyvinyl Chloride 8
5. Hydraulic Fluids 2
6. Polystyrene 1

Some unique capabilities were required of the test facility.
First, we needed the capability to burn fuels or mixtures of fuels
listed in Table 2. Two pure materials were selected from Table 2,
polystyrene (PS) and polymethylmethacrylate (PMMA). Although PS is
not found in large proportions in nuclear fuel cycle facilities (PMMA
is), it is the most severe smoke producer in Table 2. On the other
hand, PMMA is known to produce relatively low quantities of smoke in
comparison with the amount of mass burned. Hence, by selecting these
two fuels we attempted to bracket the extremes of smoke generation--
the nass fraction of solid or liquid fuel that converts to smoke--
expected in plants. Fog liquid PS and PMMA burned at over-ventilated
conditions, Tewarson (11 experimentally measured smoke mass fractions
(Ys = mg/mp) and got 0.33 and 0.02), recpectively, where both the
snot ang low vapor pressure liquids are included in the aerosolized
combustion products or ''smoke.' The quantities mg and mp are mass of
smoke produced and mass of fuel burned, respectively.

To burn the fuels and control the burning efficiency, a special
comb?iggr wus designed and manufactured for use in these studies by
PNL. The two mass burning races were achieved by controlling “he
inlet air supply rate. Each burning rate was repeated two times.

The repetitions were used to assess the reproducibility of the test
results.

To obtain the filter plugging datas (4) we needed the capability
to determine the accumulated mass gain of a clean 14-kg HEPA filter
because of smoke and moisture clogging. P-evious tests using poly-
stryrene latex spheres led us to expect pligging (arbitrarily defined
to be a 50% reductior in flow rate from t'ie design value) to occur
from an accumulation of under 500 g of dry solid material. We de-
signed and constructed a special aull-balance filter-weighing appara-

tus to resolve 2- to 3-g smoke accumulations out of 14 kg for a clean
filtew.

To obtain the deposition data,(5) the burn products had to be
introduced into as iong a duct as practical to enhance deposition and
aerosol concentration changes for better resolution. We also needed
to simulate rapid diffusion (mixing) of the smoke plume to make an
upstream, centerline smcke concentration measurement. Finally, we
nceded special experimental apparatus suitable for making surface
measurements of total acrosol mass deposition.
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The facility described in References 9 and 10 was modified to
facilitate the current experiments. The major modifications included
coupling to the combustion chamber,
the design and installation of a biplanar grid of round
tubes to promote turbulent mixing,
the construction of a metal hot duct,
adding extra ductwork to bring the test section length for
deposition up to about 45.6 ft (13.9 m), and
. 1installation of specially designed nuclepore filter holders

to collect deposition samples.

® ¢

w S o=

Instrumentation

/opropriate instrumentation was set up and calibrated to obtain
measu: 1ents of the following.(4),

Ambient pressure and temperature

Average or bulk volumetric airflow rate in the duct

Air temperature at four locations

Relative humidity

Fuel mass burning rate

Filter pressure drop

Filter incremental weight gain

C1toke mass concentration using two cascade impactors at two

locations on the duct centeriine [downstream of the mixing

grid and 45.6 ft (13.9 m) further downsa*tream)

9. Smoke size distribution using the same eight-stage cascade
impactors to obtain the mass median aerodynamic diameter and
geometric standard deviaiion (for a log-normally distributed
aerosol)

10. Total mass deposition at one downstream location but on
three surfaces (ceiling, one side wall, and floor) at the
45.6-ft (13.9-w) downstream mass concentration measurement
location (See Item 6.)

o~V

Combustion Product Characterization

The characterization 2§ Ehg combustion products included only
particulate constituents.(4), (5 The psacticulate combustion
products were not monitored continuously, but rather intermittent
samples were taken and analyzed.

Parciculate mass concentrations {milligrams per cubic meter)
were determined with Anderson Mark III stainless-steel in-stack in-
ertial impactors incorporating straight nozzlcs. These impactors
algso measure aerodynamic particle diameter (based on unit density
spheres) through seven stages of particle collection and a back-up
filter. Pre-impactors for use in conjunction with the impactors were
determined to be unnecessary for this application. Real-time parti-
cle sizing equipment also was used. The units used were a Royco
Model 225 optical aerosol particle counter and a Thermal Systems
Model 3030 electrical mobility analyzer. The real-time equipment
was less suitable in this experiment because the particle size
characteristics and mass concentration varied with the burn time.
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Because about 1 min tc 3 min of cycling time was required by each
particle counter, respectively, the actual aerosol characteristics
could not be resolved. 1Ir coatrast, the inertial impactors were op-
erated in such a manner (nozzle diameter and sampling time) to sample
over the entire fuel bur.i. For this reason, the impactor size data
are consldered pertinent.

PS and PMMA combustion aerosel particulace size distrihutions
were measured using tl.e cascade impactors. The PS data are shown in
Figure 10; this figure ind.zates that, for the high and low mass
burning rates, the particle size distribution 3s nearly the same for
particles less than 2.0um. However, for particles greater than 2.0um
in diameter, there is a siguificantly greater relative number of par-
ticles at the higher burniny rate compared with the lower burning
rate. Also, the aerodynamic mean particle diameter varies from about
1.5 to 2.5 um.

The change in particle size with transport along the 45.6-f¢t
(13.9-m) length can be ubse-ved in Figure 10. With the exception of
the larger (greater than 2.0um) particles, 2o clear shiit in size
distribution occurs. However, with these PS particles, the upstream
size distribution by aerocdynemic diametew relative to the correspond-
ing downstreem data of the same test suggests an average particle
si+ze reduction of about 1 um.

The volumes of soot particles generated by the burner for the
two fuels were measured using the Royco counter. The main features
observed were large variaticns of soot particle output rates and var-
iations from burn to burn under the same conditions. Peak volumetric
output rates for the PS and PMMA fuel:s varied by amore than an order
of magnitude. Similar particle size data for PMMA are presented in
Reference 5. These data show that tne mass median aerodynamic diam-
eter of PMMA was significantly smaller ttan that of PS--about 0.7 to
1.0 um.

HEPA Filter Plugging bv Combustion Aerosolc

The experimental results reported here represent a continuation
of work rggorted at the 17th DOE Nuclear Air Cleaning Confer-
ence. (1), (8)

Exposing a HEPA filter to hea n moke significantly alters
its operating characteristics.(2).26§.28 .(13).(§4; This inveatiga-
tion focused on the characteristics that relate to filter plugging or
to the increase in pressure drop acvoss a filter as a resnlt of the
collection of particulate material on the filtration media. Such in-
formation is required to betrter understand how filters are plugged
with combustion-generated aerosols, and it will {improve our FIRAC-
based estimates of ventilation system response to compartment fires.
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Specific questions about the problem we investigated included
the following.

1. What is the correlation between accumulated combustion par-
ticulate mass on the HEPA filter and flow resistance across
the filter?

What is the effect of the soot fraction (as manifested by
fuel type) on HEFA filter plugging?

. What is the effect of fuel mass burning rate on HEPA filter
plugging?

What is the penetration of the aerosols within the filtra-
tirn medium?

Does the HEPA filter upstream faceguard influence HEPA
filter plugging?

Does the mechanism causing plugging vary from fuel to fuel?

AN »n &~ W

Table 3 summarizes conditions associated with combustion of the
filter plugging test fuels. Results for both fuels are given in
Table 4. These data are the result of burning many cups of fuel in
each case, and thus the mass burning rat=s are average values. The
REPA filters tested with PS had protective metal face screens (l-cm
by l-cm mesh size) with the exception of filters numbered 6 and 7.
'The HEPA filters tested with PMMA all had the metal screens removed.

The details of the plugging process for each filter are shown in
Figure 11. T7The actual resistance, R or W, is normalized by the ini-
tial clean filter resistance. The data shown the influence of the PS
mass burning rate on the quantity cf the particulate material col-
lected that is necescary for plugging. From Figure 11, the import-
ance of the protective screen on HEPA filter plugging can be seen to
be negiigible. Similar data for PMMA are presented %n Reference 4.

Rather than trying to construct any realistic physical mechanisu
for the cause of glugging, we propose a phenomenological approach as
follows.(2), (45, (b)

W o=F M)
" P

where W = Ap/Q is the resistance coefficient. W, is the value of

W for a clean filter, Op is pressure differential, and Q is voluunet-
ric flow rate. F is a monotonically increasing functon of M,,

which is the total mass of particulate accumulated on the figter and
is the relative resistance. To satisfy the clean tilter requirement,
we must have
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Table 3. Test fuel combustioﬂ conditions.
Stoichio-
metric Ratio of Actual
Chemical Coabustion Alrflow to Stoichiometric
Fuel Forpula Efficlency Rate (w3/h) Airflow Rates Comments
PS CH 0.6 7.4 0.23 Low Burn Rate,
(granular) Underventilated
0.93 High Burn Rate,
Underventilated
PMMA CH1.600.4 0.9 4.0 0.85 Low Burn Rate,
Underventilated
2.1 High Burn Rate,
Overventilated

Table 4. Summary of combustion products plugging of HEPA filters.

Total Particulate
Clean Static Apparent Mass Mass Collected at

Test Pressure Drop Burning Rate Plugging¥*
Fuel No. (cm w.g.) (g/min) (g)
PS 1 2.1 19.4 (high) 527
PS 2 2.1 21.3 (high) 432
PS 3 2.1 15.4 (low) 1256
PS 4 2.0 21.7 (high) 405
PS 5 2.1 17.5 (low) 1207
PS 6 2.1 22.9 (high) 432
PS 7 2.1 21.3 (high) 391
PMMA 8 2.2 11.6 (high) 233
PMMA 9 2.2 12.4 (low) 257
PMMA 10 2.2 15.6 (high) 186
PMMA 11 2.2 13.4 (low) 309
*The HEPA TIlter resistance ratio has a value of 12.0 for each

filter.
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Figure 11. Varlation of resistance ratio with accumulated mass
fcr pclystyrene combustion.

We believe the following expression shculd be adequate for all prac-
tical purposes.

Fuil+aM + gM2
p p

where @ and B are two coefficients determined by experimentation.
Their evaluation from data such as that shown in Figure 11 forms the
basis of the filter plugging test program.

Table 5 shows the values for a and B obtained by curve-fitting
technique: for the combustion conditions tested. The resistance
ratio is observed to be a strong function of the linear term in M, --
the 8 values are relatively small. The filter plugging coefficients
given in Table 5 can be used in the input data deck of the Los Alamos
fire accident analysis computer code FIRAC. An equation for F(Mp)
in the code allows tlie user to simulate an infinite range of plug-
ging conditions depending on the values of @ and B input.
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Table 5. Compilation of HEPA filter resistance ratio.
FUNCTION* COEFFICIENTS

Fuel Combustion Condition a’ 8
PS High 02 (Underventilated) 0.022248 0.64249 x 10-6
PS Low 02 (Underventilated) 0.0057105 0.17108 x 10-5
PMMA Underventilated 0.0476796 -0.30826 x 10-4
PMMA Overventilated 0.0641064 -0.57276 x 10-4
*The HEPA fllter resistance ratio has a value of 12.0 for each

filter.

Particle size data were used in Reference 4 to explain the var-
iation in PS -~ombustion particulate mass necessary to plug the HEPA
filters. In Reference 4, we showed that the particles greater than
2.0 um in diameter dominate the plugging of the filter. Particles
less than 2.0 um apparently penetrate the filter medium and contri-
bute to the mass of collected particulate material but contribute
little to increase the static pressure drop across the filter. Re-
moval of the HEPA filters from the test apparatus supports this spec-
ulation because the upstream face had a thirk 'mat" of fragile
particulrte material that tended to fall off the filter even when
disturbeu by the most careful handling.

Tentative qualitative conclusions can be made regarding the
plugging characteristics involving particulate mass corncentration and
accumulated particulate mass on the filter.

° Normalized HEPA filter flow resistance can be correlated
with the accumulated mass gain on the filter for a given
combusticn aerosol (PS and PMMA). When the combustion con-
ditions change (fuel and/or oxygen availability), the HEPA
filter plugging characteristics change and are explained
with the particulate mass concentration for particles
greater than 2.0 um.

° ror these PS and PMMA tests, the lower the fuel soot frac-
tion, the smaller the accumulated mass gain on the HFPA fil-
ter requ red for plugging. This results from the physical
characteristics of the particulate material--mass concentra-
tion and particle size. Evidently, for PS and PMMA, a dif-
ferent physical mechanism was responsible for the plugging.

Smoke Transport and Deposition in Ventilation System Ductwork

Although intuition might suggest that aerosol losses because of
deposition are insignificant, a previous study has indicated that
such losses can be appreciab{e in mass percentage. Qualitative cas-
cade impuctor measurements in the duct downstream of the full-sized
compartment fire test facility at Lawrence Livermore National
Laboratory (LLNL) have indicated that as much as 607% of combustion
product aerosol mass can be removed by deposition in a relatively
short (about 32-ft-long) duct.l3 1In case of a fire in a nuclear
facility, the preseuce of combustion products poses a threat to the
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HEPA filters.(l).(z).(6).(7).(8).(13).(14) A reduction Iin smoke
concentration because of deposition can delay filter plugging. Be-
cause deposition is size dependent,® it also can modify the size
distribution function of the smoke challenging the filters.

Furttier, for fuel cycle facilitles under fire accident condi-
tions, the smoke (solid and liquid aerosol) could be contaminated
with radioactive material. In this case it becomes important to know
where hazardous material is deposited within the plant ventilation
system. A reduction in airborne material concentrations will reduce
the quantity of radioactive material accumulating cn the HEPA filters
and passing through them. We are particularly interestesd in the lo-
cation and concentration of radioactive material in the respirable
size rang:, namely, about 0 to 15 um. is time- and location-
dependent concentration will be continually changing because of de-
position and material interaction (coagulation).

For these reasons there is a need to check (under realistic con-
ditions) the accuracy of deposition equations available in the liter-
ature. Some of these idealized deposition equations currently are
being used to compute unsteady material depletjon in FIRAC and other
Los Alamos accident analysis computer codes.Z, However, at this
stage of computer code development, we have relatively little confi-
dence in the predictions of deposition losses for combustion
aerosols.

In this study we performed smoke transport and depnsition tests
under realistic conditions using real combustion products (particu-
late and gaseous, including water vapor) in full-sized ducts at typi-
cal airflow rates. We are unaware of adequate data of this kind in
the available literature.? With such depletion/modification data
we can help answer three questions for realistic fire conditions.

1. How important is deposition; that is, how m.ch material ac-

cumulates on the walls?

2. How much change in smoke characteristics (concentration and

size distribution) can occur over reasonable duct lengths?

3. Are our idealized equations from the literature giving us

reasonable, and preferably conservative, quantitative es-
timates of deposition?

Table 6 summarizes the numerical data obtained during the duct
wall deposition tests. In these tests, the accumulated particulate
mass on the HEPA filters and actual particulate mass depcsits at the
duct wa’l were measured in additicn to the physical characteristics
of the airborne particles as already described. The values reported
for the duct volumetric flow rat>» a-e arithmetic averages of the flow
at the initiation and conclusinn of e:cli test.

The particulate mass concentration data, in conjunction with the
mass burning rate given in Table 6, imply an important feature asso-
ciated with PS combustion. This feature is that the total particu-
late mass concentration measured near the HEPA filter is proportional
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to the mass burning rate. This is established by ratioing the aver-
age high burning rate to the average low burning rate and obtaining
the value or 2.0. Calculating the corresponding ratio for average
total particulate mass cecncentrations gives 2.3. The correspondence
(deviation from mean less than 77) implies a constant soot fraction
for underventilated conditions.

The effect of the 45.6-ft (13.9-m) transport length on duct cen-
terline particulate mass concentration is summarized in Table 7. The

Table 6. Duct wall deposition expericental data.
Fuel Mese
Burn Rate, Volumetric Duct
Fuel Fuel Maas Total Time . (_{_) Adr Flow_Rate,
Type Burn Condition Burned (g) Time (min) », uin Q(s 3/h)
PS 1.7 w3/hr Combustion Alr 200.7 21,9 9.16 1642
Low Burn Rate, Underventilatwd
Ps 1.7 ud/hr Combustion Alr 250.0 9.7 8.96 1470
Low Burn Rate, Undevrventilated
PS 6.8 ud/hr Combustion Alr 250.0 14.35 17.42 1589
High Burn Rate, Underventilated
| 4] 6.8 n)/hr Combustion Alr
High Burn Rate, Underventilated 250.3 . 13.60 18.40 1439
]
P 3.4 »)/hr Combustion Alr :
Low Burn Rate, Underventilated 600.5 . 30.1 12.0 1607
PHMA 3.4 a)/hr Coebuetion Alr
Low Bur1 Rate, Undervantilated 600.0 52,4 11.48 1448
P 8.5 3/hr Combustion Alr :
High Burn Rats, Overventilated 1000.3 81.9 12.26 1700
PO 8.5 #3/hr Comburtion Atr :
High Bury Rats, Ov:rvantilated 1000.9 ﬁs.s 11.70 1530
\
\
' \
Tabla 6.  {(Cont.) \
Upstream Downstesnm
Impactor lapctor Accunmulated  Well Nuclepore Filter
Cone Conc\ HEPA Mane Mass Deposit (mp)
Fuel Type Burn Condition (x/ad) (8/eY) __ _Gatn (g) Top ide Bottom
PS 1.7 w}/h tombustion Air 0.0526 0.0594 14.76 0.2 0.2 1.1
Low Burn Rate, Underventilated
PS 1.7 n)/h Combustion Air 0.0685 0.0681 32.3 0.1 0.1 0.8
Low Burn Rate, Undarventilated
P8 6.8 ad/h Coabustion Alr 0.2027 0 1413 71,02 0.02 0.3 1.5
High Burn Rete, Underventileted
rs 6.8 m3/h Combustion Afr 0.1763 0.1566 65.0 0.2 0.4 1.4
High Burn Rate, linderventilated
PMMA 3.4 ad/h Coatustion Alr 0.0154 0.01%0 22.9 0.1 0.1 0.4
Low Bura Rate, Unilerventilated
PMNA 3.4 w3/h Combustion ALy 0.0202 0.015%7 13.0 0.0 0.1 D.4
Low Burn Rate, Uadetrventilated
PMMA 8.% a)//h Conlwation Alr 0.0043 0.0038 5.4) 0.1 0.1 0.4
High Buro Rate, Overveatilated
PMMA 0.5 a3/h Combustion Alr 0.00351 0.0048 5.64 0.0 0.1 0.3

Mtgh Burn Rate, Overventilated
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Table 7. Variation of particulate mass concentration by transport¥,

Fuel Combustion Condition Ogégxg. Tg theo.
PS high 0.70 0.81
PS high 0.89 0.89
PS low 1.13 0.83
PS low 0.99 0.84
PMMA overventilated 0.84 0.89
PMMA overventilated 0.94 0.75
PMMA underventilated 0.97 0.75
PMMA underventilated 0.78 0.86

*¥ Duct length (from impactor to impactor) was 13.9 m.

last two columns give calculations of Dp/ppo, the particulate

wass concentration ratio at the two impactors, for the experiments
and the theory based only on gravitational settling. Note that the
averages of each of the four conditions are predicted by the theory
with an error of less than 10% (based on averages) with the exception
of the PS low burning rate condition where the expeirimental result
should be rejected.

Experimental deposition results have been compared with predic-
tions with gravitational settling theory {currently being used in
FIRAC) in Table 8. The important operational conditions are given
to identify each test. Under the columns labeled '"Experimental
Data,'" the experimental results alone are presented where the final
result is & particulate mass ratio, mg/mp. This ratio is the
nass deposited on duct walls divided by the initial mass of unburned
fuel. The mass deposited on the walls, mg, is given by

mq = Ygmp-mf,

where mf is the accumulated particulate mass on the HEPA filter for
the fuel burned. The ratio mg/mp identifies that portion of the
fuel mass that was deposited on the walls. The mg calculations
assume a constant value for Yg (0.33 for PS and 0.021 for PMMA)
regardless of the burning condition. This mass-balance calculation

for mq using data from Reference 11 for Y, did not resolve wall
mass deposition for the underventilated PﬁMA burn rate.
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Table 8. Experimental deporitic iesulte cospared to gravitetioual eettling theory predictions.
0

rust Fuel Hans o z‘s" ) Shimhlased
Type Burn Condition Burned, my(g) vl h h_)_ (ﬁ) Cain, nme(x)

rs Low 200.7 2.66 44,8 1.10 x 101 14.8

rs Low 250.C 1.43 21.0 1.21 x 10-1 32.)

£ High 250.0 5.53 394 2.17 x 101 .0

rs High 250.)3 5.44 34,7 2.53 x 10-1 65.0

PMMA Low 600.5 0.422 28.1 9.42 x 10-3 22.9

PMMA Low 60C.0 0.808 51.5 9.96 x 103 13.0

PMMA High 1000.3 0.258 67.9 9.06 x 10-3 5.43

PNMA High 1000.0 0.185 38.5 9.66 x 10°3 5.66

Table 8. (Cont).
Gravitational Settling Theory Experimental Dats
Total Maee Apparent

';;;: Con:\i:‘l‘on g __:_g'__ Accigs‘nd Soot ;‘::cttou ohYs . L -8 _:g__
PS Low 17.8 0.0887 32.6 0.16 66.2 51.4 0.25%6
Ps Low 13.4 0.0536 45.7 0.18 82.5 * s0.2 0.201
rs High 20.4 0.0816 91.4 0.27 82.5 11.5 0.046
rs HRigh 20.0 0.0799 85.0 0.34 82.6 17.6 6.070
PMMA Low 2.3 0.0385 25.2 0.042 12.6 -10.3 “eee
PMMA Low 4.24 0.0707 17.2 0.029 12.6 -0.4 —eee
PMMA High 1.76 0.0776 13.2 0.013 21.0 15.6 » 0.0156
PMMA High 5.31 0.00531 11.0 0.011 21.0 15.4 0.0154

Comparing the predicted and experimental PS combustion aerosol
deposition quantities in Table 7 suggests that, within a factor of 2
or 3, the values of m g/m agree. This level of agreement weakl
supports the gravitat?ona settling theory. In adgition, the calcu-
lated or apparent PS soot fraction, Yga, 'is within 12% of the 0.33
value at the high burn rate. This congirms Ys for the PS fuel at
these conditions. For the low burn rate conditions, the Ygo values
are significantly lower than the assumed Yg value of 0.33. With
the PMMA tests, comparisons can be made only for the cverventilated
combustion condition (mg is negative for the underventilated con-
ditior). Again, the mass ratios and soot fractions agree to a factor
cf 3 or less. Howcver, the consistency of Ygz data suggests that

Yg is indeed different for the two conditions--by a factor of at
least 2 for these experiments.

Gravitational settling is accompanied by other deposition mech-
anisms ia a horizontal duct and includes turbulent and Brownian dif-

fuslon, inertial impaction, and electrostatic effects. F¥or the hor-
izontal straight duct used in these experiments, inertial and elec-
trostatic effects werc not significant. Considerations of other de-
position mechanisms, including calculations and comparisons with the
data obtained in the current study. have been made elsewhere.z,5-7
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The deposition rates predicted by theory are not fully supported
by the experimental data. Two reasons for this are the preliminary,
and thus relatively crude, nature of the particle deposition experi-
ments and the simplistic theoretical mcdel used in FIRAC at present.
Further, because the mcan particle diameters determined by the im-
pactors are much too smail, the gravitational settling theory cur-
rently used by FIRAC is not conservative, but rather significantly
underpredicts the actual particulate mass deposition rates of the
combustion aerosols tested. Successful particle deposition studies
where theory and experimental results are mutually supportive will
require improved tneoretical developments incorporating additional
deposition mechanisms and improved experimental techniques and pro-
cedures.’

The conclusions developed from this experimental work involving
deposition of combustion products of PS and PMMA fuel are as follows.
1. Particulate mass deposition is an important feature associ-
ated with the flow of combustion products and, even for
short duct lengths (31 hydraulic diameters), may reach 25%
of the unburned fuel as with PS.

2. Physical changes associated w.th the transport of the par-
ticulate combustion products include a 10 to 307 reduction
in mass concentration and a small (-~lum) reduction in par-
ticle size only observable for the PS combustion particles
with an aerodynamic diameter greater than 2.0 um.

3. Comparisons of the experimer.tal results with the theory in-
corporating gravitational settling provide some preliminary
checks.

4. The experimental techniques used in this effort are not suf-
ficiently sensitive to verify the deposition models de-
scribed.

Because HEPA filter plugging rates and efficiencies are depen-
dent on the airborne particu%ate mass and size distributions arriv-
ing at the filter, deposition is an important consideration. The ex-
perimental work performed here establishes some support for the
theory developed and used by FIRAC. However, improved experiments
directed at the deposition problem alone are required to establish
the important deposition mechanisms that should be included in the
FIRAC rode.

REFERENCES

1. R. W. Andrae, J. W. Bolstad, W. S. Gregory, F. R. Krause,
R. A. Martin, P. K. Tang, M. Y. Ballinger, M. K. W. Chang,
J. A. Gligsmeyer, P. C. Owczarski, J. Misgshima, S. L. Sutter,
E. L. Compere, H. W. Godbee, and S. Bernstein, 'Methods for
Nuclear Air Cleaning System Accident Cousequence Assessment,'
Proc. 17th DOE, Nuclear Air Cleaning Conference, Denver,
CoYorado, August "2--5, 1982~~~ "~~~ 7777



10.

11.

12.

10U WL (NUGOGLEAT ATRDWIIIV PIriw s & sterve s tmmmrem—en= o = - .

R. W. Andrae, J. W. Bolstad, M. Burkett, W. S. Gregory,

R. A. Martin, and P. K. Tang, ''FIRAC Users Manual - A Computer
Code for Analysis of Fire-induced Flow and Material Transport
in Nuclear Facilities,'" Los Alamos National Laboratory report
in preparation.

M. K.Chan, M. Y. Ballinger, P. C. Owczarski, and S. L. Sutter,
"User's Manual for FIRIN1: A Computer Code to Characterize
Accidental Fire and Radioactive Source Terms in Nuclear Fuel
Cycle Facilities,'" Battelle Pacific Northwest Laboratory report
PNL-4532 NUREG/CR-3037, (December 1982).

D. L. Fenton, M. V. Gunaji, W. S. Gregory, and R. A. Martin,
"Investigation of High-efficiency Particulate Air Filter
Plugging by Combustion Aerosols,'" Los Alamos National
Laboracory report in preparation.

R. A. Martin and D. L. Fenton, 'Full-scale Measurements of
Smoke Transport and Deposition in Ventilation System Ductwork,'
Los Alamos National Laboratory report in preparation.

R. A, Martin, P. K. Tang, A. P. Harper, J. D. Novat, and

W. S. Gregory, ''Material Transport Analysis for Accident-
induced Flow in Nuclear Facilities,'' Los Alamos National
Laboratory report LA-9913-MS, NUREG/CR-3527 (October 1983).

""Fuel Cycle Facility Accident Analysis Handbook,' Los Alamos
National Laboratory report LA-9180M, NUREG/CR-2508, PNL-4149 in
preparation.

W. S. Gregory, R. A. Martin, P. R. Smith, and D. L. Fenton,
'""Response of HEPA Filters to Simulated Accident Conditions,"
Proc. of the 17th DOE Nurlear Air Cleaning Conference, Denver,
Colorado, August 2--I, 1982.

D. L. Fenton, J. J. Dallman, P. R. Smith, R. A. Martin, and

W. S. Gregory, '"The Los Alamos National Laboratory/New Mexico
State University Filter Plugging Test Facility--Description and
Preliminary Test Results,'" Los Alamos National Laboratory report
1.A-9929-MS, NUREG/CR-3242 (October 1983).

J. Dallman, "HEPA Filter Loading by Simulated Combustion
i'roducts," Masters Thesis submitted to Mechanical Engineering
Department, New Mexcio State University (Las Cruces, New
Mexico, 1982).

A. Tewarson, ''Physico-Chemical and Combustion Pyrolysis
Properties of Polymeric Materials,' Factory Mutunl Research
Corp. Technical Report FMRC J. I. OEON6.RC °'C80-T-79

(November 1980).

M. K. W. Chan, "Testing and Calibration Results of the Filex

Smoke Generators,' Pacific Northwest Laboratory draft repoert
(March 30, 1982).



13. N. Alvares, D. Beason, W. Bergman, J. Creighton, H. Ford, and
A. Lipska, "Fire Protection Countermeasures for Containment
Ventilation," Lawrence Livermore National Laboratory progress
report UCID-18781 (September 1980).

14. W. Bergman, H. Hebard, R. Taylor, and B. Lum, '"Electrostatic
Filters Generated by Electric Fields,' Lawrence Livermore
National Laboratory paper UCRL-81926 (July 197%), submitted to
Second World Filtration Congress (London,

September 18--20, 1979).



