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Analytical and Experimental Evaluation of
Solid Waste Drum Fire Performance

1.0 INTRODUCTION

Fire hazards associated with drum storage of radioactively contaminated wastes are
a major concern in DOE facilities designed for long term storage of solid wastes in drums.
These facilities include drums stored in pallet arrays and inrack storage systems. Combustible
materials included in the drum include ordinary combustibles and in some cases
flammable/combustibie liquids either absorbed on ordinary combustibles or in containers. The
major concerns with regard to drum storage fires is the potential for releases of radioactive
particulates which contaminate the drum contents.

Prior testing, reviewed in Appendix A, has shown that drums containing ordinary
combustibles exposed to large pool fires can experience lid loss. The loss of the lid, of course,
exposes the contents to the atmosphere and with heat input from the exposing pool fire, the
drum contents burn. In this report, this will be called lid loss failure. A fraction of the
radioactive particulates contained within the drum is lost into the fire plume and is distributed
by the piume. In cases where lid loss does not occur, the lid gasket is thermally degraded by
the fire and loss of containment occurs as heated air and pyrolysis products escape from the
drum at the lid seal. This will be referred to as lid seal failure in this report. In this case, only
a smail fraction of the material in the drum is lost.

While the prior testing provides definite insights into the response of solid waste drums
exposed to pool fires, many issues of importance remain unaddressed and/or unclear. For
instance, the fraction of drums exposed to pool fires which experience lid loss varied widely
in prior testing. Since the exposure fires were not characterized in these investigations, it is
not possible to assess if these variations are related to the heat input to the drum, the
contents of the drum, or if the lid loss process is inherently random ({or all of the above).
Further, since all drums were placed within the pool fire, it is unclear if one-sided flame
exposures would have the same impact as a full pool fire exposure. Thus, we have no idea
if drums adjacent to a fire source would experience lid loss. Neither does prior testing assess
the ability of burning drums to sufficiently heat neighboring drum to cause lid loss, thus
allowing the possibility of indefinite fire propagation within drum arrays. Such questions need
to be answered to allow determination of the possible extent of fire propagation in drum
storage facilities as well as to allow evaluation and design of appropriate fire safety methods
and systems.

The work reported here is the first phase of work designed to provide the
understanding of waste drum response to fire needed to assess the extent of fire propagation
in drum arrays which are currently in use at Hanford or are being designed for future use at
Hanford. The work includes full-scale drum fire testing as well as analytical modeling of drum
response to fire. Experimental work has included measurements of burning rates of drum fires
and heat transfer from these drum fires 10 neighboring drums. The response of drums to a
range of well characterized fire sources has also been studied. These tests include
measurements of heat transfer, drum wall temperatures, and drum pressure. Analytical
modeling has focused on the heat transfer processes involved in heating a target drum as well
as on the stability of drum arrays in which one or more drum lid losses occurs.
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The report first describes the experimental work with the test setup and methods
followed by the experimental results. The analytical models are then deveioped with
comparisons of data and predictions inciuded for each mode! developed. Complete plots of
the experimental data and a proposed test plan for Phase ll work is included in Volume II.
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2.0 EXPERIMENTAL

Hughes Associates, Inc. {HAI} carried out an experimental program in order to
characterize the response of solid waste drums in the event of a fire. It was identified that
the solid waste drums in typical storage facilities could potentially be exposed to several types
of fires. These exposures include the following: ”

. Fire within a laterally adjacent drum or a drum radiating to neighboring drums,
. Fire within a drum below if rack storage is used,

. Fire that is adjacent to but not totally engulfing the drum(s), and

. Fire/flames which enguif the drumfsl.

Each of these types of exposing fires provides differing heat inputs to the exposed
drums, and as such, information of each type of exposure was required. in crder to evaluate
the various fire scenarios described above, the experimental pregram was subdivided into
various tasks. These tasks were as follows:

. Single drum burning tests,
. Adjacent fire exposure tests, and
. Enguifing fire tests.

In previous tests [Hasegawa et al. 1983; Greenhalgh et al. 1994], data concerning the
performance of solid waste drums has been deveioped. These tests generally consisted of
enguifing fires and utilized drum loading that were different than the combustible loadings
developed by Westinghouse Hanford Compancy {(WHC). Also in these tests, while drum
performance was monitored, little information concerning the characterization of the exposure
fire was developed. In this program, it was decided that along with monitoring the
performance of the drums, the exposing fire would be characterized such that future analyses
could be more meaningful.

2.1  GENERAL

in the single drum burning tests, it was assumed that a fire had occurred within a drum
and that all of the available fuel would burn within the drum with no restriction on the amount
of oxygen available. This scenario assumed that the lid was lost but the contents were not
expelled. The purpose of these tests was to develop information concerning content burning
rates, drum wall temperatures, and heat fluxes to the adjacent drums,

The purpose of the adjacent fire exposure tests was to evaluate the fire performance
of the solid waste drums when exposed to a fire adjacent to the drums, but not engulfing the
drums. Various fire exposures were performed, and the surface area of the drums exposed
to the fire was also varied. The purpose of the total engulfment fire tests was to evaiuate the
fire performance of the solid waste drums when exposed to a "worst case" fire event.

There are several phenomena which may occur when drums are exposed to fire. The
most dramatic is 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
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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.

2.1.1 Test Facility

The fire tests were conducted inside the main burn building of the Naval Research
Laboratories’ Chesapeake Beach Fire Test Facility. The building was 15.2 m by 15.2 m by
10.6 m high (50 ft by 50 ft by 35 ft high). The tests were conducted indoors so that ambient
weather conditions such as wind and rain would not affect the fire tests.

Combustion air was provided via louvered air vents installed along the walls of the test
building, and combustion products were removed via vents in the ceiling area. In some tests,
the combustion products were removed via a hood system installed in the upper portion of the
building.

2.1.2 Instrumentation

In general, the instrumentation used in the tests consisted of measurements for
temperatures, heat flux, pressure, and mass loss. The measurements were taken at various
locations, and these are described in detail in Sections 2.2 and 2.3.

2.1.2.1 Temperature. All temperature measurements were taken using Type K,
chromel-alumel thermocouples. Drum wall surface measurements used thermocouples
electrically welded to the drum walls while internal temperature measurements utilized inconel
sheathed, grounded bead thermocoupies placed inside the drums via pressure tight bulkhead
fittings.

2.1.2.2 Heat Flux. The heat flux measurements were obtained by total heat gauges. The
transducers were calibrated Medtherm Schmidt Boelter gauges with a stated accuracy of =3
percent and identified as follows:

e 0-50kW/m?range — Type 64-5-SB-20, and
e 0-200kW/m?range — Type 64-20-SB-20.

A certified calibration was provided by the manutacturer for each transducer. Typically,
the heat flux gauges were installed in a target drum that was receiving the same fire exposure
as the other target drums.

2.1.2.3 Water Calorimeter. In some tests, the integrated heat input to the target drums was
measured via a water filled drum. In the vertical single drum tests, the vertical target drum
was filled with 94 L (25 gall of water, and its temperature was measured. The water was
mixed using a mixing blade. In the adjacent drum tests and the engulfing fire tests, a
completely filled drum was used. Again the water temperature was monitared, and the water
was mixed using a submersible pump.
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2.1.2.4 Pressure. The pressure inside selected drums was monitored using Setra Model 280E
pressure gauges were with a range of 0-50 psi absolute, The pressure transducers had a
manufacturer’'s stated accuracy of £0.11 percent full scale. Before and during the test
program, the transducers’ calibrations were verified and were found to maintain accuracies
within 1 percent. The gauges were mounted remote from the drums, and copper tubing was
used to penetrate the drum using.pressure tight buikhead fittings.

2.1.2.5 Mass Loss. Drum mass loss was measured in all tests. In the single drum burning
tests, the mass loss was measured by placing the burn drum on a load cell (Weigh-Tronix,
model no. 2424-200) device whereby the mass loss could be measured with respect to time.
In the adjacent fire tests and the engulfing fire tests, the exposad drums were weighed before
and after each test. The 90 kg {200 Ib) load cell had a staed accuracy of +4.5 g. The
catibration was checked at the beginning of each day of testing with no significant drift
observed,

2.1.3 Data Acquisition

The data acquisition system was located remote from the test setup. All
instrumentation was hard-wired to the data acquisition system and a computer monitor and
trigger switches, located inside the test building, allowed for remote viewing and operation of
the system,

The outputs of the instrumentation wererecorded on an IBM compatible 386 computer
using a 12-bit data acquisition system consisting of a Metrabyte DAS-8 analog/digital 1/0
board with EXP-16 multiplexer and signal conditioning boards.

LABTECH Notebook software was used to operate the data acquisition system. All data
was saved as standard ASCII files and post-test processing was performed using HAI
developed FORTRAN codes.

In general, data were coliected at 1 second intervals. In Test Nos. SWD 22, 23, and
25-36, a second data acquisition system was utilized. This system was identical to the
system described above, but it was arranged to scan at 20 millisecond intervals. This faster
scan rate was used to record the intermal drum pressures and several temperature
measurements.

2.1.4 Visual Documentation

In general, documentation of the tests consisted of 1/2 in. VHS video tape and 35 mm
color photographs.
2.1.5 Test Drums

The solid waste drums used in this program were identified as 208 L (55 gal},
full-removable-head, steel {double-seam chime) drums (DOT 17-H, manufactured by Van Leer

Container). The selection of this type of drum was based on information provided by WHC
[Carver, 1993). The WHC has used both the 17-C and the 17-H type of drum. Since the
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17-H type of drum has a thinner wall and bottom thickness (18 gauge) than the 17-C type of
drum (16 gauge)}, it was felt that the use of the 17-H drum would provide an adequate
bounding condition. The lids for both types of drums are 16 gauge.

In general, the 17-Hdrum is approximately 80.33cm (23.75in.) in diameter and 87.63
cm (34.5 in.} high. Figure 1 provides a sketch of the 17-H type drum. All of the test drums
had no liners and the exterior faces of the side walls were painted black. In the single drum
tests, reconditioned drums were used, and in all other tests, new 17-H {UN1TA2/Y1.5/100)
drums were employed. Tests drums were not reused except the water filled target drums and
the target drum containing the heat flux transducers.

In these tests, two different types of gasket seals were used: sponge rubber gaskets
{Van Leer, model no. G488) and EPDM {Ethylene-propylene-diene monomer rubber} gaskets.
Sponge rubber gaskets were used prior to 1881 [Carver, 1994], and thereafter, EPDM gaskets
were used. Conseqguently, the majority of drums in storage contain sponge rubber gaskets.
The sponge rubber gasket material is permeable and therefore not air tight as the closed-cell
EPDM gaskets. Since most WHC drums contain sponge rubber gaskets, the majority of tests
conducted used sponge rubber gaskets.

The bolted closing ring was 12 gauge steel, rounded-section type. Two tests were
performed using a steel square-section closure ring. Per WHC specifications [Carver, 1993],
the closing ring was closed to 54 J {40 ft-lb) torque when drums were seaied.

It should be noted that torquing of closure rings may be a significant variable with
respect to lid loss of drums exposed to a fire. Depending on the torquing method used, a
range of tightness could be achieved with the closure ring while still measuring 54 J torque.
For example, if one tightened the closure bolt with a torque wrench, 54 J could be achieved
with a B cm separation between the ends of the closure ring. However, this torque was
typically from the bolt head binding against the closure ring surface rather than the tightness
of the ring around the lid and drum. Consequently, when the bolt was backed off and then
tightened again, 54 J was not achieved until the separation between the ends of the closure
ring was as small as 0.6 cm. Therefore, depending on the person and method used, a
significant range of closure ring tightness can be achieved.

All lids were secured by the same technician using the method of repetitively backing
the bolt out and then tightening to 54 J torque. This procedure assured that the rings were
torqued to the same specification. As a result of using this method, it is believed that the
drums tested probably were tightened more than the existing drums at WHC.

In one test, vent filters were incorporated into the lids. Each lid contained two
threaded bung holes, one 1.9 em (0.75 in.) diameter and one 6.4 ¢cm (2.5 in,} diameter. A
Nucfil carbon vent filter {NucFil-013, 1.9 ¢m {0.75 in.} - 14 NPT} was placed in the 1.9 cm
{0.75 in.) diameter hole and tightened to one-half turn past hand tight. The 6.4 cm (2.5 in.}
hole was closed with a 0.3 cm (1/8 in.) rubber gasket, and a solid steel bung.
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Figure 1. DOT 17-H Drum Dimensions
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2.1.6 Combustible Contents

Information provided by WHC [Boothe, 1994] provided a breakdown of the typical
combustible loadings in solid waste drums that was used in this program. The average weight
of the drum contents was 57.6 kg {127 ib}) with the noncombustible components weighing
approximately 31.7 kg {70 Ib} and the combustible components weighing approximately 25.9
kg {57 Ib). Based on these values and the breakdown of the materials, the average drum
combustibie contents used in this program was composed of the following:

Rubber 2.7 kg { 6.01b) 10.4 percent
Plastic 13.4 kg 129.5 [b} 51.7 percent
Paper 6.6 kg {14.5 ib) 25.5 percent
Cotton 3.2kg{ 7.0 1b) 12.4 percent
Total 25.9 kg {57 ib) 100 percent

This average combustible content did not include wood which was reported to
constitute less than 1 percent of the total combustible content.

Based on the above described average combustible loading, a "standard" combustible
load was developed for use in this program. The combustibie drum contents consisted of the
following commercially available items which simulated the actual drum contents:

. Rubber — Neoprene rubber sheets approximately 0.32 cm (0.125in.) thick and
approximately 15 cm (6 in.) x 30 ecm {12 in.}..

. Plastic — Fifty percent by weight of 6-mil polyethylene plastic bags and 50
percent by weight of 10-mil polyethyiene sheet.

. Paper — One-third by weight of brown paper sheet (61 cm {24 in.) wide rolis),
1/3 by weight of bond paper {22 x 28 cm (8.5 x 11 in.})), and 1/3 by weight of
cut-up bond paper {11 x 14 cm (4.25 x 5.5 in.}}, which simulated filter paper.

] Cotton — Fifty-seven percent by weight of cotton fabric and 43 percent by
weight of cotton towels. '

Table 1 provides a breakdown of the combustible contents for the "standard” load and
the procedure for its loading into the drums. The loading procedure required that materials
such as the brown paper, the plastic sheet, and the cotton fabric be unfolded and placed into
the drums. This combustible loading did require compression as it was packed into the drums
so that the entire load could be placed in the drum. The drums were loaded in the same
manner for each test by having the same technician repeat the standard loading procedure.
Considering the nature of the tests and that the fuelloading was guite dense, the compression
process is considered to have had little impact on the results.

-
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Table 1. Standard Combustible Loading.

Combustible Contents

Material Standard Loading

Plastic bags 6.7 kg {14.8 Ib)
10-mil plastic sheet 6.7 kg {14.8 Ib)
Rubber, 15 x 30 cm (6 x 12 in.) 2.7 kg (6.0 Ib)
Brown paper 2.2 kg (4.8 Ib)

Bond paper, 22 x 28 cm (8.5 x 11 in.) 2.2 kg (4.8 ib) ,
Cut paper 2.2 kg (4.8 ib)
Cotton towels 1.4 kg (3.0 b
Cotton fabric 1.8 kg ({1.81b)

Total 25.9 kg {57.0 1k}

Standard Loading — Into Drum

Layer 1 Starting at bottom
1/3 of the brown paper
1/3 of the 10-mil plastic
1/3 of the bond paper

1/3 of the towels

1/3 of the bags

1/3 of the cut paper

1/3 of the fabric

1/3 of the rubber

Layer 2 Repeat locading of Layer 1

Layer 3 Repeat loading of Layer

During the test program, several variations of the standard load were used:

. Standard Load — small pieces — This was the standard load, however, the
brown paper, plastic film, and cotton fabric was cut into small pieces (~ 0.6 x
0.6 m (~2 x 2 ft})}, and the load was hand mixed prior to loading into the

drums;

. Standard load — bagged — This was the standard load, however, the brown
paper, the plastic film, and the cotton fabric was left in their folded
configurations, and the entire load was placed in a clear polyethylene bag which
was then loaded into the drum. The open end of the bag was twisted and
secured with a plastic tie. This configuration filled the drum approximately one-

half full.
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Table 2 provides the heats of combustion, AH_, which are used 1o estimate the heat
release rate of the drum content fires. The heat reiease rate of the standard load is
approximated based on the combustible drum content composition:

AH_ of standard load = (10.4% rubber) (24.3 kJ/g) + (51.7% plastic) {43.2 kJd/g)
+ (25.5% paper) (16.3 kJ/g) + {12.4% cotton} (16.5 kd/g) = 31.2 kJ/g

For several of the fire exposure tests, small amounts of combustible liguids (50-100 g} were
used in addition to the standard drum contents. The amount of liquid used in these tests was
sufficient to allow the vapor concentration to reach equilibrium saturation levels. Tables 5,
8, and 7 in Section 2.3 describe the drum contents and combustible liquids in further detail.

Table 2. Heats of Combustion {AH_} used for Heat Release Rate (HRR)
Estimation. :

Fuel e Ctavson, 1982)
Kerosene 43.3
Paper - brown 16.3
Cotton 16.5
Neoprene _ 24.3
Polyethylene 43.2
Standard load 31.2

2.2 SINGLE DRUM TESTS

The purpose of these tests was to develop information concerning content burning
rates, drum wall temperatures, and heat fluxes to adjacent drums. The single drum tests are
used to address the first two fire exposures identified in Section 2.0:

. Fire within a laterally adjacent drum or a drum radiating to neighboring drums,
and

. Fire within a drum below if rack storage is used.

The first series of tests (SWD1-10} entailed a single burning drum containing different
fuel loadings. Mass loss, heat flux, and drum wall temperatures were measured for each of
the tests. The second set of tests (SWD11-18} were similar except that they included a
stacked drum above the burning drum. The vertical distance between the drums was varied
as was the burning drum contents. Each of the single drum tests is described in the foliowing
sections,
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2.2.1 Single Drum Burning Rate Tests

Tabie 3 provides the test matrix for the single drum burning rate tests. Figures 2 and 3
provide diagrams of the test and instrumentation arrangement used in these tests. The
combustible contents used in the burn drum were chosen based on information provided by
WHC (Section 2.1.6). Thermocouples were used to measure the wall temperatures of the
burn drum {TC Nos. 1-15) and the target drum (TC Nos. 21-24) located 5.1 cm (2 in.) away.
Three heat flux transducers {HF Nos. 1-3) were mounted in the target drum flush with the wall
closest to the burn drum. Two additional transducers {HF Nos. 4-5) were positioned 61 cm
{24 in.) away from the burn drum at a height of 46 cm ({18 in.} and 84 c¢cm (33 in.}
respectively. Five thermocouples {TC Nos. 16-20) were used to measure the centerline
temperature of the plume above the burn drum. They were mounted vertically every 15 cm
{6 in.} above the lip of the drum.

Table 3. Small-scale Single Drum Test Matrix.

Test Mass of Percent of Combustibles
Numb Combustible Comments
UMDbEr} ~ontent (kg) | Paper | Rubber [ Plastic | Cotton
SwD 1 25.9 25.5 10.4 51.7 12.4 | Top ignition
No ID 25.9 25.5 10.4 51.7 12.4 | Bottom ignition
SwWD 2 25.9 25.5 10.4 51.7 12.4 | Steel as chimneys; bottom
ignition with grate
SWD 3 2.3 100 o 0 0 Bottom ignition with grate
SwbD 4 25.9 25.5 10.4 51.7 12.4 | Top igniticn
SWD S -- 0 0 0 0 7.6 L {2 gal) kerosene
SWD 6 2.3 100 0 0 0 Top ignition
SWD 7 6.8 100 C 0 0 Top ignition
SWD 8 2.3 0 0 100 0 Top ignition
SWD 9 6.8 0 0 100 0 | Top ignition
SWD 17.3 25.5 10.4 51.7 12.4 | 2/3 Standard load/small
10 pieces — top ignition

Test No. SWD 1 consisted of the standard load placed in a drum and ignited on the top.
As an initiator, approximately 20 mL of heptane was spread over the top of the standard load
and ignited.

Test Nos. "No ID" and SWD 2 consisted of attempts to ignite the standard load via
bottom ignition in the drum. In the "No ID" test, ignition using an ignitor soaked in heptane
and placed in the bottom of the drum was unsuccessful. In SWD 2, a open mesh grate was
placed 2.5 cm (1 in.) above the bottom of the drum and 5.1 cm by 5.1 cm (2 in. by 2 in.}
pieces of steel angle were placed along the sides of the drum to act as chimneys. lgnition
using a ignitor soaked in heptane and placed below the grate was not successful,
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Test No. SWD 3 was 2.3 kg of paper ignited at the bottom of the drum. In this test,
a grate was employed as in SWD 2. In this case, ignition was successful. In both tests
(SWD 2 and SWD 3}, the drum had a 2.5 cm {1 in.} diameter hole in the side of the drum near
the bottom,

Test No. SWD 4 was a repeat of Test No. SWD 1. Test Nos. SWD 5 - 10 were
variations utilizing different types and loading densities of fuels. In Test No. SWD 5, kerosene
was used to determine a bounding condition. In tests with 100 percent paper or 100 percent
plastic, the combustible filled the drum. The 2.3 kg loading of paper needed little compression
to fill the drum. However, the 6.8 kg loading required heavy compression li.e., @ man
standing on top) to fit all of the contents in the drum. Figure 4 provides photographs of the
single drum burning rate test arrangement.

2.2.2 Stacked Drum Tests

Table 4 provides the test matrix for the vertical single drum tests. Figure 5 provides
a sketch of the test and instrumentation arrangement used in these tests. The setup of these
tests was the same as the single drum burning rate tests with the exception of the stacked
drum. One of the primary goals of the vertical single drum burning tests was to obtain flame ~
heat flux data from a burning drum tc a target above. This was accomplished in two ways:
{1} heat flux transducers in the target drum, and {2} using the target drum as a water
calorimeter. Three heat flux transducers (HF Nos. 6-8) were located in the bottorn of the
target drum. They were positioned radially such that each transducer covered an equal area
of the drum bottom. For the water calorimeter, the target drum was filled with approximateiy
95 L (25 gal) of water during the tests. Three thermocouples (TC Nos. 27-29) were used to
measure the temperature of the water. The change in-water temperature was used to
estimate the flame heat input to the drum.

Test Nos. SWD 11 - 14 were used to evaluate the effect of vertical separation between
the burn drum and the vertical target drum. {n these tests, kerosene was used as it appeared
to provide a "worst case" condition based on the single drum burning rate tests and was quite
reproducible. '

Test Nos. SWD 15 - 17 were used to compare different burn drum loadings/materials
“while keeping the vertical separation constant.

For Test No.-SWD 18, an ampty, sealed drum was placed directly on top of a 0.64 cm
(0.25 in.) thick steel plate that was separated from the top of the kerosene burn drum by 15
cm (6 in.). Figure 6 shows the drum configuration for this test. Figure 7 provides a
photograph of a vertical single drum test in progress.

2.3 DRUM RESPONSE FIRE EXPOSURE TESTS

The purpose of these tests was to develop information concerning the response of sealed
drums subjected to various fire exposures. Four different fire exposures were used:

{1} 0.48 m square propane burner,

{2) 1.2 m square propane burner,
{3} standard load trash fire, and
(4) 2.1 m square pool fire.
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Table 4. Single Drum Tests — Stacked Drum Test Matrix.
Spacing
Mass of . Between
Test Combustible Percent of Combustibles : Stacked Re "
Number Content Drums marks
(kg (Ib}) . , .
o Plastic | Rubber | Paper | Cotton | {cm) | (in.)
SWD 11 2.3 (5.1) - - - -- 156.2 6 |[2.8L (0.75 gai)
of kerosene
18wD 12 1.6 {3.5) -- - - -- 30.51 12 | 1.9 L {0.5 gal)
: of kerosene
SWD 13 1.6 {3.5) -- -- - -- 45.71 18 [ 1.9 L (0.5 gai)
of kerosene
SWD 14 1.6 (3.5) - - - - 61.0] 24 {1.9L (0.5 gal)
of kerosene
SWD 15 2.3 (5.1) 100 - -- - 15.2 6 | 10 mil plastic
SwWD 16| 8.6 (18.9) 51.7 10.4 25.5 12.4 [156.2 6 | 1/3 of standard
load — smali
pieces
SWD 17| 25.9 (7.0} 51.7 10.4 25.5 12.4 [15.2 6 | standard load
. — bagged
SwbD 18 2.3 (5.1) - - -- - 15.21 6 (2.8L{0.75 gal)
of kerosene
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Test in Progress

Figure 4. Single Drum Test
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Figure 6. Test Arrangement for Test No. SWD 18,
Stacked Drum Test
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The fire exposures were constructed such that each provided a different level of heat
input to the exposed drums. This was accomplished by not only varying the size of the fire,
but also changing the exposed surface area of the drums. The configuration and test
descriptions for each of the different fire exposures are described in the following sections.

2.3.1 Adjacent Fire Tests — 0.48 m Propane Burner

The first exposure fire consisted of a0.48 by 0.48m {19 by 19 in.) sand-filled propane
fired gas burner. The burner was fired at a fuel flow rate of 0.354 m3/min. {12.5 ft3/min.}.
For a heat of combustion and density of 46.5 kJ/g and 1.8 kg/ma, this provided a theoretical
heat output of approximately 500 kW.

The four drums were arranged as shown in Figure 8. Drum No. 1 and Drum No. 4 were
the testdrums. Drum No. 2 was the target drum that contained the heat flux transducers, and
Drum No. 3 was the water filled drum that was used to measure the integrated heat input to
the drums. Figure 9 provides a diagram of the instrumentation arrangement used in these
tests.

For all of the drum response tests, a pressure transducer and thermocouple were used
to measure the inside drum pressure and temperature, The pressure and inside thermocouple
tap location for tests SWD 19 and SWD 24 was located in the center on the bottom of the
drum. The internal pressure port was formed from a u-shaped piece of copper tubing
positioned so the open end faced the bottom of the drum. This arientation prevented the drum
contents from blocking the opening. The inside thermocouple was located in the center of the
drum. The pressure and inside thermocouple tap location for tests SWD 25 and SWD 37 was
located on the side of the drum 70 cm from the base. The change in location was needed in
order to allow the drums to be placed on the larger fire exposure test apparatus. All drums
were pressure checked to 34.5 kPa (5 psig) and allowed to equilibrate to atmospheric pressure
just prior to ignition of the fire. This procedure ensured seal integrity of the drums.

For the 0.48 m tests, the drums were arranged such that they were touching the sides
of the sand burner. In essence, approximately 1/4 or less of the surface area of the drum
walls was directly exposed to the fire source.

Table 5 provides the test matrix for the 0.48 m square propane burner tests. Several
drum loadings were tested as to determine the effect contents have on drum response. Test
Nos. SWD 19 and 20 were performed to provide a range of potential contents to the fire.
Test Nos. SWD 21, 22, 23, 26 and 27 were various fuel loads that also incorporated small
amounts of flammabile liquids. These tests were performed to determine a potentially "worst
case" for lid loss. Test Nos. SWD 24, 25, 26, and 27 were performed with the EPDM gasket
seals instead of the sponge rubber seals. Also, Test Nos. SWD 25 and 26 had square shaped
closure rings instead of the usual rounded closure ring. Figure 10 provides a photograph of
Test No. SWD 20 in progress.
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Drum

048 mx0.48 m

2 1 Propane Drum f—T
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P = Pressure tap
T = Thermocouple tap

Figure 8. 0.48 m Burner and Drum Arrangement
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Figure 10. SWD 20 - In Progress
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Test ID

Drum
ID

Drum Contents

Exposure

Comments

SWD 19

Standard load
Empty

0.48 m burner

SWD 20

2.3 kg (5 Ib} brown paper
2.3 kg (5 Ib} 10 mil plastic

0.48 m burner

SWD 21

—=l b = bH -

2.3 kg (5 Ib) brown paper and
0.2 kg (0.5 Ib} of cotton towels
soaked with 50 g of heptane;
towels placed mid-height next to
fire exposed side

Empty

0.48 m burner

sSwWD 22

Standard load — bagged with 50
g of acetone poured on rags
placed on top of the load

2.3 kg (5 Ib) brown paper and
0.14 kg {0.3 Ib) of cotton towels
soaked with 50 g of acetone;
towelis place near bottom of
drum and against the side away
from the fire

0.48 m burner

SWD 23

2.3 kg (5 b} brown paper and
0.14 kg (0.3 b} of cotton towels
soaked with 50 g of heptane;
towels placed near bottom of
drum and against the side away
from the fire

2.3 kg (5 Ib) brown paper and
0.18 kg {0.4 Ib} of cotton towels
soaked with 50 g of acetone;
towels placed mid-height next to
fire exposed side

0.48 m burner

SWD 24

Standard load
Empty

0.48 m burner

with EPDM gasket seal
with EPDM gasket seal

SWD 25

2.3 kg (5 Ib) brown paper

2.3 kg (5 Ib} 10 mil plastic

0.48 m burner

square backed closure
ring and EPDM gasket
| seals

square backed closure
ring and EPDM gasket

seals

2-22
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Table 5. Adjacent Fire Exposure — 0.48 m Propane Burner — Test Matrix (2 sheets).

Test ID D;;m Drum Contents Exposure Comments
SWD 26 1 2.3 kg (5 Ib} brown paper and 0.48 m burner | square backed closure
0.18 kg {0.4 Ib} of cotton towels ring and EPDM gasket
soaked with 100 g of toluene; seals

towels placed mid-height next to
fire exposed side

4 Standard load — bagged with square backed closure
100 g of toiuene poured over the ring and EPDM gasket
load seals

SwWD 27 1 2.3 kg (5 ib) brown paper and 0.48 m burner | with EPDM gasket seal
0.18 kg (0.4 Ib} of cotton towels
soaked with 100 g of toluene;
towels placed mid-height next to
fire exposed side

4 Standard load -— bagged with with EPDM gasket seal
100 g of toluene poured over the
load

2.3.2 Adjacent Fire Tests — 1.2 m Propane Burner

In Test Nos. SWD 28, and 33 - 36, the exposing fire was a 1.2 by 1.2 m (4 by 4 ft)
water-filled propane fired burner. Figure 11 provides a sketch of this burner. Target drums
were placed on top of the burner such that the fuel flowed up and around the sides of the
drums.” The burner was fired at a flow rate of 0.708 m3/min (25 ft3/min). For a heat of
combustion and density of 46.5 kJ/g and 1.8 kglma, this provided a theoretical heat output
of approximately 1 MW,

Figure 12 shows the drum arrangement for the 1.2 m propane burner fire exposure
tests. Test SWD 28 differed from this arrangement in that the drums were positioned at the
sides of the burner li.e., rotated 45° from Fig. 12 arrangement). The change in this
arrangement increased the fire exposed area of the drums. in this series of tests, the drums
were positioned over the burner such that a greater amount of wall surface area would be
exposed to the fire compared to the 0.48 m tests. In general, approximately 1/2 of each of
the target drum’s surface area was exposed to the fire. The instrumentation arrangement
was the same as for the 0.48 m propane burner tests (Figure 9}). Table 6 provides the test
matrix for the 1.2 m square propane burner tests.

Test Nos. SWD 28 and 33 were evaluations of a range of potential drum loadings.
Test Nos. SWD 34 - 36 were various fuel loads that, in some cases, also incorporated small
amounts of flammable liquids. These tests were performed to determine a potentially "worst
case"” for lid loss. Figure 13 provides a photograph of Test No. SWD 28 in progress.
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12.7 cm 12.7 cm
(5%) 96.5 cm (5%)

sl (38") == i
19.1 cm 3
(7.5")

}
26.7 cm (10.5")
11 1] % ~I'T 1]
S 26.7 cm (10.5") 7 83.8cm 121.9cm

(33" (48")

—rl 11 d’ d1 i
.3

26.7 cm (10.5") L

0.6 cm (0.25") 19.1 cm
Diameter Holes (7.5") v
Propane 121.9cmx121.89 cm
Piping (48" x 48") Pan
H20
14.6 cm Level '3.8cm 2.5cm
Pan Piping 8.8 cm
(3.5")

Figure 11. 1.2 m Water-filled Propane Burner Setup
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Figure 13. SWD 28 - In Progress
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Table 6. Adjacent Fire Exposure — 1.2 m Propane Burner — Test Matrix.

TestID | Drum iD Drum Contents Exposure Comments
SWD 28

kg (5 1b) brown paper 1.2 m burner
kg (5 1b) 10 mil plastic
k

g (5 'b) brown paper 1.2 m burner
kg (5 b} 10 mil piastic

2.3 kg {5 Ib} brown paper and |[1.2 m burner
0.18 kg {0.4 ib) of cotton
towels soaked with 50 g of
heptane; towels placed mid-
height next to fire exposed side
4 Empty

SWD 35 [1 2.3 kg (5 ib) brown paper and | 1.2 m burner
0.14 (0.3 |b) of cotton towels '
soaked with 50 g of heptane;
towels placed on top and next
to fire exposed side

4 Standard load

SWD 36 |1 2.3 kg (5 Ib} brown paper and | 1.2 m burner
0.18 kg (0.4 ib) of cotton
towels soaked with 100 g of
toiuene; towels placed mid-
height next to fire exposed side
4 : Standard load — bagged with
100 g of toluene poured over
the load

SWD 37 |1 2.3 kg {5 |b) brown paper trash fire
4 2.3 kg (5 Ib] brown paper

2.3
2.3
SWD 33 2.3
2.3

SWD 34

2.3.3 Adjacent Fire Tests — Trash Fire

The third type of exposure fire that was used in this series was a trash fire. Figure 14
provides a sketch of the test arrangement used in Test No., SWD 37. In this test;
approximately 1.5 standard loads were spread between the drums. The use of 1.5 standard
loads was chosen as the fuel source as it approximately represents the case of the four
surrounding drums {i.e., surrounding target drums 1 and 4} having ejected one-third of their
contents (i.e., the maximum amount observed to have ejected from a standard load drum
experiencing lid loss failure}). The test materials were ignited via a small amount of heptane
poured over the simulated trash. Figure 15 provides photographs of Test No. SWD 37.

2-27



WHC-SD-WM-TRP-233 REV. O

Trash

Drum 2
HF
2.1m
Drum 1 (7 1)
015m_ || 06m | 0.15m
(6 in) - (2 ft) | (6 in)
21m
(7 )

Figure 14. Trash Fire Exposure Test Setup

2-28



WHC-SD-WM-TRP-233 REV.O

SWD 37 - Pre-Test Set-Up

SWD 37 - Test in Progress

Figure 15. Trash Fire Exposure Test
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2.3.4 Engulfing Fire Tests -— 2.1 m Pool Fire

In this series of tests, the target drums were positioned inside a 2.1 by 2.1 m (7 by 7
ft) pan. Figure 16 provides a diagram of the test arrangement, and Figure 9 provides the
general instrumentation arrangement used in these tests, except that the exterior drum wall
thermocouple were positioned around the entire periphery of the drum. This thermocouple
arrangement is shown in Figure 16. Thermocouples 60 and 62 on Drum No. 1 and
Thermocouples No. 61 and 63 on Drum No. 4 were positioned in line with the center of the
burner. After the drums were positioned, the pan was filled with 75.8 L {20 gal) of JP-5 fuei
which floated on top of 1.3 em (0.5 in.) of water. JP-5 was chosen because of its similarity
to diesel fuel. The mass loss and heat release rates of the two fuels do not differ significantly.
Subtracting the area of the four drums {0.292 m? each) yields a burn area of 3.38 m2. Using
a burning rate of 0.039 kg/m?-s and a heat of combustion of 40 MJ/kg [Babrauskas, 1988}
for the fuel results in a theoretical heat output of approximately 5.3 MW. Table 7 provides
the test matrix for the engulfing fire exposure tests.

Table 7. Enguifing Fire Exposure — Test Matrix.

Test ID | Drum ID Drum Contents Exposure Co"mrﬁents

swpD 29 1 2.3 kg (5 Ib) brown paper and 0.18 Pool fire
kg (0.4 Ib} of cotton towels soaked
with 100 g of toluene; towels placed
on top of load

4 Standard load — bagged with 100 g
of toluene poured on rags placed on
top of the load

sSwWD 30 1 2.3 kg {5 Ib) brown paper Pool fire
4 Empty

sSWPp 31 1 2.3 kg (5 Ib} 10 mit plastic Pool fire
4 Standard load

SWD 32 1 2.3 (5 Ib) brown paper Pool fire with vent
4 2.3 (5 Ib) plastic filter

Test Nos. SWD 29 - 32 were evaluations of a range of potential drum loadings. Test
No. SWD 29 incorporated small amounts of flammable liquids. This test was performed to
determine a potentially "worst case” for lid loss. Test No. SWD 32 incorporated the use of
the vent filters on the two combustible filled target drums. Figure 17 provides photographs
of Test No. SWD 29..

2.4  GASKET SEAL TESTS
A series of tests was also conducted to evaluate the performance of the gasket seals

with respect to various temperatures and pressures. A single 17-H drum was used in each
test. Figure 18 provides a photograph of the test arrangement.
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49 48

IO.S m

Drums in 2.1 m (84") x 2.1 m pool fire of JP-5

(Bottom row of TC's are shown for orientation)

Figure 16. 2.1 m JP-5 Pool Fire Setup
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SWD 29 - Test in Progress

Figure 17. 2.1 m Pool Fire Test
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Test Arrangement Test in Progress

Figure 18. Gasket Seal Test
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The tests consisted of an empty drum with a sponge rubber gasket seal {see Section
2.1.5). Temperatures of the drum wall surface, near the lid, were measured at four tocations.
The drum was pressurized 1o a specific overpressure, and a ring burner was then ignhited. The
ring burner consisted of 1.3 ¢cm {0.5 in.) diameter copper tubing with 0.3 cm (1/8 in.) holes
spaced approximately 1.3 cm {0.5 in.) apart. The burner was fueled with propane gas.

Table 8 provides the test matrix for the gasket seal tests.

Table 8. Gasket Seal Test Matrix.

Test No. Overpressure {psi) Fuel Flow {Lpm) - Gasket Material
GS-1 +5 5.43 Sponge rubber
GS-2 +5 7.59 Sponge rubber
GS-3 +10 5.43 Sponge rubber
GS-4 +10 7.58 Sponge rubber
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3.0 EXPERIMENTAL RESULTS

3.1 SINGLE DRUM BURNING TESTS

In this program, it was desired that the experimental results could be used in
conjunction with an analytical analysis in order to characterize drum performance under fire
exposures. Although the goal of this work was to assess the hazard of fire propagation
through drum arrays, it was first necessary to gain an understanding of how individual burning
drums behaved. This was the purpose of the single drum tests. Since the interaction
between drums plays a major role in fire propagation through a storage array, measurements
of drum wall temperatures, radiative heat fluxes, and mass burning rates were essential for
these tests. The following sections present the experimental resuits for the single drum tests.

3.1.1 Single Drum Burning Rate Tests

Table 9 provides a summary of the data obtained from the single drum burning rate
tests. Figures 2 and 3 (Section 2.2.1) show the configuration of the heat flux transducers and
thermocouples. Graphical data outputs for these tests are provided in Volume ll—Appendix
B under the appropriate test number. The tabie provides a listing of the following:

. The maximum heat fluxes received by the target drum (HF 1, HF 2, and HF 3};

. The maximum heat flux received by the target calorimeters, 0.6 m {2 ft) from
the drum {HF 4 and HF B};

L Maximum average temperatures at each horizontal set on the burning drum; and

o Maximum temperature of drum wal! surface on target drum (TC 21, 22, 23) at
each horizontal location.

Figures 19, 20, and 21 provide examples of the burning drum surface temperatures and
heat fluxes attained by the target calorimeters. Figure 19 is the data from SWD 4 which
invoived the standard load. Figure 20 is the data from SWD 10 which invoived two-thirds of
the standard load cut into small pieces. Figure 21 provides the data from SWD 5 which
involved 7.6 L {2 gal) of kerosene.

In general, the highest heat fluxes on the target drum (HF 1-3) and the calorimeters at
0.6 m (2 ft) (HF 4 and 5) are noted near the top {HF3 and HFS) and decrease from top to
bottom. The temperatures on the surface of the burning drum also follow the same trends as
the heat flux. This is due to the fuel burning from top to bottom. For fuels such as kerosene
and plastic {(which melts into a pool}, this trend does not hold.

Table 10 provides a summary of the average mass burning rate and the estimated peak
and average heatrelease rates which were developed using the weight loss measurements and
published heats of combustion (see Table 2} for the materials involved. The average mass
burning rate and subsequently the average heat release rate were calculated over the time
intervals noted in Table 10. These time intervals correspond to the quasi-steady state burning
period of interest for each fuel package. The times chosen bracket the most obvious period
of near constant mass loss rate. For Tests SWD 8 and SWD 9, which used plastic sheet for
the fuel, the time interval corresponds to the time after the plastic melted and became a pool
fire.
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Table 10. Mass Burning Rates and Heat Release Rates for Single Drum Burning Tests.

Time Interval Mass Est. X' | Estimated”
Test No. Materials f&ra(::tgﬁ:iti:]ng Burning HRR Peak HRR
Rate (a] 9 |Rate (g/s) | (kW) (kW)
SWD 1 |Std Load - top 747 - 3860 1.45 45 129
SWD 2 | Std Load - bottom NM NM NM NM
SWD 3 | Paper (2.3 kg}- bottom 62 - 1260 1.87 31 128
SWD 4 | Std Load - top 70 - 7260 1.05 33 49
SWD 5 [Kerosene 171 - 2994 2.2 95 188
SWD 6 |Paper {2.3 kg) - top 62 - 500 3.14 51 69
SWD 7 | Paper {6.8 kg) - top 63 - 1200 1.29 21 43
SWD 8 |Plastic {2.3 kg) - top 1100 - 2265 1.68 73 160
SWD 9 | Plastic {6.8 kg) - top 1600 - 5500 1.57 68 157
SWD 10 2/3 Std Load - mixed - top| 70 -22000 0.58 18 47

Note: * = my -AH, where my; is the mass burning rate and AH, is the heat of combustion.
NM = Not measured for these tests.
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SWD4 - Standard Load
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Figure 19. Drum Temperature and Heat Flux Data for Standard Load
Singie Drum Burning Test
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SWD10 - 2/3 of Mixed Standard Load
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Figure 20. Drum Temperature and Heat Flux Data for 2/3 Standard Load

Single Drum Burning Test

3-5



Avg. Drum Temperature [C]

Heat Flux [kW/m?)

800

600

400

200

N
o

'y
(4]

10

WHC-SD-WM-TRP-233 REV. O

SWDS5 - Kerosene
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Figure 21. Drum Teniperature and Heat Fiux Data
for Kerosene Single Drum Burning Test
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The tests showed that burning of materials inside the drums was rather unremarkable.
Generally, the materials burned with flame heights approximately 0.3-0.6 m {1 - 2 ft) above
the top of the drum. In the tests with kerosene or plastic sheet as the fuel, the flames would
periodically flash to a height of 1.5 m (5 ft) above the drum,

Based on the heat release data, several observations can be made:

Kerosene provided the highest peak and average heat release rates;

The peak and average HRR were higher for the lower density paper loading {2.3
kg} than for the higher density paper loading (6.8 kg);

Bottom ignition of paper produced a higher peak HRR, but the average HRR was
approximately the same. The higher peak HRR cccurred at the time when the
fire burned through the paper and flames extended up the entire face of the
drum;

The HRRs for the standard load are less than those for paper alone or plastic
alone. This is primarily due to the higher loading density and use of other fuels
that burn siower, i.e., cotton fabric; and

The loading density of plastic does not have the same trend as paper since it
first melts and forms a pool as it burns. This is evidenced by the close average
and peak HRRs for the 2.3 kg loading and the 6.8 kg loading.

3.1.2 Stacked Drum Tests

Table 11 provides a summary of the data obtained from the vertical single drum burning
tests. Figures 2, 3, and 5 show the configuration of the heat flux gauges and thermocouples.
Graphical data outputs for these tests are provided in Volume Il—Appendix B under the
appropriate test number,

The table provides a listing of the following:

The maximum heat fluxes received by the laterai target drum {HF 2, HF. 3);

The maximum heat flux received by the target calorimeters (HF 4, HF 5}, 0.6
m (2 ft} from the drum;

The maximum heat flux received by the vertical target drum (HF 6, HF 7, and
HF 8);

Maximum average temperatures at each horizontal set on the burning drum; and

Maximum temperature of drum wall surface on lateral target drum (TC 21, 22,
23} at each horizontal location.
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Based on the single drum burning tests, kerosene was used as the primary fuel in the
vertical spacing tests so as to provide the maximum HRR and exposure to the vertical drum.
Table 12 provides a summary of vertical drum tests with respect to heat flux incident to the
vertical water-filled target drum. The average time periods were subjectively chosen by
determining the times which best bracketed the near steadystate maximum heat flux, The
data show that, as expected, increasing the vertical distance decreases the incident heat flux
to the vertical target drum.

Table 12. Vertical Drum Tests Summary.

Vertical Average Average
. .| Transducer H,0 Cal* | Time Span**
Test No. Materials Separati H Fl
on {cm) eat Ux Heat Fltzax (s)
{(kW/m*) (kWim<)
SWD11 | Kerosene 15.2 35.2 35.2 500 - 1500
SWD12 | Kerosene 30.5 33.9 37.5 100 - 80O
SWD13 | Kerosene 45.7 20.2 18.8 100 - 800
SWD14 |Kerosene 61.0 15.9 14.9 100 - 1000
SWD15 | 2.3 kg plastic 15.2 34.6 33.4 1000 - 2000
SWD16 | 1/3 standard load - 15.2 45.6 40.9 400 - 6800
small pieces
SWD17 |standard load - bagged 15.2 22.8 17.2 3000 - 4000

* Assumes the heat flux is incident to the bottom surface area of the drum only.
** Corresponds to the maximum steady flame heat flux.

Heat flux to the bottom of the vertical target drum was quantified both by the three
heat flux transducers and the water calorimeter (see Section 2.2.2). Figures 22 and 23 show
the results for Tests SWD11 and SWD 186, respectively. The heat flux profiles for Transducers
HFB6, HF7, and HF8 show over a 50 percent reduction in incident heat flux from the center to
the edge of the drum (i.e., HF6 to HF8). The bold line in Figures 22a and 23a represents the
average of the HF8, HF7, and HF8 data.

This average has been compared to the heat flux measurement obtained from the water
catorimeters in Figures 22b and 23b for Tests SWD11 and SWD186, respectively. The water
calorimeter results assume that the flame heat flux is incident to the bottom surface area of
the target drum only. As can be seen, there is very good agreement between the two
measurements. The water calorimeter provides a good measurement of the overall heat
transfer to the drum whereas the heat flux transducers are best for providing local heat flux
data.

Although the one-third standard load in small pieces (SWD18) produced the greatest
incident heat flux { ~ 43 kW/m?) to the vertical target drum, the kerosene fire witha 15.2 ecm
(6 in.) spacing (SWD 11} resulted in nearly the same flux (-~ 37 kW/m?) but at a much earlier
time and for a longer duration. This result can be seen by comparing the heat flux profiles in
Figures 22b and 23b.
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SWD11 - Kerosene - Stacked Drums 15 cm (6 in.) apart
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Figure 22a. Transducer Heat Flux Data for Kerosene Stacked Drum Test.
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Figure 22b. Water Calorimeter Heat Flux Data for Kerosene Stacked Drum Test.
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Figure 23a. Transducer Heat Flux Data for 1/3 Standard Load Stacked Drum Test.
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Figure 23b. Water Calorimeter Heat Flux Data for 1/3 Standard Load Stacked Drum Test.
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3.2 DRUM RESPONSE FIRE EXPOSURE TESTS

The most significant potential resuit of drum heating by an exposure fire is the loss of
the lid. Lid loss results in the burning of drum contents and the distibution of any hazardous
materials which might be contained in the drum. Lid seal failure is a less severe drum failure
mode. Lid seal failure results in loss of containment, but also results in drum pressure relief
which can prevent lid loss. By preventing lid loss, lid seal failure prevents burning of the
contents and thus markedly reduces material releases. Table 13 provides a lid loss summary
and Table 14 provides a summary of the data obtained from the drum response tests.
Graphical data output for these tests are provided in Volume il—Appendix B under the
appropriate test number. In some of the tests, venting was observed prior to lid loss failure.
However, in these cases, the degree of lid seal failure was not sufficient to reduce the
pressure in the drum. In all tests where lid loss was not observed, lid seal failure occurred.
For these tests, a critical venting time was determined as when the rate of pressure rise
becomes negative, thus indicating a pressure reduction in the drum. This did not usually
correspond to the fire when venting was first visually observed. '

Table 13. Lid Loss Summary of Fire Exposure Tests (2 sheets).

Test/Drum Contents -Lid Loss -
. 0.48 m Burner
19-D1 Standard load N
19-D4 Empty N
20-D1 2.3 kg {5 Ib) paper N
20-D4 2.3 kg {5 |b) piastic N
21-D1 2.3 kg (5 Ib) paper — heptane Y {AD
21-D4 Empty N
22-D1 Bagged standard load — acetone N
22-D4 2.3 kg (5 Ib) paper — acetone N
23-D1 2.3 kg (5 Ib) paper — heptane N
23-D4 2.3 kg (5 Ib} paper — acetone N
24-D1 {Standard load — EPOM N
24-D4 Empty — EPDM N
25-D1 2.3 kg (5 Ib} paper — EPDM N
25-D4 2.3 kg (5 Ib} plastic — EFDM N
26-D1 2.3 kg {5 Ib) paper — toluene — EPDM N
26-D4 Bagged standard lpad — toluene -— EPDM N
27-D1 2.3 kg (5 Ib) paper — toluene — EPDM N
27-D4 Bagged standard load — toluene — EPDM N
Drums resulting in lid loss 1 of 18
Notes: Al = Autoignition

3-14



WHC-SD-WM-TRP-233 REV. O

Table 13. Lid Loss Summary of Fire Exposure Tests (2 sheets).

Test/Drum : Contents Lid Loss
1.2 m Burner
28-D1 2.3 (5 |b) paper N
28-D4 2.3 kg (5 Ib) plastic N
33-D1 2.3 kg (5 Ib) paper Y
33-D4 2.3 kg (5 Ib) plastic N
34-D1 2.3 (5 Ib} paper — heptane N
34-D4 Empty N
35-D1 2.3 (b Ib) paper — heptane Y
35-D4 Standard load N
36-D1 2.3 kg (5 Ib) paper — toluane - Y (Al)
36-D4 Bagged standard load — toluene N
Drums resulting in lid loss 3 of 10
2.1 m JP-5 Pool Fires
29-D1 2.3 kg (5 |b) paper — taluene Y
29-D4 Bagged standard load — toluene Y
30-D1 2.3 kg (b Ib) paper Y
30-D4 Empty N
31-D1 2.3 kg (5 b} plastic Y
31-4 Standard load Y
32-D1 2.3 kg (b Ib) paper Y
32-D4 2.3 kg (5 Ib) piastic Y
Drums resulting in lid loss 7of8
Trash Fire
37-D1 2.3 kg (5 Ib) paper N
37-D2 2.3 kg (5 Ib} paper _ N
Drums resulting in lid loss : Cof 2

Notes: Al = Autoignition
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3.2.1 Thermal Exposure

The thermal exposure achieved is the major important characteristic of the three
experimental configurations examined in this work. The thermal exposure was characterized
by both total heat flux transducers placed in the wail of an empty target drum and by the use
of a water filled drum which acted as a drum calorimeter. The point measurements with heat
flux transducers were placed to characterize the peak local heat fluxes. Conversely, the drum
calorimeter provided a measure of the total heat incident upon a drum. A summary of the
measured thermal exposure is provided in Table 15 and Figure 24. Also included in Table 15
is the average heat flux to the drum using the area of the drum exposed to the flame as
determined visually in the testing. These average heat fluxes will be used in the thermal
moedeling of these experiments.

Table 15. Thermal Exposures for Drum Response Tests.

Fire Exposure Peak HeatzFlux Heat Input | Exposed D;um Average Hegt
(kW/m*) (kW) Area (m*<} Flux {(kW/m<)
Trash Fire 50 10 0.4 25
0.48 m Burner 78 18 0.4 45
1.2 m Burner 100 35 0.8 44
2.1 m Pool 140 104 1.6 ' 65

During Test SWD 30, the remaining contents of drum SWD 29-D4 ignited and started
to burn. Drum SWD 29-D4 had been moved from the previous test to a location 2.7 m {9 ft)
away from the pan. The contents which filled approximately 30 cm {12 in.) of the drum were
charred and had been extinguished with water two days earlier. The pool fire of Test SWD
30 radiated to ignite Drum SWD 29-D4 which burned with flames reaching about 46 cm
{18 in.) above the top of the drum. As a result of this incident, two 50 kW/m?2 heat flux
transducers were placed near the base of Drum SWD 29-D4 during Tests SWD 31 and
SWD 32. The measured peak heat flux was about 12 kW/m2. The data are plotted in Volume
l—Appendix B for each test.
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3.2.2 Role of Flammable Liquids

In some storage facilities there may be free flammable or combustible liquids included
within the drum. Such free liquids could contribute to lid loss failure through evaporation to
increase drum pressure or through autoignition of the vapors. Due to these possible
contributions, 16 of the tests performed inciuded flammable liquids. Liquids used included
heptane, acetone, and toluene. Acetone and toluene have been documented in WHC drum
inventories (Boothe, WHC-SD-W308-TI-001 Rev. 1}, but no heptane has been documented.
Heptane was selected because hydrocarbons have auteignition temperatures which are about
200°C less than most other vapors [Beyler, 1988]. Table 16 gives the flammable limits and
autoignition temperatures (AIT) of these flammabie liquids. Also included are the temperatures
at which the equilibrium vapor pressure corresponds to the lower and upper flammable limits.
The tabte clearly shows that heptane and toluene can be within the flammable limits at
ambient temperatures, but acetone would be expected to be above the upper flammable limit.
Further, a comparison of the published autoignition temperatures {(AIT) with drum wall
temperatures indicates that autoignition is a reasonable concern. It should be noted that AlT's
are scale dependent and geometry dependent so that published values should only be
considered as a guide to the suseptibility of vapors to autoignite. Of the 16 drums containing
free flammable liquids, only two autoignited {one heptane and one toluene). Autoignition was
determined by the extreme rapidity of the pressure rise and the low recorded lid loss pressures
which result from large pressure increases within a data collection cycle.

Table 16. Flammability Limits and Autoignition Temperature of Flammabie Liquids.

Fuel LFL (%) UFL (%) T (°C) | Tyr (°C) | AIT {°C)
Acetone 2.6 13.0 .20 8 465
Toluene 1.2 7.1 4 39 480
Xylene 1.1 6.6 25 61 465-530
Heptane 1.05 6.7 -4 27 215

One drum (SWD 21-D1) which autoignited contained 2.3 kg of paper and 0.2 kg of
cotton towels soaked with 50 g of heptane and was exposed to the 0.48 m burner fire. The
maximum pressure measured in the test was a mere 1.2 psig. At the next 1 s scan, the
pressure was ambient. Clearly, the drum lid did not fail due to & 1.2 psig pressure rise, As
noted in the data summary in Table 14, no normal drum lid loss occurred at less than 13 psig.
The lid loss and recorded maximum pressure of 1.2 psig can only be explained by autoignition
of the heptane with a rapid pressure rise and lid loss within the one second scan time. The
maximum measured drum wall temperature measured at ignition was 440°(C, well in excess
of the autoignition temperature. Four other drums with similar or higher drum wall
temperatures did not ignite. The phenomena of autoignition could not be repeated for this fire
exposure. Test No. SWD 23-D1, which was a repeat of the heptane autoignition drum, did
not experience lid loss failure. .

The second drum which autoignited (SWD 36-D1) contained 2.3 kg of paper and 0.2
kg of cotton towels soaked with 100 g of toluene which was exposed to the 1.2 m burner
fire. The maximum pressure measured in the test was 6.8 psig. Based on this low value of
pressure and the extremely rapid rate of pressure rise, this drum was judged to have
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autoignited. The maximum measured drum wall temperature measured atignition was 484°C,
just in excess of the autoignition temperature. Seven other drums with similar or higher drum
wall temperatures did not ignite.

These test results suggest that autoignition can occur in solid waste drums if free
flammable liquids are present. However, the apparent liklihood is of autoignition is only 2 of
16 or 13 percent. While both autoignited drums contained 2.3 kg of paper with flammable
liquid, there were also seven drums containing 2.3 kg of paper and flammable liquid which did
not ignite. Further, the temperature and pressure data show no systematic trends which might
explain why some drums autoignite and others do not. There does not seem to be any
systematic nature to the results. We know from the data in Table 16 that upon heating the
liquid soaked towels, it is possible to develop a rich mixture outside the flammable limits.
Thus, autoignition may require that the drum wall temperatures reach high enough values
without heating the towels sufficiently to cause excess vapor formation. The two drums
which did ignite had the flammable liquid next to the exposed drum wall. However, several
tests with the flammable liquid next to the exposed drum wall did not autoignite, and tests
where the liquid was remote from the exposed wall did not ignite. As is often the case with
autoignition, the process seems very random even when the vapor concentrations and wall
temperatures are within the ranges where autoignition is normally expected.

It is significant that with the exception of the two tests believed to have autoignited,
the presence of flammable liquids had no effect on the pressure, temperature, or time of lid
loss or lid seal failure. Thus, the role of free flammable liquids in the response of drums is
limited to its potential to cause autoignition, which as we have already seen occurred in only
13% of the flammable liquid containing drums tested. As such, the effect of flammable liquids
is less than might be imagined. Unfortunately, due to the extremely rapid pressure rise in the
autoignition events, it was not possible to measure the peak pressure at lid loss for
autoignition induced lid loss. This value is needed for stability analyses for autoignited drums
in arrays.

3.2.3 Drum Seal Failure and Resuiting Material Loss

The drums with lid seal failure typically failed at the drum lid clamp tightening bolt area
of the lid with gases jeting from the leakage location. This jet sometimes ignited, resulting in
a jet flame of up to about C.5 min fength. In no case was the jet flame of any consequence
relative to the exposure fire. Table 14 includes the drum mass loss rates for for drums which
failed by lid seal failure (venting). Mass loss rates range from 0.01 to 1.64 g/s during the fire
exposure. There was no relationship between drum contents and the mass jost except that
plastic contents tended to resuit in very low mass losses. This is expected since significant
pyrolysis of plastics does not occur untit the full plastic load is melted into a pool in the bottom
of the drum.
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Excluding the plastic onty drums and empty drums, it is rational to correlate the mass
loss using an apparent heat of gasification such that

woe 9 %

where m is the mass loss rate, Q is the heat input rate, and L is the apparent heat of
gasification. Using the mass loss rate data in Table 14 and the respective heat input rate
values in Table 15 for all of the tests except empty and plastics only drums yields an average
heat of gasification of about 40 kJ/g. The variations in the apparent heat of gasification
between tests are about a factor of two. A conservative value of 20 kJ/g overpredicts all the
available data and may be useful for bounding analyses. These apparent heats of gasification
are unusually large. This results from the use of an incident flux for the determination and the
unusually large heat losses associated with combustibles within a drum.

3.2.4 Lid Loss

tn the 0.48 m propane burner tests, 18 drums were exposed, and only cne drum
experienced lid loss. This drum included 50 g of heptane which autcignited, resulting in lid
loss {see Section 3.2.2). Inthe 1.2 m propane burner exposure fire tests, ten drums were
exposed, and only three drums experienced lid loss. One of the lid losses was due to
autoignition of toluene contained in the drum while the remaining two drums lost their lids due
to heat induced overpressures of 23.7 and 20.8 psig. In the trash fire test, two drums were
exposed, and neither experienced lid loss failure. In the 2.1 m pool fire exposure tests, eight
drums were exposed, and seven of the drums experienced lid loss. The only drum which did
not lose its lid was an empty drum. The experiments effectively span the relevant exposures
expected in the drum storage facilities. Excluding the autoignition lid losses, the presence of
flammable liquids was found to have no significant effect on the performance of a drum (see
Section 3.2.2}. Therefore, while the two autoignition lid loss drums are treated as unique
events, no further distinction is made between drums with and without flammable liquids. in
the 0.48 m burner and trash fire tests, O percent of the drums experience lid loss; in the 1.2
m burner tests, 22 percent of the drums experience lid loss; and in the 2.1 m pool tests, 87
percent of the drums experience lid loss.

A nrobabilistic approach is taken because of the nonrepeatability of the drum tests.
While the heat input rate to the drums did not significantly change for a given exposure {see
Figure 24), the failure mode of similar drums varied. Table 14 indicates several tests in which
drums with identical contents were exposed to the same fire exposure and in one case
experienced lid loss failure and in another only lid seal failure. This was especially true for the
1.2 m burner experiments.

Lid loss failure and lid seal failure can be regarded as competing failure mechanisms.
If the lid seal degradation provides sufficient vent area prior to the failure of the lid clamp, then
pressures will be relieved, and subsequent weakening of the clamp will not cause lid loss.
Since clamp failure is a structural failure, it is rational to expect it to be a function of the
temperature of the steel and the pressure in the drum. Typically, structural failure of steel can
be cast in terms of a critical temperature with critical temperatures ranging from 500 to
700°C. This narrow range results from the fairly rapid loss of strength above 500°C such
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that significant changes in loading have only a small effect on the critical temperature,
Figure 25 shows a plot of the average exposed drum wall temperature at the time of lid loss
or seal failure as a function of the drum pressure at failure. This plot indicates that there is
no systematic trend in the temperature with pressure. Figure 26 shows a plot of the average
exposed drum wall temperature as a function of the time. Lid loss failures occur at wali
temperatures in the range 600-800°C. Based on this information, a critical temperture in the
range of 600-700°C would be a reasonable criterion for lid loss failure, with the precise value
depending upon the degree of conservatism required.

This approach is simple and satisfactorily represents the available data. However, the
criterion does not deal with gasket decomposition. |f the temperatures are raised slowly, the
gasket could decompose and vent before the critical temperature is reached, and lid loss
would be predicted and would not occur. Based on an examination of Figure 286, it is clear
that a correlation to represent the lid seal failure time is not possible. Lid seal failures occurred
over a range of 2-6 minutes at temperatures of 300 to 600°C, reflecting a great deal of
random variation. Howaever, an approach can be formulated which would allow lid seal failure
to be estimated.

Since lid seal failure results from thermal decomposition of the gasket seal material, it
is reasonable to attempt to model the process using a one step Ahrrenius decomposition faw.
The extent of decomposition, D, follows the integral of the Arrhenius rate equation,

D = for exp ¥R di . (2)

where t is the exposure time, T is the drum wall temperature, and E is an activation energy
for the decomposition process. The extent of decomposition parameter, D, is unitless and has
no direct physical meaning. Its value is related to the effect of the thermal exposure, and a
critical value of D is expected to define lid seai failure if the correlation is successful. The free
parameter in this expression is the activation energy. D was calculated for all experiments
conducted using a range of trial activation energies, E, to find that value of £ which minimized
the variation in D at {id seal failure and which provided the best descrimination between fid
seal failures and lid loss failures. Figure 27 shows the calculated D at lid loss and/or lid seal
failure for all the available experiments using E/R = 800 K as a function of the failure time.
The goal in such a piot is to define a D, which will not be reached in tests where lid loss
occurs, but are approximately reached in all tests in where lid sczal failure occurs. Figure 27
shows that the proposed correlation is not a viable method for representing the lid seaf failure
results. A successful correlation would have all the lid loss points below a critical value of D,
and all the lid seal failures would cluster about a single value of D. While a D value less than
about 50 includes all of the lid loss drums, it also includes a similar number of lid seal failure
tests. This is not an acceptable criteria for the failure mode of a drum. A range of values of
E/R were explored without success. Both Figures 26 and 27 indicate that lid seal failure is a
highly random process.
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The drum pressure at lid loss is important to the stability of a drum array, if the lid loss
drum is not in the top tier. Figure 28 shows a plot of the peak drum pressure as a function
of the time to lid or lid seal failure. While there is a wide range of peak pressures observed,
there seem to be systematic differences in the peak pressure with the type of contents in the
drum. The 2.3 kg paper loads systematically yield higher peak pressures at lid loss than the
remaining load types. The standard load drums had the lowest observed pressures at lid loss.
This systematic difference was not noted in the drum wall temperatures. The observed
systematic differences in peak pressure with load type cannot be explained by any
measurements made in this test program. Since the most realistic drum loads yieid the lowest
lid loss pressures, this inability to explain the results is quite significant. As the array stability
modeling (Section 4.10) will show, the differences in lid loss pressures can mean the
difference between a drum array which is stable with regard to a lid loss in the array and an
array which is not stable.

For purposes of defining a lid loss pressure for use in array stability analyses, it is
useful to examine the probability of lid loss as a function of pressure. Figure 29 is a
cummulative probability plot for all the data, and Figures 30-32 are simiiar plots for each fire
exposure separately. Figure 33 shows a frequency plot for lid loss pressures. These plots
allow one to select a lid release pressure for a stability analysis which reflects the appropriate
level of conservatism.

3.2.5 Trash Fire Exposure

Only a single test was conducted for the trash fire exposure. In this test, the two
target drums each contained 2.3 kg of paper. Neither of the drums experienced lid loss
failure, and they vented at a maximum pressure of 20 and 13 psig. As seenin Table 15, the
thermal exposure from the trash fire was almost half that of the 0.48 m propane burner.
During the test, no visible venting occurred, and after the test, the gasket seals were found
to be undamaged. Unlike the burner and pool fire tests, the drum seals in the trash fire test
were not in direct contact with the flame. As such, lid seal degradation cccurred much slower
than for the other exposures.

Drums which experience lid loss failure can expel the contents from the drum and lead
to contents burning adjacent to other drums. Since lid loss failure did not occur for this test
nor did it occur for the 0.48 m burner tests, it has been concluded that trash fire exposures
wiil not lead to lid loss failure. However, drum contents fire are an important area of study
which requires further investigation to confirm that fire propagation in drum arrays by expelled
contents fires cannot occur.

3.2.6 Vent Filters
Two of the 2.1 m full engulfment tests had vent filters installed. Table 17 provides a

comparison of several parameters between drums of like fuel loading but with and without
vents.
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Table 17. Summary of Tests with and without Vents — Engulfing Fires.

Test ID/Drum ID Contents Time m{:)id Loss ln\g::iid M::ei:;t:’r; i(r;}t;;r;ai
SWD 30-D1 2.3 kg paper 93 No 27.8
SWD 32-D1 2.3 kg paper 110 Yes 23.0
SwWD 31-D1 2.3 kg paper 124 No 17.4
SWD 32-D4 2.3 kg paper 136 Yes 17.5

As shown in Table 17, the use of the vent filter does not result in a significant
difference in time to lid loss or maximum pressure inside the drums, Based on these results,
it can be seen that small vent areas will have little impact on the overall drum response.

3.3 GASKET SEAL TESTS

Table 18 provides a summary of the gasket seal tests. Graphical data outputs for these
tests are provided in Appendix B under the appropriate test number. The data tends to show
that at the lower fuel settings, the gaskets lose integrity at a lower temperature regardless of

the pressure.

Table 18.

Summary of Gasket Seal Tests.

Test No. | Overpressure {psi] | Fuel Flow {Lpm) T;r::;;;t?;%)a t 3::: (t:)
GS-1 +5 5.43 258 330
GS-2 +5 7.59 340 280
GS-3 +10 5.43 271 358
GS-4 +10 7.59 318 432

Drum wall time-temperature curves are similar to the drum response testing described
earlier in that the drum wall temperatures rise over a period of about 2-3 minutes before
reaching nearly steady values. As such, the results of the gasket seal tests are similar to the
low wall temperature at lid seal failure tests using the 0,48 m burner fire exposure.
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4.0 ANALYTICAL — DRUM RESPONSE MODELS

In addition to the HAl drum testing, a heat transfer analysis was conducted for various
drum Ilpading and storage configurations. Developing an anaiytical methodology to moded the
response of storage drums to fire exposures is desirable so that fire propagation through drum
storage facilities can be assessed in the absence of specific fire testing.

For this analysis, drum dimensions are taken as those of a hollow cylinder 0.88 m (35
in.) in height, 0.59 m {23 in.) diameter, and 1.21 mm (18 gauge} wail thickness. Except
where otherwise noted, the top and bottom of the drum are assumed to be adiabatic. This
is a conservative approach because it does not allow heat losses through the top and bottom
of the drum. in cases where this is not a conservative assumption, heat transfer to the top
and bottom of the drum is considered. Analytical results are compared to HAI test data in
order to assess the utility of such theoretical models. The following sections address the
various drum configurations included in this analysis.

4.1 EMPTY DRUM

Analytically, an empty drum configuration is the simplest ta model. Since there are no
drum contents, heat is transferred through only two mediums: the steel drum wali, and the
air inside the drum. The thermal properties for both the steel and the air are well known and
are easily found in the literature. Figure 34 shows a cross sectional view of a single empty
drum where a section of the walil, bounded by the angle 8, is exposed to an external heat flux.
The temperature of the exposed and unexposed sections (also referred to as the hot wall and
cold wall) are assumed to be uniform along the perimeter of the drum. Although actual local
drum wall and gas temperatures will vary, the internal pressure will only be dependant upon
the average internal gas temperature. Since the wall thickness to surface area ratio is very
small, the temperature gradient across the drum wall is assumed to be zero. This assumption
is supported by the HAI drum tests where wall temperatures were measured at points on both
the inside and outside of the drum for selected tests and were found not to differ by more
than a few degrees Celsius. As such, the one dimensional unsteady heat transfer equations
far the hot wall, cold wall, internal air temperature, and pressure are given by

Hot Wall

A
A_z F,, 0 T'z‘ -k, (Tl - T_) ~h (T -T)-¢c (2 Tl4 - T-‘) 3)

dT,
Cspsd-d—;=q:;+F1_10T]4+
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Exposed
4, at Transfer Components for an Empty Drum
Flgure 34. He to an External Heat Flux
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Cold Wall

A—‘ FlaoTt « Kol  +h (T,-T)-h (T, -T)-c 27, - T4 4)

2

Internal Gas Temperature

aT
Cv Po 4 d: = Al hc (Tl - Ta) - AZ hc (Ta - TZ) (5)

Drum Pressure

p=po(T"} (6)

An important mechanism of heat transfer within the drum is the radiant energy
exchange between the hot and cold drum walls. The thermal radiation to the drum wall is
dependant upon the radiosity of the hot and cold walls in addition to the shape {configuration,
view) factor between the walls. Whereas, the radiosity is a function of the wall temperature
and may be determined from the heat transfer energy equations, the shape factor is solely a
function of the drum geometry. The shape factor is effectively the fraction of energy leaving
one surface which reaches a second surface. The top and bottom of the drum are taken as
adiabatic in this model. The drum is taken as a cylinder of infinite height such that simple and
conservative two dimensional shape factors may be determined. For all of the shape factor
notations (F,.} used in this analysis, the first subscript indicates the surface which energy is
leaving, and the second subscript is the surface which the energy is incident upon. For the
empty drum configuration, there are four different shape factors within the drum: (1) the hot
wali radiates to itself (F,_;), (2) the hot wall radiates to the cold wall (F,_,), (3] the cold wall
radiates to itself (F,_,), and (4) the cold wall radiates to the hot wall (F, 4). Figure 35 shows
the layout of an exposed drum. The segment x joins the points where the hot and cold wall
meet. Using standard configuration analysis techniques,

Fer=T1.

FixA1 =FiAL (7)
and Fy_,=A /A,.
Any radiant energy from the hot wall which does not pass through the segment x will expose
itself. Therefore,

Fra=1-Fy

or Fi.q=1-A/A,. . (8)

Similarly, any radiant energy from the hot wall which passes through the segment x will
expose the cold wall. Therefore,

F1.2=F1x

or F1_2=Axf'A1 {9)
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Figure 35. Empty Drum Configuration used for Shape Factor Analysis
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Likewise for the cold wall,
F2_2 = 1 - AX/AZ

SinceA,; =6 rh
A,=(2m - 6} rh {11)

and A = 2rh sin (8/z)
where, r is the drum radius and h is the drum height,

o (2) a8 NN T
Fro = 1 (6)”{2) For = 1 (2n—e)}sm[2)
(2} (2 Yo
P (e)sm(z} Fau (2n—e)}sm[2J

For a given angle 6, the shape factors between the walis may be determined.

(12)

1

4.2 VENTING

Equations 2 through 6 apply to an empty, air tight drum. If the drum is not air tight,
as is often the case during a fire exposure, venting of the drum will occur. When exposed to
an external heat source, drum venting may occur in several ways: (1) filters or vent clips, {2)
lid seal degradation, and (3) violent lid loss. Filters and vent clips aliow a drum to maintain
atmospheric pressure when subjected to normal temperature fluctuations. They are not
designed, however, to prevent arapid increase in pressure as might be expected during a fire
exposure. As adrum is heated, the gasket providing the seal between the drum lip and lid will
start to decompose. As the pressure builds in the drum, gases will vent at the weakest points
of the lid seal. Asthe seal continues to degrade, the venting area will increase allowing more
gases to escape. If this mode of failure continues, the drum will eventually reach ambient
pressure. If the pressure and temperature in the drum increase rapidly, there may be
insutficient time to vent the drum before violent lid loss occurs. In any case, the venting rate
of the drum is a function of the internal pressure and the vent area. The venting rate is given
by the compressible venting equation [Emmons, 1988]:

m 1
CA, | — P |y Z v
4 y + 1
2 y-!
C A T_IJP ¥ Pamle_ Pamb T}
v v ly-11p, P, J

where the first expression is for choked<{sonic) flow. The vent area and internal pressure may
change with time as is the case for a venting drum. If drum venting is to be accounted for,
the venting rate and heat loss due to venting must be included in the empty drum energy
equations. Whereas the drum wall temperature equations will remain the same, the internal
temperature and pressure equations will change. As such, the unsteady heat transfer
equations for an empty drum with venting are given as

1
2

13)

12—
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Hot Wall
dT! - 4 AZ 4 4 4
¢, psd? =Gy + Fi aT*+ Z-I-Fz_l o -h (T, -T)-h (T,-T)-02T*-T2
(14)
Cold Walf

dar, {4 (15)
¢, py d E’ = (1—:-] FlaoTt+F o} +h (T, -T)-h (T,-T)-02T'-T1

Internal Gas Temperature

d (m, T .
e, ———f <A h (T, - T) - 4, h (T, - T - ¢, T, ity (16)
where
dm
d - = - mven! (17)
t

Since the mass of air in the drum will not be constant, the internal pressure is given by

E m, T, . (18)
v

p =

Figure 36 shows the pressure rise for an empty drum with various vent areas. The
drum is fully exposed to a 60 kW/m? external heat flux. Initially, venting has little effect on
the pressure rise in the drum. Ultimately, the larger vent areas resuit in a lower maximum
drum pressure and a more rapid venting rate.

In order to assess the application of these equations, the calculated pressure and
temperatures are compared to HAl drum response test results. Specifically, an empty drum
was fully exposed to a 2.1 m {7 ft) square pool fire (SWD30-D4, Section 3.2).

Using a water calorimeter to measure the heating rate of the drums in the pool fire
yieided an average heat flux of 65 kW/m?< to the drum wall (Section 3.2). The external fiux
is assumed to evenly heat the entire perimeter of the drum wall. Solving Equations 3-6 for an
empty drum with no vent, Figures 37, 38, and 39 show a comparison of the calculated and
measured pressure rise, air temperature, and hot wall temperature, respectively. Since the
drum is fully exposed to the fire, there is no cold wall temperature. |Initially, the results
compare rather well. It should be noted that the time lag in the measured results is due to the
growth period of the pool fire. The analytical results assume that the incident heat flux is 65
kW/m?2 at time zero, whereas this is not the case for the pool fire experiment. At about 80
s, the measured pressure is seen to drop. This is due to lid seal degradation and subsequent
venting. As aresult, the calculated pressure and temperatures over estimate the experimental
measurements once venting begins.
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The venting equations can be used to account for the effects of lid seal failure for this
test case. Solving Equations 13-18 for the above drum exposure, Figures 40, 41, and 42
show the calculated pressure, air temperature, and hot wail temperature for a drum with a
16 mm (5/8 in.) diameter vent which is open at time zero. The vent area is assumed not to
vary during the test. The predicted drum pressure (Figure 40) does not exactly correspond
to the measured values because the vent area does not actually remain constant during the
experiment. Although the actual vent area is unknown and changes with time during the test,
this comparison illustrates the effect of venting via lid seal failure. Note that the vent has little
effect on the initial pressure rise and the decay in pressure is slow once the drum begins to
vent. Because the vent area can not accurately be predicted as a function of time, it is
difficult to analytically account for venting due to lid seal degradation. !f venting is ignored,
calculated pressure and temperature results will be conservative compared to actual
conditions.

4.3 DRUM FILLED WITH CONTENTS

Under normal storage conditions, the waste containers will not be empty. The drums
are used to store a variety of materials ranging from noncombustible chemicals and metals to
combustable loadings such as paper, plastic and flammable liquids. Under fire conditions, the
contents will affect the heating rate and pressure rise in the drum. For low external
exposures, the contents wili act as a heat sink thus absorbing much of the energy transferred
to the drum. This will result in a slower temperature and pressure rise in the drum. For this,
a lumped mass analysis is used to model the drum exposure. For larger exposures, such as
those involving direct flame impingement, a lumped mass analysis is not suitable. In these
cases, the contents will be treated as a semi-infinite solid within the drum. The utility of each
of the heat transfer analyses are assessed in the following sections.

4.3.1 Lumped Mass Contents Analysis

Figure 43 shows a cross sectional view of a single drum filled with a homogeneous
substance where, again, a section of the wall is exposed to an external heat source. As with
the empty drum configuration (and all other configurations}, the hot wall, cold wall, and
internal air temperatures are assurned to be uniform. As afirst approximation, the temperature
of the drum contents is also assumed to be uniform. This is known as a lumped mass
analysis. [n addition, the contents are assumed to completely fill the drum, thus absorbing all
of the radiant energy from the interior drum walls. Therefore, there is no radiant heat transfer
between the drum walils. Although the contents may be combustibie, it is assumed that no
pyrolysis occurs within the drum. If pyrolysis is included, the pressure in the drum is very
dependant upon the molecular weight of the combustion products. Since the molecular
weights of the products can vary as much as ten fold, it is inappropriate to include pyrotysis
effects given the limitations of this analysis. However, by the time the combustible surface
reaches a temperature at which pyrolysis can occur, the drum temperatures and pressure are
already high enough to expect drum failure by either lid seal degradation or lid loss. Given the
time frame in guestion, it seems acceptable to assume that pyrolysis does not contribute
significantly to drum lid loss failures. In the HA! drum response tests, there were not added
effects observed of pyrolysis influencing drum lid loss or seal failure. The one dimensional
unsteady heat transfer equations for the hot wall, cold wall, drum contents, and internal air
temperature are given by
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Figure 43. Heat Transfer Components for the Lumped Mass Analysis
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Hot Wall
d a TS - h + 4 (19)
¢, P, ?—qm*ro3—c{Tl—Tw)—hc(Tl-Ta)—o(ZTl-T_)
Cold Wall
i %% e 4 _ s (20)
¢, p,d —= =0T, +hc(T¢—Tz)—hc(T2-T_)-o(?.Tz - T3
Drum Contents
4T, 4 4 4 2D
cjij—&r——=AlaTi+AzaT2 +A3hc(Ta-T3)-A30T3

Internal Gas Temperature

ar, ,
€0, V=t <Ak (T, - T) - Ay h (T, - Ty) -4 b (T, - T)) (22)

Drum Pressure

p = p, [;"] 23)

a.0

This lumped mass analysis of the drum contents is expected to be valid at very low
heat fluxes and after long exposure times such that the temperature gradient in the contents
will be small. At higher irradiances and shorter exposure times, however, the surface
temperature of the contents will be much higher than the temperature at the center. As such
a more detailed analysis is considered.

4.3.2 Semi-infinite Solid Contents Analysis

in order to account for the temperature distribution in the drum contents, an integral
model for a semi-infinite solid is empioyed. As seen in Figure 44, the maximum temperature
of the contents is at the surface and decreases according to an assumed cubical profile within
the solid. This is a common approximation used to mode! the temperature distribution in
thermally thick solids exposed to an external heat flux at the surface. As with the lumped
mass analysis, pyrolysis is assumed not to occur within the drum. The unsteady energy
equations are essentially the same as those for the lumped mass analysis except the equation
for the contents. Using an integral model with the cubical temperature profile, the surface
temperature of the drum contents is given as [Eckert and Drake, 1972]:

4-16



WHC-SD-WM-TRP-233 REV 0

Teo
- X
T — f T2
l RER
Ts Yyt -
T (x)=Ax5+Bx%-Cx+D
—~~0T4
GT54 Il
e
Qext
| Ta N 01“24
07,4 /
e |

Figure 44. Heat Transfer Components for the Semi-infinite Solid Analysis
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4 Ty “ T4 4" 249)
dt g" 3 kpc
where
§" = o (T} - T, + B (T, = Ty o) (25)
and the temperature distribution in the salid is given as
7 3
T, 1) - T, = Ty - T, q x (26)

] @
) 3k(T3Jﬂ'f— To)

One of the difficulties in using the semi-infinite solid equations is characterizing the packing
contents. Although the model assumes the drum contents to be a uniform solid, they are
actually packed such that many air gaps exist, Further, for mixed contents, the type of
material, and thermal properties, will not be uniform throughout the drum. As seenin Equation
24, the surface temperature is a function of the thermal inertia (koc) of the contents.

Since the content’s actual thermal properties cannot be used because of the non-
uniform storage configuration, the thermal inertia is based on materials having densities similar
to the bulk packing density of the drum contents. In general, materials with similar densities
have approximately the same thermal inertia.

Figures 45 and 46 illustrate the predictive resuits of the semi-infinite solid analysis for
one particular configuration. For this HAl drum response test, a 55 gallon drum containing 2.3
kg {5 Ib) of paper was exposed toa 1.2 m {4 ft} square gas burner over approximately one-haif
its perimeter (SWD28-D1, Section 3.2}, Water calorimeter results for this burner setup yielded
an average flame heat flux of 45 kW/mZ2 over one-half the drum perimeter. The 2.3 kg of
paper is assumed to evenly fill the drum and has a packing density of 21 kg/m3. In order to
estimate the thermal properties of the paper contents, properties for polyurethane foam, which
has a density similar to the packing density of the paper contents {p = 20 kg!m3) used. As
such, in Equations 24-26, p = 20 kg/ma, kK = 3.4 x 105 kW/m-K, ¢ = 1.4 kJ/kg-K, and koc
= 9.5 x 107 kW2.s/m?-KZ. As seen in Figure 45, the calculated hot wall temperature
corresponds weil with the measured values. Inthe experiment, the cold wall temperature was
not measured. Rather, the temperature at the intersection of the assumed hot and cold wall
was measured (see Section 2.3.2). The temperatures along this intersection were averaged
and provide an upper bound for the cold wall temperature. As a result, the calcuiated cold
wall temperature is lower than the measured vaiues, as would be expected. The calculated
and measured internal drum pressures (Figure 46) seem to agree up until the time of lid seal
failure [~ 130 s). The pressure decay is typical of a venting drum as shown in Figure 36.

Figures 47 and 48 compare results for a different test configuration. Again the drum
contains 2.3 kg of paper, but, this time is fully exposed to a 2.1 m pool fire (SWD30-D1,
Section 3.2). The incident flame heat flux for this configuration was found to be 65 kW/m?
over the entire drum perimeter. The time for the pool fire to become fully involved is evident
(0-30 s), particularly in Figure 48. This results in somewhat of a lag time in each of the two
graphs. Even so, the temperature and pressure results seem to agree fairly well. For this test,
the drum failed due to lid loss at a peak pressure of 28 psig.
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Figures 49 and 50 compare resuits for a standard load drum exposed to the 2.1 m pool
fire (SWD31-D4, Section 3.2}. Again, the incident heat flux for this exposure was found to
be 65 kW/m<. For this test, although the temperature prediction is close to the measured
value, the predicted pressure rise is significantly different. It is unclear why the standard load
drums resulted in such a slow pressure rise and why they consistently failed at a lower
pressure than drums with lighter loads. Even after the pool fire becomes fully involved, the
pressure rise is quite different than that for the 2.3 kg paper load seen in Figure 48. For this
test, the standard load drum experienced lid loss failure at a peak pressure of 13 psig.

One of the criteria used earlier to discriminate between lid loss and lid seal failures was
a critical temperature. For the drum response tests, all of the drums which experienced lid
loss failure had exposed drum wall temperatures greater than 625°C. Although not ail drums
which achieved this temperature experienced lid loss, it seems to serve as a lower limit for the
lid loss failures. Figures 47 and 49 show that for the 2.1 m pool fire, the predicted exposed
drum wall temperatures are greater than 700°C. For both these tests, the drums experienced
lid loss failure. For the 1.2 m burner comparison {Figure 45), the predicted exposed drum wall
temperature is slightly greater than 600°C, This drum did not experience lid loss failure. For
the (.48 m tests in which none of the drums experienced lid loss, the predicted exposed drum
wall temperatures range from 540°C to 600°C depending upon the drum contents. These
results are consistent with the drum response tests in which'lid loss failures did not cccur at
temperatures below 625°C. The calculated temperature results can be used together with the
experimental results to predict if lid loss will occur for fire exposures which may occur in drum
storage facilities.

4.4 SINGLE BURNING DRUM

When a drum experiences lid loss or is breached in some other manner, if the contents
are not completely ejected they may begin to burn within the drum. Depending on the amount
and type of combustible in the drum, the fire size will vary significantly. HAI burning rate
experiments found heat release rates to range from 20 kW to 100 kW for different fuel
loadings {SWD1-10, Section 3.1). The lower heat reiease rates were characteristic of the
ordinary combustibles such as brown paper or the standard load {Section 2.1.6) packing.
Whereas, the higher heat release rates were for the flammable liquid fires or plastic contents
which melted into a pool fire. In general, it was difficult to obtain a large fire for contents
burning in the drum. A large part of this was due to the limited air flow to fuel on the bottom
of the drum. Additionally, as some of the contents burned and formed a char layer, they
tended to insulate the remaining fuel beneath.
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4.4.1 Burning Drum Flame Heat Flux

One of the hazards of a burning drum is that it will radiate to neighboring drums, thus
providing a possible means of fire propagation. The radiosity of the burning drum is a function
of the steel wall temperature. If the burning drum is taken as a cylinder of infinite height, the
heat flux to a target, some distance away, is given by )

I

ry

@n

N/ 4
g =ealT

where ry is the drum radius, r, is the distance from the center of the burning drum to the
target, and T, is the burning drum wall temperature. The temperature of the burning drum
wall may be determined as it was for the external heat source exposures. For this case, the
ftame heat flux from the burning drum contents controls the wall temperature. As such, the
unsteady drum wall temperature (thickness &) of the burning drum, T, is given by

aT,
¢ p b —= = g - h (T, - T)-a 2T} - T4 (28)

The flame flux acts over the interior of the burning drum. The interior wall reradiates,
and the exterior wall cocls both convectively and radiatively. Radiation from the drum
contents to the interior wall is included in the flame heat flux term. The radiosity of the
burning drum is seen to be primarily a function of the flame heat flux from the burning
contents. Although flame heat fluxes from the burning contents were not directly measured
for the HAI drum burning tests {Section 3.1}, they can be calculated from the measured drum
wall temperatures using Equation 28.

Table 19 shows the peak average burning drum wall temperature for each of the HAI
single drum tests (Section 3.1). The flame heat fluxes in Table 17 were calculated using
Equation 28 and represent the peak average flame heat flux from the burning contents to the
inside surface of the drum wall. With the exception of the kerosene {SWD 5) and the plastic
"pool” fire (SWD 8,9) tests, the peak average flame heat flux ranged from 2 kw/mZ2 to 16.2
kW/m2. This is the range of flame heat fluxes which would be expected from a burning
standard load drum. For the tests involving only 2.3 kg (5 |b) of paper, these would be
representative of a drum which expelled most of its contents leaving only a small amount of
combustibles in the drum to burn. The peak average flame heat flux does not appear to vary
significantly based on the amount of combustibles in the drum.
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Table 19. Single Drum Burning Tests - Radiosity.

Test No Materials - Peak X Wall Peak X Flame Heat
: Ignition Location Temperature {°C) Flux (kW/m2}*

SWD 1 Standard Load - top 237 9.0
SWD 2 Standard Load - bottom no ignition -

SWD 3 Paper (2.3 kg) - bottom 304 14.4
SWD 4 Standard Load - top 250 8.9
SWD 5 - | Kerosene 466 36.9
SWD 6 Paper {2.3 kg)} - top 238 9.0
SWD 7 Paper (6.8 kg) - top 86 2.0
SwD 8 Plastic (2.3 kg) - top 503 44.5
SWD 9 Plastic (6.8 kg) - top 475 38.7
SWD 10 |2/3 Standard Load - mixed - 322 16.2

top

*calculated from Equation 28 with T from Table 19

T, = 295K, c, = 0.47 kJ/kgK, p, = 7800 kg/m?, § = 1.21 mm , h, = 8 W/m?K
[Holman, 1990]

For these tests, the burning drum wall temperature and the flame heat flux varied
depending on the contents and was not always uniform over the height of the drum. This was
especially true for the standard load drums where the burning occured at the top and slowly
regressed as the contents were consumed. Although itis possible to account for non-uniform
heat flux distributions, it is simpler and more conservative to bound the flame heat flux and
assume it to be uniform over the entire interior drum wall.

In order to assess the validity of using an average heat flux rather than a distributed
flux over the height of the drum, a comparison between the two was made using a
computational fluid dynamics model (CFD). The CFD model was used to simulate a burning
drum exposing a sealed empty drum adjacent to it. The burning drum contents were assumed
to yield three different flame heat fluxes; one for the top third, one for the middle, and one for
the bottom third of the drum. Flame heat fluxes were determined from HAIl burning rate tests
in which the wall temperatures at these locations were used to calculate the flame heat flux
using Equation 28. As aresult, the burning drum imposed three distinct fluxes to the target
drum rather than a single average value. When compared to the results using an average
flame heat flux based on the average wall temperature of the HAI burning drum, internal
pressures and average internal air temperatures agreed within 5 percent. It was found that
the target drum maximum and minimum wall temperatures for the two models varied by up
to 15 percent, however, the average wall temperatures also agreed within 5 percent. This was
done for both a standard load test and a 8.8 kg {15 Ib) plastic load test. The standard load
flame heat fluxes ranged from 1 kW/m? at the bottom of the drum to 29 kW/m? at the top
For the plastic contents, the flame heat fluxes used in the CFD model ranged from 32 kW /m?
at the bottom to 44 kW/m? at the top. Since the range of flame heat fluxes from burning
drums was covered by these two drum loadings, a single uniform value for the flame heat flux
will be used in the burning drum scenarios considered.
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In addition to the HAI testing, other analogies may be used to determine a suitable
bounding flame heat 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 up to 20-30 kW/m2. An
opposing wall would be expected to-experience similar fluxes via flame contact as 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/m?2. Fires burning between closely spaced parallel plates has recently been studied by
Foley and Drysdale [1994]. They measured fluxes to the wall yieiding an average value of 37
kW/m2. Thus, the two methods of estimation are remarkably consistent though, originating
from different sources. {(Note that these are very close to the kerosene {SWD5) and plastic
{SWD8,9} peak average flame heat fluxes calculated in Table 19}.

These fluxes represent bounding heat fluxes in regions of direct flame contact 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 (as found in the standard load), this is not generally expected. Similarly,
it assumes that all the air gap is used to support flame. This is also not possible since atleast
haif of the gap areas need to be used to supply air to allow burning in the fuel/drum wall gap.
As such, assuming an average flux of half the above noted levels is a bounding average heat
flux. Thus, an average flame heat flux of 20 kW/m? will be used as the bounding flame heat
flux for the burning drum contents. {Note that this is higher than any of the peak average
flame heat fluxes for the standard load drums in Table 19.)

4.4.2 Radiant Heat Transfer from a Burning Drum

Since drum wall temperatures were measured for the HAI burning rate tests, it is
possible assess the utility of Equation 27 without solving Equation 28 or knowing the actual
flame heat flux. During the tests, a target drum was positioned 5 cm (2 in.) away from the
burning drum and the wall temperature of the target drum and the incident heat flux were
measured (Section 2.2.1}. Using the measured temperature of the burning drum, the incident
heat flux to the target drum is calculated using Equation 27. With this, the steady wall
temperature of the target drum, T, is calculated by

e -2k (T, -T)-20 (T} -TH=0 (29)
where the heat transfer coefficient, h,, was determined from a natural convection correlation
for a cylinder (Holman, 1990] and is taken as 8 W/mZ2-K. Table 20 shows the results for the
calculated and measured temperature and incident heat flux for a variety of drum loadings.
The measured burning drum temperature is a local temperature taken at mid-height on the side
facing the target drum. Two thermocouples (TC#9 and TC#10, SWD1 -10, Section 2.2) are
averaged to obtain a single value for the burning drum wali temperature. The measured
incident heat flux and the target drum temperature (HF#2 and TC#22, SWD1-10, Section 2.2}
are also local values taken at a point directly opposite the location of thermocouples 9and 10
on the burning drum. All measurements are averaged over a 10 to 30 minute peried
depending upon the test. The results for the calculated incident heat flux are in good
agreement with the measured values, especially for the kerosene and plastic "pool fire" tests.
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Tabie 20. Burning Drum and Target Drum Temperature and Heat Flux Summary.
. Target Drum Temperature
Test No. Measured Target Drum Incident Heat Flux Rise
{time of data Drum Burning E
sample, sec) Contents |p o remp Calculated | Measured 'kv';z:‘z Calculated | Measured El’:g"
{(kW/m?2} (kWim?) (°€C) (°c)
(%)) (%1
SwDb Kerosene 480°C 16.5 15.9 0.4 268 206 62
{600-1200] (753 K) (2.5) {30}
SWDg 6.8 kg (15 449°C 131 13.1 0.0 241 180 61
{2000-2600) Ib) Plastic (722 K} (0.0} {34}
SWD10 2/3 Standard 336°C 6.7 7.3 0.6 148 104 44
{9000-11000) Load {609 K} (8.2} {42}

The measured incident heat flux data for the standard load test was very scattered and was
difficult to obtain a useable average. The calculated wall temperatures of the target drum tend
to overestimate the measured values. This is likely because Equation 29 does not consider
conduction losses along the drum perimeter. However, for this analysis, it is conservative,
and allows a simple one-dimensional model, to ignore the conductive losses.

4.5 DRUM TO DRUM FIRE PROPAGATION

The heat transfer between drums stored in an array configuration is of particular
concern. Whereas an initiating event such as a poo! fire will cause exposed drums to fail and
burn, the spread of fire through the drum array is limited by the ability of the burning drums
to heat neighbering drums via radiation to allow fire propagation. In this section, itis assumed
that one or more drums are burning and radiating to neighboring drums. In order to'determine
the incident heat flux to the exposed drums, both the radiosity of the burning drums and the
shape factors between drums must be determined.

4.5.1 Drum to Drum Configuration Analysis

in order to determine the shape factors between a burning drum and its neighbors, a
3 x 3 array of tightly packed drums is considered. Figure 51 shows such an array where the
cylinders are assumed to be of infinite height and are touching each other. As such, all of the
radiation from the burning drum {drum 1) is absorbed by the surrounding drums (drums 2 and
3). This is conservative because it does not allow any heat to be lost to the surroundings.
The shape factors for the individual drums in Figure 51 are reported as [Howell, 1982]:

F1.2=O.18
F1_3=0.07.

Since all of the radiation from the burning drum is absorbed by the surrounding drums,
the sum of the individual shape factors must equal 1,

4F ,+4F, = L (30)
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Figure 51. Nomenclature and Arrangement for Configuration Factors for
Tight Packed Drum Arrays
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In the drum to drum heat transfer analysis, only part of the array is considered in order to
reduce the number of equations which need to be solved. Since the 3 x 3 array is
symmetrical, one-quarter of the array can be taken as representative of the entire array.
Figure 52 shows this configuration where the surface area of the burning drum is divided into
4 equal areas such that

A = A, +A +A + A (31

d

and

(32)

Again, since the drums are touching each other and are of infinite height, an enclosure is
formed between the 4 cylinders in Figure 52. The heat transfer within this enclosure is the
basis for the drum to drum analysis. Therefore, the shape factors, within the enclosure, are
needed for each of the drums. For this configuration, there are two shape factors: (1)
between opposite drums facing one another (Fy;q.4,5), and (2) between adjacent drums next
to one another (F, 4, ,47). These shape factors are different from those reported by Howell
because the surface area of the drum walls are different. In this analysis, only 1/4 of the
surface area is considered since only 1/4 of the drum waltl is within the enclosure in Figure 52.
Since the values reported by Howell consider the entire cylinder surface area, it can be shown
that

(33)

AF,, = AF 3 +AF v AF 3+ AF,,

Since the drums are touching each other, no radiation from the back side of drum 1 can reach
drum 3. Therefore,

Foy = F_4 = Fg3 =0 (34)

Substituting into Equation 33 vyields, _
Fa—3 = AllAaF1-3 . (35)

or,

Fa-B = 4 F (36)

1-3
This is the shape factor between opposite drums facing one another {Fop1-op2]' Since the four
drums form an enclosure, any radiation from the burning drum not absorbed by drum 3 will
be absorbed by the two adjacent drums. Therefore,

F,_,+2F_, =1 (37

a

-

Substituting F,.3 = 4 F;.3 and using Equation 30, it can be shown that

F,, = 2F., (38)
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Figure 52. Nomenclature and Arrangement for Configuration Factors Used
in Drum to Drum Heat Transfer Analysis
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This is the shape factor between adjacent drums facing one another (F_4;_j45). Substituting
the values for F,_, and F,_; reported by Howeil, the shape factors required for the drum to
drum heat transfer analysis are as follows:

Fop1.0pz =0-28
and F_4;.,42=0.36.

4.5.2 Brum to Drum Heat Transfer

A heat transfer analysis is considered for a tightly packed single tier array of 55 gallon
storage drums. A 3 x 2 drum configuration in which one or several drums are burning, is
taken as representative of the array. Figure 53 shows the layout for one drum burning in a
row radiating to neighboring drums. The center drum in the second row is taken as the
primary target since it will receive the maximum exposure. The target drum is assumed to be
empty since this is the bounding worst case scenario in terms of temperature and pressure
rise. The source drum is assumed to have contents burning providing the bounding flame heat
flux of 20 kW/m? to the inside drum surface (Section 4.4.1). The remaining non-burning
drums are assumed to be adiabatic in order to maximize radiative feedback to the target drum.
The heat transfer coefficient, h, for the drum walis was determlned from a natural convection
correlation for a cylinder [Hoiman, 1990] and is taken as 8 W/m2-K. Using the configuration
factors derived in Section 4.5.1 and assuming all of the exposed surfaces to have equal area,
the steady heat transfer equations for the system are given as follows:

Burning Drum Wall

o A 4 4 4 4 = (39)
dn * O (Fadl-adl’ Tl * Fopl-opz T3 +Fad1—ad2 T4 - 2Ts ) B hc (T: - Tu) =0
Target Drum Hot Wall
0 Fatresar To' * Fati-aiz T+ Fopop2 T! ~ Fz;x L'+ F, T~ ZTl‘) - 40
h (T, - T)= h (T, = T,) = 0
Target Drum Cold Wall
O (Fiy T+ Fay T+ T =20 « b (T, ~ T) - b (T, - T) = 0 (41)
Air in Target Drum
h (T, ~T) - h (T, ~T) =0 (42)
Target Drum FPressure
T
p - », ( a ] @3)
TG,O .
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Figure 53. Nomenciature and Arrangement for Drum to Drum Heat Transfer Analysis

for a Single Burning Drum
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Adjacent Adiabatic Drum Wall

o (Fopl-op2 T! + Fogtecaz T ¢ Foppoany T - T;) -h (T, -T)=0 (44)

Opposite Adiabatic Drum Wall

'
o (Fndl-ndz T:r * FDp.i'-opZ

T+ Fpar o' =T -, (T, - Ty =0 (45)

Equation 39 is for the burning drum, Equations 40, 41, 42 and 43 are for the target
drum, and Equations 44 and 45 are for the adiabatic drums. Solving Equations 39-45 vyields
a maximum pressure rise of approximately 6.9 psig. The exposed target drum temperature
is 220°C (490 K}, and the air temperature in the drum is 167°C {440 K}.

As a more severe exposure, consider all three drums in the first row to be burning and
radiating to the target drum in the next row. Figure 54 shows such a configuration. The
steady equations for this scenario are the same as for the single drum burning except Equation
45, for the adiabatic drum opposite to the target drum, will include a flame heat flux term and
will not be adiabatic,

5 opi-~op2

qﬁq +a (Fadl—ndz T}« F Tl‘ *F it cam Ta‘ - 2T ) - h, (T4 - T-) =0 (46)

Again, the flame heat flux for the burning drums is taken as 20 kW/mZ2. Solving these
equations yields a maximum pressure rise of approximately 10.3 psig. The exposed target
drum temperature is 299°C (572 K}, and the air temperature in the drum is 236°C (509 K).

Since there have been no reported test data involving fire propagation through a drum
array, it is desireable to use the available HAl experimental results {Section 3.2} to bound the
drum array exposure. The incident heat flux to the target drum is simply the sum of the
radiative fluxes from each of the neighboring drums. As such, the radiative heating rate of the
target drum is given as follows:

Q...z =40 (Fndl-adi TE % Fopean T+ F, T‘) 47

5 opl-op2 "4

where A, is the exposed area of the target drum {0.8 mZ<j. For the three drum burning case,
Qp,, is found to be 9.0 kW. For the HAl 0.48 m {19 in.) drum response tests, the average
heating rate of the drums was 17.6 kW (Section 3.2). As such, the HAI 0.48 m tests bound
the drum to drum heat transfer. in these tests, only 1 of 18 drums failed due to lid loss.
However, the single drum which failed contained heptane and is believed to-have autoignited
(Section 3.2). Therefore, in the absence of heptane, this exposure is not expected to cause
lid loss. Rather, the drum will experience only lid seal failure. The caliculated temperatures
in the exposed target drum will not lead to pyrolysis gas generation. Therefore, a drum to
drum exposure will not cause lid loss failure. Likely, the drums next to the fully burning drums
would experience lid seal failure and vent to the surroundings.
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Figure 54. Nomenclature and Arrangement for Drum to Drum Heat Transfer Analysis
for Three Burning Drums
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The above analysis indicates that fire will not propagate through a tightly packed array
via radiation from the burning drums. The heat transfer analysis is considered very
conservative in that it assumes the flame heat flux to be the bounding value (20 kW/m?2) and
no heat is lost in the radiant energy exchange between the drums. Even so, the HAI0.48 m
burner tests yielded a heat input rate of almost twice that found for the drum to drum
exposure. Since these tests are not expected to cause lid loss failure, the radiant exposure
from a burning drum(s) will not cause lid loss failure either. Although lid seal failure may occur
as a result of the burning drum exposures, the fire will not spread laterally beyond the initial
drums which are burning.

4.6 STACKED DRUM HEAT TRANSFER

So far, alt of the analytical methods which have been addressed included only iateral
heat transfer to the storage drums. But, when a drum loses its lid and the contents begin to
burn within the container, the fire has the potential to propagate not only to adjacent drums
but also to drums stored above. This is true for rack storage configurations where there is
sufficient space between rack tiers to allow a drum to lose its lid and burn in the rack. In this
case, the primary heat transfer to the exposed container is not through the drum wall but
rather through the drum bottorn. Therefore, the top and bottom of the drums can not be
assumed to be adiabatic for this configuration.

Figure 55 shows the layout for an empty drum on a steel plate exposed to an external
heat flux below. Analytically, an empty drum provides the worst case temperature and
pressure rise and is also the simplest configuration to model. The external irradiance is
provided by a burning drum and will vary depending upon the type of contents burning and
the distance between the steel plate and the burning contents.

As the steel plate is heated, it radiates to the bottom of the drum above. Likewise, the
bottom of the drum will convect to the air in the drum and radiate to the drum wall and lid.
~ Since the top and bottom of the drum are included in this analysis, the shape factors within
the drum will be different than those for the empty drum presented earlier. In this case, there
are three different shape factors: (1) the bottom radiates to the drum wall {including the lid)
(Fy.g), (2) the wall radiates to the bottom (Fy.,}, and {3) the wall radiates to itself (Fy_4!. Since
the bottom can not see itself and the drum forms an enclosure,

Fpg =1

ApFp.g = AgFap {48)
Fd-b = AbjAd )

and,

Faa = 1 - Fgp

I
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Figure 55. Nomenclature and Arrangement for Stacked Drum Heat Transfer Analysis
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The unsteady heat transfer equations for the stacked drum configuration are given as,

Steel Plate
dT; N/
¢, bt — = 4o - o T} - T - T) (50)
Stacked Drum Bottom
daT, A,
€ Ps d —2}& =0 [T:‘ - 2Tb‘ * Fd—b []—b] T; - hc (Tb - Ta) (51)

Stacked Drum Wall and Lid

dT, A,
CS p’d_d-[- =a Fb-—d :

T -2Tf + F, T+ T_‘] -h (T, -T)+h (T,-T) (52)
d

Air in Stacked Drum

c, p, V. d;;“ =A b (T, - T) - Agh (T, - T) (53)

a a

Drum Pressure

(54)

As indicated by these equations, the response of the steel plate and the stacked drum
are driven by the heat flux from below, 4", which was studied experimentally {see Section
3.1.2) to provide suitable inputs to the model. As found in Section 3.1.2, the heat fluxes
decrease with increasing separation between the burning and target drums.

HAI performed a test of the stacked drum configuration in which a sealed empty drum

~was supported on a 6 mm (0.25 in.) steel plate (SWD18, Section 2.2.2). The steel plate was
positioned 15 cm (6 in.) above an open kerosene burning drum. The burning drum contained

2.8 L {0.75 gal} of kerosene which filled the bottom of the drum approximately 1.2em (0.5

in.}. The spacing and fuel were chosen as worst case storage conditions for the rack

configuration based on the previous HAI stacked drum experiments (SWD11-1 7, Section 3.1).

The stacked drum did not lose its lid but did vent during the test. The stacked drum equations

are solved and compared to the measured data in order to assess the utility of this model.

The external heat flux to the rack in Equation 50 was determined from additional HAI
testing (SWD11-17, Section 3.1). The heat flux to the bottom of stacked drums was
measured using 3 heat flux transducers and a water calorimeter. The spacing between drums
and the fuel type was varied to obtain a range of incident fluxes, For a 15 cm spacing
between drums and kerosene fuel burning, both the average of the three heat flux transducers
and the water calorimeter yielded an incident heat flux of 35.2 KkW/m<Z {(SWD11, Table 12).
The measurements were averaged between 500 and 1500 s during the test. The water
calorimeter results assumed that the heat flux is incident to the bottom area of the drum only.
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It is remarkable how well these two independent means of measurement agree for this test
case,

In addition to heat flux, local gas temperature measurements along the side of the drum
were measured for this test. Three thermocouples, one 15 ¢cm {6 in.) from the bottom of the
exposed drum, one 30 cm {12 in.}, and one 46 cm (18 in.) were positioned 2.5 cm {1 in.)
away from the stacked drum wall. Airtemperatures during the test ranged from 200°C at the
lowest thermocouple to 100°C at the highest thermocouple {approximately half-way up the
drum}. Although temperatures above this point of the drum were not measured, they would
at least be higher than the ambient room temperature. If the temperature at the top of the
drum is assumed to be ambient, this yields an average gas temperature of 107°C surrounding
the drum. Since the temperature toward the top of the drum will be higher than ambient
conditions, this is expected to be a lower bound value. Likewise, the temperature at the
bottom of the drum may be as high as 300°C and at the top of the drum 50¢C, this yields an
upper bound average temperature of 150°C. As such, the average gas temperature around
the drum would be expected to be approximately 110°C to 150°C. For this test simulation,
the average temperature surrounding the drum is taken as 125°C.

Figures 56-58 show the measured and cafculated values for the steei plate temperature,
internal air temperature, and drum pressure for the stacked drum test (SWD18). The drum
bottom and wall temperatures of the stacked drum were not measured during the test. The
measured steel plate temperature is an average of the top and bottom plate temperature,
though the temperature difference between the top and bottom of the plate did not vary by
more than5°C. During the test, the kerosene fire went out several times due to lack of air
to the fuel. This is evident in Figure 56 between 200 and 400 s where the temperature
becomes jagged. As such, there is a time lag between the calculated and measured plate
temperature. The calculated and measured internal air temperatures seem to agree well in
Figure 57. For the range of expected average gas temperatures surrounding the drum {110 -

160°C), the calculated internal air temperature results may vary up to * 15 percent from that
shown in Figure 57. Even so, the results appear to correlate well. The measured internal
drum pressure shown in Figure 58 does not agree with the calculated results. This is likely
due to the drum venting during the experiment. However, lid seal failure would not be
axpected to occur so quickly for this type of exposure since the top of the drum was the
coolest part. Although the drum wall and seal temperatures were not measured in this test,
the seal temperature can be estimated based on the internal air temperature. The temperature
of the seal would be close to the internal air temperature in this test since the top of the drum
is not exposed to the fire and the ambient air surrounding the top of the drum is relatively
cool. As seenin Figure 53, the air temperature was less than 50°C at the time venting begins
to occur { ~ 250 s}, Since lid seal degradation usually occurs at temperatures in the range of
250°C to0 350°C, it is unlikely that the drum vented due to lid seal failure. Rather, itis likely
that the stacked drum was poorly sealed from the start of the test. If the drum did not vent,
the maximum pressure in the drum would have been approximately 7.8 psig based on the
maximum measured internal air temperature. Based on available drum response test results
(Sections 3.2), this pressure is not expected to resultinlid loss. Since the lid seal temperature
would remain relatively cool during the exposure, it is unclear whether lid seal failure would
occur. Because this test was a bounding scenario of both the fuel source and the tier spacing,
fire propagation due to vertical heat transfer is not expected for the stacked drum
configurations.
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4.7 HEAT TRANSFER TO RACK FRAME

The rack structure supporting the stacked drums wil! also be exposed during a fire. For
direct flame impingement, local heat fluxes as high as 120 kW/m? can be expected. The
unsteady temperature for a square tubular column of thickness & completely exposed to an
external heat flux is given as

dT
pred —f=dn - o (- TN -h (T, - T) (55)

I

For 6 mm {0.25 in.} thick steel, taking T,, = 295 K, ¢, =0.47 kJ/kg-K, p;=1800 kg/m3 and
h.=8 W/m2-K, the temperature is shown in Figure 59 for a range of external irradiances. The
steel columns will start to lose their structural integrity at temperatures exceeding 500°C.
Direct flame contact {(gq" = 120 KW/m?2) for 2-3 minutes would be expected to cause the
rack structure to collapse unless it was supported by some means other than the exposed
columns.

4.8 OVERPACK DRUMS

An overpack drum is typically an 85 gallon drum enclosing a 55 gallon waste container
with the space between the drums either fully or partiaily filled with diatomaceous earth.
Overpack drums completely filled with diatomaceous earth will have a very long thermal
penetration time compared to those only partially filled. This is because if the interior drum
is not completely insulated, it will be partially exposed to the heated 85 gallon drum.
Figure 60 shows an overpack drum which is half filled with diatomaceous earth. The 85
gallon drum is completely exposed to an external heat source and the interior drum is
considered to be empty. The unsteady temperature equations for the overpack system are
given by

85 Gallon Drum Wall

dTZ LM
p, ¢, d, T:- = g - 0 (2T, - T - T -

52 -,

FZ-I T, 4) - hc (T:Z - T) - hc (T:Z - TaZ) (56)

Air in 85 Gallon Drum

dT
Pa CP VGZ dtz = AZ hc (TSZ - TaZ) N Al hc (TaZ - Ts!) (57)
55 Gallon Drum Wall
T,
P, C: dl dr =0 (FZ 1 T;z‘ - Tsi‘) ¥ hc (Taz - Tsl) = hc (T:I - Tcl} (58)

4-44



WHC-SD-WM-TRP-233 REV 0

Saxn4 JedH awe|4 snouep 10} somesdws] awel4 yory ‘6G ambiy

~ {(oes) owpy

ooy 0se ooe 0se 00z 051 00l 0S

LA/MY o =Ub

/MY 09 = b

/MY 08 =

LMY/ 00] =Ub
UM 0Z1 = Ub

T 002

T 00b

T 009

1 o008

0001

{D,) aamesadwa)

4-45



WHC-SD-WM-TRP-233 REV O

T
™ cm
—— s8em ——~
et >
Ts,—1} }—Ts, s,
44 cm
Taz T82
Ta1 u
N N/

\\\\\\\\\\\\\\\\\

////////////////

%
/

Figure 60. 85 Gallon Overpack Drum Containing Empty 55 Gallon Drum
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Airin 55 Gallon Drum

dT,,
pa ¢, Y de = Al hc (T:sl - Ta!) (59)

p al

Because conduction through the diatomaceous earth is very small compared to the
radiative and convective heat transfer through the air, the insulation is assumed to be
adiabatic. Therefore, heat enters the system through the top half of the drums only.
Practically speaking, the heat transfer to the interior drum is the same as for the empty drum
configuration presented earlier (Section 4.1). However, in this case, the drum is heated
convectively and radiatively rather than from a single external heat source. Additionally, the
effective volume of the interior drum is doubled since heat is transferred to only half the drum.

Although most of the radiant energy from the 85 gallon drum wall reaches the interior
shell (F, 4}, some of it radiates back to itself {F,.5). The two shape factors are determined
from standard configuration analysis, assuming the top and bottom to be adiabatic as before,
and are given as,

I

AqiA, and,
1-A,/A,(60)

Fa.1
Faz

where, A, and A, are the exposed areas of the interior and exterior drum walls respectively.
For the configuration shown in Figure 60,

F,.y = 0.87 and,
Fy.p = 0.13.

Solving Equations 56-60, Figure 61 shows the temperature and pressure rise for the
85 gallon and 55 gallon drum when the overpack is exposed to a 60 kwW/mZ2 external heat flux.
There is approximately a 1 minute time lag before the temperature and pressure begin to rise
in the interior drum. However, after this initial delay, the temperature and pressure increases
rapidly as it did for the 85 gallon drum. The interior drum reaches typicai failure temperatures
and pressures within several minutes after the initial exposure. Therefore, in order to
significantly increase the failure time, overpack drums should be completely filled with
diatomaceous earth. Testing with overpack drums should be pursued in the Phase li drum
testing.

4.9 DRUM ARRAY STABILITY

4.9.1 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 1o the lid
release. This rotational response maximizes the contribution of the pressure release to pile
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instability. The analysis assumes that the lid has sufficient stiffness to remain straight. This
is conservative. If the lid deforms or buckles, additional energy is expended for bending or
buckling and an equivalent vent area can be provided with a lesser amount of rotation. The
equation of motion of the loaded lid is,

M = Iw (61)

M = (P, - P, A R - LR} (62)

where

M = moment about the lid edge,

P, =drum pressure,

A;=drum lid area,

R, =drum radius,

L, =lid load (other drums above),

Heg = height of the center of gravity of the lid load,
R,  =distance from edge to CG of loaded drum,
I =moment of inertia,

W =rate of change of angular velocity, and

g =gravitational acceleration,.

The first term is the moment applied by the drum overpressure, and the second term
is the gravitational restoring moment of the lid load. R,’ varies as the drum stack rotates as
indicated in Figure 62. From basic geometry, we find,

A | )
! = cos @ (63)
R,’ + Rlﬂ
Combining these yields,
R/ = (R tan 8 + H,g) sin © (64)
P - (R, tan B + H,;) sin 8 (65)
! cos. B 1 CcG ‘

The moment of inertia about the edge of rotation is {Housner and Hudson, 1258],

2 R (66)

5
I = C2nR =L
3 1

4
where C is the load per unit area of drum lid.

In practice, the pressure quickly decreases due to venting. The venting rate is given
by the compressible venting equation [Emmons, 1988],
where the first expression in for choked (sonic) flow. In this problem, the initial pressure in
the drum will likely iead 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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o (=]
CA, [ P, [Y(Y +1)*"]
Mygnr = Min 1 o2 (67)
P 2y P Y-
CA P (Y |lamb 4 = |c2mb |y
o 7 o () - (B

We will consider that heating rates and voiitization rates which give rise to drum
overpressuring are slow relative to the venting rate and can be ignored during venting. The

drum will be taken to be substantially empty (V = 0.2 m3). Conservation of mass for the
drum vyields,

am .
dfd = ~Myen (68)
Since venting is rapid, we will take the process to be adiabatic [Wark, 1288].
P, ()
H = 0 1 (69)
m‘d() md()[P1(O)]
Taking derivatives of both sides of Equation 69 with respect to time vyieids,
1 -
dmy; _ my(0) 4 (PIYy - my(0) 1 Py ' dgP (70}
dt P, (0)!r dt p, (OY'r v dt
Equating Equation 68 to Equation 70 and solving for dp/dt vields,
-1
P, rPOV 5o (71)

—_ = -m —_—
dt vanlt md (0) 1
where, my {0} = Vym o the initial contents of the drum.

Equation 71 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, Rq’
becomes negative the drum stack will fall, whereas if it remains positive the lid will fall back
onto the drum.

w = f’ wat W (0) = known from £q.61
° (72}
o = ['wat w{0) = 68(0) = 0

[t remains to determine the vent area as a function of the lid opening angle, 6.
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Figure 61. Temperature and Pressure for Overpack Drum Storage Filled 1/2
with Diatomaceous Earth
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Figure 62. Single Stack Stability Model Geometry Nomenclature
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The vent/leak area, A, is dependent on the lid angle, &, and can be determined by integration
around drum perimeter (see Figure 62),

A, = 2 (7 hA,de (73)

where

h is the height of the lid above the drum,

R, is the radius of the drum, and

@ is the angle in the drum top plane about the drum centerline.

The height, h, is given by the distance from the rotational edge, X, and the rotation angle, 8,
as

-

h = Xtané (74)

X can be related to the angle ¢ by geometry,

B X s ¢ |
A; {75)

or X = A, {1 -cosd)

Substituting into the A, eqUation yields,

AV

2 [T A1 - cos &) tan & A, d¢
° (76)
AV

2 F?,2 tan 0 f: (1 -cos b) dp = 21:R12tan6

The equations to be solved simultaneously are Equations 71 and 73 with Equations 61, 62,
64, 65, 66, 67 and 76 as subsidiary equations.

4.9.2 Muitiple Stack Pile Stability Model

The multiple stack model as developed in this section is intended to partially account
for the effect of the plywood or pallet in stabilizing the drum array. This model deals only with
the multiple drum stack where all of the interacting drums are piled on the same sheets of
plywood or pallets (see Figure 63). 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 plywood or pallet.

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 modei.

The most important difference between the single and multipie stack model is the addition of
a second stack/center of gravity. Figure 63 illustrates the situation. Within this context, up
to eight drums per tier can be treated. An important assumption in this model is that the
plywood sheet or palletis 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
96 for a rotation of 8 of the other drum could lift rather than rotate and as such wouid vent
more rapidly. '
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Figure 63. Multiple Stack Stability Model Geometry Nomenclature
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The moment equation for the situation pictured in Figure 63 is includes a pressure and gravity
term for each of the drum rows. The moment is given by,

M = np, (P, - Ppp) A Ay - ”1[-191’9 * NPy (Py - Pypmp) AF, - ”zl-z'qz’g (77)

The index np, is the number of drums in this row that release simultaneously, and n, is the
total number of drums in that row. Similarly, np, is the number of drums in row two that
release simultaneously, and n, is the total number of drums in row two. The values of n, and
n, can be as high as four {one full piywood sheet), and np, and np, may take on any value
up to ny and n, respectively. Ry’ can be taken to be equal to 3R,, ignoring the small gap
between drums. An expression for R, is derived analagous to Equation 65 for the single stack
model.

In this case, 3R, is substituted for R,. This yields

3R
R, = ‘e-- (BA,tan® + Hyg,) Sin 6 (78)

Cos

The venting equation for the second drum row is the same as for the single drum case except
That the rotation angle is 268 as shown in Figure 31.

A, = 2nA¥an(29) (79)

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

I = n1 §' L1 th + nz ﬂ L2H12 (80)
4 4 A
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 eguation.

4.10 CONCLUSIONS AND RECOMMENDATIONS

The Phase | work of this project has provided new insights into the performance of
solid waste drums exposed to fire. The measurements and models provide the basis for the
evaluation of fire propagation in both pallet arrays and rack storage configurations.

The burning of drum contents has been found to be extremely slow with average heat
release rates in the range of 12-73 kW. Similarly, heat fluxes to neighboring drums were
found to be quite low with maximum heat fluxes less than 20 kW/m?2 The worst case time
average heat flux to the next tier of a rack storage system was 41 kw/m? (for a 15 cm
spacing). It was found through a combination of experimental and analytical methods that
horizontal drum to drum fire propagation based on the burning of drum contents within a drum
is not expected. A similar analysis for the rack configuration showed that drum burning
cannot support upward fire propagation in a rack configuration.

Drum response fire testing has provided data for ordinary combustibles contents drums

exposed to characterized fire sources where the response ranges from nao lid losses for the
smallest source to 87 percent lid loss for the most severe source. The large pool fire results,
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in which 87 percent of drums fail by lid loss, is a higher percentage than any observed in any
prior test series. The drum pressures measured at lid loss ranged from 13-28 psig with an
average of 20.8 psig. The highest pressures were noted for very lightiy loaded drums. The
average pressure at lid loss is higher than the maximum pressure observed by previous
investigators. Lid loss times were in the range of 70-145 s. All these lid loss times were
more rapid than the fastest lid loss previously measured. In prior individual drum testing
studies reviewed in Appendix A, lid losses were observed up to 420 s, whereas in this study
any drurn which did not experience lid ioss by 150 s, failed by lid seal failure in 340 s or less.

Drum response testing and modeling have provided a means of assessing the response
of a drum exposed to initiating sources such as fuel spill pool fires. The measurements
obtained in the testing indicate that an exposed drum wall temperature of 625°C is a good
criterion for lid loss failure. Efforts to predict or correlate lid seal failure were not successful.
The drum heat transfer models developed provide very good predictions of exposed drum wall
temperatures. Thus, the drum heat transfer models coupled with the lid loss criterion
developed from the testing can be used to predict if lid loss will cccur for fire exposures which
may occur in drum storage facilities. The exposed drum wall temperature criterion of 625°C
was developed solely on the basis of testing performed in this study and has not been
validated for a broader range of potential fires.

Drum response testing included some tests with free flammabile liquids within the drum.
These tests showed that autoignition of the fuel vapor/air mixture within the drum is possibie,
though it occurred in only 13 percent of the drums containing flammable liquids. The pressure
rise in the two autoignited drums was so rapid that lid loss pressures were not recordable.

Drum array stability modeling has shown the critical importance of the use of plywood
or pallets to improve array stability against lid ioss failures in the array. Individual drum stacks
are calculated to be very unstable and the use of plywood or pallets is shown to greatly
improve the array stability.

While great progress has been made in Phase | of this work, there are several areas
where additional work is required. First and foremost, Phase | work did not include any testing
with actual storage arrays. The experimental results and models of Phase | are sufficient to
make predictions of the performance of drums in arrays, but the methods need to be vaiidated
‘against actual drum array tests. This needs to be done for both pallet storage and rack
storage configurations. These tests will provide validation for the Phase | results and will
provide assurances that new phenomena not anticipated by Phase | testing and analysis do
not play an important role in drum array fire propagation. The drum array stability model
developed in Phase | has not been compared to any experimental data. Such data can only
be obtained through drum array testing proposed for Phase Ii.

Several areas which require additional investigation have been identified in the course
of the Phase | work. Perhaps the most important area is the study of drum contents fire
exposures. The drum response testing has shown that the expulsion of contents from the
drum can lead to contents burning adjacent to other drums. This exposure was not initially
included in the scope of Phase | work and only one exploratory test was performed in Phase
I. This test indicated that contents fires adjacent to drums may not pose a fire exposure
which would be capable of causing lid loss failure. However, there is very littie data in the
literature regarding burning rates and heat fluxes from trash fires and further work is needed
to confirm that fire propagation in drum arrays by expelled contents fires cannot occur.
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Other areas of investigation identified in the Phase | work include the effect of drum
corrosion on drum response to fire and the effect steel overpack drums on fire performance.
These issues can be addressed through testing of the type used in Phase |. A model of
overpack drums has been developed in Phase |, but there are no data available for comparison.
This testing should include the half filled overpack currently used and completely filled
overpacks. The use of overpacks fully filled with diatamatious earth has the potential for
providing excellent passive fire resistance to all drums. This could improve fire performance
greatly and reduce the need for other levels of fire protection. All drums tested in Phase |
were in good structural condition and-no drum wall failures were observed. The behavior of
corroded drum walls may introduce failure modes not previously investigated. These areas
should be investigated in Phase Il

Finally, the results of this work provide the tools. required to evaluate the fire
performance of solid waste drum storage arrays. In order to facilitate the use of these tools,
itisimportant to formulate an analysis methodology which formalizes the procedures for using
these tools to allow appropriate use of the results of this work for storage sites at Hanford or
elsewhere at DOE facilities.

4.11 NOMENCLATURE

area

specific heat

shape factor

heat transfer coefficient
thermal conductivity
mass

pressure

heat

radius

universal gas constant
time

temperature

volume

depth

thickness

emissivity

ratio of specific heats
density

Stefan Boltzmann constant
angle
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Subscripts

1,2,3,4
a,b,c,d
a

ad
amb

b

c

d

ext

fl

inc

0

op

s

surf

g*xs<<-~
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surface designation
surface designation
air

adjacent

ambient

bottom

convective

drum

external

flame

incident

initial

opposite

steel

surface

target

constant volume
vent

wall

line segment {Figure 3)
ambient
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Summary

A limited number of tests have been conducted on the response of 17C drums to pool
fire exposures and internal explosions (A1-A6}. 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 expliosion 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.

Fire Exposure Tests

SANL{A1);Tests of 17C solid waste drums exposed to pool fires were conducted by
Sandia Laboratories (A1} 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. 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 combustibies 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. Ali the drums which failed by
lid loss were unlined drums. Of the 5 uniined 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
tailures. 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,
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INEL{A2): 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 SWB{G. 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 the pan fire
burned for 15 minutes. While the drums vented, the four tier stack was not disrupted. Some
tids were dislodged during venting so that flame jet issued from the fid.

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 toppie 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,

LLNL{A4): 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 iess 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
lumincus 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 seai failures in
the remaining 11 drums occurred less violently with a maximum pressure in the range 1to 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 retease
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 {INEL} (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
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. lIgnition of the lower drum resuited 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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Facility Fire Test (A5): Four 55-galion drums were placed in a wooden building loaded
with ordinary combustibles, The entire building was burned to demonstrate the response of
the drums during an actual facility fire. The drums were on a bi-level steel rack, 2 drums per
tier. The building burned for approximately 2 hours, although, the dfums were exposed to the
fire for only 30 to 60 minutes.

Of the 4 drums tested, none experienced violent lid loss, however, they all vented at
the lid seal. As the drums vented, the gases ignited in a torchlike jet. The rack structure
remained in place during the test.

Wood Pallet Test [AB): 55-gallon drums, filled with noncombustible waste material,
were placed on wooden pallets stacked three tiers high. The ignition source consisted of a
wooden crib, wood shavings, and ethyl alcohol. The test demonstrated that the wooden
pallets did not significantly ignite and basically self extinguished once the ignition source was
consumed.
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SWD1 - Standard Load
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Avg. Drum Temperature [C]

Heat Flux [kW/m?]
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Mass Burning Rate [g/s]

Mass of Drum and Fuel [ka]
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SWD2 - Standard Load with Grate and Angie
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Mass Burning Rate [g/s]

Air Temperatures [C]
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SWD2 - Standard Load with Grate and Angle
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Avg. Drum Temperature [C]

Heat Flux [kW/m?]
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Mass of Drum and Fuel [kg]
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SWD2 - Standard Load with Grate and Angle
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SWD3 - 5ib of Brown Paper - Bottom ignition
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SWD3 - 5ib of Brown Paper - Bottom ignition
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SWD4 - Standard Load
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Mass Buming Rate [g/s]

Air Temperatures [C}
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Avg. Drum Temperature [C]

Heat Flux [kW/m?)
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SWD 5 — DATA
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SWD5 - Kerosene
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SWDS5 - Kerosene
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Mass Burning Rate [g/s]

Air Temperatures [C]
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Temperature of Water in Target Drum 2 [C]
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SWD13 - Kerosene - Stacked Drums 18" apart
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SWD13 - Kerosene - Stacked Drums 18" apart
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SWD14 - Kerosene - Stacked Drums 24" apart
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Temperature of Water in Target Drum 2 [Cj

WHC-SD-WM-TRP-233 REV. 0

SWD14 - Kerosene - Stacked Drums 24" apart

AT of Water in Target Drum 2 [C]

100 3 LR 1] 1 I T | I ] ) 1 1 1 I 1 1 1 ] l 1 1 i 1 I l_ 100
80 - — 80
60 [ — 60
i M _E N
20 <20
0 | 3 1 L l 1 i1 1 1 I 1 L ) 1 I 1 1 1 ] l | 1 Ll I l- 0
0 250 500 750 1000 1250
Time [sec]
50 N 1 [] ) | l L ) 1 I [ i | T I [] L] ] i l i- K| 1 1 I I_ 0.06
40 :_ -E 0.05
- Joos 2
30 4 8
R - Q
C —0.03 2
= - 1]
- —: 0.02 a
- it ~ __: 0.01
0,-' RS ST i BT [-' 1 1"t 1 | 0
0 250 S00 750 1000 1250
Time [seconds]
8“92 PLOT7B.PLT

09-12-94



SWD14 - Kerosene - Stacked Drums 24" apart

Heat Flux to Target Drum 2 [kW/m?]

Heat Flux to Target Drum 2 [kW/m?]

WHC-SD-WM-TRP-233 REV. O

50‘.1 1 i i I 1 1 ] 1 I i 1 1 1 I 1 T T ] I N ] ] 1 I i-
C 3
- <
40 ]
30 - l | ]
" \ (1) S ] i
- ) u | 5
20 ﬁ‘\ wl\v ML NAZA -
L / &x'd \. | ‘,n IMI .
o WL vy o ) -
= AN Py VAR \ Wi :
10:— m -
O“LJ“.}.,..1....r1,,.14“ h
0 250 500 750 1000 1250
Time {sec]
50_] 1 [} ] I i 1 1 1 l l 1 i 1 l 1 ] ] 1 I [} T T i l-
_-Based on H20 Calorimeter 1
40 3
30 - -
20 ~ -
10f >
0 1 | 1 | I 1 ] 1 1 I 1 1 [ [ I [ t | !'l ] | J l-
) 250 500 750 1000 1250

Time [seconds]

PLOTGB.PLT
09-12-94



WHC-SD-WM-TRP-233 REV. 0

SWD 15 - DATA

B-%4



WHC-SD-WM-TRP-233 REV. O

SWD15 - 5ib of Plastic - Stacked Drums 6" apart

800 ] | + 1 I ] 1 ] ] 1 | | 1 1 L 1 ] | R ]
o R _
— 800 —
2 r {1 -
E = —
E = -
& 400 i
E = i
{04 ] -~ -
e K -
= - i
2 200 -
a - .
01 [INIRIN IS IR IR AR A0 I I AN ST AV SN AN AN T RN A AT N
o 500 1000 1500 2000 2500 3000
800 L ] 1] L3I l T L) l | R L L ] 1 i I i I ] | 3R] 1 I 1 ] 1 ] I i
5 I :
= - i
® _ "
8 400 -
E - i
[+ - -
it " B
g 200 — -
a N .
01 N IENENT AT SR U S EERE RN SN SN SR I A BT
0 500 1000 1500 2000 2500 3000
800 [T Y T T [ TP T [T T [T Ty [ T T TTT]
s [ ;
o 600~ ]
St :
E - -
Q ™ -
o 400 - -
E - i
o B -
o N -
E 200f .
(o L ( .
0 o= NI BN IR AT AT RSN B ST AT AN S BEAT AT AR IS N
0 500 1000 1500 2000 2500 3000
Time {sec]
B-95 | PLOTIB.PLT

N_TT.04



SWD15 - Slb of Plastic - Stacked Drums 6" apart

WHC-SD-WM-TRP-233 REV. 0

10

Mass Buming Rate [g/s]

o T
IWIIII'IIIIIIIII
¥

III]]l]‘i]illl]lillIilllillll

Illllllllllllllllllllll

II]Il!IIl]Ii!F!A]J!!I-

o

1000 1500 2000 2500 3000

Time {sec]

800

[92)
o
o

Air Temperatures [C]
&
(e

lllilli]illlllIIIIIITIJIT—ITII

IlIIIIlllIlllAlllll

&
Jl!lélIII]II‘llilll]i[l!'ll|l!_l1

02
0

500 1000 1500 2000 2500 3000

‘I‘lme [seconds]

B-96

PLOTZB.PLT
06.17.04



WHC-SD-WM-TRP-233 REV. O

SWD15 - 51b of Plastic - Stacked Drums 6" apart
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SWD15 - 5lb of Plastic - Stacked Drums 6" apart
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Temperature of Water in Target Drum 2 [C](D
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SWD15 - 5lb of Plastic - Stacked Drums 6" apart
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SWD16 - 1/3 of Mixed Standard Load - Stacked Drums 6" apart
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SWD16 - 1/3 of Mixed Standard Load - Stacked Drums 6" apart
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SWD16 - 1/3 of Mixed Standard Load - Stacked Drums 6" apart
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SWD16 - 1/3 of Mixed Standard Load - Stacked Drums 6" apart
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SWD16 - 1/3 of Mixed Standard Load - Stacked Drums 6" apart
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SWD1 % - 1/3 of Mixed Standard Load - Stacked Drums 6" apart
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SWD16 - 1/3 of Mixed Standard Load - Stacked Drums 6" apart
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SWD17 - Bagged Standard Load - Stacked Drums 6" apart
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SWD17 - Bagged Standard Load - Stacked Drums 6" apart
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SWD17 - Bagged Standard Load - Stacked Drums 6" apart
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SWD17 - Bagged Standard Load - Stacked Drums 6" apart
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SWD17 - Bagged Standard Load - Stacked Drums 6" apart
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Temperature of Water in Target Drum 2 [C]E?

WHC-SD-WM-TRP-233 REV. 0

7 - Bagged Standard Load - Stacked Drums 6" apart
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SWD17 - Bagged Standard Load - Stacked Drums 6" apart
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SWD18 - Kerosene
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Inside Temperature of Target Drum [C]
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SWD19 - Drum 1 - Standard Load
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SWD19 - Drum 2
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SWD19 - Drum 3 Water filled drum
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SWD19 - Drum 4 - Empty
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Heat Flux to Drum 2 [kW/m?]
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Wall Temperature [C]
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SWD19 DRUM 1 - 19" Burner - Standard Load
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Wail Temperature [C]
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SWD19 DRUM 4 - 19" Burner - Standard Load
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WHC-SD-WM-TRP-233 REV. O

SWD26 19" Burner

200 1] 1 1 1 I 1 I ] 1 I 1 i 1 1
Based on Transducer Measurements

-

150

100

4}
<

O“illllllliilllllluls

_ll!llllllllllllllll

(o]

Time {sec]

80

1 i i | I i ! 1

1 1 1 1 T 1
Based on sz Calorimeter

40

30

20

10

Iillllili[lllllillllllll

_lllllllllllllllllllllll_{

-

Time [seconds]

h:\hdix26.plt
01-24-85

B-184



WHC-SD-WM-TRP-233 REV. 0

SWD26 DRUM 1 - 19" Burner - 5ib Paper - Toluene - EPDM

1000 1] 1 1 |1 I i 1 1 1 | T I i ] | 1 1
N 1 T=Top Edge
800 _ 1 C=Front Center
g B NN .
o C Mw/\/' rw-/\'_"'ﬂT N
S - i
5] o ~
a _ i
§ so00F '
i C ™
cg—u N i
200 |- 3
O i | 1 H 1 I ] | | 1 I | l-
0 200 400 600

30 B 1] ] 1 1 | 1 1 1 1 t 1 i I} ] l 1 l_ 1000
o5 — ] .
§ - =] 800 )
(77 n - @
= 20F 7 5
:_7:;- E —1 600 g
. 7 Q.
a - —1 400 =i
2 F . @
sk \ J2e =
0': | 1 1 1 ] ] . 0
0 200 400 600

Time [sec]

plotd1b.PLT

B-185 11-15-94



WHC-SD-WM-TRP-233 REV. 0

SWD26 DRUM 4 - 19" Burner - Bagged Std Load - Toluene - EPDM

1000

) 1 1 I 1 | 1 i I i I i 1 ] 1

N 7 T=Top Edge
C ] C=Front Center
— 0 — —
%) 80 C :
e " 1_\’_/\—'—'_'_ T\ N
- = -
: —
§ 600 — \ -
O - i
3 o .
g 40 :
N :
= 200 — —
o-::— —
0 200 400 600
Time [seconds]
’ 30 L 1 1 1 1] I ] 1 ] T i 1 ] 1 1 l 1 I“ 1000
5E Js0 3T
5 F ] %)
= 201 ; 5
o - — 600 ©
% [ . 8
@ 15 :— - g
e F —400 S
o 40fF- T, ] ©
2 n \/ n =2
7] e T ] 7
= - —200 =
1= ] i 1 | ] | 1 1 | } ] 0
400 600
Time [sec]

PLOTD4.PLT

B-186 10-31.94



WHC-SD-WM-TRP-233 REV. O

SWD 27 - DATA

B-187



SWD27 19" Burner - 5lb Paper - Toluene - EPDM

Drum 1 Temperatures {C]

Drum 1 Temperatures [C]

Drum 1 Temperatures [C}]

1000

[
Q
(]

600

400

200

0‘1

1000

800

600.

400

200

1000
800
600
400

200

WHC-SD-WM-TRP-233 REV. 0

Illlllllllllllllllllllll

IllllllltllllllllJJlJlll

o

2000

lllllllllllllll]llllllll

2000

lill]lllllllllllllllllll OrllllliIII‘IIIIIIIIIIIIII

1 ]

llIIllIIIII!IIilIIllllIl

500 1000

Time [sec]

B-188

1500

2000

hiploui27.PLT
01-25-95



Drum 2 Temperatures [C]

Drum 2 Temperatures [C]

Drum 2 Temperatures [C]

WHC-SD-WM-TRP-233 REV. 0

SWD27 - Drum 2

800 L 1 ] i i 3 1 1 I 1 i T 1 ] 1 1 1 1 I i
600 [ y -
- Wiw& ]
400 [~ -
Of VRS Y N NN TN SN SO N S S TN L

0 500 1000 1500 2000

800 N 1 1 l 3 1 1 T I 1 I ] ] ] { 1 1} L l -
600 |- 3
400 [ —:
0 P ] | 1} 1 ' L L ] 1 ! R

0 1500 2000
800 N 1 1 I i 1 1 i i 1 ] i I ] ] ] I ] | .
600 [ .
400 Z— -
200 |- -
- Wﬁ‘_ :

0£ l 1 1 1 1 ' Il ] 1 i} I I 1 1 ] I ]

0 500 1000 1500 2000

Time [sec]

B-189

PLOTTC2.PLT
10-27-94



WHC-SD-WM-TRP-233 REV. 0

SWD27 - Drum 3 Water filled drum

200 1 T b i I i I 1 1 I T i 1 i i i 1 4 i

150

100

Drum 3 Temperatures [C]

) N
" L
o o
E -
E b
[s4] b=
o -
qE; =
[ [
o, _ L
E 50
E N N nerathiy W
Q r-.wm‘vd"“:' W
) SIS DT S S R SR T T T | i
0 500 1000
200_ LI B E— | T T
o N
S 150
3 N
E -
g- L
S 100
[11] L
fo _
(np) .
E S0
E p
o
0
0 500 1000 1500 2000
Time {sec]

PLOTTC3.PLT

B-190 10-27-94



WHC-SD-WM-TRP-233 REV. O

SWD27 19" Burner - Bagged Standard Load - Toluene - EPDM

Drum 4 Temperatures [C]

Drum 4 Temperatures [C]

Drum 4 Temperatures [C]

800

600

400

200

IIIl[llllllllllllll_

IIILlllllIllllllill

2000

600

400

200

lilllllllllllilllli

600

400

200

5 1 L 1 l 1 L !l I-l

1

d 4
) a4 e
'

lllllllllllllllllll

0 500 1000 1500

Time [sec]

B-191

2000

PLOTTC4.PLT
10-27-94



Heat Flux to Drum 2 (kW/m<}

Heat Input Rate to Drum 3 (kW]

WHC-SD-WM-TRP-233 REV. O

SWD27 19" Burner

200 | ] [ i I ) | i ¥ I 1 | T 1 I 1 1 i 1 "I
| Based on Transducer Measurements i
150 —
100 —
50 —
03 ; | ]
0 500 1000 1500 2000

Time [sec]

50 1 3 1 1 1 ] ] 1 I ] T [] 1 I 1 | 1 I l
[ Based on sz Calorimeter 3
a0 -
30 [ 3
20 7
10 -~
= A
0 1 1 1 1 l 1 1 | 1 I i | 1 1 ] 1 1 L l 7
0 500 1000 1500 2000

Time [seconds]

h:\htfix27.plt
01.23.95

B-192



WHC-SD-WM-TRP-233 ReV. 0

SWD27 DRUM 1 - 19" Burner - 5Ib Paper - Toluene - EPDM

1000 R | i - L ] ] ] i T 1 i ] 1 | i I A
(Z 800 E" "
5 : A S\ :
600~ -
q’ - v
g. L 3
2 400 -]
'gca - 3
200 —
01 | I A IO + [ IS O S | + Lt Lo | | ]
0 1000 1600 2000

Time [seconds]
‘ 30 N | [] ] ] ! ] ] I I I ] 1 I ] I ]
25 3
:§;" » -
@ C .
Z 20 ]
9 - e
3 F ]
@ 15 b
o o =
(a1 : -
3 10F T T :

Time [sec]

B-193

T =Top Edge
C = Front Center

1000
800 o
o
=
600 ®
O
Q.
5
400
L]
R~
17 ]
200 <=
C
PLOTDLPLT

10-28-94



WHC-SD-WM-TRP-233 REV. 0

SWD27 DRUM 4 - 19" Burner - Bagged Std Load - Toluene - EPDM

1000 ] ) 1 ) ] 4 1 i ] I | I 1 1 l ) 1 i 1 l i -
N 1 T=Top Edge
500 N 4 C=Front Center
Q - -
o R N
S - -
‘é’ 600 — —
) - i
g. R i
ﬁ 400 — ]
© L -
= 200 - \ —
0"1‘_ ] i L 1\[ 1- ! 1- l + 1 1— 1 1- I -’- 1 1- 1 I
0 500 1000 1500 2000
Time [seconds]
30 1 1 [ ] 1 1 ] 1 I i i i 1 l 1 I 1 ) I i 1000
25 [~ ] —
:_9__ . -1 800 5)
177] N - Q@
Sk ] =
g - =1 600 ©
. 7] 4]
@ - . a
,8_ 19 - ] E
e F  —J400 2
8 10 o geT—TT . 3
7] —— B>
L = T/ _ 200 E
St -_._....T’ép\\‘;, ]
- -""-’P—'\.P____,P—-"""P :
0:’ 'R T B B T T R [ R T S BT R ST A VI 0
0 500 1000 1500 2000
Time [sec]

PLOTD4.PLT

B-194 10-31-94



WHC-SD-WM-TRP-233 REV. 0

SWD 28 - DATA

B-195



WHC-SD-WM-TRP-233 REV. O

SWD28 48" Burner - 5lb Paper

800

600

400

Drum 1 Temperatures [C]

llllllllllTlllllIli

l1‘l]]i]i|i]1i]lli]llllli]—ll

1

Illlllllllllllllil

lltll!ll[lllllll’ll{!lllII

250 500 750 1000 1250

600

400

200

Drum 1 Temperatures [C]

Ill1|lllllllll|llll

i ' i i LR L i LI ] i L i LR L l )

lllllllllllllllllll

i [ 1 | S B B | I | I T | ! | I T | | I I l ]

250 500 750 1000 1250

600

400

200

Drum 1 Temperatures [C]

llllTllIIllll[lllj

ilII]?TTT_‘]lIllllll1lllli[

Illllllllllllllllll

1 1 1 1 I L I T T l 1 | S B | ! | | LI | l 11 1 I [ L.l

0‘
0

250 500 750 1000 1250

Time [sec]

B-196

PLOTTCLPLT
10-26-94



Drum 2 Temperatures |[C]

Drum 2 Temperatures [C}]

Drum 2 Temperatures [C]

WHC-SD-WM-TRP-233 REV. O

SWD28 - Drum 2

800

600

400

lllllllllllllllllll

LA b I L ] | I T 1 11 i LI}

1

LI LI}

!lil1l|lll!l!llltkllllll

illlilllll_llllillll

013111
0

280

500 750 1000

1250

800 L 1 | LI LI i LR L L I 1T 1T 1 [ LI L _l 1

600

400

Lotd J | R T 1 B | I I S | J Ll J L l 1

llllllllllllillllll—

250

500 750 1000

1250

800 1 1 ' | I 1 I LB I I i1 i I LI | L i L 1 l I

600

400

200

lllllllllilllllllll

1 ! 1 [ | | l L 1 1 1 | I N | I | I H

llllillilllllllllll

LN

Q
Q .

280

500 750 1000

Time (sec]

B-197

1250

PLOTTC2.PLT
10-27-94



Drum 3 Temperatures [C]

Drum 3 Temperatures [C]

Drum 3 Temperatures [C]

WHC-SD-WM-TRP-233 REV. 0

SWD28 - Drum 3 Water filled drum

B-198

200 L i 1 1 1 | 1 1 ] I ] ] 1 1 1 ] 1 i i 1] l 1 1 ] ) ] i} t
150 o
R
C "J 9 NPy ]
- An yilalt, -
50 - p #' ghuw‘_w__.,,lt- A N
AT ]
O | 1 ] 1 ! I 1 | ] F i [ i [ l [l 1 ] | | 1 { ] t l 1 l-

0 250 500 750 1000 1250
200 B 1) ] ] I i I 1 1) [ I I I 1 i i 1 ¥ ] ] l 1 { 1 1 I 1] ]-
150 - -
100 |- -
" s0F -
0 . | i l )] | { | l 1 ) 1 ] 1 | 1 1 L] I 1 1 1 1 I t l-
0 250 500 750 1000 1250

200 B 1 ] ) 1 l 1 ) 1) 1 l 1 i i T I i 1 1 1 l 1 T 1 I I 11 .-
150 {- -
100 [ -
50 n -
0 [l 1 1 [l [ [ 1 ] l 1 1 1 1 I 1 1 1 1 [ 1 [ ] 1 l 1 |--l

0 250 500 750 1000 1250

Time [sec]

PLOTTC3.PLT
10-27-94



WHC-SD-WM-TRP-233 REV. 0

SWD28 48" Burner - 5lb Plastic

800 [ 1 { i 1 I L] |} | I 1] ] i 1 l 1 1 1 1 [ ] 1 ] i l ] ]

g ]
= L 1 1 4
© - 4
8. - 4
m e -
I.- e -
< R § Qe 12— -
5 200 |- .
(] - -
015-u Tt ? L L1 1 T 1_%_1 T 1-

0 250 500 750 1000 12580
800 | 1 1 L 1 I 1 i 1 1 l 1] T 1 1 ] 1] i 14 1 l ¥ 1 1 ] l 13 1 i
o F ]
g b M E
= C 7 . 7 3
@ R A
g- = -
g 400 R -
= ]
< R ..
£ 200 —_
= N ]
(] R -
0 - ] { 1 i i 1 ] 1 1 l | [l 1 | l [l 1 1 | I 1 [ (i ] ! 1 1 ]

Q 250 500 7580 1000 1280
800 N I 1 1 1 I ¥ ] 1 ] | 1 1 1 1 ] | S 1 1] ] 1 1 |} 1 l 1] L] -
3) C R
3 600 -
3 n .
@ L -
g- b -
) N i
ot [ .
< L 4
E 200 -
= F 5
a N i
0 i~ (] 1 ) I 1 1 1 ] ] { ] [l 1 J [ ] L.t I 1 [ [ [l ! t 1 "

0 250 500 750 1000 1250

Time [sec]

PLOTTC4.PLT

B-199 102694



Heat Flux to Drum 2 [kW/m?]

Heat Input Rate to Drum 3 [kW]
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SWD33 48" Burner - 5lb Plastic
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Wall Temperature [C]
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SWD33 DRUM 4 - 48" Burner - 5lb Plastic
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SWD34 48" Burner - 5lb Paper - Heptane
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SWD34 - Drum 2
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SWD34 - Drum 3 Water filled drum
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SWD34 48" Burner - Empty
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SWD35 48" Burner - 5ib Paper - Heptane
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SWD35 - Drum 2
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Drum 3 Temperatures [C]
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SWD3'5 - Prum 3 Water filled drum
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WHC-SD-WM-TRP-233 REV. O
SWD35 48" Burner - Standard Load
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SWD35 48" Burner
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SWD35 DRUM 1 - 48" Burner - 5lb Paper - Heptane
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SWD35 DRUM 4 - 48" Burner - Standard Load
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SWD36 48" Burner - 5ib Paper - Toluene
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Drum 2 Temperatures [C]
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Drum 3 Temperatures [C]
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SWD36 - Drum 3 Water Filled Drum
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SWD36 48" Burner - Bagged Standard Load - Toluene
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SWD36 48" Burner
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SWD36 DRUM 1 - 48" Burner - 5lb Paper - Toluene
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SWD37 - Trash Fire
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Project Plan for Phase 2
Drum Array Fire Tests of Solid Waste Drums

1.0 OBJECTIVE

Phase 2 work is intended to assess the validity of the models developed in
Phase 1. While the drum testing included in Phase 1 is an essential element of
establishing the validity of the modeis, it is also necessary to assess the models by
comparison with drum array tests. Individual drum tests as were performed in
Phase 1 can be instrumented thoroughly, the fire environment can be controlled
well, and a relatively large number of tests can be performed. Array tests cannot
be so thoroughly instrumented or controlled, and a very limited number of tests is
possible. Array tests do, however, allow the various component phenomena to
interact. This can give rise to phenomena which cannot occur in individual drum
tests. An obvious example is drum array stability which inherently cannot be
studied in single drum tests. Thus, the drum array testing is needed to validate the
models developed. Another benefit of the drum array testing will be to provide a
more quantitative measure of the amount of drum contents expelled during the
tests.

C-1-1
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2.0 APPROACH

In Phase 2, drum array tests will be performed and predictions of the tests
will be made prior to the conduct of the test. Predictions and test results will be
compared and the performance of the models will be assessed. In general, the
tests will consist of exposing a section of a drum storage array to an initiating pool
fire and documenting via test measurements and observations the drum response
and extent of fire propagation beyond the initiating fire.

In Phase 2, one pallet array test and one rack storage array test will be
conducted. These represent the two primary storage configurations. The pallets
represent storage configurations in which the drums are stacked in arrays. The
number of drum levels within the array may vary and the properties of the level
separations may vary. In particular, current WHC practice and/or plans include
pallets and plywood as level separations. The rack storage configuration may vary
in the number of tiers included, the nature of the structure as well as the nature of
the drum supports. The configurations which will be used in these tests are
reasonable representations of their respective storage configurations.

While the test setups to be used in the tests are intended to be
representative of the general storage configurations in use, the initiating fire is
designed to maximize the damage potential. As such, pool fire initiating sources
are used which are large enough to be optically thick (1 m or more) and to last
longer than any drum lid loss failure time in Phase 1 testing. This assures that if a
lid loss could occur, it will occur in the testing. This is consistent with a
philosophy of "testing to failure.” While this philosophy cannot be fully
implemented in a single test situation, the use of a very severe (optically thick and
long duration) initiating source avoids the concern that a longer duration or larger
pool fire might have a more severe effect. Clearly, if a shorter fire duration is
expected in practice, the data will be of value up to the pool fire burn time
expected. '

The size of the storage array is dictated by the need for an optically thick
initiating fire exposure as well as the need for the storage array to be sufficiently
large relative to the initiating source that fire propagation remote from the initiating
source will be geometrically possible in the test. Implied in the test array size
criterion is that if the fire propagates to the end of the storage array, it would be
expected to propagate indefinitely. While this can only be assured in an indefinitely
long storage array, the array length must be long enough to approach this limit
credibly, but practically.

While instrumenting every drum in detail is desirable, this is not an
economically feasible option. The level of instrumentation to be used will be
sufficient to allow the fire propagation to be understood in terms of the modeling
and testing performed in Phase 1. Extensive use of thermocouples wiil be made,

C-2-1
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since these are relatively inexpensive, very diagnostic, and do not interfere with
drum movement. Pressure transducers on the drums will be used to a iesser extent
due to cost, data value, and the interference of transducer tubing on drum
movement. Heat flux transducers will be used in sufficient numbers to vield a
reasonable mapping of the initiating fire heat fluxes. A few drum calorimeters will
be used in the tests to provide total heat input to selected locations. Since these
drums are filled with water, they could potentially interfere with the outcome of the
test. As such their use will be limited in number and will be used in locations
which are unlikely to interfere with the test outcome while providing needed data.

The tests will be performed and documented in accordance with the
standards employed in the peer reviewed fire science literature. This requires that
the tests be described in sufficient detail to allow the tests to be replicated by
others (if ever required) and that instrumentation and data collection methods used
conform to the accuracy and precision established in the fire science literature.
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3.0 EXPERIMENTAL RACK STORAGE TEST

3.1 OVERALL

The rack storage test will be conducted "inside" such that the effects of
wind, rain, etc. will be negated. The fire test facility to be used is located at
Southwest Research Institute in San Antonio, Texas. The building is 12.2 m (40
ft) by 18.3 m (60 ft) by 9.1 m (30 ft high). The building will be naturally ventilated
~during the test through vents located at floor level along the periphery of the
building and exhaust vents in the roof and high on the walls. All doors to the
building will be closed during the test. Post test clearing of smoke from the
building can be accelerated via an exhaust fan. This fan (which is located high on
the south wall) will not be used during the test to avoid nonuniform air flow
through the building and, subsequent, deflection of the pool fire.

Figure 1 provides an overall view of the proposed test arrangement for the
rack storage configuration. [n general, the test configuration will consist of three
rows of storage with each row being six tiers high. Two rows wilt be back-to-back
and one row will be separated from the other rows by a 1.5 m (5 ft} aisle.

3.2 RACK SYSTEM

The rack system will be similar to that proposed for use at WHC.
WHC/LATA will provide exact specifications and provide the rack system to the
test laboratory (Appendix A}, The rack system will inciude a containment pan and
mesh arrangement under the drums. Seismic event bars will also be in place for
drum containment. All ground level racks will be anchored to the concrete floor of
the test facility using Hilti or similar anchors. The single rack will also be secured
to the ceiling of the building. The back-to-back racks will be mechanically secured.
Each beam pair has a rated capacity of 6000 Ib and each upright has a rated
capacity of 32000 Ib. The pans (29 inch wide x 28 inch deep x 2 inch high) wiil
be suspended by S hooks from the mesh above. There will be a 6 inch air space
between adjacent pans.

3.3 DRUMS

A total of 144 drums will be used in this test. The drums will be new 17-H,
65-gallon (UN1A1) drums, painted black. No 85-gallon overpacks will be
incorporated into the test. The drums will be sealed using removabile lids with
styrene-butadiene sponge rubber gaskets and metal closure rings, rounded-section
type. After loading, the closure rings will be tightened, per WHC specification
{Carver, 1993] to 54 J {40 ft-Ib} torque.
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Figure 1. Overall rack storage experimental setup
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Close attention must be given to the method of torquing the closure rings.
Depending on the torquing method used, a range of tightness can be achieved with
the closure ring still measuring 54 J (40 ft-Ib) torque. For example, if one tightens
the closure bolt with a torque wrench, 54 J can be achieved with a 5 cm
separation between the ends of the closure ring. However, this originai torque
value is typically from the boit head binding against the closure ring surface rather
than the tightness of the ring around the lid and drum. Consequently, when the
bolt is backed off and then tightened again, 54 J is not achieved until the
separation between the ends of the closure ring is smaller, such as 0.6 cm.
Therefore, depending on the person and method used, a significant range of
closure ring tightness can be achieved.

Therefore, all lids are to be secured by the same technician using the method
of repetitively backing the bolt out and then tightening to 54 J torque. This
procedure was used in the Phase 1 testing and assures that the rings are torqued
to the same specification. As a resuilt of using this method, it is beiieved that the
drums tested will probably be tightened more than the existing drums at WHC.,

The net effect of this is not clear. The fire exposed drums may require a higher
pressure for lid loss or may not lose lids due to the closure ring securing the lids
tighter to the drum. On the other hand, the tighter closure ring may resuit in the lid
blowing earlier and more violently. This may occur due to a more rapid buildup of
pressure in the drum whereas a looser closure ring may allow sufficient gas to vent
- from the drum, thus avoiding lid loss.

In this test, 140 of the drums will represent typical WHC loaded drums and
contain the standard load [Rhodes et al., 1995] while four drums will serve as
water calorimeters. Figure 2 shows the layout of drums in the rack storage system
along with the instrumentation. As each drum is prepared, it will be identified with
a painted number according to the drum focation diagram (Figure 3) and all
preparation will be documented on Drum Data Sheets (Appendix B).

3.3.1 Water-filled Drums

The water-filled drums will act as calorimeters to provide a measure of the
integrated heat input to the surrounding target drums. These measurements will
provide one measure of the severity of the exposing fire. Heat flux transducers will
provide local heat flux measurements.

Each of the water-filled drums will have a submersible pump inside to mix
the water, thus, assuring a uniform temperature.profile. As shown in Figure 4, the
pump is to rest on the bottom of the drum and have a section of 1 inch pvc pipe to
deliver the water to the top of the drum. The drums will be filled with water to
0.5-1 in. of its capacity and will be instrumented as described below. The actual
placement of the drums in the test array is shown in Figure 2.
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3.3.2 Standard Load Drums

Each of the 140 drums that contain combustible materials will be loaded in
the same manner. Each drum will be loaded with the standard combustible load of
25.9 kg (57 Ib) [Rhodes et al., 1895] and a noncombustibie load of 31.7 kg {70 Ib)
for an overall loading of 57.6 kg (127 Ib) in each drum. Based on these values and
the breakdown of the materials [Boothe, 19941, the average contents will be
composed of the following:

Rubber 2.7 kg (6.0 Ib) 4.7 percent
Plastic 13.4 kg (29.5 b} 23.3 percent
Paper 6.6 kg (14.5 Ib) 11.5 percent
Cotton 3.2 kg (7.0 Ib} 5.6 percent
Steel 31.7 kg (70 Ib) 55.0 percent
Total 57.6 kg (127 Ib) 1700 percent

Based on the above described average combustible loading, a "standard”
combustible load was developed for use in the Phase 1 program and will be also
used for the Phase 2 testing. The combustible drum contents will consist of the

- following commercially available items which simulate the actual drum contents:

Rubber — The rubber material is simulated using neoprene rubber
sheets that will be approximately 0.32 cm (0.125 in.) thick and
approximately 15 em (6 in.} x 30 cm (12 in.).

Plastic — The plastic commodities consist of 50 percent by weight of
8-mil polyethylene plastic bags and 50 percent by weight of 10-mil
polyethylene sheet,

Paper — The paper consists of 1/3 by weight of brown paper sheet
{61 cm (24 in.) wide rolls), 1/3 by weight of bond paper (22 x 28 cm
{8.5 x 11 in.}}, and 1/3 by weight of cut-up bond paper (11 x 14 cm
{4.25 x 5.5 in.}), which simulates filter paper.

Cotton — The cotton consists of 57 percent by weight of cotton
fabric and 43 percent by weight of cotton towels.

Table 1 provides a breakdown of the combustible contents for the
"standard” combustible load, and Table 2 provides the procedure for its loading
into the drums. The loading procedure requires that materials such as the brown
paper, the plastic sheet, and the cotton fabric will be unfolded and placed into the
drums. This combustible loading will require compression as it is placed into the
drums so that the entire load can be placed in the drum.,
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Table 1. Standard Combustible Loading

COMBUSTIBLE CONTENTS
MATERIAL STANDARD LOADING

Plastic bags 6.7 kg (14.8 Ib)

10-mil plastic sheet 6.7 kg (14.8 Ib)
Rubber, 15 x 30 cm (6 x 12 in.} 2.7 kg (6.0 Ib)
Brown paper 2.2 kg (4.8 b}

Bond paper, 22 x 2B cm (8.5 x 11 in.) 2.2 kg (4.8 Ib}
Cut paper 2.2 kg (4.8 |b)

Cotton towels 1.4 kg (3.0 Ib)

Cotton fabric 1.8 kg (4.0 Ib)

Total _ 25.9 kg (57.0 Ib)

Table 2. Standard Loading — Into Drum

ORDER STARTING AT THE BOTTOM MATERIAL

1 1/3 of the brown paper

1/3 of the 10-mil plastic

1/3 of the bond paper

1/3 of the towels
1/3 of the bags
1/3 of the cut paper
1/3 of the fabric
1/3 of the rubber

(N | W

in addition to the "standard" combustible load, the noncombustible contents
will be composed of 5.1 ¢m (2 in.) round carbon steel stock. Three pieces, each
66 cm (26 in.) long, will be placed vertically and evenly spaced along the inside
wall of the drum. The primary purpose of the steel is to simulate the typical weight
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of the noncombustible centents. This weight constitutes a significant factor in
testing rack, pallet, and drum stability.

Each drum will be loaded as follows (see Appendix B for checklist);

{1)  Insert three steel bars vertically along the sides of the drums;

(2) Place one-third of the standard load into the drum in the order shown
in Table 2;

(3) Place one-third of the standard load into the drum in the order shown
in Table 2; and

{4) Place final one-third of the standard load into the drum in the order
shown in Table 2.

Upon completion of the loading, the drum will be weighed to the nearest
+0.09 kg (0.2 Ib) accuracy. The drum ID number and weight will be recorded on
the Drum Data Sheet. All drums will be positioned on the racks per the drawings
of Appendix A. The drums instrumented for internal pressure measurements will
be leak tested to ensure the integrity of the drum. The drums will be pressurized to

34.5 kPa (5 psig) for a period of 5 minutes. After 5 minutes the internal pressure
shall not be below 31.0 kPa (4.5 psig).

3.4 INSTRUMENTATION

Figure 2 provides an overall sketch of the test instrumentation. The
instrumentation will consist of the following:

(1) Thirty six {36) type K thermocouples placed on three thermocouple
trees. The thermocouples wiill be spaced 61 cm (24 inches) apart
starting at 122 cm (48 inches) above the floor. The trees will be
placed as shown in Figures 1 and 2. The thermocouples will provide
temperature measurements to the ceiling which can be used for flame
height verification;

(2) Approximately 100 type K thermocouples placed on the exterior
surfaces of selected drums. This will provide a measure of the drum
wall temperatures at specific locations;

{3) Approximately 40 type K thermocouples placed on the surfaces of the
racks, containment pans, and mesh. These temperatures will provide
data concerning the exposure of the items to the fire;

(4) Internal pressure of 24 selected drums will be monitored using 0-50

psig transducers (Setra, model no. 206). The pressure measurements
will provide a measure of venting or lid loss during the test. Each
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pressure transducer calibration will be verified before the test using a
pressure calibrator (Beamex, model no. PG105);

{5}  Sixteen (16) heat flux measurements using 200 kW/m? total heat flux
calorimeters (Medtherm, model no. 64-20-5B-19) will be made. Each
instrument, which has a stated accuracy of +£3 percent, will be
provided with a certified calibration. The heat flux transducers will be
placed at various locations per Figure 2 to provide representative local
heat flux measurements from the fire; and

{6) Twelve {12) type K, sheathed thermocouples (3 per drum) will be
placed inside the water-filled drums to provide a measure of the
temperature increase inside each drum.

The data acquisition system for the thermocouples and heat flux transducers
will scan and record data at a 1 scan per second rate. The pressure transducers
will be scanned and recorded every 20 milliseconds (50 Hz) rate.

All instrumentation will be calibrated and/or functionally verified prior to the
test.

3.5 FIRE SOURCE

The ignition source for the rack storage test will be a 16.6 m? (179 ft2)
diesel fuel pool fire positioned under a portion of the rack array as shown in Figure
1. The fuel spill area will consist of a watertight dam approximately 3.7x4.3m
(12 x 14 ft) utilizing 10 x 10 cm (4 x 4 in.) angle bolted to the concrete floor. A
layer of water, approximately 2.5 ¢cm (1 in.) deep will be poured into the spill fire
area and approximately 208 L (55 gal} of diesel fuel will then be spilled on top of
the water. It is estimated that this quantity of fuel will provide a burn time of
approximately five minutes. The 5 minute burn time was chosen based on the
‘Phase 1 work which showed that in the engulfing fires the drums experienced lid
loss in less than 3 minutes. Additionally, 201 L of fuel represents a conservatively
high value for a credible fuel spill.

3.6 TEST TERMINATION

Data coliection and video recording will continue after the completion of the
5-minute diesel fuel fire. During this time the extent of fire propagation will be
assessed. The test will be terminated upon the following:

{1} all fires have self extinguished, or

{2) the test director has determined that further fire propagation is unfikely
and further drum seal failures are improbable.
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Upon termination of the test, extinguishment of all burning items such as expelled
loading materials wiil be performed.

3.7 DOCUMENTATION

The fire test will be documented using two VHS video camera and color
photographs. Complete photographic documentation will be taken of pre-fire test
arrangement, during the test and post-test arrangement.

3.8 TEST PROCEDURES
In general, the following procedures will be followed:

(1 loading, weighing and identification of test drums:

(2)  instrumenting test drums as required;

(3) placement of test drums into rack array and development of drum ID
versus position diagram;

(4) instrumentation of racks, pans, etc.;

(5) instrumentation and/or connection of pressure transducers, heat flux
transducers, and thermocoupies;

(6)  verification of instrumentation after connection to data acquisition
system;

{(7) creation of fuel spill;

(8) verification of documentation;

{9) start of test;

(10) extinguishment as required; and

{11) post-test damage assessments.

The Rack Storage Pre-test Check List is included as Appendix C and the Test
Procedure Check List is included as Appendix D. All procedures will be carried out
by SwRl personnel and overseen by HAl test engineers. The test engineer or
appointed designee will verify and initialize all checklists and data sheets. Prior to
the test being conducted, the HAI test supervisor will verify that all items have
been completed.

3.9 TEST DATA
The following data will be obtained:
{1) drum wall surface temperatures;
{2) fire exposure temperatures;

{3) rack, pan, and mesh temperatures;
{4) heat flux measurements;
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(5}  pressure measurements;
(6}  weight loss of drums (before and after weights);
(7}  visual observations with respect to the following:

(a) lid loss (number and location),

{b) explosion of contents {amount and location), ,

{c) lid venting (lids bent but not expelled) (number and location),
{d} toppied drums {number and location),

(e) structural performance of rack system, i.e., warpage, distortion,

collapse, etc., and
(8)  estimates of charring/burning of contents of each drum.

Data collection pertaining to drums and fuel content will be recorded on the Drum
Data Sheets (Appendix B). There will be a data sheet for each drum used in the
test. As drums are removed from the test site, they will be re-painted (as needed)
with the appropriate drum identification number. The drums will then be weighed
and inspected. Post-test photographs and/or video will be taken of each drum and
its contents.

Each section of the rack system will be assessed and documented on a Post-
test Rack Assessment Sheet as shown in Appendix E. Deflections in the rack
structure due to twisting or bending will be measured with respect to the original
position. Post-test photographs and video will be taken of each section of the
structure.

All instrument data {(converted to physical units via the established
calibration constants) will be plotted with respect to time. Tabular listings of all
data will be supplied. All data obtained will also be provided on an IBM compatible
computer disk.
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4.0 EXPERIMENTAL PALLET STORAGE TEST

4.1 OVERALL

The pallet storage test will be conducted "inside" such that the effects of
wind, rain, etc. will be negated. The fire test facility to be used is located at
Southwest Research Institute in San Antonio, Texas. The building is 12.2 m (40
ft) by 18.3 m (60 ft} by 8.1 m (30 ft high}. The building will be naturally ventilated
during the test through vents located at floor level along the periphery of the
building and exhaust vents in the roof and high on the walls. All doors to the
building will be closed during the test. Post test clearing of smoke from the
building can be accelerated via an exhaust fan. This fan (which is located high on
the south wall} will not be used during the test to avoid nonuniform air flow
through the building and, subsequent, deflection of the pool fire.

Figure 5 provides an overall view of the proposed test arrangement for the
pallet storage configuration. In general, the test configuration will consist of three
rows of storage with each row being three tiers high. There will be four drums per
pallet and four pallets per row {i.e., four in each tier}. Two rows will consist of
wooden pallets and one row will consist of steel pallets. The rows of pallets will
be separated by 0.91 m (3 ft) aisles. Within a row, pallets will be positioned flush
with one another,

4,2 PALLETS

The ;;allets- will be similar to those proposed for use at WHC. WHC/LATA
will provide exact specifications and provide the pailets to the test [aboratory.
Central Waste Complex practices for banding drums is described as follows:

1) A 0.25 inch by 0.02 inch, high tensile steel strapping (e.g. McMaster-
Carr, #2071T761) will be used for banding. There is no specification
for band tightness, except that the bands are secured "good and
tight.”

2) The first band is placed horizontaily around the four drums just below
the top {i.e., within the top third of the drum).

3) The second band is placed over the tops of two drums and through
the pallet.

4) The third band is similarly placed over the adjacent two drums and
through the paliet.
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Although this is the practice at CWC, there are drums stored at WHC in which
banding consists of only one band horizontally around the four drums just below
the top. Since excluding the two top bands represents a worse case scenario in
terms of lid loss and pallet stability, this will be the method used in this test.

4.3 DRUMS

A total of 144 drums will be used in this test. The drums will be new 17-H,
55-gallon (UN1A1) drums, painted black. The drums will be sealed using
removable lids with styrene-butadiene sponge rubber gaskets and metal closure
rings, rounded-section type. After loading, the closure rings will be tightened, per
WHC specification [Carver, 1993] to 54 J (40 ft-Ib) torque.

Close attention must be given to the method of torquing the closure rings.
Depending on the torquing method used, a range of tightness can be achieved with
the closure ring still measuring 54 J (40 ft-Ib) torque. For example, if one tightens
the closure bolt with a torque wrench, 54 J can be achieved with a 5 ¢cm
separation between the ends of the closure ring. However, this original torque
value is typically from the bolt head binding against the closure ring surface rather
than the tightness of the ring around the lid and drum. Consequently, when the
bolt is backed off and then tightened again, 54 J is not achieved until the
separation between the ends of the closure ring is smaller, such as 0.6 cm.
Therefore, depending on the person and method used, a significant range of
closure ring tightness can be achieved.

Therefore, all lids are to be secured by the same technician using the method
of repetitively backing the bolt out and then tightening to 54 J torque. This
procedure was used in the Phase 1 testing and assures that the rings are torqued
to the same specification. As a result of using this method, it is believed that the
drums tested will probably be tightened more than the existing drums at WHC.

The net effect of this is not clear. The fire exposed drums may require a higher
pressure for lid loss or may not lose lids due to the closure ring securing the lids
tighter to the drum. On the other hand, the tighter closure ring may result in the lid
blowing earlier and more violently. This may occur due to a more rapid buildup of
pressure in the drum whereas a looser closure ring may allow sufficient gas to vent
from the drum, thus avoiding lid loss.

In this test, all 144 of the drums wiil represent typical WHC loaded drums
and contain the standard load [Rhodes et al., 1995]. Figure 6 shows the layout of
drums in the rack storage system along with the instrumentation. As each drum is
prepared, it will be identified with a painted number according to the drum location
diagram {Figure 7) and all preparation will be documented on Drum Data Sheets
(Appendix B}.

C-4-3



WHC-SD-WM-TRP-233 REV.

QO OO
QO QO
QO QO
QO
OIC;

O

Tier 1
(lowast)

O
o

kX) QO

OOOOOC00
OO0OO0O

OOO0O00 O

QOO

@OOOPO '
OOO0O0O0O

|

Tier 3
(highest)

'®qOOOO FMW

1
>
i

OO

OOOOOOOOCX%X*XXX) OOOOP
OQOOOO0  LOROOOOO  LOROO
©)
O

gsesssls

OOO0OOOO0

Notes:

All Drums Standard Load w/Steel
* = Pressure - 22 Locations
G = Drum Surface - 2 Each - 42 Locations = 84
X = Temps In Fire - Two TC Trees - 13 TC's X2 =26
Total - 110 TC's
—= = Heat Flux = 12 Tota!

ngure 6. Pallet storage experimental setup and instrumentation layout
C-4-4



0981
0971
0961
0951
0841
Tier §
0831

o1

0st1

0982
0972
0962
0952
0942

Tier 2
0832

Q822

0912

0983
0973
0963
0953
0943
Tier 3
0933
0923

0913

Row

WHC-SD-WM-TRP-233 REV. 0

oBa1 0781
0871 0771
08s1 0781
0851 0751
0841 0741

0831 071

OlOOOO L OLOOO0O

0821 0721

o811 0711

0882 0782

o872 0772
ogez2 0762
oBsz 0752
0842 0742

0832 0732

f

0822 0722

0812 072

0883 (0783

0873 0773
0863 0763
0883 0753
0843 0743

0833 0733

OO0O0OO OO‘%OOOOO ‘OOOOOO‘OO

O
LOROOOO0 O

“6823

[
[+-]

0723

0813 0713

OO
OO

0681 0581

0671 0571

OO

0661 0561

|0651 0551
06841 0541

0831 0521

0621 0521

0611 0511

0682 0582

0672 0572
0662 0562
10652 0ss2
0642 0542

06832 0532

OOLOOO0O

0522

0612 0512

0583 0583

0673 0575
0663 0563

10653 0553

0643 0543

0633 0533

FQ@Q@OOOO OGOOY LOOVO
OORAOOOOO OO0 ROLLO

0823 0523

7

om

0613 0513

OO0  OOLOLOLO

OOOOlO@OO OOOOIOOOO’ OOOOIOOIOO

5

F

045i
0471
0461
0451

0431

0421

0411

0472
0462

0452

0422

0412

0473
0463
0453

0443

0423

0413

Figure 7. Pallet storage drum location diagram. Drum number indicates
Test-Row-Bay-Tier.

C-4-5



WHC-SD-WM-TRP-233 REV. O

Each drum will be will be loaded in the same manner with the standard
combustible load of 25.9 kg (57 Ib} [Rhodes et al., 1995] and a noncombustible
load of 31.7 kg (70 Ib) for an overall loading of 57.6 kg (127 Ib) in each drum.
Based on these values and the breakdown of the materials [Boothe, 1994], the
average contents will be composed of the following:

Rubber 2.7 kg (6.0 Ib) 4.7 percent
Plastic 13.4 kg (29.5 1b) 23.3 percent
Paper 6.6 kg (14.5 |b) 11.5 percent
Cotton 3.2 kg (7.0 Ib) 5.6 percent
Steel - 31.7 kg (70 Ib) 55.0 percent
Total 57.6 kg (127 Ib) 100 percent

Based on the above described average combustible locading, a "standard”
combustible load was developed for use in the Phase 1 program and will be also
used for the Phase 2 testing. The combustible drum contents will consist of the
following commercially available items which simulate the actual drum contents:

Rubber — The rubber material is simulated using neoprene rubber
sheets that will be approximately 0.32 ¢cm (0.125 in.) thick and
approximately 15 cm (6 in.) x 30 cm {12 in.}.

Plastic — The plastic commodities consist of 50 percent by weight of
6-mil polyethylene plastic bags and 50 percent by weight of 10-mil
polyethylene sheet.

Paper — The paper consists of 1/3 by weight of brown paper sheet
(61 cm (24 in.) wide rolls), 1/3 by weight of bond paper {22 x 28 cm
(8.5 x 11 in.)), and 1/3 by weight of cut-up bond paper (11 x 14 cm
{4.25 x 5.5 in.}}, which simulates filter paper.

Cotton — The cotton consists of 57 percent by weight of cotton
fabric and 43 percent by weight of cotton towels.

Table 3 provides a breakdown of the combustible contents for the
"standard" combustible load, and Table 4 provides the procedure for its loading
into the drums. The loading procedure requires that materials such as the brown
paper, the plastic sheet, and the cotton fabric will be unfolded and placed into the
drums. This combustible loading will require compression as it is placed into the
drums so that the entire load can be placed in the drum.
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Table 3. Standard Combustible Loading

COMBUSTIBLE CONTENTS
MATERIAL STANDARD LOADING

Plastic bags 6.7 kg {14.8 Ib)

10-mil plastic sheet 6.7 kg {14.8 |b)
Rubber, 15 x 30 cm (6 x 12 in.} 2.7 kg (6.0 Ib)
Brown paper 2.2 kg (4.8 Ib)
Bond paper, 22 x 28 cm (8.5 x 11 in.) 2.2 kg (4.8 Ib)
Cut paper 2.2 kg (4.8 Ib}

Cotton towels 1.4 kg (3.0 Ib}

Cotton fabric 1.8 kg {4.0 Ib)

Total 25.9 kg (57.0 Ib)

Table 4. Standard Loading — Into Drum

ORDER STARTING AT THE BOTTOM MATERIAL
1/3 of the brown paper
1/3 of the 10-mil plastic
1/3 of the bond paper
1/3 of the towels
1/3 of the bags
1/3 of the cut paper
1/3 of the fabric
1/3 of the rubber

N[OOI

In addition to the "standard” combustible load, the noncombustible contents
will be composed of 5.1 ¢m (2 in.) round carbon steel stock. Three pieces, each
66 cm (26 in.) long, will be placed vertically and evenly spaced along the inside
wall of the drum. The primary purpose of the steel is to simulate the typical weight
of the noncombustible contents. This weight constitutes a significant factor in
testing rack, pallet, and drum stability.
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Each drum will be loaded as follows (see Appendix B for checklist):

(1)
(2}

(3}

(4)

insert three steel bars vertically along the sides of the drums;

Place one-third of the standard load into the drum in the order shown
in Table 2;

Place one-third of the standard load into the drum in the order shown
in Table 2; and

Place final one-third of the standard load into the drum in the order
shown in Table 2.

Upon completion of the loading, the drum will be weighed to the nearest
+0.09 kg (0.2 Ib} accuracy. The drum ID number and weight will be recorded on
the Drum Data Sheet. The drums instrumented for internal pressure measurements
will be leak tested to ensure the integrity of the drum. The drums will be

‘pressurized to 34.5 kPa (5 psig) for a period of 5 minutes. After 5 minutes the
internal pressure shall not be below 31.0 kPa (4.5 psig}.

4.4 INSTRUMENTATION

Figure 6 provides an overall sketch of the test instrumentation. The
instrumentation wiil consist of the following:

(1)

(2)

(3}

(4)

Twenty-six- (26) type K thermocouples placed on two thermocouple
trees. The thermocouples will be spaced 61 cm (24 inches} apart
starting at 122 cm (48 inches) above the floor. The trees will be
placed as shown in Figures 5 and 8. The thermocoupies will provide
temperature measurements to the ceiling which can be used for flame

~ height verification;

Eighty four (84) type K thermocouples placed on the exterior surfaces
of selected drums. This will provide a measure of the drum wall
temperatures at specific locations;

Internal pressure of 22 selected drums will be monitored using 0-50
psig transducers (Setra, model no. 206). The pressure measurements
will provide a measure of venting or lid loss during the test. Each
pressure transducer calibration will be verified before the test using a
pressure calibrator (Beamex, model no. PG105);

Twelve (12} heat flux measurements using 200 kW/m? total heat flux
calorimeters (Medtherm, model no. 64-20-5B-19} will be made. Each
instrument, which has a stated accuracy of £3 percent, will be
provided with a certified calibration. The heat flux transducers will be
placed at various locations per Figure 2 to provide representative local
heat flux measurements from the fire; and
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The data acquisition system for the thermocouples and heat flux transducers
will scan and record data at a 1 scan per second rate. The pressure transducers
will be scanned and recorded every 20 milliseconds (50 Hz) rate.

All instrumentation will be calibrated and/or functionally verified prior to the
test.

4.5 FIRE SOURCE

The ignition source for the rack storage test will be a 9.3 m? {100 t2) diesel
fuel pool fire positioned under a portion of the rack array as shown in Figure 1.
The fuel spill area will consist of a watertight dam approximately 3.0 x 3.0 m {10 x
10 ft) utilizing 10 x 10 cm (4 x 4 in.} angle boited to the concrete floor. A layer of
water, approximately 2.5 cm (1 in.) deep will be poured into the spill fire area and
approximately 135 L (35 gal) of diesel fuel will then be spilled on top of the water.
It is estimated that this quantity of fuel will provide a burn time of approximately
five minutes. The 5 minute burn time was chosen based on the Phase 1 work
which showed that in the engulfing fires the drums experienced lid ioss in less than
3 minutes. Additionally, 135 L of fuel represents a conservatively high value for a
credible fuel spill.

4.6 TEST TERMINATION

Data collection and video recording will continue after the completion of the
5-minute diesel fuel fire. During this time the extent of fire propagation will be
assessed. The test will be terminated upon the following:

{1}  all fires have self extinguished, or

(2)  the test director has determined that further fire propagation is unilikely

and further drum seal failures are improbable.

Upon termination of the test, extinguishment of all burning items such as expelled
loading materials will be performed.
4.7 DOCUMENTATION

The fire test will be documented using two VHS video camera and color

photographs. Complete photographic documentation will be taken of pre-fire test
arrangement, during the test and post-test arrangement.
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4.8 TEST PROCEDURES
In general, the following procedures will be followed:

(1} loading, weighing and identification of test drums;

(2)  instrumenting test drums as required;

(3)  placement of test drums into rack array and development of drum ID
versus position diagram;

(4) instrumentation of racks, pans, stc.;

{B) instrumentation and/or connection of pressure transducers, heat flux
transducers, and thermocouples;

(6) verification of instrumentation after connection to data acquisition
system;

(7}  creation of fuel spill;

(8y  verification of documentation;

(9)  start of test;

(10) extinguishment as required; and

{11} post-test damage assessments.

The Pallet Storage Pre-test Check List is included as Appendix F and the Test
Procedure Check List is included as Appendix D. All procedures will be carried out
by SwRI personnel and overseen by HAI test engineers. The test engineer or
appointed designee will verify and initialize all checklists and data sheets. Prior to
the test being conducted, the HAI test supervisor will verify that all items have
been completed.

4.9 TEST DATA
The following data wiil be obtained:

(1 drum wall surface temperatures;

{(2) fire exposure temperatures;

{3) heat flux measurements;

(4) pressure measurements;

{5} weight loss of drums (before and after weights);
(6) visual observations with respect to the foilowing:

(a} iid loss (number and location),
{b) explosion of contents {amount and location),
{c) lid venting (lids bent but not expelled) (number and location),

(d) toppled drums (number and location),
(e} structural performance of pailets, i.e., warpage, distortion,
collapse, etc., and
{7) estimates of charring/burning of contents of each drum.
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Data collection pertaining to drums and fuel content will be recorded on the Drum
Data Sheets {(Appendix B). There will be a data sheet for each drum used in the
test. As drums are removed from the test site, they will be re-painted (as needed)
with the appropriate drum identification number. The drums will then be weighed
and inspected. Post-test photographs and/or video will be taken of each drum and
its contents.

Each section of the pallet system will be assessed and documented on a
Post-test Pallet Assessment Sheet as shown in Appendix G. Movement in the
pallets due to drum explosions or mechanical failure due to the fire will be
measured with respect to the original position. Post-test photographs and video
will be taken of each section of the structure.
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5.0 MODELING

Prior to the conduct of the testing, the models developed in Phase 1 will be
used to predict the outcome of the two array tests. The methodology used to
generate the prediction will be documented in sufficient detail to allow an
independent analyst to reproduce the results. This will serve as a description of
the methodology and an example of its use.
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6.0 DATA REPORTING AND ANALYSIS

All data collected in these tests (pre-test, test, and post-test data) will be
thoroughly analyzed and reported. The following list summarizes the major
analyses which are planned at this time. Of course, the test results themselves
most often dictate analyses not planned prior to the testing.

1.

10.

11.

Conversion of raw data to physical units via the established calibration
constants.

Plotting of ail data channels.

Calculation/tabulation of drum damage effects from the test from pre
and post test drum data{written and photo/video).

Analysis of data, videotape record, test observation records, and post
test data to derive a time line of test events (includes lid loss, lid seal
failure, contents expulsion, material ignition, flame spread, flame
heights, drum movements, etc.).

Comparison of overall performance of the drum arrays with the
predicted drum array performance.

Detailed comparison of individuai drum responses in the tests with
performance as predicted by the model. These predictions will not be
made prior to the test. Calculations will use measured heat fluxes,
temperatures, and pressures as appropriate and available from the test
itself.

Evaluation of the thermal criterion for lid loss with the test data.

Evaluate pressures at lid loss and relation to array stability.

Evaluate critical temperature of steel for structural failure of rack
elements.

Evaluate the extent of array fire propagation in the tests against the
predicted fire propagation,

Evaluation of the degree and distribution of expelled contents from
drums.
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7.0 SUMMARY

Two large scale tests will be conducted consisting of exposing sections of
drum storage arrays to an initiating pool fire and documenting results via test
measurements and observations of drum responses and the extent of fire
propagation beyond the initiating fire. Both a rack storage system and pallet
storage arrays will be studied. The tests will be performed and documented in
accordance with the standards employed in the peer reviewed fire science
literature. The tests will be described in sufficient detail to allow the tests to be
replicated by others (if ever required). The instrumentation and data collection
methods used will conform to the accuracy and precision established in the fire
science literature. Prior to the conduct of the testing, the models developed in
Phase 1 will be used to predict the outcome the two array tests. The methodology
used to generate the prediction will be documented in sufficient detail to allow an
independent analyst to reproduce the results. The Phase 2 work will resuit in an
assessment of the drum array fire propagation model developed in Phase 1, such
that it can be used in support of safety analyses in WHC facilities.
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DRAWING C: ROW DIMENSIONS
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W.A.TAYLOE CO., INC.

MATERIALS HANDLING EQUIPMENT

DALLAS . FORTWORTH . HOUSTON .« SANANTONIO

April 10, 1995

Los Alamos
Attention: Ms. Jﬁlie Dewberry

Dear Julie:

We are pleased to'quote as follows:

PALTIER RACK - Per your plans. To be delivered and installed
at Southwest Research, San Antonio, TX.

9 Each - #U34312DX Upright. 34" deep X 312" high.

72 EBach -~ #HS53BOl46 Beam. 146".

72 Each - Wire Decking, 34" deep X 72" wide.

6 Welded supports per channel. "

Wedge anchors. “Z
144 Each - Overflow pans. 27" wide X 34" deep X,kfgﬁ high,

with S hooks.
12 Each - Back to back ties.

Your delivered price for materials is $14,927.00.

Your price for installation is $1200.00, which includes
unloading material and furnishing a fork truck.

Prices do not include any applicable taxes.

Quotation Supplement A is attached and made an integral part
of this gquotation.

Lead time on this project is approximately 6 to 8 weeks after
order, plus in transit time.

We appreciate thié opportunity to quote and look forward to
speaking with you :soon.

since?w

Fred R. Lerick
Sales Repreasentative

FL/ab
Terms: Net 10 days with approved credit.

12778 O'CONNOR Hb. e SAN ANTONIO, TEXAS 78233 * (210) 657-1497 = FAX (210) 655-3302
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W. A. TAYLOE CO., INC.

QUOTATION SUPPLEMENRT A

INSTALLATION RESPONSIBILITIES OF THE BUXER
UNLESS QTHERWISE SPECIFIED IN WRITING

(Loa3SE |, UNLOAD ALL. EQUIPMENT FROM TRANSPORT VEEICLES AND PLACE

L3 1 5 ADJACENT TO INSTALLATION SITE. ASSUME ANY DEMURRAGE
» - COST. :
> Ua-"’"&"n ! ° ,,Q,a,.-ra%ﬂw— Ca,‘lwe..- f-lb-95

2. OBTAIN BUILDING, INSTALLATION AND OPERATING PERMITS AS
REQUIRED BY ALL APPLICABLE CODES AND LAWS.

3, FROVIDE A.CLEAR; CLEAN AND UNOBSTRUCTED SITE FOR
. INSTALLATION, AS WELL AS CLEAR ACCESS FROM POINT OF
ENTRY TO INSTALLATION SITE.

4. FURNISE TO THE SITE SUITABLE ELECTRIC CURRENT. ALSO, DRY
FILTERED AND REGULATED COMPRESSED AIR IF REQUIRED FOR
INSTALLATION AND TESTING OF EQUIPMENT.

5. PROVIDE SAFE, DRY AND CONVENIENT STORAGE SPACE FOR
. INSTALLATION EQUIPMENT, MATERIAL, AND TOOLS WITH
SUITABLE PROTECTION FROM THE ELEMENTS.

€. PROVIDE SUFFICIENT LIGHT, HEAT AND/OR VENTILATION TO
MEET NORMAL WORKING REQUIREMENTS.

7. PROVIDE SUFFICIENT SPACE ADJACENT 70 THE INRSTALLATION
SITE FOR THE LAYOUT, INSPECTION AND ASSEMBLY OF THE
EQUIPMENT AS REQUIRED.

B. VERIFY STRUCTORAL CAPACITY AND LIMITATIONS OF BUILDINGS
AND MAKE NECESSARY ALTERATIONS TO BUILDING(S), FIXTURES,
OR EXISTING EQUIPMENT.

9. FURNISH ANY LIFT EQUIPMENT NEEDED.

10. COORDINATION OF TRADES AND A COOPERARTIVE ATMOSPHERE
1S EXPECTED. UNLESS SPECIFICALLY STATED OTHERWISE, ALL
INSTALLATION 1S WITE NON-UNION LABOR.

11. PAYMENT FOR MATERIAL IS DUE UPON SHIPMENT AND PAYMENT
FOR INSTALLATION IS DUE UPON COMPLETION OR IN PROGRESS
PAXHENTS:AS MAY BE SPECIFIED.

6/87
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Rack Storage Drum Data Sheet
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Rack Storage Drum Data Sheet

Drum No.
Description (check]): Standard load
' Instrumented for pressure
Instrumented for temperature
H,0 filled drum
Loading Starting at Bottom Layer 1 Layer 2 ‘ Layer 3

3 pieces of steel

1/3 of the brown paper

1/3 of the 10-mil plastic

1/3 of the bond paper

1/3 of the towels
1/3 of the bags

1/3 of the cut paper
1/3 of the fabric
1/3 of the rubber

e B RRRRRRRRRRRRRDRII=),

I 'Go to Layer 2 | Go to Layer 3 |

Drum Filled: - Date Initial

Lid sealed and torqued: Date Initial

Leak tested: N/A or Pressure. (psig) Time (min} 8]
Pressure (psig)} Time (min}) 5
Date initial

Pre-test weight {kg}
Post-test weight (kg)
Loss =

C-B-2



Drum No.
Post-test Assessment

Position:

WHC-SD-WM-TRP-233 REV. O

Rack Storage Drum Data Sheet

original; tipped; toppled

Lid on drum:

Gasket missing (cm)

Yes No

Contents expelled: Yes No

Seal failure: Yes Not visible
Burn pattern:

Photo taken: Yes No

Leak tested: N/A or Pressure (psig)
Pressure (psig)

Date

Time {min) 0
Time {min) 5

Initial

interior assessment:

Photo taken: Yes No

Comments:

C-B-3
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Appendix C
Rack Storage Pre-test Checklist
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Rack Storage Pre-test Checklist

Racks:

3 rows of 6 tiers installed per test plan
Bottom rack units anchored to floor
Single rack secured to ceiling
Back-to-back rows fastened together

All hardware secure

Containment pans and mesh installed
Structures plumb and level

Seismic event bars installed

Verify dimensions of rack storage system

TR

Drums:

144 drums labeled per Drum Location Diagram (DDS)

All drums identified correctly on DDS (initialize description)

All {except H,0O filled drums) loaded with standard load and steel
Drums sealed, torqued, and documented on DDS

Leak test drums with pressure measurements and document of DDS
All drums weighed and recorded on DDS

Thermocouples installed on appropriate drums

Photograph typical setup of each drum type

Videotape typical setup of each drum type

Drums positioned per Drum Location Diagram

Verify correct spacing between drums as instailed in racks

T

Instrumentation:

Check each pressure transducer calibration

Catalog all heat flux transducer, certified calibration sheets

Verify correct calibrations for instruments in data acquisition

Ambient pressure measurements verified

Verify operation and location of thermocouples through computer {(apply

Verify operation and location of heat flux transducers through computer
Verify operation of H,0 calorimeter pumps

14.7 m? (162 t?) pool area fabricated per test plan

Pool area filled with ~2.5 cm (1 in.) of water and inspected for leaks
208 L {55 gal} of diesel fuel staged

8 L {2 gal} of gasoline staged

Foam extinguishing system in place and tested

c-C-2
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Rack Storage Pre-test Checklist {Continued)

Data Acquisition:
Data acquisition system ready
Pre-test video and stili photographs complete
Video cameras positioned per test plan and operable
Camera 1 tape set
Camera 2 tape set
Photographer positioned and ready
Remote video monitors setup
Remote monitors setup for data acquisition if required
Observation structure in place under overhead door
Tape recorders loaded and ready

I
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Appendix D
Rack Storage and Pallet Storage

Test Procedure Checklist
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Rack Storage and Pallet Storage
Test Procedure Checklist
Pre-test checklist complete
Verify all vents in building open
All observers in designated locations
Firefighters suited and standing by
Foam extinguishing system charged
Start tape recorders
Start video tapes
Start data acquisition and synchronize with video
" Pour diesel fuel
Pour gasoline
Ignite fuel (data acquisition time recorded)

Test termination criteria

C-D-2
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Appendix E
Rack Storage

Post-test Rack Assessment
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Rack Storage Post-test Rack Assessment

Row Bay Tier

Mechanical failure of welds or connections:

Rack warping (include measurements and iocation):

Overall structural stability:
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Appendix F
Pallet Storage Pre-test Checklist
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Pallet Storage Pre-test Checklist

Pallets:
Banded together
Properly oriented per test pian

Drums: ‘

144 drums labeled per Drum Location Diagram {DDS)

All drums identified correctly on DDS (QA: initialize description)
Drums sealed, torqued, and documented on DDS

Leak test drums with pressure measurements and document of DDS
All drums weighed and recorded on DDS

Thermocouples installed on appropriate drums

Photograph typical setup of each drum type

Videotape typical setup of each drum type

Drums positioned per Drum Location Diagram

T

Instrumentation:

Check each pressure transducer calibration

Catalog ail heat flux transducer, certified calibration sheets

Verify correct calibrations for instruments in data acquisition

Heat flux transducers positioned per test plan

Thermocouples positions per test plan

Ambient pressure measurements verified :

Verify operation and location of thermocouples through computer (apply

heat)
Verify operation and location of heat flux transducers through computer

Fuel:

9.3 m?2 (100 ft?) pool area fabricated per test plan

Pool area filled with ~2.5 cm (1 in.} of water and inspected for leaks
135 L (35 gal) of diesel fuel staged

8 L (2 gal) of gasoline staged

Foam extinguishing system in place and tested

C-F-2
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Pallet Storage Pre-test Checklist {Continued)

Data Acquisition:
Data acquisition system ready
Pre-test video and still photographs complete
Video cameras positioned per test plan and operable
Camera 1 tape set
Camera 2 tape set
Still photography camera positioned and ready
Remote video monitors setup if required
Remote monitors setup for data acquisition if required
Observation structure in place under overhead door
Tape recorders loaded and ready

I
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Appendix G
Pallet Storage

Post-test Pallet Assessment
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Pailet Storage Post-test Pallet Assessment

Row Bays Tier

Mechanical failure or damage:

Pallet movement:

Overall structural stability:
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