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Calculation Note - Consequences of a Fire in the Sorting and Repackaging Glovebox in 
Room 636 of Building 2736-ZB -Plutonium Finishing Plant 

1.0 PURPOSE 

The purpose of this Calculation Note is to provide a conservative estimate of the grams of 
plutonium release from Building 2736-ZB of the Plutonium Finishing Plant as a result of a fire 
within Glovebox 636, without consideration of mitigation. 

2.0 METHODOLOGY 

The calculations performed are based on a series of events and conditions that 
deterministically maximize the quantity of plutonium released from a fire in Glovebox 636 
without any mitigation except for the passive confinement characteristics of the 2736-ZB 
Building shell. Maximizing assumptions and conservative handbook values (from DOE 1994 
and related references) are used throughout. The assumed glovebox inventory is the maximum 
permitted by criticality prevention specifications and of the assumed chemical and physical 
forms are those that result in the greatest release from the glovebox. Neither the likelihood or 
credibility of individual conditions nor the specific sequence of events used to arrive at the 
calculated release are discussed. By so calculating the release, a basis is formed upon which one 
may assess the influence of existing mitigating features (or absence thereof), on the quantity of 
plutonium potentially released to the environment. In summary, the calculation provides an 
answer to the question, “what is the worst release that would occur if nothing were done once the 
fire started?” 

3.0 ASSUMPTIONS 

See Sections 4.0 and 5.0. 

4.0 INPUT DATA 

Glovebox 636 is used to repackage containers or packages (hereafter called cans) of 
plutonium. The need for repackaging is generally driven by the discovery of less than adequate 
packaging or the need to inspect or sample the contents of the can. This function could involve 
any can within the entire PFP plutonium inventory. The glovebox could also be used to support 
a production mode metal brushing and repackaging operation with thermal stabilization of the 
brushings and broken pieces of plutonium metal. 

The Criticality Prevention Specification (CPS) permits up to eight cans with a maximum 
of 2,500 g of plutonium each to be present in the Repackaging Glovebox. The CPS does not 
restrict the chemical form of the plutonium. 
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4.1 PLUTONIUM FORM AND QUANTITY 

The cans could contain plutonium metal (hereafter called metal), metal with reactive and 
non-reactive corrosion products, oxide from metal burning operations, reactive and non-reactive 
corrosion products alone from metal brushing operations, product oxide or some other form of 
plutonium. The cans have a crimped edge at the top and bottom and could have either a welded 
or soldered side seam. 

The quantity of metal, corrosion products or oxide can vary. The quantity of metal in the 
cans is typically no greater than 2,200 g. The CPS allows up to 2,500 g in a can. Cans 
containing metal and corrosion products will have less than 2,200 g of metal if the can seals leak, 
because the plutonium from the metal typically react with the in-leaking air, or with hydrogen 
from the bags used for contamination control, to form reactive and non-reactive corrosion 
products. This results in a lower quantity of metal. 

Metal is typically corroded to some degree. The typical quantity of corrosion products is 
tens of grams, but there is the potential to have hundreds of grams of corrosion products. It is 
judged that 100 g of corrosion products characterizes the upper end of the “typical quantity”. 
This is supported by Ewalt (1999). Ewalt (1999) also provides information showing that 700 g 
of corrosion products constitutes the 95” percentile. 

Ewalt presented a discussion of a study performed at Rocky Flats concerning the 
accumulation of reactive corrosion products as a function of in-leakage. The study involved five 
representative packaging conditions. Within each condition, between 1 and 30 cans were 
opened and the quantity of corrosion products were weighed. A total of 53 cans were opened 
and weighed. A total of 40 g or less of corrosion products were found in 37 of the cans. Six 
cans contained 40 to 110 g, nine cans contained 110 to 460 g, and one can contained 998 g. 
While the maximum quantity of corrosion products in Ewalt (1999) was 998 g, it is conceivable 
that an entire 2,200 g metal ingot could oxidize to 2,500 g of oxide. 

Cans containing product oxide or oxide from metal burning operations typically contain 
less than 1,250 g and are usually stored in slip-lid cans. In this report, oxide from metal burning 
operations is considered to have similar properties (bulk density, particle size distribution) as that 
from corrosion products. As a result, this material will be included in the corrosion product 
category. 

From the above discussion it is seen that the quantity of plutonium metal could vary 
between 0 and 2,200 g, with the CPS limit at 2,500 g. The quantity of powders (oxide, corrosion 
products, metal fines, etc.) can vary from 0 to 2,500 g. The actual quantity of plutonium 
assumed to be present in each of the eight cans is developed in Sections 5.1 and 5.2. 
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Section 5.0 will show that use of these quantities maximizes the release. 

4.2 ASSUMPTIONS REGARDING THE FIRE 

It is assumed that there are sufficient combustibles, present (in the form of glovebox 
gloves and plastic bags) that should they be ignited, the subsequent fire contains enough energy 
to ignite the plastic sheets covering the glovebox windows. The FHA (McKinnis 1998) stated 
that an 18 kW fire for two minutes would ignite polymethyl methacrylate (PMMA), the material 
from which the plastic sheets are made. The quantity of combustibles needed to ignite PMMA is 
determined next. 

SFPE (1988), pg. 2-2 provides the energy release and burning velocity for polypropylene 
and polystyrene. These compounds are reasonable surrogates for the plastic bags and other 
materials that might ignite. The energy release and burning velocity for polypropylene and 
polystyrene are quite similar; an average of the two is used in this analysis. The energy release 
to be used is 42 MJkg and the burning velocity is 0.026 kg/m2-s. Using this data, it is found that 
an 18 kW fire for two minutes in duration will occur if the area of the burning material is 6 in. in 
diameter (0.018 m2) and the quantity is 51 g of plastic. That is, a 6 in. diameter fire involving 
5 1 g of plastics can ignite PMMA panels. Since this quantity of plastics is not excessively large, 
it is assumed that at least 51 g of combustibles are present with no credit taken for procedural 
controls and operator training that tell the operator to move the combustibles away from potential 
ignition sources. Credit is also not taken for the fact that the plastic sheets are only 1/16 in. thick 
and form the exterior layers of a plastic-leaded glass composite window. The leaded glass in the 
middle of the window is 1/2 in. thick. While 18 kW for two minutes can ignite a plastic sheets, a 
larger fire is needed to ignite the sheets in Glovebox 636 due to the heat transfer capability of the 
leaded glass. Nevertheless, it is assumed that the fire is large enough to ignite the PMMA 
panels. 

It is assumed that the combustible material is located around an inner can (contrary to 
procedure and training) that was just opened. It is assumed that the inner can contains reactive 
corrosion products (e.g., plutonium hydride or nitride). It is also assumed that the reaction of 
these corrosions products with air cause ejection of hot particles (“sparks”) which land on the 
combustibles, igniting them. 

5.0 CALCULATIONS 

The fire is assumed to affect the open container as well as the other seven containers in 
the glovebox. The quantities of plutonium in each can described in the paragraphs below are 
justified in Sections 5.1 and 5.2 

In the analysis below, it is assumed that there is one open can in the middle of the 
glovebox. Combustible materials surround this can and are ignited by exothermic reactions 
occurring within the can. This can contains corrosion products and 2,480 g of metal. 
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Surrounding this center can are four cans, each of which is assumed to contain 1,800 g of 
metal and 700 g of corrosion products. 

Separated from these five cans (one central can with four cans surrounding) are the 
remaining three cans. Each of these cans is assumed to contain 700 g of corrosion products and 
1,800 g of metal. 

Sections 5.1 and 5.2 provide the justification for the airborne release fractions (ARF) and 
respirable fractions (RF) used in the analysis. Section 5.1 discusses the center can. Section 5.2 
discusses the other seven cans. In Section 5.3, the respirable quantity released is presented using 
the ARFs and RFs developed in Sections 5.1 and 5.2, and the inventory discussed Section 4.0. 

5.1 THE OPEN CONTAINER 

The fire starts in combustible materials next to the open container, due to sparks from the 
reaction of the reactive corrosion products in air. Within the open container are corrosion 
products and metal. The corrosion products and metal are assumed to be in direct contact with 
the hot gases from the fire that is assumed to surround the open can. 

The can in the center is open. It will be shown below that the respirable release quantity 
of the powders is very small and the respirable release quantity of the metal is much larger. As a 
result, the maximum release would occur if the quantity of metal is maximized. Since corrosion 
products are needed to start the fire, it will be assumed that there are 20 g of corrosion products 
and 2,480 g of metal. The quantity of metal is chosen to be consistent with the CPS. The typical 
initial quantity of metal is 2,200 g. 

The hot gases from the fire will loft some of the corrosion products from the container. 
This process is called thermal stress in DOE (1994). The airborne release fraction (ARF) for 
thermal stress of plutonium dioxide is given in Section 4.4.1.1 of DOE (1 994). At air speeds of 
1.2 d s  and temperatures of 800 - 900 “C, the ARF is 2.5 x lo4, At ambient conditions and an 
air speed of 1.2 d s ,  the ARF is 5.6 x lo”. At air speeds of 0.1 mis, the ARF is about 1% of 
these values. 

Since the fire is started by sparks from exothermic reactions occurring in the open can, 
the fire is necessarily near the open can. A fire near the open can having reactive corrosion 
products exothermically reacting in air should result in temperatures of hundreds of degrees 
inside the can; far from ambient conditions. A value of 1 .O x 10” is used for the ARF in this 
case as the temperature is well above ambient conditions (but maybe not as high as 800 - 
900 “C) and the airflow is high as a result of the fire. The value of 1 .O x IO” is conservative with 
respect to the ARF at 800 - 900 “C. The respirable fraction is 0.01 per DOE (1994). The choice 
of 1 .O x 
thermal stress. 

for ARF*RF also matches that suggested for reactive plutonium compounds under 
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It is assumed that this can contains 20 g total of reactive and nonreactive corrosion 
products. The respirable release to the glovebox from heating and lofting the corrosion products 
is. therefore: 

20 (1.0 = 2.0 10 '~  

The fire will also affect the plutonium metal ingot. The plutonium metal ingot is 
assumed to be hot initially due to the effect of the exothermic reaction of the reactive corrosion 
products. The metal may not be in the form of a single large ingot but may be severely cracked 
or in small pieces. The heat and increased airflow from the fire intensify the exothermic 
reactions occurring on the metal. DOE (1 994) Section 4.2.1.1.3 provides ARF and RF values for 
self-sustained oxidation above the ignition temperature of the metal. Experiments show that the 
ARF for reactions in which plutonium metal having a mass of less than 15 g bums in air yields a 
bounding ARF of 1.5 x IO4. Experiments involving bulk plutonium metal having masses of 500 
to 2000 g yields an ARF of 5.0 x IO4. The recommended value from DOE (1994) is 5.0 x IO4 
with an RF of 0.5. 

The respirable release from heating the metal is, therefore: 

2480 g (5.0 x 10-4)(0.5) = 0.62 g 

The total release is from the open container is thus 0.62 g plus 2.0 x IO4 g for a total of 
0.62 g (rounded down from 0.6202 g). 

5.2 CANS NEAR THE FIRE 

Based on a criticality specification limit, a maximum of eight cans are allowed to be in 
the glovebox simultaneously. It is assumed that four of the cans are 12 to 18 in. from the can in 
the middle of the fire. The spacing requirements from the criticality specification is 10 in. The 
four cans form a square around the open can in the center. The sides of the square are 24 to 
36 in., with a can at each comer. The glovebox is about 40 in. wide and 93 in. long. Using a 
spacing of 12 to 18 in. places the cans near the glovebox walls, given that the can in the fire is in 
the center of the glovebox. This is a reasonable placement, as it keeps these cans close at hand 
but far enough away so as not to disturb the repackaging of the one central can. 

The cans at the comers are sealed. Some of the cans are multiple overpack containers, 
and some may be taped slip-lid cans awaiting seal-out. The slip-lid cans contain brushed 
plutonium metal. The nested containers hold plutonium metal with reactive and non-reactive 
corrosion products. However, these containers have one to three cans within the overpack. 
These cans surround and protect the plutonium metal corrosion products. The cans could also 
contain plutonium dioxide alone or in combination with reactive corrosion products. 
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The fire will heat the cans due to radiant heat transfer. Sealed cans fail at 30 - 50 psig 
(Figure 2-2 of the Thermal Stabilization Addendum to the PFP FSAR). To achieve a pressure of 
40 psig requires heating the air in the can to 1130 K (857 "C). The temperature was determined 
using the ideal gas law, and assuming a constant volume and an initial inside can air temperature 
of 30 "C. 

Overpressurization due to heating of the can could occur in the following way. The 
radiant heat from the fire heats the outer can which in turn heats the air and other cans nested 
inside. As the can heats, it in turn transfers heat to the glovebox atmosphere due to radiant and 
convective heat transfer. If the primary can over-pressurizes and fails, the air between this can 
and the next can is exchanged with the glovebox air and acts as an insulating blanket to the 
conduction heating of the inner can. If the air between the outer and the inner can is cooled due 
to air exchanges with the air in the rest of the glovebox, convective heat transfer between the hot 
inner surface of the outer can and the air could keep the inner cans cool. Since the air flow 
patterns and rates are unknown, it is assumed that convective heat transfer fails to cool the inner 
surface of the outer container. Using this assumption, heat from the outer can will radiate to the 
inner can, heating it and the air between this can and the next inner can (if one exists). The heat 
from the fire might also accelerate the reaction of the corrosion products with the air in the can. 
The heat transfer calculations in the Appendix shows that radiant heat transfer limits the heating 
of the can by the fire. The peak temperature reached is 1,283 K. The pressure in the can at this 
temperature using the ideal gas law is 4.2 atm or 62 psia (47 psig). It is assumed that the can 
ruptures at 50 psig. Ignition of the PMMA panels could result in greater heating of the cans, 
which could result in greater pressures within the can. 

In the above scenario no credit is taken for heat transfer to the glovebox floor. In 
addition, no credit is taken for heat transfer due to convection caused by the increased air 
currents due to the fire. Finallv. the calculation assumed that the heat flux from the fire remains 
at the same level for the entire-heating process, including heating of the plutonium metal to 
1,283 K. 

While the scenario above can cause pressurization, a more likely reason for can 
pressurization under these conditions is the generation of gas from the thermal degradation of the 
plastic bags used for contamination control. Thermal degradation of these bags takes place at 
much lower temperatures. Since the can volume is small, the addition of a small amount of 
hydrogen or other thermal degradation product can cause pressures of this magnitude. Since the 
respirable release quantity is large when the can overpressurizes and vents, it is assumed that the 
cans overpressurize as a result of one of the above mechanisms. 

The rupture of the container due to overpressurization causes some of the corrosion 
products to be lofted and transported out of the can during depressurization. DOE (1994), Table 
4-12 shows the ARF and RF for cans vented at 40 psig (0.37 MPa). The value of the ARF is 
2.0 x and the RF will be taken as 0.33 based on the same table. The ARF and RF were 
based on experiments run with uranium dioxide (UO2) and titanium dioxide (Ti02). The 
uranium dioxide values are used in this analysis. The experiments were performed on 350 g of 
oxide sealed in a small container. The oxide was comprised almost entirely of particles of 
respirable size. The container was pressurized. The seal was broken, and a fraction of particles 
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were ejected out of the can. At 50 psig, the median diameter of the collected particles was 10 to 
25 micrometers (microns). About 1/3 had diameters less than 10 microns (taken to be the 
respirable size per DOE 1994). This experiment is judged to be reasonably close to the condition 
where 700 g of corrosion products are formed by a slow chemical reaction on the surface of the 
metal with the components of air or hydrogen. It is judged that this reaction could produce very 
fine particles. As a result, the ARF of 2.0 x 10.’ and RF of 0.33 will be used for cans having 
350 g to 700 g of corrosion products or oxide. 

The respirable release from cans having 100 g of corrosion products is found from Sutter 
(1983). Sutter shows that the ARF for 100 g of powder is 0.036, not 0.02 as it is for 700 g. The 
respirable fraction remains the same, 0.33. 

Any of the cans could contain just oxide or corrosion products. The oxide would be that 
from one of the chemical processes that occurred at PFP (or at another DOE site) in the past. 
Corrosion products could come from an accumulation of brushings or from chemical reactions 
between the metal and air inleakage from a can having a large breach. The amount of oxide 
formed by inleakage is limited by can volume. As the oxide layer builds and fills available space 
within the can, the ability of the air to get to the metal is reduced (Le., the reaction becomes 
diffusion limited). The quantity of oxide seen in breached cans can be great, but rarely exceeds 
700 g (information from the Denver Workshop on Plutonium Metal Reaction Products [Ewalt 
19991). However, it is assumed that there could be 2,500 g in a can due to corrosion to allow for 
operational flexability. 

The respirable fraction of the oxide from PFP processes is no greater than 3% per the PFP 
FSAR. Use of this value, rather than the RF of 0.33 found from experiments having almost 
100% respirable particles, yields arespirable quantity of 1.5 g (from 2,500 times 2.0 x times 
0.03). Credit is also not taken for the reduction in ARF as oxide mass is increased. Table 1 of 
Sutter (1983) shows a reduction in ARF from 0.036 (for the experiment involving 100 g) to 0.02 
(for the experiment involving 350 g). 

The respirable release for 2,500 g of corrosion products vented at 50 psig is judged to be 
no greater than 4.6 g, the respirable release from venting 700 g of corrosion products. The 
respirable fraction for the oxide formed due to reactions of the metal with air is greater than that 
for product oxide because of the differences in how the oxide is made. However as the oxide 
fills the available space in the can, the particles are forced closer together. This should decrease 
the respirable fraction. The experiments in Sutter (1983) show that the ARF decreases a factor 
of 1.8 as the mass increases by a factor of 3.5, from 100 g to 350 g. The ratio of 2,500 to 350 is 
7, so the ARF should decrease by about a factor of 4 (if the effect is linear) due to the much 
larger mass. The combination of lower ARF and RF coupled with the larger mass is judged to 
give the same respirable release as from the venting 700 g of corrosion products. This argument 
is judged to hold for any quantity of corrosion products between 700 g and 2,500 g. 

The release from the oxide in slip-lid containers is taken from Ballinger et. al. (1987) 
Table A.6. For a mass of 350 g, the ARF times RF due to venting from a 9 psig is 3 x For 
100 g, the ARF times RF is 2 x lo4. At 17 psig the value of ARF times RF is 6.7 x IO4 for 
350 g and 4.5 x IO4 for 100 g. A value of 3.4 x 10 will be used for the case of the slip-lid cans 4 .  
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containing up to 2.500 g of oxide as permitted by the CPS. The value is the average of the ARF 
and RF values for 100 g and 350 g vented at 9 psig and 17 psig. A relatively large pressure is 
used because the pressure at which the tape between the slip-lid and the can of the slip-lid can 
fails is unknown, although it is believed to be small. Table 1 contains the results of the release 
calculations for corrosion products. 

Table 1. Respirable Release Quantity from Vented Cans Containing 
Corrosion Products or Product Oxide. 

Ouantitv 
0- l0Og 

100 - 350 g 

350 g 

350 - 700 g 

700 - 2.500 g 

2,500 g 
in slip-lid cans 

ARF 
0.036 

0.02 

0.02 

3.4 x I O 4  
(including RF) 

Respirable 
- RF Ouantitv. e, 
0.33 0 -  1.2 

_ _  1.2 - 2.3 
(Note 1) 

0.33 2.3 

0.33 2.3 - 4.6 

_- 4.6 

-- 0.86 

Note 1 -Respirable quantity is assumed to vary linearly between the end point values 

Table 1 shows that the maximum respirable release occurs for large quantities of 
corrosion products or oxide. Section 5.1 shows that an additional respirable release could occur 
if metal were present. The maximum respirable release would occur for 1,800 g of metal with 
700 g of corrosion products. Greater quantities of corrosion products would have a lesser 
quantity of metal, and therefore a lower total respirable release. This is because the respirable 
release of corrosion products does not change with quantity above 700 g. 

Applying the ARF and RF from Section 5.1 to 1,800 g of metal yields a respirable 
quantity of 0.45 g. Adding this to the maximum respirable quantity of 4.6 g for corrosion 
products yields a total respirable release of 5.05 g. 

The form and quantity of plutonium in the cans can vary as discussed in Section 4.0. 
Therefore, it is assumed that each of the seven cans contains 700 g of corrosion products and 
1,800 g of metal, and that each of the cans heats to the point that they overpressurize and breach. 
The total respirable release from the fire is therefore: 

(0.62 g from the single can) + 7(5.05 g) = 36 g 

An additional conservatism is that this assumes that all of the respirable release escapes 
out the openings of the cans. If each of the lids are blown fully open (e.g., 95% of the 

8 July 1999 



HNF-4822 Rev. 0 

circumference of the lid is breached) this is not much of a conservatism. However, if one or 
more of the lids opens only a small amount (e.g., 5% of the circumference of the lid is breached), 
only a portion of the suspended respirable material will escape. The rest will remain in the can 
due to agglomeration, sedimentation or impaction with the lid. 

The releases above are based on the assumption that the fire heats the cans and the air 
within the cans to the point that the increased internal pressure causes all of the cans within the 
nested arrangement to rupture in such a fashion that all of the vented material is released. This is 
not expected to actually occur. Szempruch (1984), Figure 12, shows that the opening in cans 
pressurized to 100 psig is very small. 

Consider a set of nested cans. The heat from the fire causes the largest can to heat first. 
That, in turn, could cause the largest can to pressurize first and subsequently fail first. The cans 
in this case fail sequentially. The vented release from the small can goes into the large can 
pressurizing it to a lesser degree. The depressurization of the large can only results in a fraction 
of the vented release escaping. 

Assume the open volume of the inner can is pressurized to 50 psig (64.7 psia). When the 
inner can fails, the air expands to fill the large outer can. The pressure reaches 10 psig 
(24.7 psia) in the large overpack can given a free volume in the inner can of 0.2 L and a free 
volume in the outer can of 1.3 L. The fractional release FI due to depressurization of the outer 
can is: 

FI = 10/(14.7 + 10) = 0.4 

Now consider the case where all cans vent at the same time. The small can vents into the 
large can. The fraction Fz of the contents in the large can that escape is: 

F2 = 50/(14.7 + 50) = 0.77 

However the volume of the small can is only one-sixth of the large can, so that only a 
fraction of the volume released contains suspended particulate. The fraction of the suspended 
particulate is judged to be no greater than 0.4. Use of 0.4 is therefore a reasonable bound for this 
case. 

If the small can pressurizes first and ruptures, the release into the large can will be 
smaller than that discussed in either situation above because the large can is also at pressure. 
Only a fraction of the contents of the small can will vent into the large can. When the large can 
finally fails, 77% of the initial release plus some of the simultaneous release is transported out of 
the can. Again a fractional release value of 0.4 is judged to be reasonable. 
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The phenomena described apply to the release of the corrosion products or oxide due to 
pressurization. The release from the metal is a relatively long term release as compared to the 
immediate release of the powder during venting. The ARF and RF for metal burning were taken 
from experiments in which the metal was burned in the open. In this case, the metal is burning 
in a much more enclosed condition, and the ability of air currents to loft the oxide is much less. 
That which is lofted could agglomerate and settle back onto the metal due to the small head 
space. Lack of ready air flow will hamper the burning process. As a result it is judged that the 
0.4 release factor also applies to metal reactions. It is concluded that only 0.4 of the suspended 
plutonium would escape given a small opening in the large can. 

The release into the glovebox is therefore: 

(0.62 g )  + (7(5.05)(0.4) )= 14.8 g (rounded from 14.76 g) 

5.3 LEAK PATH FACTOR 

The fire is assumed to start due to sparks from the exothermic reaction in air of reactive 
corrosion products within an open container of plutonium metal. The combustibles are the 
plastic from bags used for contamination control. These bags enclose the containers. Spare bags 
are brought into the glovebox for use in repackaging. The glovebox gloves could also be 
considered a combustible. The fire starts in the plastic and is assumed to propagate to the 
glovebox gloves and windows. The glovebox windows are a layered arrangement comprised of 
a 1/16 in. PMMA sheets, a % in. leaded glass panel in the middle followed by a 1/16 in. PMMA 
sheet. The fire starts and may quickly involve the plastic. However, the PMMA sheets will not 
ignite until they absorb sufficient energy. This will take some time. Data from McKinnis (1998) 
showed that with 5 1 g of plastic involved in a fire, it takes two minutes to ignite PMMA panels. 
It may take longer in this case, as there will be heat transfer to the leaded glass. As a result, there 
is time for an orderly evacuation. There are no life-threatening aspects to this fire as there would 
be if, for example, flammable liquids or flammable gases were involved, or if the windows were 
thin sheets of PMMA rather than the layered arrangement. PMMA softens at 100 O C ,  begins to 
decompose at 170 “C, and self-ignites at 450 ‘C. At high temperatures, a PMMA fire propagates 
rapidly when the decomposition products become mixed with sufficient oxygen to cause a rapid 
surface reaction. In the case analyzed here, the leaded glass will help transfer heat out of the thin 
PMMA sheet on the inside of the glovebox. Even when this sheet starts to burn, the products of 
combustion will initially remain inside the glovebox. The leaded glass will prevent the exterior 
sheet of PMMA from igniting until later, if at all. Because of this, the operations staff exits 
down the corridor and out of the cold side of the facility and not through the door into Room 637 
and out of the facility as they might under “life threatening” situations. This assumption is made 
because the operators are trained to use the normal route (through the facility to the “cold” side) 
unless their life is threatened (e.g., progress blocked by smoke or flame). As a result, there are 
no direct flow paths to the environment from Room 636 or 637. 

The fire in Glovebox 636 involves about 50 lbs of combustibles, most of which are 
gloves. Each glove weighs 2.5 Ibs per the PFP Fire Protection engineer. There are 14 gloves in 
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the glovebox for a total of 35 Ibs. The PMMA sheets are one-sixteenth of an inch thick, and the 
length and width are 22 in. and 14 in. respectively. Using a density of 1 g/cm3, each sheet 
weighs 0.7 Ib. There are 6 large windows each containing two sheets of PMMA and six small 
windows. The small windows are one-third the size of the large windows. Total PMMA weight 
is 11 lbs. The heat content of the fire is taken to be 8,000 Btdlb per Shaffer and Leonard (1999). 

The ventilation system shuts down when there is a fire in the glovebox. (If the 
ventilation fails to shut down, the results are less severe, per Chapter 3 of the Plutonium Metal 
Can Opening and Thermal Stabilization Addendum to the PFP FSAR). Assuming that the 
gloves and bag-in port fail, the smoke from the fire and suspended plutonium fill Room 636. 
Other adjacent rooms (e.g., Room 637, the NDA lab and the corridor) may also fill. No credit is 
taken for capture of smoke and aerosol in the exhaust HEPA filters located in Room 636, for 
induced flow from Room 636 to the stack via the exhaust system, or for the action of the 
automatic sprinkler systems within the room. At this point, no credit is taken for the ability of 
the HEPA filters to remove the aerosol. 

As a result, the plutonium aerosol will mix with the aerosol from the smoke and a large 
percentage will remain within the room. The fraction that is transported out of the room is called 
the leak path factor. Two reports are used to determine the leak path factor. The first report 
regarding leak path factor comes from Buijs (1988). This report presents the results of an 
experiment designed to determine the fraction of aerosol deposited within a room in which a 
glovebox fire was occurring. The room analyzed was similar in size to Room 636. The length 
was 34 ft, width 12 ft and height 16 ft; Room 636 is 23 ft by 17 ft by 14 ft. The surface area of 
the walls and ceiling of the room in the test chamber is 1,880 ft2. The surface area of the walls 
and ceiling in Room 636 is 1,511 ft2. The ventilation rate in the test room can be adjusted to 
between 150 and 2,000 ft3/min. Most of the analysis was performed with a flow rate of 
1,200 ft3/min. The ventilation rate to the hot side of 2736-ZB is 6,500 ft3/min. Room 636 
occupies about 10% of the hot side area, and therefore receives about 10% of the ventilation flow 
or 650 ft3/min. 

In the test, five sheets of PMMA, each weighing about 1 kg, were stacked horizontally in 
a steel fiame. The plates are separated by 10 cm (4 in.). Each plate is square, having 12 in. long 
sides, and is 0.3 in. thick. There is a 2.4 in. hole drilled in the center of each plate. The plates 
are ignited by burning ethanol in a tray beneath the PMMA. The hole in the center of the plates 
acts as a chimney, assuring rapid ignition and burning of the PMMA. In the test, cerium oxide 
was spread onto the PMMA plates. The result was that 2% of the cerium oxide escaped the test 
chamber via the ventilation system. About 33% remained in the PMMA residue. The rest was 
plated out on the walls. The test conditions closely parallel the condition analyzed for Room 636 
with the exception that the contaminant was spread onto the PMMA panels prior to ignition 
rather than lofted into the air. Also, Buijs considered continuing ventilation flow, whereas the 
2736-ZB ventilation system is shut down in the case of a fire. 

There are two main differences between the test in Buijs (1988) and in the case being 
analyzed. The first is that the smoke and aerosol that escapes Room 636 is still within the 
facility and can plate out or settle. The second is that the ventilation system in Buijs (1988) was 
running, where in the case being analyzed there is no ventilation flow. The expectation is that 
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the leak path factor for a small fire like that in Glovebox 636 would be less than that found in 
Buijs (1988) which had an air exchange every 5 minutes (found from dividing the room volume, 
6,528 ft3, by the ventilation flow rate, 1,200 ft3/min). 

The second leak path factor case to consider is found in Shaffer and Leonard (1 999) who 
present the results of a computer simulation of a fire in the Nuclear Materials Storage Facility at 
Los Alamos. In this analysis, a one hour fire involving Pu solutions is assumed to occur in the 
NDA Laboratory at Los Alamos. The fuel loading is 393 kg, 17 times more than the postulated 
fire load in Glovebox 636. It is assumed that the solutions are oxidized, and a suspended 
plutonium dioxide aerosol is formed. A total of 1 g of respirable oxide was assumed to be 
suspended by the fire. This is similar to the condition analyzed for Room 636. The ventilation 
system is assumed to be inoperable (as it would be for Room 636). The simulation modeled the 
facility doors remaining open for the first five minutes of the fire and then closing. The volume 
of the building in the NDA Lab simulation is 531 m3, 3.5 times larger than Room 636. The 
experiment in Buijs contained a 185 m3 room having 5 kg of combustible material. The facility 
modeled by Shaffer and Leonard exhausted airflow through cracks in the doors due to the action 
of a steady 30 mph wind. Direct airflow through cracks between the doors and the frame was 
modeled. The building HEPAs were assumed to remain functional at 99.98% efficient. With a 
crack width of 1 mm, the leak path factor was 0.93%; with a crack width of 2 mm, it was 2%. 
Both cases assumed a steady 30 mph wind for 18 hours. For the case of a 10 mph wind and a 
0.5 mm crack size, the leak path factor was 1.0 x 

The fire analyzed by Shaffer and Leonard is much larger than that in Glovebox 636. The 
building analyzed by Shaffer and Leonard has a volume of 53 1 m3. The volume of 2736-ZB is 
4,712 m3 (from 132 ft long, 90 ft wide and 14 ft tall). The volume of Room 636,637 and the 
corridor outside Room 636, the rooms into which the smoke and aerosol travel, is about 950 m3. 
So the volume in the Glovebox 636 fire case is larger but the fire load is much smaller. As a 
result, the leak path factor of IO4 for the IO mph wind case might be an appropriate factor to use 
for the Glovebox 636 case. 

A third leak path analysis was performed for the case of a fire in Building 371 at Rocky 
Flats (Colwell 1999). The fire was assumed to have a heat rate of 1 MW for the equivalent of 
1,000s (ramp from 0 to 1 MW in 300 s, remain at 1 MW for 600 s, ramp to 0 MW in 600 s). The 
total energy release was IO9 J, or lo6 Btu. The fire modeled in Shaffer and Leonard involved 
864 Ibs of combustibles having a heat rate of 8,000 Btdlb for a total heat input of 7 x lo6 Btu. 
The fire in Glovebox 636 had a heat output of 0.4 x lo6 Btu (from 50 Ib times 8,000 Btdlb). The 
building was about the size of 2736-ZB. A total of 1,000 g were assumed to be suspended in the 
building during the fire. The LPF for the base case of a fire with a 5 mph wind was 0.8% and 
with a 20 mph wind speed the LPF was 2.6%. Extrapolating to a 30 mph wind yields a leak path 
factor Of 4%. However with a 30 mph wind and extrapolating the effect of a larger fire yields a 
leak path factor of about 2%. These results are similar to that obtained by Shaffer and Leonard 
(of 0.1 to 5% for crack sizes of 1 to 5 mm). With no wind, the leak path factor was found to be 
0.08%. 

With no fire, Colwell(l999) found that the leak path factor was 1.8% based on the 
effects of a 5 mph wind on the facility. Both Colwell(1999) and Shaffer and Leonard (1999) 
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found that greater quantities of soot result in greater removal of the aerosol and therefore smaller 
leak path factors. 

Use of a 1.8% leak path factor for the Glovebox 636 fire case is judged to be 
inappropriate. Building 371 at Rocky Flats has roll-up doors on the docks. One of these roll-up 
doors faces the prevailing wind. The second door is 90 ' from the wind. The airflow through 
both doors is modeled so as to maximize the effect of the wind. Building 2736-ZB is surrounded 
on three sides by other PFP buildings. Only the west side is open to winds. The prevailing 
winds are from the northwest and west. Rooms 600 and 602 are on the west side of 2736-ZB. 
These rooms are not normally occupied and contain mechanical equipment. There is only one 
corridor that supplies both rooms and only one door out into the rest of the facility. The exterior 
doors are about 30 ft from the corridor. There is a door from the rooms into the corridor. This is 
much different from the Rocky Flats case where a roll up door on a dock enters a main corridor 
and a separate roll-up door is on the side of the facility. 

A leak path factor of 0.5% will be used in this analysis. The basis of the choice is as 
follows: 

1. Colwell(l999) showed a leak path factor with no fire of 1.8% but argued that for fires less 
than 1 MW a valve of 0.1% should be used based on their revised model. Sufficient detail, 
however, was not provided to assess the changes in the model that resulted in the factor of 20 
reduction in leak path factor. Assuming a duration of 10 minutes, the heat rate of the 
Glovebox 636 fire is 40,000 Btdmin or 0.7 MW. A factor of 4 reduction was judged to be 
appropriate based on the differences in building layout, and exterior features, and fire heat 
rate. A value of 0.1% could have been chosen based on the heat rate, however a value of 1% 
was suggested for fires having a heat rate of greater than 1 MW. 

2. A leak path factor of 2% was obtained by Buijs in a similar sized room having 12 air changes 
per hour. A reduction to 0.5% is judged appropriate for the Glovebox 636 fire that had no 
ventilation flow. 

6.0 RESULTS 

Use of 0.5% results in a release from the facility of: 

14.8 g (5.0 x = 0.074 g 
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