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Solid Waste Burial Ground Fire Hazard Analysis 

1.0 INTRODUCTION 

A fire hazard analysis (FHA) was performed for the Solid Waste Burial Ground 
(SWBG) PUTDR and TRU Trenches at the Department of Energy (DOE) Hanford site. 
The analysis was conducted in accordance with DOE Order 5480.7A, Fire Protection (DOE 
Order 5480.7A (2/17/93)) and addresses each of the fifteen principle elements outlined in 
paragraph 9.a.(3) of the Order. The "Guidance on Performance of Fire Hazard Analyses" 
(DOE EH-31.3 (1991)) was also used to guide the conduct of the analysis. 

This FHA was completed in draft form prior to the initiation of a testing and 
modeling task by HAI with regards to fire propagation in solid waste drums. The final 
version of this FHA was completed while the testing and model development task was still 
underway and this FHA does not make use of specific work from that task. This FHA 
should be reviewed upon completion of that task to evaluate the potential impact of insights 
and results from that task on this FHA. 

2.0 SUMMARY AND CONCLUSIONS 

The analysis included three fire scenarios identified in the SWBG that were 
considered plausible candidates for Design Based Fire (DBF). The three scenarios were as 
follows: 

(1) Diesel fuel (50 gal) was spilled at the edge of a drum array as a result of an 
accident involving drum handling equipment. The pool ignites, exposing the 
drum array; 

1 
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(2) During drum removal as part of the Pilot Unvented TRU Drum Retrieval 
Effort, a void in the drum array measuring 8 ft by 8 ft was created in the array 
which was originally soil covered. Diesel fuel (50 gal) was spilled in the void, 
exposing the drum array; 

(3) Tumbleweeds accumulates along the edge of the drum array within the trench. 
The tumbleweed is ignited and fire propagates along the drum array edge, 
exposing the drum array. 

The mechanisms for involvement of drum combustible contents are violent lid loss 
due to fire induced overpressurization of the drum and damage to the drum/lid due to 
mechanical forces associated with falling drums. While some additional release may occur 
due to the loss of lid seal integrity without lid loss, these contributions are shown to be minor 
compared to burning of drum contents from drums which experience lid loss. While the 
analysis showed that the drum arrays are quite stable and can resist toppling due to drum 
lid releases, the plywood used between tiers of the array is critical to this stability. Stability 
is ultimately lost due to burning of the plywood during pool fire exposure. The plywood 
alone is insufficient as a fuel to cause drum lid failures. The analysis provided burning rate 
and fire duration information based on the burning of combustibles in the drums. For the 
packing densities generally found in these drums, the heat release rates are modest (75 
kW/drum), but the duration is quite long (3 hours). 

Scenario 2 was found through analysis to represent the worst case scenario, resulting 
in the burning of the contents of up to 56 drums. The burning of the drums was estimated 
to continue for up to 3 hours with a heat release rate of about 4.2 MW without any 
intervention. The dispersion of radioactive material in the fire plume was calculated and 
contamination estimates were made. Recommendations to limit drum involvement include 
the investigation of the use of nylon bungs to serve as pressure relief devices to prevent 
violent lid loss. 

2 
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3.0 DESCRIPTION OF CONSTRUCTION 

The Solid Waste Burial Ground (SWBG) is an array of trenches designed for the 
storage of radioactively contaminated solid waste. A large percentage of the containers are 
55 gallon drums. The base of each TRU trench is paved with asphalt which forms the 
foundation for the drum array. The drums are stacked 12 wide, 4 high, and 12 deep. A 
small gap of 1-2 feet is allowed between 12 x 4 x 12 drum arrays. From a practical 
viewpoint, the storage may be viewed as 12 wide by 4 high with a depth equal to the length 
of the trench. The drums are arranged in a tight regular array with only incidental spacing 
between drums. The layers of the array are separated by 0.75-inch plywood sheeting to form 
a stable base for the next layer. These characteristics are uniform over the burial site for 
uncovered TRU drums. 

Other additional storage configurational elements vary from location to location 
within the burial ground site. Historically, the drum arrays have been covered with soil (see 
Figure 1). In the soil covered configuration, 0.25 inch plywood is used between tiers and the 
top of the 4 layer array is covered with 0.75-inch plywood. This is then covered with vinyl 
sheeting. A 2-inch diameter PVC vent pipe is inserted into the array at about 6 drum 
intervals along the length of the trench. The array is then covered with soil. More recently, 
the practice has been to not cover the drum arrays with soil. As such, there are areas of 
storage which include the 0.75-inch plywood and vinyl sheeting but without soil as well as 
areas where the 4 layer drum array is not covered at all. 

4.0 FIRE PROTECTION FEATURES 

There are no fixed fire protection systems for the SWBG. A trained, fully staffed fire 
department is maintained at the Hanford site which is staffed on a 24 hour, seven day per 
week basis. The response time of the fire department to the SWBG is estimated to be 5 
minutes. Hydrants are available on the perimeter of the SWBG site for use in firefighting. 

3 
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5.0 DESCRIPTION OF FIRE HAZARDS 

5.1 General 

Three fire initiation scenarios have been identified for the SWBG drum arrays. These 

scenarios are as follows: 

(1) Fifty gallons of diesel fuel is spilled at the edge of the drum array. Fuel can 
burn adjacent to the drum array or within the drum array. The fuel spill 
results from an accident involving heavy equipment being used to place or 
remove drums from the array. 

(2) During the removal of drums from the array, drums may be removed to form 
an 8 ft by 8 ft void in the drum stack. Fifty gallons of diesel fuel is spilled 
within this void and may flow within the drum array. 

(3) Tumbleweeds can accumulate along the edges of the drum array. Due to a 
wildland fire, these tumbleweeds are ignited and fire spreads along the drum 
array edge, exposing the edge drums to an external heat source. 

Before analyzing these scenarios specifically, it is necessary to develop the concepts/tools that 
will be used in the analysis. 

The major hazard of a fire involving the drum array is the release of radioactive 
material from the drums. As such, failure of the drums is a critical element of any fire 
scenario in the SWBG. Appendix A summarizes the available test data for fires exposing 
55 gallon drums with either no contents or filled with solid waste. The exposing fires are all 
pool fires in these experiments. Appendix A also includes an investigation of the effects of 
hydrogen explosions within 55 gallon drums. All the available data indicate that drums fail 
by lid loss due to an overpressure of 8 to 20 psi. Further, the DOT requirements for 17-C 
drums requires the drum to contain a 20 psi overpressure (ANSI (1991)). These 

5 
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independent sources of data, indicating a release pressure of 20 psig or less, give great 
credibility to this as a conservative release pressure for purposes of predicting the force of 
drum failure on array stability. Drums fully exposed to a pool fire environment have been 
found to fail by lid loss in 3-7 minutes of exposure with only about 15 percent of drum lids 
failing violently (i.e. with displacement of the lid from the drum). The 3-7 minute exposure 
time includes drums loaded with combustibles as well as empty drums. Empty drums tend 
to fail more rapidly than filled drums. Noncombustibles were not included in any of the 
drum contents. 

There are several phenomena which may occur when drums are exposed to fire. The 
most dramatic is violent lid failure which results in total lid removal and allows burning of 
the contents. In this report this is called lid loss failure. Loss of containment can also occur 
without the loss of the lid. The lid seal can be destroyed by the fire, creating an escape path 
for gases in the drum. This will be referred to as lid seal failure. Air will not be able to 
enter the drum with damaged seals at the rates required to support flaming combustion. 
However, pyrolysis gases generated within the drum can escape. 

5.1.1 Failure of Drums Exposed to a Diesel Fuel Fire — Worst Case Drum Exposure 

The worst case drum response to an exposure fire is that reported in the second test 
of Series B of the Sandia tests (Sandia (1979)). In this test, the lid of an unloaded, unlined, 
sealed drum was blown off after 3 minutes of fire exposure when the internal pressure of 
the drum was 20 psig (138 kPa). It was found in the research work reviewed in Appendix 
A that combustible drum contents tended to slow the drum lid failure. As such, the three 
minute exposure criterion is conservative for loaded drums. It should be noted that this worst 
case drum was also not in a drum array so that heat transfer to the drum was greater than 
expected in a tight pack drum array. 

6 
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5.1.1.1 Test Conditions 

The test conditions involved two such drums in a shallow burn pan containing 5 
gallons (0.0.189 m 3) of diesel fuel. The exact size of the pan is not reported, but the fire is 
reported to have consumed the fuel in 6.5 minutes. Since diesel fuel is available in several 
grades and the data needed to appraise the potential burning rate are not specifically 
reported in available standard references, the values reported by Babrauskas (1988) in the 
SFPE Handbook for kerosene were used as the closest approximation available. At a 
specific gravity of approximately 0.82, 5 gallons of diesel fuel (i.e., kerosene) weigh 
approximately 34.2 lb (15.5 kg). The estimated burning rate is based on the pool fire 
burning rate equation presented by Babrauskas (1988). That equation is as follows: 

where m" = mass burning rate per unit area, 
m"x = maximum burning rate per unit area (for large diameter pools) {0.039 

kg/m -s for kerosene}, 
kB = product of the extinction-absorption coefficient of the flame and the 

mean-beam-length corrector {3.5 m' 1 for kerosene (Babrauskas 
(1988))}, and 

D = pool diameter. 

Assuming that the fire burned at near full intensity for 6 minutes (360 s), the burning 
rate would be 43 g/s (i.e., 15.5 kg/360 s). Assuming a burning rate of 0.039 kg/m2-s, the 
burning surface is approximately 1.1 m 2. Converting this area to an equivalent circular pool 
produces a pool diameter of 1.2 m. Using Equation (1), above, the calculated burning rate 
per unit area is 0.0384 kg/m2-s. Based on the closeness of this result to the maximum 
burning rate, the maximum burning rate of 0.039 kg/m2-s is used. 

The Sandia report indicates that wind conditions blew the flame towards the drum 
that failed. In a quiescent condition, the flame from such a fire would be about 10 ft (3 m) 
high. For purposes of this analysis, it is assumed that the wind conditions assured that all 

7 
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exposed surfaces (i.e., the vertical sides and the top) were subjected to direct flame 
impingement. Table 1 is a compilation of data from large scale pool fire tests where the 
incident flux emitted bv a flame have been measured. 

Table 1. Large Scale Pool Fire Maximum Average Heat Flux Measurements 

Large Calorimeters kW/m2 

Gregory, Mata, Keltner (1987) 120 

Wachtell and Langhaar (1966) 85 

Anderson et al. (1974) 100 

National Academy of Science (1973) 
(average of data in the literature pre-1970) 

110 

Moodie (1987) 100 

McLain (1988) 85* 

Taylor et al. (1975) 75* 

Small Calorimeters kW/m2 ' 

Russell and Cansfield (1973) 170 

Gregory, Keltner and Mata (1987) 160 

* Object size comparable to pool fire. 

The heat fluxes in these tests ranged between 75 and 120 kW/m for large 
calorimeters. The tests by Taylor et al. (1975) and McLain (1988) involved situations where 
the object size was approximately comparable to the pool fire size. These tests, which 
produced the lowest heat flux to the target, are the tests that most nearly simulate the 
conditions in the Sandia tests. For this analysis, a conservative assumption of an average 
heat flux of 60 kW/m is assumed (i.e., indicating a lower energy input needed to cause the 
drum to fail.) 

The average heat flux of 60 kW/m" chosen is less than the average fluxes determined 
from McLain (1988) and Taylor's (1975) data. This is a reflection of the fact that the heat 
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fluxes were deduced by HAI from the test data in these references. In particular, the time 
rate of change of the liquid temperature in the container was used to deduce the heat fluxes. 
Since the experiments were not specifically designed to determine the flux and certain 
assumptions needed to be made in making these estimates, it is prudent to use a 
conservative value which is less than the two experimental determinations. 

The drum dimensions were assumed to be those reported in ANSI Standard MH2-
1991 (ANSI (1991)). Figure 2 is a diagram abstracted from that standard showing drum 
dimensions. Each drum is approximately 34.75 inches (0.88 m) high with a diameter of 22.5 
inches (0.57 m). This produces an exposed area of 20 ft2 (1.8 m 2) receiving an energy input 
of 60 kJ/s-m2 for 180 s to produce failure. The calculated energy input for failure using 
these conservative assumptions is 19.4 MJ. Most of the drums exposed to pool fire 
conditions in the Sandia tests failed after 6 to 7 minutes of exposure and required 
approximately 40-45 MJ of incident energy to produce failure. Violent lid failures in the 
LLNL tests occurred in 3-4.5 minutes. As such, the range in estimated energy exposure is 
20-45 MJ for drums exposed to a pool fire around their full perimeter. 

5.1.2 Hypothesized Pool Fire Exposure 

a. Potential Energy. Based on the density of kerosene as reported by Babrauskas 
(i.e., 820 kg/m2) fifty gallons of diesel fuel weigh approximately 342 lb (155 kg). At an 
estimated heat of combustion of 40 kJ/g the total potential heat output is 6,200 MJ. 
Ignoring any heat losses, this would be sufficient to provide 19.4 MJ to approximately 300 
drums. The use of the minimum energy required and ignoring heat losses makes this a very 
conservative estimate. This estimate could only be achieved by placing the drums arid fuel 
in an adiabatic bomb. Clearly heat losses and many other factors make this estimate an 
unachievable worst case. More realistic estimates follow. 

9 
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ANS1MH2-1991 

3.4.7 Tolerances 
Diameter over rolling hoops 23-13/32 in (595 mm) minimum 

23-15/32 in (59S mm) maximum 
Overall height 34-3/4 in ± 1/8 in (883 mm + 3.18 mm) 
All other height dimensions ± 1/8 in (± 3.18 mm) 
Center-to-center fitting 17-1/2 in ± 1/4 in (444 mm ± 6.35 mm) 
Convexity of each head 9/16 in ± 3/16 in (14.3 mm ± 4.76 mm) 
All other dimensions ± 1/16 in (± 1.59 mm) 

17-1/4 in 1438 mml MIN 
"17-3/4 in (4S1 mml MAX" 

( 

11-7/8 in 
(302 mml 

) 

22-1/2 in (572 mml 

23-7/16 in (595 mml 

< 

11 in 
(279 mml 

> 

.3/8 in (9.52 mml MIN 
3/4 in (19 mm) MAX 

34-3/4 in 
(883 mml 

11-7/8 in 
(302 mm) 

3/4 in (19 mm) {SEE NOTE 2) 

NOTES: 
(1) All metric units .ire rounded, where required, in accordance with the procedura«given in 2.2.1.2. 
(2) This dimension is applicable IO both the top and bottom heads. 

Figure 2. ANSI MH2-1991 DOT 17C Drum Dimensions 
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b. Heat Transfer Assessment. The hard surface under the drum stacks is not 
perfectly flat. It is assumed, however, that any diesel fuel that would flow under drums 
would not burn in that position but would eventually flow to an uncovered portion of the 
hard surface and feed the fire. Based on the rolling hoop diameter of 0.595 m, it is assumed 
that each drum stack occupies an area 0.61 m by 0.61 m (0.37 m 2) to account for minimal 
drum to drum spacing of about 1 cm. Given a drum area of 0.27 m 2, the area available for 
fire within the pile is 0.1 m 2 per drum. The assumed geometry is shown in Figure 3. 

The diameter of a pool fire of the same area would be 0.35 m. Applying Equation 
(1) produces an expected burning rate of 0.028 kg/m2-s. Based on the expected heat of 
combustion of 40 kJ/g and an area of 0.1 m 2 per drum, the expected resultant rate of heat 
release per drum enclosed space is 112 kW. 

The maximum average convective heat flux to the drums due to flame contact is 
about 10 kW/m2, or 18 kW over the 1.8 m 2 area of the drum. The maximum radiative flux 
can be estimated by the total radiative output of the flame. The radiative fraction for 
hydrocarbon fuels is approximately 0.35 (McCaffrey (1981)) so that the maximum radiative 
heat flow to the drum is 39 kW. In order to transfer 19.4 MJ to the drum to cause lid 
failure would require a burning time of 340 s or 5.6 minutes. This same analysis can be 
applied to the LLNL test configuration, where the drums are not as tightly packed, but 
appear to have about a 4-inch drum to drum clearance. This increased spacing enlarges the 
pool area to about 2.5 ft2 per drum and produces a heat release per drum of greater than 
250 kW. Using this heat release requires 3 minutes to allow 19.4 MJ to be transferred to 
the drum. This illustrates the importance of the tight drum spacing in determining failure 
time. 

Using this more realistic heat transfer based analysis shows that 0.95 kg of fuel must 
be burned per drum in the tight-packed array configuration to cause lid failure. Given the 
155 kg of fuel available, this yields a maximum drum lid loss of 163 drum lids. 

11 
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0.61 m 

CO 
• 

o 

0.1 m 2 

Figure 3. Drum and Void Plan Areas 
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c. Worst Case Exposing Pool Fire within the Array. The worst case fire pool that 
spreads so that the burning duration is just sufficient to heat the drums to cause lid failure 
and possible loss. Section (a) above limits this area to 300 drums, and the more detailed 
analysis of Section (b) indicates that about 163 bottom tier drums lids could fail. Both these 
assessments are conservative in that they ignore the limitations on air supply to the interior 
of the drum array. Both assume that the fire duration at a given location is just sufficient to 
cause lid loss and no longer, and both assume that the pool fire is fully within the drum 
array where more efficient heating of drums is possible. As such, 163 drums heated to 
potential lid loss by the pool fire represents a conservatively high estimate of potential drum 
involvement in fire for pool fire exposure of drums in the array. 

5.1.3 Burning of Plywood Laverfs^ 

a. Burn Through. The report of the ASTM round robin tests of the cone calorimeter 
(ASTM (1990)) indicates the average rate of heat release from pine as 106 kW/m2 when 
tested in the horizontal position with an incident flux of 25 kW/m2 and similar average heat 
release rates of 153 kW/m2 when exposed to an incident flux of 50 kW/m2. Recent tests by 
HAI showed rates of heat release of 116 and 130 kW/m2 for samples of pine tested in the 
cone calorimeter in the horizontal position when exposed to incident fluxes of 25 and 50 
kW/m , respectively. In these tests, the effective heat of combustion for pine was reported 
as 10 to 12 kJ/g. For this analysis, the heat release rate for plywood is assumed as 120 
kW/m , and the assumed effective heat of combustion is 15 kJ/g. This produces a mass loss 
rate of approximately 8 g/m2-s. Given an estimate density of 500 kg/m2 for a typical 
plywood (Gross (1985)), the fire should burn through the 0.25-inch (6 mm) plywood in about 
5 or 6 min. This indicates an average penetration rate of about 1/20 inch (1.2 mm/min). 
This is approximately twice as fast as the 1/40 inch (0.6 mm/min). traditionally attributed to 
wood and so reported by T.T. Lie (1972). Butler (as reported in Drysdale (1985)) also 
measured penetration rates of up to 1/20 inch/min at flux levels characteristic of fire 
exposures. The calculated 1/20 inch/min (1.2 mm/min) value is used in this analysis as the 
more conservative approach. The differences in using 1/20 inch/min rather than 1/40 
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inch/min is significant. Using the 1/20 inch/min value yields burning through times of 5 and 
15 minutes for 1/4 inch and 3/4 inch thick plywood, respectively. 

The above analysis also ignores the effect of moisture on the behavior of the plywood. 
Atreya and Abu-Zaid (1991) have documented the effect of moisture on ignition times. At 
35 kW/m2, the highest flux they tested, the ignition time changed from 25 s for dry wood to 
100 s for 27 percent moisture content. Lie (1972) indicates that penetration rates in wood 
are reduced by 20 percent for changes in moisture from 5 percent (about normal dry wood) 
to 20 percent moisture. 

With a 5-6 minute burn through time, it is clear that a reduced pool fire area with 
the drum array of greater duration would cause fewer drums to fail for the same amount of 
fuel. This is most clear when one considers that in order to cause failure of second tier 
drum after plywood burn through, the already failed drums in the first tier would continue 
to be heated and thus essentially wasting energy in terms of causing drum failures. Thus, 
the largest number of potential lid failures for in-pile pool exposures is obtained if the 
failures are all on the lowest tier. 

b. Impact of Plywood. Only that portion not covered by drums will burn while the 
array is in place. The area of exposed plywood is 0.1 m 2 (1.1 ft2)/drum. With a burning 
rate of 120 kW/m2 over 0.1 m 2 for a burning time of 15 min.(3/4 inch thick plywood), this 
produces a total energy release of 10.8 MJ, considerably less than the 19.4 MJ estimated to 
have been required to cause failure of the worst performing drum in the Sandia test series, 
and ignores the considerable heat losses. On this basis, it is concluded that plywood burning 
would not be sufficient to cause drum failure. 

5.1.4 Drum Array Pile Dynamics 

While tests have shown that drums fail by violent lid loss failure, there are no data 
which demonstrate that such behavior of drums in a multi-tiered array can cause opening 
of the drum whose lid failed or to cause other drums to be dislodged from the drum array. 
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The only multi-tiered drum tests conducted did not have sealed lids (Brown (1979)) so that 
pressure buildup within the lowest tier drums did not reach 20 psig before venting. 
Nonetheless, the drum array remained in place, and no drum contents burned in these tests. 
Further, even in hydrogen explosion tests conducted with a second drum atop the ignited 
drum, the lid of the ignited drum failed but was not dislodged from the drum (Beers (1983)). 
As such, all available evidence points toward the conclusion that the drum lids which fail 
while a loaded drum is above it in the array do not become dislodged and the array is not 
toppled. 

Unfortunately, the experimental evidence is not alone compelling because of the lack 
of lid seals in the multi-tier testing. Models developed in Appendix B can be used to 
analytically assess the stability of small drum arrays subjected to drum lid failures. The 
models formulate the problem as a rotational stability analysis. The lid failure imparts 
angular momentum to the drums above the failed lid, and the analysis assesses the stability 
of the drum array through a simple dynamics simulation. Venting of the drum pressure as 
the lid rotates is included in the model. 

A model was initially formulated for a single stack of drums. Later, the model was 
generalized to small drum arrays. This model was envisioned for use for up to eight drum 
stacks which can be accommodated on a 4 ft by 8 ft sheet of plywood. Both models are 
considered to be quite conservative in that the interlocking aspects of the plywood which 
impart significant stability are not fully included in the model. The models are not intended 
to represent the interlocking drum array, but rather to model a simpler array which is less 
stable than the actual arrays. This conservatism is expected to be significant as can be seen 
in the discussion of the model in Appendix B. 

Results using the single stack indicated that a four tier array with a drum mass of 80 
kg the stack was not stable. For this stack, the drum lid release pressure needed to be 
reduced to 3 psig to prevent loss of stability. This result indicates the importance of the 
plywood in allowing the stacks to act as a unit rather than each stack reacting individually. 
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The low stability of the drum array in the absence of plywood was well recognized in the 
design of the array. 

Calculations with a four tier, eight drums per tier array indicated that the array was 
quite stable for single drum lid failures. In fact, three simultaneous lid releases out of the 
eight base drums were required to cause the array to topple with a 20 psi lid release 
pressure. It is important to note that the time scale for the stack dynamic response in 
measured in fractions of a second so that simultaneous lid failure would essentially require 
the lids to fail over a period of 100 ms to approach simultaneous behavior. Given that the 
observed range of failure times in the tests summarized in Appendix A is 3-7 minutes and 
only 15 percent of the drum lids fail violently, three simultaneous failures is not a credible 
event. From this, we must find that the drum array is stable for bottom tier lid failures. 

Additional calculations were performed for 2, 3, and 4 tier stacks with release 
pressures of 10, 15, an 20 psig. The results are shown in Table 2. As one would expect, as 
the stack height decreases, the number of simultaneous lid failures require to topple the 
stack also decreases. Also as the release pressure decreases, the number of simultaneous 
lid failures increases. The trend with pressure in the four tier case is not as regular as one 
might expect due to the discrete number of drums. The 15 psig, three drum lid release just 
barely caused toppling. The 10 psig result of seven drums includes drum lids in the drum 
row nearest the point of rotation which are less effective in their contribution to the angular 
momentum due to their reduced moment arm about the point of rotation. 

Given that the average lid release pressure in the LLNL (1993) tests was about 10 
psig and only 15 percent of the drums failed violently as required to contribute to array 
destabilization, Table 2 illustrates that destabilization of even a two tier array is not 
expected. Even for the two tier case, 2-3 lids (25-37 percent of drums in the tier) must fail 
simultaneously to topple the array. Given these results for a simplified array less stable than 
those found in the SWBG, it must be concluded that the drum arrays are stable against 
drum lid failures. 
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Table 2. Number of Simultaneous Drum Lid Failures Needed to Topple an Eight Drum per Tier Array for 
a Range of Average Lid Release Pressures.* 

Stack Height 10 psig 15 psig 20 psig 

Four Tier" 7 3 3 

Three Tier 4 3 2 

Two Tier 3 2 2 

These are the minimum number of simultaneous lid failures with failures in the most 
destabilizing drum lid locations, i.e., the row away from the point of rotation. 

** Lid failures are in the lowest tier, so a two tier scenario represents lid failures in the third 
tier of a four tier array, and a four tier scenario represent lid failure in the first tier of a four 
tier array. 

5.1.4.1 Backfilled Drum Array 

We have established that the plywood could not propagate the failure of drum lids 
through the array. This assessment does not depend on any assumptions about the 
availability of air. Further, we have shown that the drum array is stable to lower tier drum 
lid failures. The backfill of the drum arrays adds to the fire safety in three important ways. 
First, the backfilled area cannot be the area of fire origin due to the insulating/isolating 
property of the fill. Second, the backfill seriously limits air availability in the array to 
support combustion. Finally, the backfill adds additional stability to the drum array 
subjected to a drum lid failure. Given the inherent safety of the drum arrays as already 
discussed and these additional safeguards, it is not possible to cause fire involvement of 
drum contents in portions of any trench which is backfilled. 

5.1.5 Drum Burning 

Based on the detailed drum contents survey of Joyce (1993), the average combustible 
load in a drum is 26 kg. In estimating a heat release rate for the drum, we will consider the 
drum contents as analogous to trash bags. The burning rates of trash bags is reviewed by 
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Babrauskas (1988). The heat release rate is determined by the size of the source in terms 
of its diameter and the packing density of the material. Of course, the drum diameter is 0.6 
m and based on the 26 kg load has a packing density of 92 kg/m3. For these characteristics, 
the heat release rate as correlated by Babrauskas (1988) is about 75 kW. Using an average 
heat of combustion of 30 kJ/g for mixed cellulosic and plastics (15 kJ/g for cellulosics and 
40 kJ/g for common plastics (Tewarson (1988)) gives a burning rate of 2.35 g/s and a burning 
time of 3 hours. 

If the SWBG drums are assumed to be represented by 95th percentile drum as 
documented by Joyce (1993), the burning rates would be reduced and the duration would 
be extended. The 95th percentile drum in the Joyce (1993) report included 42 kg of 
combustibles. This increases the combustible density to 150 kg/m . This is outside the range 
correlated in Babrauskas (1988). If we made the reasonable assumption that the heat release 
is reduced to 50 kW, the burning duration would increase to 7 hours. 

The burning times calculated in this section are for individual drums. It is expected 
to apply to arrays of multiple drums whose lids have been removed. 

5.1.6 Drum to Drum Fire Propagation 

Fire propagation through a drum array away from the initiating source requires that 
the contents of the drums to burn. This, in turn, requires that drums fail by lid loss. We 
have seen in the analysis of these phenomena that lid loss can only occur on the top tier of 
the array or by drum stack toppling after the plywood is burned through. 

The drums which topple, open, and burn are thrown away from the remainder of the 
array during toppling. As such, there is a natural separation of the burning drums from the 
remaining array which reduces the ability of the burning contents to damage the array 
drums. The lowest tier of the toppled row is expected to remain in place or fall by simple 
rotation. In either case, drum contents will not be in direct contact with the second row of 
drums. Those first row drums most likely to lose their contents due to falling will also tend 
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to be thrown the farthest from the array. Given this separation and the low burning rate 
of drum contents, it is not expected that the fire exposure to the second row drums and 
plywood would be sufficient to cause lid loss and plywood burn through. The plywood burn 
through is particularly critical and the separation of the contents fire and the edge on 
configuration factor between the contents fire and the plywood is not favorable for plywood 
heating. 

The top tier drums can fail by lid loss and burn. There are two potential mechanisms 
for fire propagation resulting from lid loss. First, the contents of the drum may remain in 
the drum and burn in place. This leads to radiative heating of the adjacent drums, which 
may cause lid loss and involvement of these adjacent drum contents. Second, the contents 
of the drum may leave the drum during lid loss. The burning contents will then land on 
drums not yet burning and may cause these drums to experience lid loss. These mechanisms 
will be evaluated in the following subsections. 

5.1.6.1 Drum to Drum Propagation via Radiation 

A heat transfer analysis is considered for a single tier array of 55-gallon storage drums 
in order to determine the extent of fire propagation given an initiating event. A 3 x 3 drum 
configuration, as shown in Figure 4, is taken as representative for the array. As an initiating 
event, a pool fire exposes the perimeter of the first row of drums providing a constant 
incident heat flux to the drum walls. As the pool fire heats the first row of drums on one 
side, the opposite wall radiates to the second row of drums. Likewise, the second row drum 
walls radiate to the third row. The failure mode criteria for the drums is determined from 
experimental test data. Because the objective of this analysis is to determine the extent of 
fire propagation and not the rate of spread, only the steady state heat transfer equations are 
applied. For this analysis, the fire propagation through the drum array is broken into two 
separate problems: 
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(1) The three drums originally exposed to the pool fire(row 1) are burning and 
radiate to adjacent drums in the next row (row 2)(the analysis focuses on only 
one of these drums but represents the behavior of any second row drum); and 

(2) A single drum burning in row 2 radiates to single adjacent drum in row 3. 

Adjacent drums are conservatively regarded as adiabatic. 

5.1.6.1.1 Shape Factor Analysis 

Although convection plays a major role in the heat transfer for a single drum, the sole 
mode of energy exchange between drums is heat radiation. This section deals with shape 
factors required for the radiation analysis. The thermal radiation to a drum is dependant 
upon the radiosity of the adjacent drums and the shape (configuration, view) factor between 
the drums. The radiosity is a function of the drum wall temperature and may be determined 
from the heat transfer energy equations. The shape factor, however, is solely a function of 
the geometry and location of the drum or drum components with respect to one another. 
The shape factor is effectively the fraction of energy leaving one surface which reaches a 
second surface. Several different shape factors are used in this analysis. The calculation and 
use of the various shape factors required are discussed below. 

Inside the Drum 

Figure 5 shows a cross sectional view of a single drum where a section of the wall, 
bounded by the angle 6, is at a higher temperature than the rest of the drum wall. This 
represents a drum being heated over a portion of its perimeter. For purposes of simplicity 
and conservativeness, it is assumed that the top and bottom of the drum are adiabatic, and 
the drum is taken as a cylinder of infinite height (which leads to simple and conservative two 
dimensional shape factors). For all of the following shape factor notations (F a . b), the first 
subscript indicates the surface which energy is leaving, and the second subscript is the 
surface which the energy is incident upon. For this configuration, there are four different 
shape factors: (1) the hot wall radiates to itself, (2) the hot wall radiates to the cold wall, 
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Figure 5. Plan View of a Drum Defining the Hot Wall Section [1] 
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(3) the cold wall radiates to itself and, (4) the cold wall radiates to the hot wall. The 
segment, x, in Figure 5, joins the points where the hot and cold wall meet. Using standard 
configuration analysis techniques, 

Fx-1 = 1 

F l - x A l = Fx-l\ 
F l - x = (VAi) 
F l - 1 = 1 - Fl-x 
F l - 1 = HA/Ai) 
F l - 2 = = 1-Fn 
F l - 2 = (A^/Aj) 

Likewise for the cold wall, 

F 2 . 2 = l - C A / A ^ 
F2-l = (Ax/A2) 

Since Aj = 6 r h 
A 2 = (2 7r - 6) r h 

and \ = 2 r h sin(6/2) 

where r is the drum radius and h is the drum height, 

F u .= 1 - (2/9) sin(8/2) F 2 . 2 = 1 - [2/(2r - 6)] sin(8/2) 
F l -2 = (2/6) sin(e/2) F ^ = [2/(2r - 8)] sin(6/2) 

For this analysis, 8 = r; therefore, 

F l -1 = F2-2 = 0-^ 
F l -2 = F2-l = 0 - 6 4 
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3 Drums - 1 Drum 

The first part of the fire propagation problem involves three drums burning radiating 
to a single drum in the opposite row. Since the wall temperature of each of the three drums 
is the same, they are treated as a single body. Rather than calculating complicated shape 
factor correlations for the curved surfaces of the three drums, they are treated as a single 
wall of infinite height extending two drum diameters between the two rows (Figure 6). This 
length was chosen because it bounds the area which radiates to the exposed drum. The 
exposed drum is approximated as a cylinder of infinite height such that the exposing wall is 
tangent to it at the wall's midpoint. Assuming the geometries to have infinite heights is a 
conservative approximation because it does not allow energy to escape the system through 
the top and bottom of the drum array. The shape factor for the exposing wall to the single 
drum is given as (Sparrow and Cess (1978)): 

FAl-A2 = [tan-^z/x) - tan-Vx)] / (z-y) 

where x = c/d, 
y = a/d, 

and z = b/d as shown in Figure 6. 

For this analysis, a = 0, b = 0.58 m, c = 0.29 m, and d = 0.29 m; therefore, 

FA1-A2 = 0-55 

The calculation of this shape factor assumes that there is no obstructions between the 
wall and the exposed drum. For the actual configuration, the drums next to the exposed 
drum block some of the incident heat flux and prevent irradiation on the back side. 
Therefore, this value for the shape factor is somewhat conservative. 
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Figure 6. Definition of Geometry for the Plate to Cylinder Configuration Factor 
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1 Drum to 1 Drum 

Since only one drum is burning in this problem, it is not appropriate to treat the 
entire row as a single body because each of the drum walls is at a different temperature. 
Therefore, it is necessary to more accurately define the geometries between the adjacent 
drums. As shown in Figure 7, a rectangle is drawn such that it encloses the space between 
the drums. The configuration factors for the drum walls are approximated as the 
configuration factors for the rectangle sides since any radiation incident upon a drum wall 
will also be incident upon the rectangle wall. For this geometry, the rectangle has equal 
length sides and a finite height equal to the height of the drum. Two shape factors result: 
(1) opposite sides and, (2) adjacent sides. 

The shape factor for drum walls opposite one another is determined from a graph 
of shape factors for two parallel plates as shown in Figure 8 (Sparrow and Cess (1978)) 
where, a is the length of the rectangle side, b is the height of the drum, and c is the distance 
between sides. For a = 0.41 m, b = 0.88 m, and c = 0.41 m, 

Fopl-op2 = ° ' 2 9 

Likewise, the shape factor for adjacent sides is determined from a graph of shape 
factors for two adjacent plates as shown in Figure 9 (Sparrow and Cess (1978) where a and 
c are the lengths of the rectangle side, 6 is the angle between the plates, and b is the height 
of the drum. For 6 = 90°, 

Fadl-ad2 = 0.25 

The shape factors defined in this section are referred to in several of the heat transfer 
energy equations. The geometries were chosen to closely represent the actual configurations 
of the drum array while at the same time certain assumptions were made to maintain a 
conservative approach to the problem. 
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Adiabatic 

Figure 7. Plan View for One Drum Burning Analysis 
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Figure 8. Definition of Geometry for Parallel Plate Configuration Factors 

Figure 9. Definition of Geometry for Adjacent Plate Configuration Factors 
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5.1.6.1.2 Drum Heat Transfer 

Three Burning Drums Exposing One Drum 

Figure 10 shows the layout for three drums burning in a row radiating to a single 
drum in the next row. Area 1 (Aj) is taken as the radiating body such that the temperature 
(Ts) is that of the burning drum walls (see Shape Factor Analysis). Areas 2 and 3 (A 2 and 
A 3) are the hot and cold wall surface areas of the exposed drum respectively. Since the 
drum is very thin (~1 mm), the surface area of the inside and outside of the drum is 
approximately equal. Also, the top and bottom of the drums are conservatively assumed 
to be adiabatic. The heat transfer energy equations are applied to the exposed drum where 
A 2 equals A 3. The incident radiant heat flux to the exposed drum is given in terms of the 
radiosity of wall A l 5 the shape factor between the drums, and the area of the exposed wall 
(Ai): 

*>-' = (ii) F i _ , a T/ (2) . QiacAj-Az _ " ^ " Ai-Aj 
*2 

where A1 = area of exposing wall (4 r h), 
A 2 = exposed drum wall area (Pi r h), 

F A 1 . A 2

 = configuration factor (0.55), 
o = Stefan Boltzmann constant (5.669 E-ll) 
T s = burning.drum wall temperature, 
r = drum radius, . 
h = drum height. 

The steady state steel temperature of the burning drums is determined from the 
energy equation applied for a constant flame heat flux impinging the inside wall of the drum. 

q'Jx - hc (Ts - TJ) - a (2TS* - Tj) = 0 (3) 
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Figure 10. Plan View of Three Burning Drums Exposing One Adjacent Drum 
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The flux from the drum contents to the drum wall has not been reported in the open 
literature. As such, we are forced to use analogies to determine a suitable bounding flux. 
Two sources of data are available for this assessment, burning wall heat transfer 
measurements and flame heat flux measurements between parallel walls. The wall fire heat 
fluxes to the burning surface were measured by Quintiere and Harkleroad (1985) and 
Hasemi (1984) who found heat fluxes to the burning surface of 20-30 kW/m2. An opposing 
wall would be expected to experience similar fluxes via flame contact a well as some 
radiation from the burning surface which would be expected to be about 15 kW/m 
(consistent with a black fuel surface at 450°C). The sum of these two fluxes is about 40 
kW/m2. Fires burning between closely spaced parallel plates has recently been studied by 
Foley and Drysdale (1994). They measured fluxes to the wall. The average flame flux 
determined from their measurements is 37 kW/m2. Thus, the two method of estimation are 
remarkably consistent though originating from different sources. 

These fluxes represent bounding heat fluxes because they assume that a gap always 
exists between the fuel and the drum wall to allow a flame over the interior of the drum 
wall. In fact, with 26 kg of combustibles and similar amounts of noncombustibles, this is not 
generally expected. Similarly, it assumes that all the air gap is used to support flame. This 
is also not possible since at least half of gap areas need to be used to supply air to allow 
burning in the fuel/drum wall gap at all. As such, assuming an average flux of half the above 
noted levels is still a bounding analysis. Thus, an average flux of 20 kW/m will be used in 
this analysis. (Ongoing testing indicates that 20 kW/m2 is the highest average flux observed). 

The heat transfer coefficient h c in Equation 2 was determined from a natural 
convection correlation for a cylinder (Holman (1990)) and is taken as 8 W/m2-KL Taking 
T ,̂ = 300 K (27°C) and applying Eqs. (1) and (2), the steady state burning drum wall 
temperature is 630 K (357°C) and the resulting incident heat flux to the target drum is 6.5 
kW/m . In order to determine the pressure rise in the exposed drum, the steady energy 
equations are applied: 

31 



WHC-SD-WM-FHA-009 Rev. 0 

K (Tx - Ta) - hc (Tx - r.) = 0 

° ( Fi-2 r A

4 + F 2 . 2 r 2

4 + r„ 4 - 2 r 2

4 ) + hc (Ta - r 2) - £ e (r 2 - r.) 

hc (r x - r a) - i2 c (r a - T2) = o 

Eq. (3) is for the hot wall exposed to the incident radiant flux, Eq. (4) is for the cold 
wall, and Eq. (5) is for the air inside the drum. Eq. (6) is the absolute pressure in the 
exposed drum assuming the air acts as an ideal gas, where p 0 and T 0 is the ambient pressure 
and temperature respectively. Solving the above equations for an incident radiant heat flux 
of 6.5 kW/m2 yields a maximum pressure rise of approximately 7 psig in the exposed drum. 
The exposed area of the target drum is heated to 230°C and the air in the drum is heated 
to 180°C. These temperatures are well below temperatures at which pyrolysis gas generation 
needs to be considered. 

One Burning Drum Exposing One Drum 

Figure 7 shows the layout for one drum burning in a row radiating to a single drum 
in the next row. Since the drums in this problem have different temperatures and because 
the rectangle used to define the shape factors between drums forms an enclosure, the energy 
equations for the two rows are coupled to include the radiant heat exchange between 
burning and non-burning drums. The drums adjacent to the center drums are assumed to 
be adiabatic to maximize radiative feedback to the exposed drum. Since all of the exposed 
surfaces have equal area, the heat transfer energy equations for the system are given as 
follows: 

< 4 > 

= 0 (5 ) 

(6 ) 
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di + ° (i".«u-.d2 TS + ^opi-cp, T3< + F a d I _ a d 2 r / - 2 T / ) - (8) 
i i c (r, - r.) = o 

° (JW-d* r / + F a d l _ a d 2 r3< + F o p i . o p 2 r / + F , . , r2< + F W r , 4 - 22^) -
2i e (r 1 - r . ) - i 2 c ( r x - r a) = o 

(9) 

o (F..2 T^ +F2_2 T 2

4 + Tj - 2T2<) * hc (Ta - T2) - hc (T2 - Tm) = 0 ( 1 0 ) 

M r i ~ TJ ~hc(Ta - T2) = 0 ( I D 

° {FoPi-oP2 T* + F a d I _ a d 2 r / + F a d I . a d 2 r / - r 3

4 ) - A c (r 3 - r.) = o ( 1 2 ) 

o (̂ ««tt-««a r a« + F o P i - o P 2 T^ + F a d l . a d 2 r 3

4 - r / ) - i2c (r 4 - r.) = o ( 1 3 ) 

Eq. (7) is for the burning drum, Eqs. (8), (9), and (10) are for the exposed drum, and 
Eqs. (11) and (12) are for the adjacent adiabatic drums. Again, the flame heat flux in Eq. 
(7) is taken as 20 kW/m . In this problem, unlike the Three Drum to One Drum 
configuration, the incident heat flux to the exposed drum is the sum of the irradiances from 
each of the drums in the array. Solving the above equations yields a maximum pressure rise 
of approximately 5.4 psig. The exposed target drum temperature is 180°C and the air 
temperature in the drum is 140°C. Here again, these temperatures will not lead to pyrolysis 
gas generation. 

5.1.6.1.3 Assessment of Drum to Drum Fire Propagation via Radiation 

The above analyses indicate that three burning drums can cause target drum 
pressures up to 7 psig and a single burning drum can generate pressures up to 5.4 psig. In 
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both cases pyrolysis of drum contents is not expected due to the low temperatures involved. 
The evidence we have for drum lid loss from the Sandia and LLNL testing is that only 0.15 
of the drums fail by lid loss and the minimum pressure observed with lid loss was 8.5 psig. 
This means that the relevant scenario for assessing fire propagation is the one drum to one 
drum scenario and the critical pressure endpoint for lid loss is 8.5 psig. The bounding 
analysis performed here indicates that this endpoint is not reached so that fire propagation 
from drum to drum via radiation is not expected. 

5.1.6.2 Drum to Drum Propagation via Expulsion of Burning Contents 

Only the top tier of the array can experience actual lid loss due to overpressure since 
the plywood burn through requires more thermal exposure than overpressure failure of the 
drum. In the available testing only 15 percent (p=0.15) of the drum lids were actually 
removed from the drum due to lid venting (3 of 22 Hasegawa et al. (1993), 3 of 17 in 
Hunter (1979)). The variance in the fraction of drums failing by lid loss is given by p(l-p)/n 
(Bowker and Leiberman (1972)). Defining the uncertainty in p as two standard deviations, 
2a, we have p=0.15±0.11. Thus, only up to 26 percent of the drum lids are expected to be 
lost. 

In the LLNL testing with 10 kg of waste in the drums, when a lid was lost, the 
contents were expelled from the drum. It is unclear if this can occur with higher more 
realistic drum loadings, but in the absence of any data for more heavily loaded drums we will 
assume that the contents may be expelled from a drum when lid loss occurs. The contents 
may be expected to be distributed both next to the array as well as on top of the array. If 
we assume that the distribution of expelled contents is symmetric about the source drum, 
then half the expelled combustible contents will fall on the array of uninvolved drums and 
the remainder will fall to the ground next to the array in the general area of the exposing 
pool fire or on already burning drums. 

If the contents burn on top of the drum array, it is highly unlikely that drum lid losses 
will result. The contents will burn from the top down with the unbumt contents insulating 
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the drum lid. When the contents are substantially burned, heat will begin to be transferred 
to the drum. Since the drum lid seal is heated directly and the drum lid area is small 
relative to the drum area, the seals are likely to fail and provide venting and overall heating 
of the drum will be minor. However, if the contents contain polyethylene (PE) which melts 
and flows, this fuel may flow both onto the drum lid and onto the plywood at the base of 
the drum. This molten PE is effectively a pool fire exposure to the drum of the sort 
discussed in Section 5.1.2b. The assumption that all plastic is PE and hence is capable of 
melt and flow behavior is a conservative assumption. In addition, the assumption that other 
noncombustible or cellulosic materials will not prevent the assumed flow of PE is also very 
conservative. 

Based on the heating calculations performed in that section a pool fire with 0.028 
kg/m2s over a void area of 0.1 m 2 for 340 s (0.028 X 0.1 X 340 = 0.95 kg PE/drum) will be 
sufficient to cause drum lid failure. Considering the relative areas of the drum (0.27 m ) 
and the void between drums (0.1 m2), this leads to a requirement of 3.5 kg of PE per drum 
(0.95 kg PE/drum * (0.27 m 2 + 0.1 m2)/0.1 m 2 = 3.5 kg PE per drum). Since an average 
drum contains about 13 kg of PE, there is sufficient PE to cause failure of 3.25 drums (13 
kg per source drum/3.5 kg per target drum = 3.25 target drums exposed per source drum) 
if the contents are optimally distributed on neighboring drums. Since only about half of the 
contents will fall on uninvolved drums and less than 0.26 of failed drums yield violent lid loss, 
each drum failure leads to about 0.42 drum lid losses (0.5 X 3.25 X 0.26). If each lid loss 
failure leads to less than one additional lid loss, then the process is not expected to continue 
indefinitely. If the probability of burning contents leading to lid loss in a neighboring drum 
is less than one, indefinite propagation of the drum fire is not possible. For a probability 
less than one the expected number of involved drums per initially lost lid, n l o s s , can be 
determined by evaluating the infinite series: 

n loss = 1 + s u m from n = 1 to infinity .p n = l/(l-p) 

where p is the probability of one lid loss leading to an additional lid loss. In this case p = 
0.42, so that nloss = 1.7. Each top tier drum which burns due to initiating source heating 
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is expected to lead to a total of 1.7 drum lid losses (including itself). This extent of drum 
to drum propagation is quite modest. 

This evaluation assumes that if plywood sheets are placed on top of the array are 
thrown clear of the affected area to allow penetration of PE melt into the top tier of the 
array. The evaluation also assumes an optimal distribution of PE from the overpressured 
drum such that the amount of PE which falls on a drum is just sufficient to cause lid failure. 
This assumes that other nonplastic contents do not interfere with this worst case distribution 
of PE. Obviously, if less optimal assumptions are used, the number of violent lid losses 
would decrease proportionately. 

5.1.6.3 Summary of Drum to Drum Fire Propagation Analyses 

The foregoing sections have demonstrated that drum to drum fire propagation remote 
from the influence of the initiating source is not possible. These analyses have considered 
each of the identifiable mechanisms for propagation and have shown that propagation is not 
expected. Of course, no testing of fire propagation in drum arrays has been reported in the 
literature so validation of these results is not possible at this time. However, the analyses 
do seem to be conservative bounding analyses which based on currently available 
information are credible. 

5.1.7 Hazardous Materials Contribution 

The hazardous materials which may be found in the SWBG are documented in WHC-
SD-W306-TI-001 Rev 1. Approximately 15 percent of drums are thought to contain 2.2 kg 
toluene and 200 g xylene. Approximately 1 percent of drums are thought to have larger 
amounts of hazardous materials. From a fire and explosion standpoint, the most notable 
extreme is 104 kg of toluene in a maximum drum. Interviews with past PFP personnel have 
indicated that up to 1200 one-pound propane bottles may be contained in the existing drum 
inventory. In light of this possibility, it may be prudent to assume that about 1 percent of 
drums contain a one pound propane tank. 
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The most important role of these hazardous materials in an incident is their 
contribution to drum overpressure and ultimate lid loss. Toluene boils at 110°C and xylene 
boils at 106°C. The 1 atmosphere (14.7 psi) vapor pressure at these very attainable 
temperatures is sufficient to cause lid loss when coupled with the modest pressure increases 
due to drum to drum radiative heat transfer (5-7 psig) (see Section 5.1.6). Similarly, the 
venting of a propane tank into the drum is sure to cause violent failure as the liquified gas 
vaporizes in the drum. It is unclear what pressures and temperatures are required for this 
type of failure, but given the normal tank pressure of about 110 psig and the potential for 
tank degradation, violent tank failure cannot be excluded. The real question is how many 
of the propane tanks are vented empty tanks and how many are sealed and partially filled. 
There is no way to estimate this critical fraction. 

The heat content of the hazardous materials is not of any great significance. Even 
heating due to fireballs resulting from violent venting of a propane tank is not expected to 
be a significant contributor to fire development due to the moderate heat fluxes involved 
and the very limited duration. 

The key effect of the volatile liquid hazardous material is its ability to reduce the 
required heat input to cause overpressures and lid loss. We know that temperatures in the 
drum required to generate overpressures on the order of 10 psig, the low end of the 
pressures observed at lid failure, is about 220°C from the ideal gas law. If volatile liquids 
can cause the generation of gases at half this temperature, it is clear that the heat input to 
a drum with volatile liquids absorbed on the contents would be much easier to overpressure 
than normal combustibles. This assumes that the volatile liquids are not significantly 
insulated by drum contents. 

Applying this rationale to the either of the above drum to drum propagation models 
developed in Section 5.1.6 yields thermal conditions which would be expected to generate 
overpressures sufficient to cause lid loss. This approach does not include seal failure and 
venting, as well as internal heat transfer considerations(i.e. insulation of the volatile liquids 
by contents). As such, we can only say that we have not been able to exclude the possibility 
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of lid loss via heating from adjacent drums or expelled contents when free volatile liquids 
are present in the drum. 

For the radiation model, the steady state drum contents temperature is above the 
boiling points of toluene and xylene. The quantities of these materials present are more 
than enough to cause the required overpressures. Since 16 per cent of the drums have these 
hazardous materials, we expect a burning drum to be next to one other hazmat drum. The 
only thing which can stop propagation would be if a break in adjacent hazmat drums occurs 
in the array. While this may occur for individual drums, we have no basis for assuming that 
such breaks will occur since there is no data available on the distribution of hazardous 
materials drums in the array. It is entirely possible that hazardous materials drums are 
present in groups rather than randomly. 

Considering the second mechanism involving the loss and burning of contents which 
cause failure of adjacent drums, we find the same result. With the reduced heat input 
requirements, the number of drums which can be heated to failure by a single drum's 
contents is increased. If this number is increased by a factor of 2.5, indefinite propagation 
is expected. While it is difficult to assess this factor, a value of 2 or more is certainly 
plausible, given the reduction in temperature required for failure pressure from about 200°C 
to 100°C. Given the reduced heat input expected, it must be concluded that propagation 
cannot be excluded. 

These results indicate that propagation of the fire from drum to drum on the top tier 
of the uncovered drum arrays may indeed be possible in the presence of about 16 percent 
hazmat drums. While this cannot be assured by the present estimates, neither can 
propagation be ruled out. It seems prudent under these circumstances to assume that 
propagation occurs between hazmat drums. This applies only to the top tier of uncovered 
drum arrays. With 16 percent hazmat drums and a probability of lid loss of 25 percent, 
about 4 percent of the top tier drums of an open array will burn and the remainder of the 
16 percent hazmat drums will experience lid seal failure without lid loss. This leads to a 
total of 4 drums consumed (26 kg burned) and 12 drums with seal only failure (1 kg loss) 
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per 100 drums on the top tier. This yields 116 kg of contents lost per 100 top tier drum. 
This should be added to the local effects of the initiating source, if hazmat are present in 
the expected fraction of the drums. 

The largest uncovered trench array is 1.5 modules or a 12 X 18 array of drums, so 
that 216 top tier drums are present. As such hazardous materials effects can contribute up 
to 8 drum lid failures and 26 drum seal failures. 

5.2 Scenario Hazard Assessments 

5.2.1 Scenario 1: 50 gallon spill of diesel at the edge of the drum arrav 

For this scenario, the fuel is assumed to spill near the drum array, but the array is 
assumed to not be physically disrupted by the spill event or other outside event. Based on 
the analysis of Section 5.1, up to 165 drums could be exposed and fail by lid overpressure 
release due to the diesel fuel spill. However, based on the stability of the drum array, this 
would not lead to displacement of the drum lids and involvement of the drum contents. As 
such, the extensive penetration of the drum array by the fuel spill does not represent a worst 
case scenario. 

With the spill adjacent to the array, it is possible to expose drums on all tiers to heat 
from the fire. Based on the drum array stability analysis, only the drums on the top tier at 
the edge row are at risk of fire involvement. The involvement of the top tier of drums 
requires a flame height which is at least to the top of the array. The worst case 
configuration is a line type pool fire whose flame height is to the top of the array and lasts 
the 3 minutes conservatively estimated to cause lid failure. This represents a fuel spill which 
flows along the trench at the edge of the drum array. 

Several investigations of line fires indicate that the flame height can be correlated as 
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Lf = A02/2' < 1 4 > 

where A is 0.029, 0.034, and 0.056 m/tkW/m) 2 3 as determined by Achmad (1979), 
Delichatsios (1984), and Hasemi (1984), respectively. For this application, the taller Hasemi 
correlation is the most conservative and will be used here, since there is no identifiable 
rationale for the different constants. The use of the lower values of A would linearly reduce 
the length of the worst case line fire and would linearly decrease the number of drums 
affected. Based on a drum array height of 3.5 m, the Hasemi correlation yields 500 kW/m 
heat release. Using a 3 minute burn duration required to cause drum failure and the 6,200 
MJ energy content of 50 gal of diesel fuel yields a 69 m long line fire exposing 112 drum 
stacks. The array is stable for this exposure, and the top tier drum is the only drum 
expected to experience actual lid loss. 

In the available testing only 15 percent (p=0.15) of the drum lids were actually 
removed from the drum due to lid venting (3 of 22 Hasegawa et al. (1993), 3 of 17 in 
Hunter (1979)). The variance in the fraction of drums failing by lid loss is given by p(l-p)/n 
(Bowker and Leiberman (1972)). Defining the uncertainty in p as two standard deviations, 
2a, we have p=0.15±0.11. Using p+2a = 0.26 as the fraction of drums which fail with lid 
loss, the contents of approximately 29 drums of the 112 top tier drums vented would be 
expected to experience lid loss and burn. Lower tier exposed drums will experience lid seal 
failure only due to the stability of the array. 

This represents a very conservative analysis of this exposure. The fuel is assumed to 
spill in the least advantageous way (fuel spills and flows along the edge of the edge of the 
array without flowing into the array or away from the array to the worst case fuel depth and 
length) and is assumed to not be at all absorbed by the sandy soil at the edge of the drum 
array. The most conservative flame height correlation is used, and the flame exposure time 
used is the minimum observed for failure for flame exposure on all sides when in this 
scenario only a single side exposure is possible. The analysis also assumes at least an 
average heat flux of 60 kW/m2 (see Section 5.1.1.1) whereas the typical flux at the flame tip 
is about 20 kW/m2. 
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Based on the drum burning behavior developed in Section 5.1.5, the drums are 
expected to burn for 3 hours at a combined heat release rate of 2.2 MW (29 drums X 75 
kW/drum). The pool fire exposes 448 drums (112 X 4). Of these only 29 drums experience 
lid loss and the remaining 419 are expected to experience lid seal failure. The total mass 
loss for this scenario is 754 kg burned (26 kg/drum X 29 drums) and 419 kg lost via seal 
failures. 

An alternate scenario for this situation is to have a spill width sufficient to yield an 
optically thick flame which could burn out the stabilizing plywood around the edge row 
drums. An optically thick flame would require a spill width of about 1 m for diesel fuel. 
This is based on the observation that the width of a trench fire required to be optically thick 
is about the same as the diameter of a pool to assure an optically thick flame (Mudan and 
Croce (1988). For hydrocarbon pools, a diameter of one meter is needed for optically thick 
flames (Babrauskas (1988)). 

Based on a spill width of 1 m and a burning rate per unit area of 1.6 MW/m (see 
Section 5.1.1), we have a burning rate per unit length of 1600 kW/m. While this is a single 
sided flame exposure, the heat fluxes associated with this size pool fire can be as high as 120 
kW/m2 as shown in Table 1 and lid failure is assumed to occur. With a plywood burn 
through time of about 15 minutes(3/4 inch thick plywood), this yields a spill length of 4.3 m 
or 7 drums. One would expect the drums to vent prior to plywood burn out. As such, at 
the time of the plywood burn out there would be no violent venting of drums. 

The only experiments which have been conducted with four tier arrays of drums is 
the INEL tests documented by Brown (1979). In these tests a two by two by four tier tall 
array of drums was exposed to a pool fire next to plywood storage boxes. The plywood 
between several of the tiers was burned out, but the array remained in place through the 
whole test. Despite this evidence, the drums directly exposed to flames will be assumed to 

o 

fall or otherwise loose their lids. It is assumed that all the 28 exposed drums experience lid 
seal failure (not necessarily violent failure) and the lid is removed during toppling. Thus, 
we have a total of 28 drums which topple and contribute fuel. 
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The drums which topple, open, and burn are thrown away from the remainder of the 
array during toppling. As such there is a natural separation of the burning drums from the 
remaining array which reduces the ability of the burning contents to damage the array 
drums. The lowest tier of the toppled row is expected to remain in place or fall by simple 
rotation. In either case, drum contents will not be in direct contact with the second row of 
drums. Those first row drums most likely to lose their contents due to falling will also tend 
to be thrown farthest from the array. Given this separation, the low burning rate of drum 
contents, and the analysis of Section 5.1.6, it is not expected that the fire exposure to the 
second row drums and plywood would be sufficient to cause lid loss and plywood burn 
through. The plywood burn through is particularly critical and the separation of the contents 
fire and the edge on configuration factor between the contents fire and the plywood is not 
favorable for plywood heating. 

Only the top tier of the array can experience actual lid loss due to overpressure since 
the plywood burn through requires more thermal exposure than overpressure failure of the 
drum. As discussed earlier in this section, only up to 26 percent of the drum lids are 
expected to be lost. In the LLNL testing with 10 kg of waste in the drums, when a lid was 
lost, the contents were expelled from the drum. It is unclear if this can occur with higher 
more realistic drum loadings, but in the absence of any data for more heavily loaded drums 
we will assume that the contents may be expelled from a drum when lid loss occurs. This 
means in this scenario that 2 top tier drums (7 X 0.26) are expected to expel their contents 
prior to toppling the first row drums. As such, the contents may be expected to be 
distributed both next to the array as well as on top of the array. If we assume that the 
distribution of expelled contents is symmetric about the source drum, then half the expelled 
combustible contents (0.5 X 26 kg/drum X 2 drums = 26 kg) will fall on the array and the 
remainder will fall to the ground next to the array in the general area of the exposing pool 
fire. 

If the contents burn on top of the drum array, it is highly unlikely that drum lid losses 
will result. The contents will burn from the top down with the unburnt contents insulating 
the drum lid. When the contents are substantially burned, heat will begin to be transferred 
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to the drum. Since the drum lid seal is heated directly and the drum lid area is small 

relative to the drum area, the seals are likely to fail and provide venting and overall heating 

of the drum will be minor. However, if the contents contain polyethylene (PE) which melts 

and flows, this fuel will flow both onto the drum lid and onto the plywood at the base of the 

drum. This molten PE is effectively a pool fire exposure to the drum of the sort discussed 

in Section 5.1.2b. 

As developed in Section 5.1.2b n l o s s , the number of drums lost per exposed drum is 
1.7. With 7 top row drums exposed to the pool fire, the expected number of initial drum 
lid losses is 2 drums. Each of these drums are expected to lead to a total of 1.7 drum lid 
losses (including itself). Thus, we expect a total of 4 drum lid losses (2 X 1.7 rounded up) 
in the top tier under the conservative assumptions of this evaluation. This evaluation 
assumes that if plywood sheets are placed on top of the array are thrown clear of the 
affected area to allow penetration of PE melt into the top tier of the array. The evaluation 
also assumes an optimal distribution of PE from the overpressured drum such that the 
amount of PE which falls on a drum is just sufficient to cause lid failure. Obviously, if less 
optimal assumptions are used, the number of violent lid loses would decrease 
proportionately. 

In addition to the drums which experience lid loss and complete contents burning, 
some drums will experience lid seal loss without lid loss. These drums cannot burn because 
of the inability to transport air into the drum at a rate sufficient to sustain combustion. 
Based on the results of the LLNL testing, such drums exposed to a pool fire were found to 
experience about 1 kg of mass loss which contributes to the radiological source term. For 
purposes of this analysis we will assume that any drum exposed to the fire will sustain 
sufficient seal damage to allow behavior similar to the LLNL testing. Drums so exposed 
include the second row in the lowest three tiers and the adjacent drums at the end of the 
first row (3X7 + 2 X 3 = 60). On the top tier the drums with seal failure include those 
exposed to expelled contents fires. Since 3 drums fail exposing 4 drums each, there are up 
to 12 drums exposed to contents fires. This extends beyond the second row on this tier. 
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The total drums which experience lid seal failure without lid loss is estimated to be 72 
drums, adding an additional 72 kg total to the material consumed in the fire. 

The drum burning rate estimate made in Section 5.1.5 does not include the possibility 
that the drum contents might be distributed by drum toppling. Ignoring this behavior, the 
Section 5.1.5 results yield a total heat release rate of 2.4 MW for 3 hours (28 toppled drums 
plus 4 top tier drums @ 75 kW each). The total material consumed in the fire is 32 drums 
@ 26 kg/drum (832 kg) plus 72 drums @ 1 kg (72 kg) for a total mass of combustibles 
consumed of 904 kg. Dispersal of the drum contents prior to burning could increase the 
burning rate while reducing the duration, though the product of heat release rate and 
duration must be a constant. 

This alternate scenario results in somewhat more material lost via drum contents 
burning(832 kg vs 754 kg), but less mass lost via seal failures( 72 kg vs 419 kg) relative to 
the first scenario developed. The total mass lost is greatest in the first scenario developed, 
1173 kg. This first scenario will be taken as the worst case. 

These determinations do not include the hazardous materials contributions as 
described in Section 5.1.7. Adding the 8 drum lid losses and 26 drum seal losses from 
hazardous materials effects, we find that the total drum lid losses is 37 (962 kg) and the total 
drum seal failures is 445 (445 kg). The drum burning heat release rate is 2.8 MW for 3 
hours. 

5.2.2 Scenario 2: 50 gallon spill of diesel in a 8 ft bv 8 ft void in the drum array 

This scenario includes burning diesel fuel in the void created by drum removal. This 
scenario only applies to backfilled trenches, since the removal of drums is caused by the pilot 
retrieval project which applies only to backfilled trenches. The void geometry is shown in 
Figure 11. 

44 



WHC-SD-WM-FHA-009 Rev. 0 

Drums stacks stabilized by plywood and backfill 

Dium stacks not stabilized by plywood and backfill 

Figure 11. Drum Array Void Plan 
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The burning rate of diesel in the void can be determined using the methods used in 
Section 5.1.1. This results in 1.6 MW/m2 and a heat release rate of 9.2 MW. For 155 kg 
of fuel (50 gallons), this gives a burning duration of 11 minutes. Using the Heskestad flame 
height correlation (Heskestad (1983)) 

Lf = 0 .23 Q2/s - 1.021? [m,kW] (15) 

and using the edge length of the pool as D yields a flame height of 6.5 m or about twice the 
drum array height. This flame height and burning duration will certainly be sufficient to 
cause lid failure in all drums directly adjacent to the void. While this is a single sided flame 
exposure, the heat fluxes associated with this size pool fire can be as high as 120 kW/m2 as 
shown in Table 1. 

Based on the assessments of Section 5.1, only the adjacent drums on the upper level 
will actually have their lids removed to allow fire involvement of the drum contents. 
However, additional drums could become involved if they fall from the drum array. As we 
have seen in Section 5.1.4, the stability of the array with the plywood in place is excellent. 
As such, the plywood must be burned in order to destabilize the drums. As discussed in 
Section 5.1.3, the 1/4 inch thick plywood could bum through in about five minutes of fire 
exposure. 

Assuming that the plywood surrounding the edge drum can be exposed by the pool 
fire, the edge drums would be destabilized in about 5 minutes. This is quite conservative in 
that the pool fire as specified does not directly impinge on the plywood. Assuming that the 
drums topple at this time, there may be sufficient exposure time to the second row of drums 
to just cause the 1/4 inch plywood to bum out prior to pool fire bumout. This is quite 
conservative in that the 8 x 8 ft void pool fire is heating the second drum row without direct 
flame contact and the burning rate of the pool is reduced by the toppled first row drums. 
However, one would expect the drums to vent prior to plywood bum out. As such, at the 
time of the plywood bum out there would be no violent venting of drums and the backfilled 
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soil above the stacks would stabilize the pile. As such, the second row of drums would vent, 
but would not be expected to loose lids and allow the contents to burn. The only 
experiments which have been conducted with four tier arrays of drums is the INEL tests 
documented by Brown (1979). In these tests a two by two by four tier tall array of drums 
was exposed to a pool fire next to plywood storage boxes. The plywood between several of 
the tiers was burned out, but the array remained in place through the whole test. 

This scenario would result in 14 first row stacks to topple. While the base tier is not 
expected to topple, these drums are expected to experience lid loss and burn. With four 
tiers of exposed drums we expect 56 drums whose lid seals fail and topple. It must be 
assumed that all of these drums experience sufficient forces to dislodge their lids and 
contribute to the-fire. Based on the analysis of Section 5.1.5 on drum burning, the drum fire 
heat release rate will be 4.2 MW for 3 hours. The 18 stacks of drums in the second row 
from the void will experience lid seal failure, but will not burn actively since the lids are not 
displaced. Thus, the total combustibles expected to be consumed is 56 drums @ 26 kg/drum 
(1456 kg) plus 72 drums @ 1 kg/drum (72 kg) for a total of 1528 kg. 

5.2.3 Scenario 3: Burning tumbleweeds along edge of the drum array 

The collection of tumbleweeds along the edge of the drum arrays is a known 
phenomena. In the event of ignition of the tumbleweeds by a wildland fire or other cause 
the full length of a drum array could be exposed to a tumbleweed fire. The intensity of such 
fires is well known and results from the dry thin fuel elements. The thin fuel yields high 
heat release rates but also results in relatively short fire duration. Gross (1962) and Thomas 
(1974) have studied the burning of wood sticks. Their results indicate that an active burning 
duration of 3 minutes requires a stick thickness of approximately 1.2 cm. Since the typical 
stick thickness of tumbleweed is less than 1.2 cm and the density of tumbleweed is less than 
wood, the duration of burning is not sufficient to cause failure of exposed drums. 
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6.0 PROTECTION OF ESSENTIAL SAFETY CLASS SYSTEMS 

The SWBG has no safety class systems. 

7.0 LIFE SAFETY CONSIDERATIONS 

The SWBG is an outdoor facility which is not normally occupied. As such, the 
normal concerns regarding life safety are not applicable. Life safety concerns are applicable 
to personnel involved in drum handling operations involving diesel fueled heavy equipment. 
Fires involving diesel fuel are expected to present serious thermal hazards to personnel in 
and near the pool fire. The arrangement of the trenches would allow free escape from such 
a pool fire incident. 

8.0 CRITICAL PROCESS EQUIPMENT 

There is no critical process equipment associated with the SWBG. 

9.0 HIGH VALUE PROPERTY 

There is no high value property associated with the SWBG. Costs associated with a 
fire incident are dominated by repackaging and remediation costs. 

10.0 DAMAGE POTENTIAL 

The fire damage potential was assessed for three scenarios. Scenario 2 involved the 
burning of the drum contents of 56 drums over a period of 3 hours. Scenario 1 involved 37 
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drums burning over the same 3 hour period. Scenario 3 did not result in any drum contents 
burning. The following analysis focuses on Scenario 2. Since there are no automatic fire 
systems in place, the MCFL and MPFL are formally the same. Following the discussion of 
the MPFL, an assessment of the fire department effect on the loss is included. 

10.1 Maximum Possible Fire Loss (MPFL) 

As developed in Section 5.2.2, Scenario 2 results in a 4.2 MW fire which lasts 3 hours. 
Without fire department intervention, this release of heat and mass will occur. Additional 
drums are not expected to be involved. The total combustibles expected to be consumed 
is 56 drums @ 26 kg/drum (1456 kg) (active burning) plus 72 drums @ 1 kg/drum (72 kg) 
(pyrolysis from seal failures) for a total of 1528 kg. 

The heat release rate of diesel pool fire in the void is 9.2 MW. For 155 kg of fuel 
(50 gallons), this gives a burning duration of 11 minutes. This is sufficiently short with 
respect to the drum burning that the buoyancy of the initial pool fire will have little effect 
on the plume dispersion of radioactive materials released during drum burning. 

10.2 Fire Department Intervention Effectiveness 

Scenario 1 is initiated while drum handling operations are in progress at the SWBG 
so that detection of the fire will be by onsite operating personnel at the onset of the incident 
and will report the fire by radio. The fire department will be notified and would be 
expected to be on the scene in 6 minutes from pool fire initiation. At this point in time, the 
fire will have propagated over the full length of the spill. This is based on 69 m pool length 
with central ignition and a flame spread rate of 10 cm/s typical of combustible liquids ( 34.5 
m /O.l m/s = 345 s = 5.75 min). With half the length of the pool having been burning for 
3 minutes or more prior to arrival, half the ultimate lid losses would be expected to have 
already occurred. Setup for attacking the fire would require approximately two minutes. 
Based on the three minute exposure assumed to cause lid loss, it is not expected that the fire 
department could prevent many lid losses at the time they are operational. 
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It will be necessary for the fire department to move into the trench edge to extinguish 
the drum contents fire. This will be a slow process. The burning drums are on the top tier 
and contents will have been partially expelled onto the ground and onto the array. Until the 
drums have been individually removed, residual fires in some or all drums are to be 
expected. 

Table 3 shows an estimate of the burning rate as a percent of the free burn estimate 
as a function of time during the extinguishment process. Time zero is the time at which the 
edge drums topple. Based on the timetable, 3.5 percent of the combustible drum contents 
are consumed. With 28 drums involved, the 100 percent of freeburn corresponds to 2.2 MW 
and a mass loss rate of 70 g/s. The 3.5 percent of total combustible consumed corresponds 
to less than 26 kg of combustibles. 

Table 3. Fire Suppression Timetable for Scenario 1 

Time After 
Ignition (min.) 

Percent of Free 
Burning Rate 

Fire Department Actions 

6 100 FD arrives on scene(6 min. after ignition) 
(drums ignite uniformly over the period 3-9 minutes after 
pool ignition with an average of 6 minutes) 

8 100 Water/foam application begins 

9 ' 20 Knockdown complete 

24 1 Suppression of active flames in individual drums complete 

240 0 Drum removal and extinction of residual flame/smoldering 
complete 

Scenario 2 is initiated while drum handling operations are in progress at the SWBG 
so that detection of the fire will be by onsite operating personnel at the onset of the incident 
and will report the fire by radio. The fire department will be notified and would be 
expected to be on the scene in 6 minutes from pool fire initiation. At this point in time, the 
first row would be expected to be toppling due to the burnout of the plywood stabilizing 
sheets (14 x 4 drums). Setup for attacking the fire would require approximately two 
minutes, and knockdown of the pool fire would occur within an additional minute. At this 
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point in time, up to 56 drums will have toppled into the pool so that actual extinction of the 

pool fire will be difficult due to the severe obstructions. 

Once a secure foam blanket has been established on the pool, it will be necessary for 
the fire department to move into the void area filled partially with toppled drums to 
extinguish the drum contents fire. This will be a slow process. After the drums have been 
extinguished as best one can in the toppled array, the drums will need to be systematically 
removed. Until the drums have been individually removed, residual fires in some or all 
drums are to be expected. 

Table 4 shows an estimate of the burning rate as a percent of the free burn estimate 
as a function of time during the extinguishment process. Time zero is the time at which the 
edge drums topple. Based on the timetable, less than 3 percent of the combustible drum 
contents are consumed. With 56 drums involved, the 100 percent of freeburn corresponds 
to 4.2 MW and a mass loss rate of 140 g/s. The 3 percent of total combustible consumed 
corresponds to less than 44 kg of combustibles. 

Table 4. Fire Suppression Timetable for Scenario 2 

Time After Drums 
Topple (min.) 

Percent of Free 
Burning Rate 

Fire Department Actions 

0 100 FD arrives on scene(6 min. after ignition) 

2 100 Foam application begins 

3 20 Knockdown complete 

18 1 Suppression of active flames in individual drums complete 

240 0 Drums removal and extinction of residual flame/smoldering 
complete 
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11.0 FIRE DEPARTMENT/BRIGADE RESPONSE 

A trained, fully staffed fire department is maintained at the Hanford site which is 
staffed on a 24 hour, seven day per week basis. The response time of the fire department 
to the SWBG is estimated to be 5 minutes with an additional 1 minute notification time for 
the scenarios discussed in Section 10. Hydrants are available on the perimeter of the SWBG 
site for use in firefighting. The actions expected in a major incident are included in Section 
10.1. 

12.0 RECOVERY POTENTIAL 

Since the SWBG is a storage site, the resumption of operations is not a major issue. 
Storage of additional drums within the fire affected trench will not immediately be possible, 
but other trenches will not be affected by the fire directly. Contamination of other trenches 
can, however, occur due to dispersion of radioactive material. Beyond the initial fire 
department actions, recovery activities required include securing the remaining drum 
contents, repackaging these contents, decontamination of the surrounding soil and drums, 
inspection of nearby drums, collection of fire department water runoff within the trench as 
possible, and reassembly of the drum arrays. These tasks will require a major effort 
extending over a period of many months. 

13.0 POTENTIAL FOR A TOXICOLOGICAL, BIOLOGICAL, AND/OR 
RADIOLOGICAL INCIDENT DUE TO A FIRE 

The dose assessment, deposition calculations, etc. will be done by WHC and 
transmitted to HAI for incorporation into the FHA. 

52 



WHC-SD-WM-FHA-009 Rev. 0 

14.0 EMERGENCY PLANNING 

The SWBG Emergency Plan provides a system of planned responses to minimize risks 
to personnel, equipment, and the environment in the event of an emergency. The SWBG 
Building Emergency Director(BED) is at all times either on the facility premises or on call 
with the responsibility for coordinating all emergency response measures. The SWBG BED 
is thoroughly familiar with all operations and activities at the SWBG facility, the location and 
properties of all wastes handled, the location of all records within the facility, and the facility 
layout. He has authority to commit the resources needed to carry out the Emergency Plan. 

15.0 SECURITY AND SAFEGUARDS CONSIDERATIONS RELATED TO FIRE 

PROTECTION 

The SWBG is located within a secure/protected area. There are no 
security/safeguards in place which impact the likelihood or severity of a fire incident. Fire 
department access is not affected adversely by an security systems or procedures. 

16.0 NATURAL HAZARDS IMPACT ON FIRE SAFETY 

The impact of wildland fires on fire safety are directly addressed in Scenario 3 
(Section 5.2.3). While the tumbleweed fire exposure will cause damage to the adjacent 
drums, burning of the drum contents is not expected. 

Floods would have no effect of SWBG fire safety, and tornadoes are not expected 
to have any fire safety impact since drum handling operations would not be allowed under 
such conditions and without fuel associated with these operations, there are not credible 
scenarios. 
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Earthquakes could cause toppling of the uncovered drum arrays. If a fire and an 
earthquake did occur at the same time, it is reasonable to assume that the drums breached 
by earthquake induced toppling would be burned and would be in addition to any fire 
induced breaching and burning. However, there is insufficient information available to assess 
the effects of earthquakes on the drum array and the interaction of these effects with fire 
scenarios. Further examination of this issue should be pursued. 

17.0 EXPOSURE FIRE POTENTIAL 

Fire propagation from one trench to an adjacent trench cannot be supported based 
on the very limited heat release rates, the substantial separation distance, and the geometry 
of the trenches (i.e., the separation of trenches by earth mounds). 

18.0 RECOMMENDATIONS 

The use of pressure relief devices on drum lids could eliminate violent lid losses and 
hence involvement of drum contents. The LLNL (Hasegawa et al. (1993)) test series 
showed that filters on TRU drums prevented the buildup pressure beyond 2-3 psi and 
thereby prevented violent lid failure. The Sandia tests (Hunter (1979)) showed that a 1/8-in. 
diameter vent was inadequate to prevent violent lid loss. Experiments with flammable liquid 
drums have shown that the use of nylon bungs are effective in preventing BLEVE's of these 
drums (Tavares and Delichatsios (1981)). While testing of these bungs with sob'd waste 
drums should be performed prior to any decision to use nylon bungs, this method of 
pressure relief is promising in that it is passive, reliable, and only operates in fire conditions 
due to heating. 
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Appendix A 
Review of Fire Test Literature on Solid Waste Drum Storage 

Summary 

A limited number of tests have been conducted on the response of 17C drums to pool 
fire exposures and internal explosions (A1-A4). The general results of this testing indicate 
that drums exposed to pool fires may vent at the lid seal, in some cases throwing the lid 
some distance and scattering some of the contents. In other cases, the failure of the drum 
seal results in gas or flame jetting only. Testing involving multi-tiered arrays of drums 
indicates that, while lower tier drums may vent violently, the pile of drums is not disrupted 
and the contents of the array remain in the drums. The 0.25-in. plywood between tiers acts 
as a thermal/flame barrier until it burns through. Internal hydrogen explosion tests show 
that drum failure is by drum lid seal failure just as in the pool fire tests. Internal explosions 
can lead to loss of the lid and some of the contents. The pool fire tests and the explosion 
tests indicate that drum lid seal failures occur over a range of pressure of 1 to 20 psi. 

While failure of the drum via drum seam failure is possible, none have been observed 
in testing. As such, drum failures seem to occur by lid loss via drum overpressure. In many 
cases lid seals can fail without lid loss. While materials can be lost via pyrolsis without lid 
loss, active burning of contents requires lid loss. 

Pool Fire Exposure Tests 

SANLCA1"): Tests of 17C solid waste drums exposed to pool fires were conducted 
by Sandia Laboratories (Al) in support of waste acceptance criteria and hazard analysis for 
the WIPP site. Two types of tests were conducted. The first test type twelve drums were 
placed in a 10-ft diameter salt-filled pan, and 50 gallons of diesel fuel was added and ignited. 
Some of the drums were filled with simulated combustible wastes. Some had plastic liners 
while others did not. Some of the drums had 1/8-inch vent holes, and others were sealed. 
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Of the twelve drums tested, one vented unlined drum failed by violently blowing the lid and 
some contents out of the drum. Two other lined drums vented by flaring, and one lined 
drum ruptured at the base of the drum late in the test. Eight other drums did not vent or 
fail. Wind effects may have affected the uniformity of the pool fire exposure. Venting of 
the drums with 1/8-inch hole did not affect drum behavior. 

In a second type of pool fire test, one plastic lined and one unlined drums were 
exposed to pool fires (no salt bed) with durations of 6.5-8 minutes. In one test, the drums 
were filled with combustibles while in the other test the drums were empty. The unlined 
drums failed via lid loss with the unfilled drum failing in 3 minutes (internal pressure of 20 
psig) and the filled drum failing in 5 minutes (internal pressure of 14 psig). The plastic lined 
drums did not fail during the tests. 

Of the 16 drums tested, three violently blew their lids. All the drums which failed by 
lid loss were unlined drums. Of the 5 unlined drums tested, three failed by lid loss. The 
most rapid lid loss was 3 minutes for the unfilled drum. The other two lid failures were 
filled drums and occurred in 5-7 minutes. This indicates that the contents of the drums is 
acting as a heat sink, slowing the venting process. Further, the plastic drum lining appeared 
to prevent lid loss failures. Drum venting failures for lined drums were all flare/jet failures 
and did not result in lid loss. The largest jet flame was 4 feet long. 

TNEUA2): Two tests were performed with DOT 17C drums and DOT 7A boxes. 
The first test included five 17C drums in a 6 feet square salt filled pan with 15 gallons of 
diesel fuel. The drums were plastic lined and the lids were not sealed. All five drum lids 
popped in the first 3-5 minutes of the intense exposure. 

In the second test, 16 drums were stacked in four tiers with 3/8-inch plywood between 
the tiers. The stacking arrangement is that of interest for the SWBG. Again, the drums 
were not sealed in this test, and plastic drum liners were used. In this test, no salt was 
present in the burn pan. Venting of the drums began at 3 minutes into the exposure, and 
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the pan fire burned for 15 minutes. While the drums vented, the four tier stack was not 
disrupted. Some lids were dislodged during venting so that flame jet issued from the lid. 

In these tests, plastic lined drums did vent, but the drums were not sealed. Based on 
the SANL tests and other tests on 17C drums, it is not clear if these drums would have 
vented if sealed. While the unsealed drums in the 4 tier array did vent and did not affect 
the stability of the array, it is not clear if sealing the drums would have resulted in sufficient 
venting force to topple the array. The 3/8 inch thick plywood between the first and second 
tier of drums was entirely destroyed except where protected by the drums, and the plywood 
between the second and third tiers was severely damaged as judged from a report photo. 
There was no evidence of serious damage to the plywood between tiers three and four. 

LLNUA4): Five pool fire experiments were conducted using a total of 14 single solid 
waste drums and four salvage drum assemblies. The pool fires were 6 feet in diameter with 
the drums occupying less than half that area. As such, the flames were more severe than 
would be expected in a tight drum array. The fuel used for the tests was isopropanol, a 
luminous but low soot fuel, chosen to facilitate visual observation throughout the test 
duration. 

Of the 14 single drums tested, three failed by complete lid loss. Times to lid loss 
ranged from 180 to 270 s. Peak pressure at lid loss was 8.6 to 13.2 psi. Lid seal failures in 
the remaining 11 drums occurred less violently with a maximum pressure in the range 1 to 
14 psi and times to lid seal failure in the range 180 to 345 s. 

For this test series, the worst case drum was a violent lid loss at 180 s with a release 
pressure of 13 psi. The drums which lost their lids, the contents were substantially consumed 
(8-9 kg of 10 kg were consumed) while other drums lost less than 1.2 kg of their 10 kg load. 

Hydrogen Explosion Tests flNELI (A3): Based on the possible presence of hydrogen 
in solid waste storage drums, tests were conducted with 14 and 30 percent hydrogen 
concentrations in 17C drums lined with 90-mil plastic. On ignition, only the 30 percent 
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hydrogen (stoichiometric) drums failed by loss of the lid. Typically the lid was thrown 100 
feet, and drum contents were partially lost. The fraction of material lost from the drum 
ranged from 0-41 percent. In one test, two drums were filled with stoichiometric 
hydrogen/air mixtures with one drum stacked on the other. Ignition of the lower drum 
resulted in autoignition of the upper drum. The lid of the lower drum was not blown off. 
Pretest pressure testing of the drums yielded venting at about 10 psi. 
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Appendix B 

Drum Array Stability Models 

Single Stack Pile Stability Model 

Loss of pile stability due to lid release from the relief of internal pressure buildup can 
be modeled using simple conservation of angular momentum principles. We conservatively 
assume that the lid loaded by drums above rotates about one lid edge in response to the lid 
release. This rotational response maximizes the contribution of the pressure release to pile 
instability. The equation of motion of the loaded lid is 

M = I w (D 

M = (P, - Paab) Ax R - L^lg <2> 

where M = moment about the lid edge, 

? ! = drum pressure, 

Ai = drum lid area, 

* i = drum radius, 

Li = lid load (other drums above), 
H C G = height of the center of gravity of the lid load, 

Ri' = distance from edge to CG of loaded drum, 
i = moment of inertia, and 
w = rate of change of angular velocity. 

The first term is the moment applied by the drum overpressure, and the second term is the 
gravitational restoring moment of the lid load. Rj' varies as the drum stack rotates as 
indicated in Figure Bl. From basic geometry, we find 
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R[ * R? = cos e ( 3 ) 

Combining these yields 

*l' 
Bl 

(i?! t an 6 + HCG) s i n 6 

— - (R1 t a n 6 + HCG) s i n 8 
cos 

(*> 

The movement of inertia about the edge of rotation is (Bl) 

= C — itR* 
4 = L, 4*? ( 5 ) 

where C the load per unit area of drum lid. 

The average TRU drum is 80 kg so the load, L l 5 for a base drum in a 4 drum stack is 3 x 
80 or 240 kg. The maximum pressure is the initial failure pressure of 34 psia (2.35 x l(r 
N/m ) and Rj = 0.285 m. This yields an initial angular acceleration of 425 rad/s . 

Of course, in practice the pressure quickly decreases due to venting. The venting rate is 
given by the compressible venting equation (B2) 

Mvont.i = min\ 

CA^JPtt (T*T) 
y - 1 

c* ̂ K { ^ (**) 

1 / 2 

2/Y 
1 " amb 

f - 1 
1 / 2 

( 6 ) 

where the first expression in for choked (sonic) flow. In this problem, the initial pressure 
in the drum will lead to choked flow, but later the flow will cease to be choked. The vent 
area changes with time and is yet to be determined. 
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We will consider that heating rates and volitization rates which yield the initial 20 psig are 
slow relative to the venting and can be ignored during venting. The drum will be taken to 
be substantially empty (V = 0.2 m 3). 

Conservation of mass for the drum yields 

dt ^ r e a c 
( 7 ) 

Since venting is rapid, we will take the process to be adiabatic (B3) 

P1 (t) 
P1 (0) md ( t ) = m, (0) {*} J ! ? ) 1 ' ' (8) 

Taking derivatives of both sides of Equation 8 with respect to time yields 

dmd = md (0) _d_ ( p i / T ) = md (0) ± p l ' x dP ( 9 ) 

dt px ( o ) 1 ^ dt x

 P l ( o ) 1 ^ Y dt 

Equating to Equation 9 and solving for dp/dt yields 

dt v e n t md (0) x 

m d (0) = ^drum Po> t ^ i e i ™ ^ contents of the drum. • 
Equation 10 needs to be integrated along with the following equations to deduce the 
rotational dynamics of the loaded lid. It should be noted that if in the course of the drum 
release, Rj' becomes negative the drum stack will fall, whereas if it remains positive the lid 
will fall back onto the drum. 
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w = f wdt w (0) = know 

6 = fC writ v (0) = 8 ( 0 ) = 0 
J o 

It remains to determine the vent area as a function of the lid opening angle, e. 

The vent/leak area, \ is dependent on the lid angle, e, and can be determined by 
integration around drum perimeter (see Figure Bl) 

Av = 2 f% hRd$ (12) 

where h = the height of the lid above the drum, 
R = the radius of the drum, and 
0 = the angle in the drum top plane about the drum centerline. 

h is given by the distance from the rotational edge, X, and the rotation angle, e, as 

h = X t an6 (13) 

X can be related to the angle <j> by geometry 

K-lJL = COS 4> 

OX X = R ( 1 - COS<{>) ( 1 4 ) 

Substituting into the Ay equation yields 

Av = 2 f* J?(l - cos $) t a n 8 Rd$ 

Av = 2 R2 t a n 9 f (1 - cos 4>) d(j> = 2Tri? 2tan6 (15) 
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The equations to be solved simultaneously are Equations 10 and 11 with Equations 
1, 2, 4, 5, 6, and 15 as subsidiary equations. These calculations were implemented in 
MathCad. 

Multiple Stack Pfle Stability Model 

The multiple stack model as developed in this section is intended to partially account 
for the effect of the plywood in stabilizing the drum array. While in practice the plywood 
is used to integrate the array through staggered orientation in the array, this model deals 
only with the only a multiple drum stack where all of the interacting drums are piled on the 
same sheets of plywood (see Figure B2). As such, the calculation is conservative in that it 
ignores array interconnections which exist in the arrays. Rotation is assumed to be about 
the minor axis of the 4 x 8 ft sheet. 

The model follows the basic approach of the single stack model with the addition of 
several generalizations of that model. As such, this section will include only additions and 
modifications to the single stack model. 

The most important difference between the single and multiple stack model is the 
addition of a second stack/center of gravity. Figure B2 illustrates the situation. Within this 
context up to eight drums/tier on a single sheet of plywood can be treated. An important 
assumption in this model is that the plywood sheet is assumed to remain plane and the 
multiple drum lids rotate about the same axis. This is again a conservative assumption in 
that the right drum lid which rotates 2e for a rotation of e of the other drum could lift 
rather than rotate and as such would vent more rapidly. 

The moment equation for the situation pictured in Figure B2 is includes a pressure 
and gravity term for each of the drum rows. The moment is given by 

M = nPl (P1 - Pamb) A.x Rx - n^Rlg + np2 (P 2 - Pamb) A2R2 - n2L2R^g 
( 1 6 ) 
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Figure B2. Multiple Drum Model Geometry 
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The index npj is the number of drums in this row that release simultaneously, and n x is the 
total number of drums in that row. Similarly, np 2 is the number of drums in row two that 
release simultaneously, and n 2 is the total number of drums in row two. nj and n 2 can be 
as high as four (one full plywood sheet), and npj and np1 may take on any value up to n, 
n l 5 and n 2. R 2 can be taken to be equal to 3R l 5 ignoring the small gap between drums. 
Using this yields the following expression for R 2 ' 

Ri = 3 J ? 1

n - (322, t an8 + HCG2) s i n 8 (17) 
cos 0 

The venting equation for the second drum row is the same as for the single drum case 
except that the rotation angle is 2e as shown in Figure B2. 

A v 2 = 2iri? 2 tan (26) (18) 

Finally, the moment of inertia for the drums about the axis of rotation is given by 

The second term dominates due to the 3R lever arm. 

This results in four simultaneous equations to be solved; two pressure equations, the 
angular velocity equation, and the angle equation. These have been solved using MathCad. 
The attached MathCad model implements the multiple drum stack model. 

MathCad is a Registered Trademark of AUTODESK, Inc. 
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Calculate the rotation of a loaded drum lid subject to a drum overpressure 
failure. • 

lid load on each stack, kg 
number of drums in initial row 
number of pressure release drums in init row 
restraining load on each second row stack, kg 
number of drums in second row 
number of pressure release drums in 2nd row 
height of center of gravity of lid load, m 
ht of center of gravity of second lid, m 
drum radius, m 

initial drum release pressure, N/m2 

drum volume, m3 
time step, s • 
run time, s 
discharge coefficient 

ambient pressure, N/m2 
ambient temperature, K 
ratio of specific heats 
acceleration due to gravity, m/s2 
initial' lid angle, rad 
initial lid angular velocity, rad/s 
size of outDUt table 

L := 240. 
n := 4. 
np := = 0. 
LI :<= = 240. 
nl := = 4. 
npl : !— 2. 
HCG : := 1.23 
HCG1 := 1.33 
R : = 0.285 

5 
PO := = 2.35-10 

VD := = 0.2 
dt := = 0.001 
T := 0.8 
CD := - 0.6 

5 
Pamb := 1-10 
Tamb := 293. 
k := 1.4 
g := 9.8 
THO- : := 0. 
wO := = 0. 
DN := = 20 

T 
i := 0 ..— dt 
t :=» i-dt 
i • 

2 2 
I := n-L-1.25-R + nl-9.25-Ll-R moment of inertia loaded lids, kgm2 

2 
Alid := 3.14159-R lid area, m2 

P0 
TO := Tamb 

Pamb initial drum gas temDerature, K 
TO = 688.55 

-5 353 
RHO0 := P0-10 initial drum gas density, kg/m3 

TO 
RH00 = 1.205 
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k 

PO 
AO := k 

353 
VD 

Tamb 
AO = 39871.998 
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constant in pressure equation 

P := 2-10 TH := 0.1 

MOM(P,Pl,TH) := np- (P - Pamb) - (Alid-R) - n-L-g-
_cos (TH) 

- (R-tan(TH) + HCG)-sin(TH) 

+ npl- (PI - Pamb)-Alid-3-R - nl-Ll-g-
R-3 

_cos (TH) 
- (R-3-tan(TH) + HCGl) • sin(TH) 

A := MOM(P,P,TH) 
A = 35461.856 

MVENT(P,TH) := CD-R •6.28-tan(TH) 

1 -1 
k k 

RHO0-P -P0 -ain 

r -

k-
2 

l+k 

k - l 

k-
1 + k 

r k " Pa-mh 

2 . 

k 

1 -
"Pamb" 

k- l" | 

k 

> k - l P 

2 . 

k 

1 -
P 

k- l" | 

k 

A := MVENT(P,TH) 
A = 6.878 

'TH " 
0 

w r °" 
0 0 

P : = PO 
0 

PI 
PO 

0 
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TH 
1+1 

i + 1 

i + 1 
PI 

l + l 

L i i i J 
d t 

w + MOMfP ,P1 ,TH 1 

1 
1— 

k 
P - AO-MVENTTP ,TH "|-P • d t 

i 
1 

1— 
k 

PI - AO-MVENTTPl , 2 - TH 1 • PI • d t 
i 

i + MOMfP ,P1 ,TH 1-
i L i i iJ 

1 

?rp ,TH i - p 

?["P1 ,2-TH "I-PI 

miw %*iy—nri~i n n " v w ^ i \cv • 

N := last(TH) 

j := 0,floor — 
f Nl 

N " T 
— . .min — 
.DN [dtj 

N = 668 
t 
j 

TH 
0 0 

0.033 0 .03 
0 .066 0 .089 
0 .099 0 .14 
0 .132 0 .181 
0 .165 0 .213 
0 .198 0 .239 
0 . 2 3 1 0 .258 
0 .264 0 .272 
0 .297 0 . 2 8 1 
0 .33 0 .285 
0 .363 0 .284 
0 .396 0 .28 
0 .429 0 .27 
0 .462 0 .255 
0 .495 0 .235 
0 .528 0 .209 
0 . 5 6 1 0 .175 
0 .594 0 .133 
0 .627 0 . 0 8 1 
0 .66 0.017 

w 
0 

1.703 
1.692 
1.373 
1.102 
0.871 
0.671 
0.496 
0.338 
0.193 
0.054 
-0.082 
-0.221 
-0.368 
-0.527 
-0.706 
-0.91 
-1.145 
-1.421 
-1.747 
-2.132 

PI 
235000 

203998.346 
102235.263 
99874.326 
99874.326 
99874.326 
99874.326 
99874.326 
99874.326 
99874.326 
99874.326 
99874.326 
99874.326 
99874.326 
99874.326 
99874.326 
99874.326 
99874.326 
99874.326 
99874.326 
99874.326 

J_ 235000 
177067.451 
99718.356 
99718.356 
99718.356 
99718.356 
99718.356 
99718.356 
99718.356 
99718.356 
99718.356 
99718.356 
99718.356 
99718.356 
99718.356 
99718.356 
99718.356 
99718.356 
99718.356 
99718.356 
99718.356 

300000 

0.7 
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