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ABSTRACT

The results of a program to provide an experimental data base for
estimating the radiological consequences from a hypothetical sabotage attack
on a light water reactor spent fuel shipping cask in a densely populated area
are presented. The results of subscale and full-scale experiments in
conjunction with an analytical modeling study are described. The experimental
data were used as input to a reactor safety censequence model to predict
radiological health consequences resulting from a hypothetical sabotage attack
on a spent fuel shipping cask in the Manhattan borough of New York City. The
results of these calculations are presented in this report.
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1. EXECUTIVE SUMMARY

In 1978 a study of radiological impacts from transport of radiocactive
material through urban areas, the 1978 Urban Studyl, indicated very severe
consequences from a successful malevolent act on spent fuel shipments. On the
basis of that analysis the NRC instituted stringent physical security require
ments? for spent fuel transport which were designed to prevent sabotage
events in urban areas. A subsequent version of Reference 1, the 1980 Urban
Study.3 reduced the postulated release quantity by a factor of 14 and thus
showed reduced numbers of early fatalities, morbidities and latent cancer
fatalities. As a result of the second report, the NRC reduced the stringency
of the physical security measures, but they remain a serisus restriction on
the shipment of spent fuel and have resulted in increased shipping costs.

Since no relevant experimental data base was a\ .ilable for use in the
Urban Studies, seurce term estimates were based upon assumed physical and
chemical characteristics and estimated quantities of the released fuel.
Consequently, there was a high degree of uncertainty in the estimated source
terms and radielogical consequences. A need existed to provide experimental
dala characterizing Lhe quantity, physical, and chemical form of fuel released
from hypothetical attacks on spent fuel shipping casks. -

This report describes the rcesults of a program conducted at Sandia
National Laboratories (SNL) to provide the experimental data base for estimat
ing the radiological consequences from a hypothetical sabotage attack on a
spent fuel shipping cask. The primary objectives of the program were limited
to (1) evaluating the effectiveness of selected high energy devices in breach
ing full size speat fuel casks, (2) quantifying and characterizing relevant
aerosol properties eof the released fuel, and (3) using the resulting experi
mental data te evaluate the radiological health consequences resulting from a
hypothetical sabotage attack on a spent fuel shipping cask in a densely
populated area.

Subscale and full-scale experiments in conjunction with an analytical
medeling study were perfermed to meet the programmatic objectives. The
program was divided inte the fellewing tasks:

Perform subscale and full-scale tests to evaluate the capability of
available high energy devices (HEDs) to breach generic spent fuel truck
casks and disperse cask contents. According to the results of this
evaluation, a reference case HED was selected for further evaluation and
full-scale testing.

Perform subscale tests on casks filled with surrogate fuel subjected to
scaled versions of the reference HED to establish measurement techniques
and to determine a preliminary release fraction for surrogate mat rial
subjected to HED environments.
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Perform subscale tests on surrogate and actual irradiated fuel pellets
subjected to scaled HED attacks in order to quantify and characterize
radioactive particle production for various high energy environments. _A
correlation between aerosol and fine particle parameters for spent fuel -
and depleted UO, for a range of shock impact loadings was developed.

Conduct a full-scale seurce term characterization test using the reference
HED and a generic truck cask centaining unirradiated U0, fuel to
characterize the released fuel (quantity, particle size, composition, etc).

Develop an understanding of the cask and fuel material response to high
energy/explosive environments and to develop a basis for predicting the
response of similar casks to larger HEDs.

Use the experimental data obtained to evaluate the health consequences
resulting from a hypothetical sabotage attack on a spent nuclear fuel
shipping cask in a densely populated area.

HED Evaluation An extensive survey of available high energy devices
(HEDs) was performed to select these that might be capable of breaching a
full size spent fuel truck cask. From the many different types of attack
devices considered in the survey, four general types of HEDs were selected for
testing and further evaluation. These devices were those discussed in the
19781 and 19803 Urban Studies:

Conical shaped charges.
Contact- breaching charges.
Platter charges.
Pyrotechnic torches.

&S wWN -

Tests subjecting both simulated and actual spent fuel truck casks to the four
types of HEDs were performed to provide data for final selection of a ref-
erence HED which showed the greatest potential for penetrating a full-size
cask and dispersing its contents.

An HED was selected from the four types tested and was used as the
reference attack device for Lhe full-scale source term characterization test
from which the needed source term data base was obtained. Volume II of this
report elaborates on the selection of the HED; more detail cannot be provided
here because of national security limitations.

Subscale Tests Five subscale tests of 1/4-scale casks containing
full size fuel pins made up of unirradiated VO, pellets a¥ targets for
scaled versions of the selected reference HED were conducted. These tests
provided initial experimental data characterizing the fuel material released
from a cask subjected to a sabotage incident. The results of these experi-
ments indicated that approximately 48.6 + 5 g of U0, fuel mass was released
from the 1/4-scale cask as a result of the attack. Approximately 1.6 percent
(0.78 g) of the total released U0, mass was in the respirable size range
(ie, less than 10 micrometers aerodynamic diameter). A calculation of the
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fraction of released airborne respirable aerosol for a full-size event
assuming a three assembly pressurized water reactor (PWR) cask (1.4 t cf heavy
metal (tHM) inventory) of the type used in the Urban Study 1.3 was made

based on the measured 1/4-scale release parameters. This calculation assumed
the longest path of interaction through the cask together with rupture of, and
subsequent release through, the cask's walls. The results of these extrapola
tions of the scaled tests indicated that approximately 0.0023 percent (32 g)
of the total solid fuel inventory could be released from a full-scale sabotage
event as respirable radioactive materials.

Full-Scale Test A full-scale test subjected a 25.45 t generic truck cask
containing a single PWR like unirradiated degleted U0, fuel ass<embly to the
reference full scale HED. A total U0, fuel mass of 2.548 kg was released
from the cask as a result of the explosive attack. Approximately 0.0006 per-
cent (3 g) of the total unirradiated fuel inventory (0.5 t) was released as a
respirable radioactive aerosol. These full-scale test data were used to
calculate the quantity ef radioactive material that could be released as a
result of an explosive attack on a three PWR fuel assembly generic truck
cask. These calculations indicated that approximately 0.0005 percent (6 g) of
the total unirradiated fuel inventory (1.4 t) could be released as a respir-
able radiocactive aerosol as a result of an explosive attack on a 3 PWR fuel
assembly truck cask.

-

Correlation Tests. Effects of the high energy environments created by a
variety of HEDs on breakup and particulation of spent commercial nuclear
reactor fuel and its surcogate, depleted uranium dioxide (d-UOj), were
evaluated in a series of single pellet tests. Tests conducted on single
irradiated fuel pellets and single depleted UO; pellets enabled measurement
of the radioactive aerosols typical of the high energy environments.

Correlation functions were obtained from both filter and sieve data
relating particle size distributions for fracture, breakup, and aerosolization
of depleted U0, fuel teo that of irradiated fuel. Using filter data, a spent
fuel to depleted UO, particle mass production ratio of 0.53 was obtained.

This would result in a smaller respirable aerosolized release than obtained in
the scaled and full-scale cask tests with depleted uranium surrcgate fuel
rods. An extrapolation of wet sieve data into the respirable range (a doubt-
ful procedure) resulted in a cerrelation ratio of 5.6. This value would
increase the released quantity of aerosolozed fuel from the scaled and full-
scale tests. Similar data are available from an NRC-sponsored test program at
Battelle Laboratories in Columbus, Ohio.® Tn their experiments a ratio of
spent fuel te depleted uranium respirable release of 0.7 was obtained.

In considering which correlation ratio is the most appropriate, it appears
that a value less than one is the most probable. This implies that the
aerosolized respirable release from the reference base incident (one PWR fuel
assembly cask) would be less than 3 g of irradiated fuel, and the aerosolized
respirable relelsa from a 3 PWR fuel assembly cask of the type used in the
Urban Study would be less than 6 g. However, for conservatism in the
health risk assessment the correlation value of 5.6 was used; this leads to an



upper limit release value of 17 g (3.4 x 10-3 percent) of aerosolized
respirable irradiated fuel for a one PWR assembly cask and 34 g (2.4 x 103
percent) for the maximum respirable aerosol release from a three PWR assembly

shipping cask.

Health Effects Evaluation The reacter safety study consequence model,
ClAC,srwas used in the Urban Study to estimate human health consequences
from an attack using the reference HED on a 3 PWR fuel assembly truck cask.
The basic scenario as defined in the Urban Study was (1) the attack occurred
in the borough of Manhattan in New York City, (2) the attack occurred on a
weckday, midafternoon, (3) the spent fuel inventory was typical of PWR
assemblies after 150 days cooling at the reactor, (4) all consequence esti-
mates were made without any evacuation to avoid early exposure. For this
scenario the Urban Studyl! estimated the health consequences to be 4/60
(mean/peak) early fatalities, 160/1600 (mean/peak) early morbidities and
35071300 (mean/peak) early latent cancer fatalities. Using the same CRAC
model and assumptions and this study's experimentally determined release
fraction (3.4 x 103 percent) for the same attack mode on a single PWR fuel
assembly tcuck cask (0.5 tHM, 150 days cooled), values of health consequences
were found to be 0/0 (mean/peak) early fatalities, 0/0 (mean/peak) early
morbidities, 0.3/1.3 (mean/peak) early latent cancer fatalities, and 2/7 total
latent cancer fatalities. Extrapolating the experimentally determined release
fractions for a single PWR fuel assembly cask to the Urban Studyl 3 PWR fuel
assembly cask scenario, an estimate of the health consequences of 0/0 (mean/
peak) early fatalities, 0/0 (mean/peak) early morbidities, 1/3 (mean/peak)
early latent cancer fatalities, and 4/14 total latent cancer fatalities were
obtained. These newly calculated latent cancer fatalities are smaller by a
factor of 350/433 (mean/peak early latent cancer fatalities) than the original
Urban Study predictions upon which the NRC interim regulations for US
transport of spent fuel were based.

Overall Program Result The data from this program, together with that
from the NRC sponsored BCL progru-‘, indicate that the Urban Studies!.3
greatly overestimated the impact of malevolent acts directed at spent fuel
casks in urban environs. From that standpoint this work could be the basis of
additional regulatory revisions of the NRC physical protection requirements.
In a larger sense this work can also be the basis of more credible "worst
case” analyses since it defines the actual result of an event which is well
beyond any expectation eof cask failures in accident environments. Thus this
experimental program has provided significant new information on the behavior
of spent fuel and su‘'rogate materials under severe shock and thermal environ
ments which can be the basis of a better understanding of spent fuel transport
risks and safety analyses.
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2. INTRODUCTION

Public attention has been focused on the environmental impact that could
result from the sabctage of spent nuclear fuel shipments in densely populated
urban areas. Previous studies have been sponsored to assess the potential of
several generic HEDs to breach large spent fuel shipping casks and to evaluate
the radiological hazards which could result from the transportation of radio
active material (RAM) in urban arcas for various types of environments,
including those caused by sabotn;e.‘-3 The most recent version’ of the
1978 study! predicted approximately 100 total latent cancer fatalities could
occur from the successful sabotage of spent furl shipping systems. Since no
experimental data were available for these studies, certain bounding condi
tions and specific chemical and physical characteristics of the released
material were assumed. Since the analysis became the basis of a potentially
costly Nuclear Regulatory Commission (NRC) regulation, the need to verify the
assumptions in the analysis received high priority in the Department of Energy
(DOE) . -

This report describes the results of a program conducted at Sandia i
National Laboratories (SNL) to establish this needed data base. Subscale and-
full- scale experinents’ were performed in conjunction with an analytical
modeling effort to develop a data base characterizing the release of radio
active material from a spent fuel shipping cask subjected to a hypothetical
sabotage event. The experimental data base was used to develop improved
estimates of the radiological health consequences resulting from the sabotage
of spent fuel transports in urban regions.

The origin of the program can be traced back to 1975 when the US
Department of Energy (DOE) sponsored a study at SNL to determine the ability
of several generic HEDs to disrupt a large truck spent fuel shipping con-
tainer. The results of this study indicated that it was indeed possible for
certain HEDs to breach a large spent fuel cask.

In 1977, the NRC published a final environmental impact statement on the
transportation of radioactive materials by air and other modes (NUREG 0170)8
which concluded that spent fuel shipments do not constitute a threat to the
public health and safety. This same study stated that the risk of sabotage of
radiocactive materials transports is sufficiently small to constitute no
adverse major impact to the envirorment or to public health.

However, in 1978, the NRC published a draft environmental assessment of
the transport of radionuclides in urban environments.! The so-called "Urban
Study" evaluated the radiological hazards resulting from the transportation of
radioactive material in urban areas for various types of environments includ-
ing those caused intentionally. The first draft version of this study,
SAND77-1927! predicted that several hundred latent fatalities could occur
from the successful sabotage of spent fuel shipments subjected to certain
modes of attack. A second version of the urban study, NUREG/CR- 07433
reduced the latent fatalities to fewer than 100 based upon a reevaluation of
released quantities of radicactive material.
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In 1979, the NRC reacted to the initial urban study by requiring physical
protection measures? for spent fuel shipments in the United States pending
the availability of credible experimental data supporting or disproving these
predictions. These safeguards include (1) the rcuting of truck and rail
shipments of spent fuel to avoid densely populated areas, where possible, (2)
requiring armed escort(s) for shipments traversing heavily populated areas,
(3) requiring that the transport vehicle be equipped with NRC approved
immobilization devices, (4) requiring that the shipments be accompanied by at
least two drivers (escorts) and (5) requiring that the shipment be under
constant surveillance at all stops.

in 1979, the Comptroller General of the Uniited States published a study?
of federal actions needed to improve safety aand security of nuclear material
transportation. This study recommended that the NRC and DOE develop experi
mental data bases characterizing the quantity of makerial that could be
released from the sabotage of spent fuel casks.

In response to these data requirements ind requirements to support DOE
fuel programs, the DOE initiated a study at SNL to evaluate the effects of
intentional acts on spent fuel shipping systems and to determine experi-
mentally the quantity, size, and chemical form of any released material. This
source term data base was to be used in eristing health consequence models to
assess the safety and security of spent fuel transportation for these types of
environments. This report describes the details and results of the DOE
sponsored program.



3. PROGRAM SCOPE

The program scope was to conduct subscale and full-scale tests in
conjunction with an analytical modeling study to fulfill the following
objectives:

1. To evaluate the effectiveness of selected high explosives and high energy
devices (HEDs) to breach a generic spent fuel cask and disperse cask
contents.

2. To quantify the fraction of cask contents released as a result of the high
explosive or high energy attacks on a generic cask. Mass fraction and, in
cases where applicable, activity fraction were to be measured.

3. To characterize the physical and chemical prope}ties relevant to human
health risk estimates of the released radiocactive material. Particle .
size, morphology, mass, mass concentration and elemental composition were -
some properties of the released material that were to be measured.

4. To develop an understanding of the material response (of both cask and
fuel) to the high explosive/high energy attacks in order to develop a
basis for predicting the response of similar generic casks to larger
quantities of high explosives or HEDs of similar design.

5. To use this experimental and analytical data base to evaluate the health
consequences resulting from a successful sabotage attack on a spent
nuclear fuel shipping cask in a densely populated area.

6. To provide data to regulatory agencies for setting standards governing the
shipment of civilian reactor spent fuel in the US.

Early in the program, it was realized that it would not be feasible from
cost and safety standpoints to perform full-scale tests involving spent fuel
in the atmosphere. 1t was also realized that in order tu achieve the program
matic objectives in a cost efficient manner, a series of scaled tests using
irradiated and unirradiated fuel should be performed. It also became clear
that to maximize the precision of mass accountability and to minimize the mass
loss from the event, the subscale and full-scale tests should be performed in
a pressure vessel (aerosol chamber). The chamber offered the advantages of
confining the released material and permitting all of the dispersed material
to be recovered for mass balance and particle size measurements.

Another area of concern was the need to select a worst case attack device
(ie, a device capable of causing the greatest amount of damage to the cask and
maximum release of fuel while being relatively available and requiring minimal
technical expertise) for the full-scale reference event.



In order to achieve the programmatic objectives and tc address these areas
of concern, the program was divided into the following tasks:

Task 1:

Task 2:

Task 3:

Task 4:

Task S:

To evaluate and characterize the effectiveness of several types of
HEDs to breach generic truck casks and aerosolize and disperse spent
fuel elements. Also important in this evaluation was the scaling of
cask and spent fuel response parameters. This task consisted of
full-scale tests using simulated cask walls and/or full-scale generic
truck casks as targets for four types of HEDs described in the Urban
studylz (1) conical-shaped charges (CSC), (2) contact-breaching
charges (CBC), (3) platter charges, and (4) pyrotechnic torches.

Sv rogate fuel elements (depleted UO, fuel pins) were placed

between the simulated cask walls in some of these tests. The results
of this experimental evaluation were used to select a worst case
attack device (HED) for the full-scale test (Task 4).

To develop measurement techniques and establish maximum achievable
measurement sensitivities and precisions, subscale tests were
performed on spent fuel casks filled with depleted UO; fuel pellets
(zircaloy cladding) subjected to a scaled version of the reference
base HED selected in Task 1. These tests were conducted in a
pressure chamber to confine the released material and permit recovery
of all of the dispersed material for mess balance and particle size
measurements.

To develop a correlation between selected radionuclide particulate
size distributions for spent fuel subjected to scaled explosive
attacks and that for depleted UO, fuel, single pellet tests were
performed. This task was completed by EG&C/1daho National
Engineering Laboratories (INEL) and involved subjecting single

H. B. Robinson 2 spent fuel pellets and depleted U0, pellets to a
scaled version of the reference base HED selected in Task 1. The
correlation function developed was used to quantify released
radionuclides and their fractionation for comparison with the
full-scale reference test results (Task 4).

To quantify and characterize the release of unirradiated fuel in a
full-scale event, a generic truck cask was subjected to the reference
base HED selected in Task 1. The full-scsle test provided a source
term data base for the reference base sabotage event which in
conjunction with the results of the subscale experiments pecformed in
Task 2 were used as primary input and data base to the Consequence
Reactor Safety Model (CRAC)® for estimating the radiological
consequences.

To develop an understanding of the cask and spent fuel material
response to selected HEDs and to model the fuel breakup for various
types of energy loadings, an analysis was performed to determine
thermal and mechanical response of the unicrradiated fuel and cask
material to the reference HED. A method was developed for scaling
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subscale source term parameters (released mass fractions, size i
fractions, etc) to the full-scale event through detailed
consideration of HED characteristics, material properties and ‘
gecmetry.
Task 6: To complete the study, the evaluation of the radiological health
effects using the experimental data derived in Tasks 1 through 5 was
completed using the Consequence Reactor Safety Model (CRAC) used in
the Urban Study. The expected health and economic consequences were

calculated assuming a release in the Manhattan borough of New York
City.

This multidisciplinary research effort was divided among the following
laboratories or contractors:

(a) Tasks 1, 2, 4 and 6 were performed at Sandia National Laboratories,
Albuquerque, New Mexico. Lovelace Inhalation Toxicology Research -

Institute, Albuquergque, New Mexico supported the aerosal measurement
activities of Tasks 1, 2, 3 and 4.

(b) The cxperimental work of Task 3 was performed at EG&GC I1daho National
Fngineering Laboratory, ldaho Falls, Idaho.

ic) Task 5 was performed by SNL personnel and by Professor F. M. Gelbard
while at the Massachussetts Institute of Technology.

The analytical and experimental results of the work performed in Tasks 1 6
are summarized in Section &, Summary of Results.
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4. SUMMARY OF RESULTS

4.1 HED Evaluation Tests

An extensive survey of attack devices which could be available to a
saboteur and which showed a potential for breaching a nuclear spent fuel
shipping container was performed. The types of shipping containers with which
this study was concerned limited the modes of attack to high energy and/or
high explosive devices. Because of the heavy radiation shields and container
damage resistance requirements, spent fuel shipping casks are very large and
massive and may weigh from 22 to 88 t or more depending on the type of cask.
Wall construction of the e casks include combinations of stainless steel,
lead, depleted uranium, water, wet cement, and resin. Table 4.1.1 provides
wall material data for five spenL fuel truck casks considered in this study.

A previous study at SNL of several high explosive devices has shown Lhat the
variety of attack devices capable of penetrating and/or breaching a full size
truck cask is limited. A survey of the attack devices shown in Table 4.1.2
was performed in this study for the purpose of selecting several candidates
for more detailed evaluation and subsequent testing. From Table 4.1.2, the
devices were selected based on their availability to the perpetrator and their
potential to breach truck casks of the type listed in Table 4.1.1. The
details of the tests pecrformed and the HED device selected is contained in
Appendix A of Volume 11 of this report.

4.2 Development of Measurement Techniques and Assessment of Experimental
Precision: Subscale Tests

Seven tesls using 1/4-scale casks and/or depleted U0, fuel pins were
conducted in support of the second task to develop source aerosol measurement
techniques and to provide a data base for assessing measurement precisions and
experimental feasibilities in anticipation of the full-scale cask/fuel test.

The results of two preliminary tests* (Tests 1 and 2) subjecting simulated
cask walls and depleted U0, fuel pins to explosive charges in an open
environment indicated that it was not feasible to make accurate mass balances
of uranium fuel released in an unconfined area. For this reason, and also in
order to obtain time histories of source aerosol parameters, subsequent scaled
and full-scale tests were conducted in containment. The containment pressure
vessel offered the advantages of confining the aerosol and permitting all of
the discupted and/or dispersed fuel to be recovered for mass, elemental and
particle size analyses. Table 4.2.1 lists the five confined scaled cask/U0p
fuel tests (3 through 7) conducted together with the purpose and results of
each test.

;-Apégﬁdi;‘C:-“Subscnlelrull-scale Tests: Test Data



TABLE 4.1.1

Cermtruction Material Data for Truck Spent Puel Shipping Casks

NFS -4 NLI /2 TNS ™-9
CASK (omm) (mm) (mm) {mm )
Material Layers - Side! 7.9 321 ss 1.27 s 6 104 S8 6 304 ss
(Thickness)
168.4 Lead 69.9 Dep. Uran, s Copper Plates 5 Copper
Plates
150~ Lead 150 Lead
185
31.8 321 ss 54 Lead 10 Wet cement 10 Cement
114.3 Borated 2.2 SS 20 Carbon stecl 20 Carbon
water Steel
4.2 321 Ss 127 Water 150 Borated resin 150 Borated
Resin
6.4 Ss 200 Copper fins 200 Copper
Fins
Material Layers - Bottom 203.2 Ss 3l.8  SS (Inner 7.6 304 ss 7.6 304 SS
(Thickness) cavity)
He.9 S5 226.1 Lead 226 Lead
‘
200.7 Dep. Uran. 16 304 ss 16 304 ss
80.8 ss
Material Layers - Top 190.5 Ss 48.3 sS I8 304 ss i8 304 ss
(Thickness)
193 Dep. Uran. 208 Lead 208 Lead
80.8 58 25.4 1304 s8 25.4 SS
72.4 S5 (outer
closure)

lbimensions given in inches. Material layers are listed in order from inside of cask.

Reference: Directory of Certificates of Campliance for Radiocactive tuto“,ﬂl Packages, US Nuclear

Regulatory Commission, NUREG-0383, December 1981
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TABLE 4.1.2

High Energy Devices Surveyed

THERMAL MECHANICAL (LOW VELOCI(Y) MECHANICAT, (HIGH VELOCITY) ELECTRICAL CHEMICAL
Pyrotechnic Torcu Demolition Saw Explosive Air Blast Arc Acid
Gas Torch Grinder Explosive Shaped Charge Electron Beam Exothemic
Themite High Speed Drills Explosive Flyer Plate Laser Reagents
Burn Bar High-Velocity Projectiles

Rod Penetrators
Explosive Contact Charge

High-Velocity Particles

-71-
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TABLE 4.2.1

Summary of Scaled Cask-Explosive Device Tests

N . SR

Thick steel target

Thick steel target

Zircaloy clad
depleted UO;
fuel pins

1/4 scale cask
containing short sec-
tions of a 5 x S
array of surrogate
fuel pins. No water
coolant was used in
this test.

1/4-scale cask
containing short sec-
tions of a 5 2 5
array of surrogate
fuel pins. Water
was used in fuel
cavity and outer
water jacket.

. .Test Type

Chamber
(1/4-scale HED)

Chamber
(1/4 scale HED)

Chamber
(1/4-scale HED)

Chamber
(1/&4-scale HED)

Chamber
(1/4-scale HED)

Purpos

and Results

Feasibility of chamber test.
Evaluation of aerosol
sampling instruments and
isolation valve.
Multicomponent aerosol
observed requiring several
aerosol instruments for
measurement of mass and size.

(Same as Test Nu.3) _

(Same as Test No.3) Verifica
tion of uranium fluorometric
analyses.

Determined respirable UO,
release fraction based upon
removed fuel mass (0.0036)
from dry 1/4-scale cask using
1/4-scale EID.

Determined respirable UO,
release fraction based upon
removed fuel mass (0.00014)
from a wet 1/4-scale cask
using a 1/4-scale EID.
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Tests 3, 4, and 5 were conducted to evaluate aerosol measurement and
analytical techniques for explosive envicronments and to evaluate the overall
experimental system. Five 3 in. thick steel blocks were used as targets for a
scaled version of the reference HED in Tests 3 and 4, and three 30 cm long
sections of depleted UO, fuel pins were the targets for Test S. Test 6 used
a 1/4 scale dry cask containing a 5 x 5 array of 0.9 m long full scale UO;
fuel pins and Test 7 used a 1/4 scale cask containing 3.96 x 10-3 m3 of
water coolant and a 5 x 5 array of 0.9 m long full-scale UOp fuel pins in
the fuel cavity. The results of Tests 6 and 7 were used to predict release
parameters for a full-scale event and to provide an understanding of the
achievable precision measures and experimental resolution of measured rclease
paramelers.

Figure 4.2.1 is a schematic of the steel confinement chamber which was
used in Test 3 through 7. The steel cylindrical chamber was a 28.9 m3 (net
volume) pressure vessel sealed at one end and having an air-tight door at the
other end. The HED was mounted externally to the chamber and fired into the
chamber *heough a 6.4 mm diameter port in a flanged assembly mounted externally
to the chamber. An explosively actuated isolation slide valve was used
between the HED and the chamber to prevent release of gases and dispersed
fines from the chamber.

Five sampling ports penetrated the chamber in various locations. The
ports were closed by remotely operated pneumatic 2.5 -cm diameter valves. The
valves were kept closed until after detonation to prevent damage to the
aerosol sampling equipment by the shock wave. Since no single aerosol instru
ment can size particles over the size range of interest (from 0.01 ym to about
2 mm diameter), a battery of instruments listed in Table 4.2.2 was selected to
measure the size and mass of particles collected. Aerosol size parameters as
a function of time were determined from cascade impactor samples obtained at
various time intervals after HED detonation. Similarly, filter samples
provided a time history of the change in mass concentration. Changes in
morphology were shown by sequential electrostatic precipitator (ESP) samples
and changes in number concentration were shown by continuous recording
condensation nuclei counters. After each test, all debris were collected from
surfaces inside the test chamber and separated into material not containing
uranium and materials suspected of containing uranium. All uranium containing
material was sieved, the mass determined, and uranium fluorometric and wave
length dispersive x-ray fluorescence analyses performed. Transmission (TEM)
and scanning (SEM) electron microscopy and enecrgy dispersive x ray analysis
(EDXA) were used to determine the elemental composition and morphology of
particles collected by ESPs.

The aeroscl sampling procedure was designed to provide a time history of
selected aerosol parameters (such as concentration, particle size distribu
tion, and morphology) in the chamber. From the aerosol time history,
calculations could be performed to determine initial release parameters.
Figure 4.2.2 is a schematic of the experimental setup for Test 6 prior to
detonation of the HED. A total UO, fuel mass of 15.3474 kg was measured
before the event. Figure 4.2.3 is a reconstruction of the test configuration
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Instrument and

Applicable Size
Range

LMJ Cascade im
pactors 0.5
12 um

Point to plane
electrostatic
precipitator
TEM & SEM

0.01 12 um

Filter 37 mm,
sequential,
0.01 12 um

Filter 37 mm,
front surface
reentrant il
ter (FSRP)

0.01 12um

bcondensation
nuclei counter
(CNC) 0.001 -
12 um

8glectrical

aerosol analy-

zer (EAA) Dia
1.0um

Sieves (38 -
2000 um)

w1l

TABLE 4.2.2

— ... Purpose of

Aerodynamic size, geometric standard
deviation of total aerosol mass and
U0, mass.

Particle morphology, count distribu-
tion and elemental distribution

Provide a time history of total aero-

sol and uranium mass after EID deto-
nation. Samples for surface area
measurements .

Sequential filter samples from fil
ters inside chamber to compare with
filters obtained by extractive tech
niques to address aerosol line
losses.

Total count of aerosol particles vs.
time after detonation.

Size distribution parameters for
particles between 0.01 and 1.0 ym.

Provide size distribution data on
larger particles of surrogate spent
fuel.

SLovelace Multijet.
Ppata from these instruments are not included in this report.

Sampling Instruments Used in 1/4-Scale Chamber Tests

__Analytical Model

Gravimetric (Cahn micro-
balance) and fluorometry
for determination of ura
nium.

Transmission and scanning
electron microscopy and
energy dispersive x ray
analysis -

Gravimetric for total
mass and uranium by
fluorometry, BET nitro-
gen absorption for
surface area
measurements,

Gravimetric for total
mass of aerosol and ura
nium by fluorometric
techniques.

Optical light scattering
instrument.

Electrical mobility.

Mechanical sieving fol-
lowed by weighing for to-
tal mass and fluorometry
for uranium
determination.



QUARTER SCALE TEST (DRY)

SURROGATE FUEL/CASK

HED\. -

—

84 g Cu

18,890 g tuel pins

—
103.8 kg STEEL .

BEFORE EVENT
CASK wt, = 316.04 kg

18,890 g fuel pins - 153474 g UO, + 3,548.8 g Zr-4

»

fFigure 4.2.2. Schematic of the Experimental Setup for "Dry" Test 6 Prior
to Detonation of HED
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QUARTER SCALE TEST (DRY)

AFTER EVENT -

/bﬁbﬁ

73 gCu (stug)
MASS OF AEROSOL (120.2-3.0 mn)0.78 g0, |

CASK DEPOSITION 123.1 guo,
HAMBER wai L

18,680 tuel pins
OEPOSITION 4 7.4 4 vo, 9 P

103.6 kg STEEL =~

TOTAL SWEPT MASS (fuel puns) 216.0 ¢
SWEPT MaSS o, 179.5
SWEPT MASS OF 2r-4 36.5 .

MASS BALANCE 958 %

Figure 4.2.3. Schematic of Test 6 (Dry) Immediately After Detonation
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immediately after detonation. A total U0 fuel mass of 15.1679 kg remained
in the cask after the event which indicated that approximately 179.5 g of

U0, fuel was removed from the fuel assembly as a result of the HED action.
One hundred and twenty three grams of UO; were deposited in the cask, 47.8 g
of UO; were deposited and recovered from the chamber walls and floor and

0.78 g of UOp was released as an airborne aerosol. Not accounted for in

this test was 7.8 g of UOp, approximately 4.3 percent of the total UQ;

fuel mass. The unaccounted for UO; mass was believed to be of particle

sizes greater than 30 ym which were deposited, but not collected, on surfaces
inside the test chamber.

Figure 4.2.4 shows a time history of the UO; aerosol mass within the
chamber based on sequential filter samples. The exponential decay of UO;
aerosol mass indicates that no unusual phenomena were occurring in the chamber
and that the first filter sample taken from 0.2 min to 3 min after detonation
is consistent with all subsequent filter samples. 4 maximum UOQ, aerosol
mass concentration of 0.27 mg/l was detected at 12 seconds postdetonation.
Using the containment chamber volume of 2886 1 and assuming a uniform spatial -
concentration, a total released 10, aerosol mass of 0.78 g was calculated. -
Assuming that 100 percent of the measured UJ, aerosol mass is in the
respicable size range, a total U0 respirable mass of 0.78 + 0.005 g was
released from the cask as a result of the event.

Sequential cascade impactor samplers were also taken to give a time
history of aerosol size distribution parameters. Figure 4.2.5 shows the mass
median aerodynamic diameter (MMAD) and geometric standard deviation as a
function of time for Test 6. Assuming a single mode lognormal distribution,
mass median acrodynamic diameter (MMAD) reached a maximum of 3.5 ym after
approximately 12 min. The size then stabilized at 2.0 ym after 30 min.
Fluorometric determination of uranium dioxide concentrations indicated
concentrations ranging from 7 percent of the total aerosol mass at early times
to about 2 percent 10 min after detonation. Similar UQO; aerosol percentages
were also observed in EDXA studies of ESP collected samples with spectra
attributable to Pb, Cu, Al, Fe, and U.

Figure 4.2 .6 summarizes the fuel pin damage caused by the action of the
HED. Ten fuel pins sustained a net mass loss of 216 g (zircalloy and U0jp)
and the remaining fifteen fuel pins sustained no detectable mass loss. Twelve
fuel pins sustained some degree of cladding failure ranging from small cracks
to complete shearing of the cladding and five of these fuel pins were
completely sheared. The average fuel pin length completely removed by the
action of the HED was 21 mm. The average diameter of the hole in the 5 x S
fuel pin array was approximately 19.8 mm. The average diameter of the
entrance hole in the cask steel wall was 12.7 mm. The average entrance hole
diameter in the cask lead wall was SO mm. The 27.9-cm-diameter cylindrical
cask was completely penertated by the action of the HED. Figure 4.2.7 is a
photograph of the cask cross section showing relative hole sizes in the
steel/lead cask wall. Further details of Test 6 are reported in
Appendix C Subscale/Full scale Test Data.
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Sequential Filter Samples.
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TIME HISTORY OF MASS MEDIAN AERODYNAMIC DIAMETER
AND GEOMETRIC STANDARD DEVIATION, TEST #6, 6/80

-

MMAD (um)

Ug

Figure 4.2.5

TIME AFTER DETONATION (min.)

Time History of Mass Median Aerndynamic Diametar and
Geometric Standard Deviation for Test 6.
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® COMPLETELY SHEARED (5)

O MASS LOSS (10)

O NO MASS LOSS (15)

@ CLADDING FAILURE (12)

Figure 4.2.6 Schematic of Fuel Pin Damage and Damage Path Caused by
Action of HED for l/4-Scale Dry Test 6.
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Some light water reactor shipping casks have been designed so that the
outer shell and fuel cavities may be filled with water (see Table 4.1.1),

This configuration was investigated to determine the impact on aerosol
production from a "wet” shipping cask subjected to high explosive attacks.
Figure 4,2.8 is a schematic for Test 7 showing the cask immediately after
detonation., The cask fuel cavity and cask outer shell contained

3.96 X 1073 @3 and 16.6 X 104 @3 of water respectively. A total

respirable uranium dioxide mass of 19.6 + 2.0 mg was measured at 12 seconds
after detonation. This mass of released aerosol from the "wet” scaled Test 7
was approximately a factor of 40 less than that for the “"dry" Test 6. A
similar reduction was also reflected in the total removed fuel mass of 143 g
from the "wet” fuel assembly versus 21€ g in the case of the "dry" test.
“"Removed” in this context is defined to be that mass which is displaced from
the fuel assembly but not necessarily from the cask cavity. Apparently, the
presence of water in the cask water jacket and cavity resulted in scrubbing of
the suspended particles and reduction in the total aerosol release. Further
details of the scrubbing process is described in Appendix C:
Subscale/Full-scale.

Figure 4.2.9 shows a time history of the aerosol mass concentration within
the chamber based upon sequential filter samples extracted from the chamber
and also shows front surface reentrant filter measurements. The exponential
decay of the aerosol mass in Figure 4.2.9 indicates that the first filter
samples (used for respirable release calculations) is consistent with all
subsequent filter samples obtained. This figure al=o indicates that the front
surface reentrant filter saw essentially the same concentration as did
extractive techniques using externally mounted filters and that aerosol
transport line losses in the extractive filter samples did not account for
significant losses. Figure 4.2.10 shows the time history of the uranium and
zirconium concentration versus time. These samples were based on uranium
fluorometric analyses of extractive filters, uranium x-rav fluorescence
analyses of alternate front surface reentrant filters and zirconium x-ray
fluorescence analyses of front surface reentrant filters. These data indicate
that no significant line losses occured in the extractive sampling system and
that the fraction of aerosolized zirconium was proportional to the fraction of
zirconium present in the fuel pins before testing. Figure 4.2.11 shows the
time history of the aerosol size for the subscale wet test. Whereas in the
case of the dry test, the MMAD stabilizied around 2 um, in the case of the wet
test, the MMAD started out at about 1l ym at t = 0 and stabilized near 0.8 um
after 30 minutes post detonation. The geometric standard deviation (ag)
also remained fairly constant at around 2.5.

The morphology of aerosol particles from the wet test is dramatically
different than aerosols obtained in the dry test. Figure 4,2.12 is a TEM
photomicrograph of aerosols obtained witn the point-to-plane ESP for Test 7.
Figure 4.2.13 is a TEM photomicrograph of aerosols obtained with the
point-to-plane ESP for the "dry"” Test 6. In contrast to the aerosols from the
“dry” test wherein the aerosol size distribution was dominated by the
ultrafine chain agglomerate aerosols, the aerosols from the "wet” test were
larger particles consisting mainly of collapsed ultrafine chain agglomerate
filaments. Apparently, the large amount of vaporized water resuits in

supersaturation within the chamber and subsequent scavenging of the chain
agglomerate aerosols. Subsequent evaporation of the droplet collapses the



QUARTER SCALE TEST (WET)

AFTER EVENT

a

MASS OF AEROSOL (t1=0.5-3.0min)=18.6 mg UO,

103.6 kg STEEL

FA

TOTAL SWEPT MASS (fuel pins) 1425 g
SWEPT MASS U0, 1158.1 ¢

SWEPT MASS OF 2r-4 27.3 ¢

Fiqure 4.2.8. Schematic of Test 7 (Wet Test) Immediately After Detonation
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Figura 4.2.9. Time History of Aerosol Mass Concentration Within Chamber

Based Upon Sequential Filter Samples and Front Surface
Reentrant Filter Samples for Test 7.
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Figure 4.2,10, Time History of U and Zr Mass Concentration Based Upon
Extractive Filter and front surface reentrant filter
(FSRF) Samples. X-ray Fluorescence analyses were
performed on FSRF samples.
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Figure 4,2.11 Time History of Aerosol Site (MMAD) and Geometric Standard
Deviation (Og) for Wet Test 7.
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filamentous structure of the chain agglomerate aerosol. The resultant size
distribution is shifted from the 2 ym aerodynamic diameter typical of the
chain agglomerate structure, as seen in the highly concentrated aerosol from
the "dry” test to a smaller size distribution typical of particle clumps of
mean diameter of about 0.8 ym in the case of the "wet™ test. A large amount
of debris varying in size from several micrometers to centimeter size chunks
of metal and fuel pins remained on the floor of the chamber following both
types of tests. These samples were passed through a series of sieves ranging
in size from 2,000 um diameter to 38 um diameter. The results of the sieve
analysis are shown in Figure 4.2 14, where sieve diameter versus cumulative
mass percent for both “dry” (Test 6) and "wet" (Test 7) are displayed. Both
total mass ané U0, mass distribution are shown for Tests 6 and 7. These
data indicate that the total debris were bimodal in s.ze distribution,
probably as a result of two different mechanisms of formation: (1) a
mechanical fracture of the UO; fuel target; and (2) vaporization/melting of
some of the components (leaa and steel) in the 1/4-Scale cask.

Figure 4.2 .15 shows the results of aerosol mass concentration calculated ~
from the continuous flow condensation nuclei counters. These data reflect the
fact that the "dry" Test 6 produced 40 times as much aerosolized mass as did
the "wet” Test 7. Additionally, the wet test shows a "catastrophic decay” of
aerosol mass concentration after a time period of ~200 min postdetonation.
This phenomenon has also been reported by investigators in the Netherlands .10

Figure 4.2.16 summarizes the fuel pin damage for Test 7. Eight fuel pins
sustained a net mass loss of 142.5 g (UO, and zircaloy). The remaining 16
fuel pins sustained no detectable mass loss. Nine fuel pins showed some
degree of cladding failure and eight of these fuel pins (the same fuel pins
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