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Introduction and Summary

It is expected in the near future that more and more fresh nuclear fuel will be transported in a
variety of transport packages to cope with increasing demand from nuclear fuel cycle facilities.
Accordingly, safety demonstration analyses are planned and conducted at JAERI under contract with
the Ministry of Economy, Trade and Industry of Japan. These analyses are conducted in a four year
plan from 2001 to 2004 to verify integrity of packaging against leakage of radioactive material in the
case of a severe accident postulated to occur during transportation, for the purpose of gaining
acceptance of such nuclear fuel activities.

In order to create the accident scenarios, actual transportation routes were surveyed, accident or
incident records were tracked, international radioactive material transport regulations such as IAEA
rules were investigated and thus, accident conditions leading to mechanical damages and thermal
failure were determined to characterize the scenarios. As a result, the worst-case conditions of
run-off-the-road accidents were set up to define the impact against a concrete or asphalt surface. For
fire accident scenarios to be set up, collisions were assumed to occur with an oil tanker carrying lots of
inflammable material in open air, or with a commonly used two-ton-truck inside a tunnel without
ventilation. Then the cask models were determined for these safety demonstration analyses to
represent those commonly used for fresh nuclear fuel transported throughout Japan.

Following the postulated accident scenarios, the mechanical damages were analyzed by using the
general-purpose finite element code LS-DYNA 1} with three-dimensional elements. It was found that
leak tightness of the package be maintained even in the severe impact scenario. Then the thermal
safety was analyzed by using the general-purpose finite element code ABAQUS 2) with three
-dimensional elements to describe cask geometry. As a result of the thermal analyses, the integrity of
the containment structure was found to be intact to maintain leak tightness even in the severe fire
accidents. In addition, criticality safety was assessed by using the continuous energy Monte Carlo code
MVP 3) and the nuclear data library JENDL-3.2 4) for the cask in consideration of the mechanical
damages and thermal failure resulted from the above analyses. As a conclusion, integrity of the
packages of fresh nuclear fuel materials can be maintained even in the case of the severe accident, and
criticality safety can also be secured to prevent radioactive material from releasing into environment.

TRANSPORTATION ROUTES

Almost all of nuclear fuel materials that are used for nuclear power generation in Japan are imported
in the form of UF6 or UO2 from foreign countries in Japan. These imported raw nuclear fuel materials
are processed into fuel assemblies at individual fuel cycle facilities. Therefore, inevitable needs come
arise for transporting the nuclear fuel materials between a port and/or fuel cycle facilities. This is
mainly performed overland by truck transportation. Enriched UF6 is moved from a port or an
enrichment facility to a re-conversion facility, and re-converted UO2 powder is conveyed from a port
or a re-conversion facility to a fuel fabrication facility. Then, fabricated fuel assemblies are carried out
to a nuclear power station. Distance of these transportation routes depends on the location of the ports,
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the related fuel cycle facilities and/or the nuclear power station.
Information on actual transportation routes is not open to the public from security point of view.

And it is natural to suppose the following routes to be taken for the fresh nuclear fuel transport.
Mainly taken are expressways and partly public trunk roads between the nearest ramp of the
expressway and the port, nuclear fuel cycle facility and power station. As structures

As structures of the Tokyo
metropolitan automobile express highways,
for example, are classified as shown in
Fig.l, mainly are overpasses and partly
tunnels for urban areas. On the other hand,
high bridges over mountain valleys, tunnels
and embankments are for rural areas.

Flg.1 Fraction of highway constractlon

DETERMINATION OF THE ACCIDENT SCENARIOS

Flra only
0.3%

Roll ovaj

Accidents occurred in the Tokyo metropolitan
express highways are classified, for example, as
shown in Fig.2. These accidents are mostly
characterized by rear-end collisions (nearly 50%)
followed by collisions with traffic facilities and
other cars. Rolling/turning over, or "running off the
highways" accidents, which might lead to severe
accidents, occupy only about 1% followed by only

about 0.3% of all accidents.Fig.2 Features at highway car accidents

Records have been surveyed not only for domestic but also overseas car accidents 5)'6)'7)'8)'9)>10)'11)'
12) resulting in the following findings concerning possible severe accident situation.

1) Large scale fire generated from multiple car collisions,
2) Large oil tank trailer Rolling/turning over on highway,
3) Truck run off the overpass and falling from great height,
4) Collision in tunnel leading to large scale and elongated fire.
It is considered that sudden steering maneuvers together with over speeds are main causes for these

recorded severe accidents. On the other hand, transportation of nuclear fuel materials are conducted
under a convoy in such a way that one or more trucks with payload travel in a line with other
accompanying cars for security guard in front or behind. Therefore, it is very unlikely for vehicles
carrying fresh nuclear fuel to induce accidents during transportation on roads. Further, it is not
considered to be possible to induce a double accident giving mechanical and thermal loads onto a cask
at the same time.

In accordance with the above survey results and observation, the following scenarios are determined
for the present safety demonstration analyses.

Scenario (1): Cask falling from overpass.
Scenario (2): Fire engulfing cask due to collision with oil tanker in open air.
Scenario (3): Cask involved in fire inside tunnel due to collision with two-ton truck.

Cited from NUREG /CR-4829 "Shipping Container Response to Severe Highway and railway
Accident Conditions" 1987, Fig.3 shows distribution of bridge heights in California, USA.

Fig.4 shows distribution of accident fall heights in USA experienced during 1970 and 1983.
Accordingly, most accident fall heights are enveloped by about 18m with a peak of about 9 m.
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Fig.3 Distribution of bridge heights along Interstate 5
, in California, United States of Amsrica.
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Fig.4 Distribution of fall heights of accidents
experienced during 1970 to 1983 in USA

Consequently, for Scenario (1), it is assumed of a cask to fall 18 m from overpass onto targets of
asphalt or concrete pavement in orientation of horizontal, vertical, and corner against target surface.

The severity of fire accidents mainly depends on fire fighting activity as well as quantity of
combustible material involved. For Scenarios (2) and (3), fire accidents are assumed to be caused by
collision with a gasoline tank trailer in an open road, and with a two-ton truck in a tunnel without
ventilation.

For scenario (2), it is cited from the overseas report that a truck carrying Cs-137 was collided in a
open highway by a tank trailer with 40 kilo L gasoline, leakage of which caused a large-scale fire with
fire fighting activity lasting some 90 min in CANADA, 1976. The maximum flame temperature can be
assessed to be some 800 °C by applying the McCaffrey formulae. It is therefore assumed that a cask is
engulfed in a fire lasting maximum 90 min with constant flame temperature of 800 °C for defining
loading conditions of the scenario (2).

On the other hand, for Scenario (3), it is cited from the domestic report that multiple collisions
occurred in Go-wake tunnel of San-yo Expressway in Japan involving as many as 25 buses and
automobiles consecutively with two cars completely burned causing 1 death and 27 casualties. This
accident was characterized by difficulty in completely extinguishing fire requiring as long as 5 days
because of its enclosed condition in the smoke-filled tunnel without ventilation. Therefore, it is
assumed of a cask to be engulfed by a fire caused by collision with a commonly used two-ton truck in
an enclosed tunnel, requiring relatively long extinguishing time of 120 min. For defining loading
conditions, the ventilation air velocity is set to be 0.2 m/s which supplies the minimum oxygen
quantity necessary to continue gasoline burning in addition to assuming the maximum load of
combustible material for the two-ton truck. The heat-releasing rate is defined to be 34 MW for the first
10 min into the accident followed by 2.8 MW for the remaining 110 min.

PACKAGES FOR SAFETY DEMONSTRATION ANALYSES AND ANALYSES METHODS

- Standard packages containing enriched uranium hexa-fluoride (UF6), uranium dioxide (UO2) powder,
PWR and BWR fresh fuel assemblies, which have been licensed and in practical use overland in Japan,
are referred and modeled for the safety demonstration analyses.
- Computer codes for the thermal/structural safety analyses are selected as those widely used for
general-purpose three-dimensional analyses and utilized in the past licensing, such as finite element
analysis codes LS-DYNA!) and ABAQUS2). Furthermore, continuous energy Monte Carlo code MVP
with nuclear-data library JENDL-3.24) are used for criticality safety analysis.
- Verification of the computer codes are performed by comparison of calculated results with test results
described in Safety Analysis Report concerning the corresponding packages.
- The safety demonstration analyses are conducted following the severe accident scenarios set up as
above, and the analyzed results are compared with the design limiting values to ascertain the package
integrity even in the severe impact and thermal accident postulated during transportation.
SAFETY ASSESSMENT OF UO2 POWDER TRANSPORTATION PACKAGE
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Recently box style package is developed to transport UO2 powder to increase its capacity and
approved for practical usage by its licensing. The box type transport packaging is adopted for the
present cask model since this type of cask is considered to be for main use in transporting UO2 powder
presently and in the near future.

Drop impact analysis has been conducted at the corner of cask outer containment for the Scenario
(1) as shown in Fig.5. The results are shown in Fig.6, illustrating the greatest effective plastic strain to
be 25.8%. This value is below the limit to yield rupture deformation of the outer shell material so that
the inner containment canister assembly could keep its integrity during the imposition of impact.
Neutron moderator and absorber in the inner container could be safe with its design-specified position.
Inner container pitch changes by 48 mm at the closest position with the impact surface. Due to the
moderate change of the pitch and its localization, criticality safety can be predicted by appropriate
analyses.

Fig.S FEM model of UO2 powder transport

package drop impacted at its corner.

Fig.6 Results of corner drop impact analyses for

appearance and inside of UO2 powder packages.

Thermal safety analysis has been conducted for the Scenario (2), severe fire accident caused by
collision with a tank trailer. Fig.7 shows a finite element method (FEM) model of the UO2 powder
cask. The results are shown in Fig. 8 for temperature distribution inside the package and Fig.9 for
temperature history of structural material, illustrating that these inside structure temperatures don't
exceed the limit temperature guaranteed for their integrity.

i J
;*

Iff"

«

1$
i l

lit
Fig.7 FEM model of UO2 powder

transport package for thermal

safety analysis.

Fig.8 Result of temperature history

analysis inside UO2 powder

transport package

Fig.9 Result of temperature

history on the packaging.

Another thermal safety analysis has been conducted for the Scenario (3), fire induced by a two-ton
truck inside a tunnel. The size of the tunnel is 10 m(wide) x 5 m(height) x 120 m(length). The
temperature distribution inside the tunnel is analyzed as shown in Fig. 10. The maximum temperature
of the heat fluid inside the tunnel is obtained as 1101 °C (1374 K) at 10 min into the accident. The
temperature of the heat fluid at extinguishments of fire (120 min into the accident) is found to be 471
°C (747 K). Flame temperature is shown to be uniform and heat fluid to be moved by ventilation. The
temperature is distributed inside the package at 10 min into the accident as in Fig.9, when the package
surface temperature hits the maximum with the inside temperature increase rather suppressed. The
inside temperature reaches the maximum at 6 hr after the fire extinguishments as the shape of
temperature distribution become flatten by the effect of heat conduction. Fig. 10 shows the temperature
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histories of the inner containment canister assemblies. Their highest temperature is attained to be some
105 °C (378 K), which is below the limit temperature for maintaining integrity of the inner lid gasket
and neutron moderator/absorber material. As a conclusion, closure and sub-criticality can be secured
even in the course of Scenario (3)

SAFETY ASSESSMENT OF ENRICHED UF6 TRANSPORTATION PACKAGE

Fig.S FEM impact analysis

model of UFS transport

package.

Fig.6 Vicinity of the valve

analyzed for tha package

comer impact.

Although SOB cylinder with valve protection device (VPD)
covered by over-pack is conventionally utilized to transport
enriched UF6. Recently, a new design of over-pack without VPD
has been developed and approved by competent authorities

The over-pack consisting of outer shell, inner shell with
shock absorber and fire resistant material and the 30B
cylinder inside are shown in Fig.S. The valve is modeled as
a hexagon pillar with its approximated dimension of
external shape. Impact is imposed at the corner of the
packaging and the vicinity of valve is shown in Fig. 6.
Otherwise, vertical and horizontal attitudes are taken for
the impact analyses. It is found that the valve is not
touched in any analyzed attitude for the severe conditions.

Fig.7 The temperature distri-

bution of the heat fluid at 10 min in

to the tunnel fire accident

The heat fluid inside
the tunnel is analyzed
for the Scenario (3) as
shown in Fig. 7. As a
result, the inside of 30B
cylinder is not filled
with liquid even in the
severe conditions.

SAFETY ASSESSMENT OF PWR FRESH FUEL TRANSPORTATION PACKAGE

Fig.8 shows an example of impact analysis result for
the scenario (l), 18 m drop to concrete surface with
cask oriented horizontal. As a result, the compressive
strain of the upper case (down in the figure) is the
maximum, but still less than the rupture strain 40 %
concerning SUS 304 stainless steel. Therefore, the
cask closure is maintained. For the scenarios (2) or (3),
the surface temperature of fuel pin is analyzed to be
less than the maximum allowable temperature of 570
°C, which was proven by the safety demonstration tests for
fresh fuel transportation casks performed in another place.

Fig.8 Analyzed deformation

of PWR fresh fuel package

subject to horizontal fall at

0,02 s after the contact with

target surface.
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Ex.1 Calculational model for PWR fuel package

Results of
impact analysis

CRITICALITY SAFETY ASSURANCES DURING THE SEVERE ACCIDENT

In addition to the impact and thermal safety analyses by the severe accident scenarios, criticality
safety analyses are at the same time conducted with the premises that package experienced the
maximum deformation and component loss due to shock of fall impact and high temperature of fire
accidents. For example, modeling of PWR fresh fuel assembly is shown in the upper of Fig.9.

As shown in this figure, the maximum
deformation of outer shell is assumed
with fuel assemblies and boron stainless
steel considered due to simplification for
criticality analyses. Subsequently,
neutron multiplication coefficient is
analyzed with parametric change of inner
space moisture density surrounding the
fuel assemblies. For BWR fresh fuel
assembly, analyses are made similarly as
shown in the lower part of Fig.9. This
part illustrates how modeling is
constructed with fuel pins surrounded by
polyethylene sheet. The results of
criticality analyses are shown that
neutron multiplication is calculated to be
less than 0.95, thus securing criticality
safety even in the case of severe accident.

ater
moisture Boron

SUS304

PWR Fuel asse>b(

Ex.2 Calculational model of BWR fuel package
Results of ^
thermal analysis ^ ^ F

BWR Fuel assemb

Inner container
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Fig.9 Modeling of PWR and BWR fresh fuel packages

separately shown here
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