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ABSTRACT

The behavior of the casks used for shipping nucler materid must be assessed for a set of various
norma and accidental Stuations Though not explicitly required by French reguldions, the security of
the casks must be sudied from the viewpoint of the loads imposed by an exploson such as induced by
aggresson involving alarge amount of explosve.

In order to evduae the consequences of such aggresson in tems of damege to the cask and
radiologicd release into the environment, IPSN has launched a program induding experiments and the
development of numericd modds concaning a cask usad for the shipment of PuO, powder.
Experiments were caried out usng simplified reducedscade mock-ups representing a multi-layered
cylindrica cask, and dlowed evduating the influence of the reduction ratios and the type of explosive.
Thee expaiments showed tha the inner cylinder contaning the PuO, powder remans intact
Numericd 2D modds, employing two orthogond planes represanting the cross section of the device
comprised by the explosve and the cak, were devdoped to underdand the physicd phenomena
occurring during the interaction between the shock wave and the cask.

This agpproach, combining tess and numericd modds dlows limiting the need for codly experiments,
since these modes can be extrgpolated over the corresponding range of vdidity, to cover casks having
amilar geometry or to different loads (amount and type of explosve). Moreover, IPSN has proposed a
multiyear program whereby the gpproach may be extended to various kinds of casks and aggresson
types.

INTRODUCTION

The behavior of the casks used for the shipment of nuclear materid must be assessed for a set of
vaious normd and accidentd Stuaions Though not explicitly required by French regulaions, the
cask security must be sudied in the context of the potentid loads resulting from aggresson (terroriam)
involving a lage amount of explosve or conicad shgped charges. As there is no legd framework
dlowing the competent authority to require the evduation of cask behavior in such gtudtions the
Inditut de Protection e de Sireté Nucléare (IPSN), in order to provide the Authority with dements of
gopreciation, has, for the last ten years conducted, andyses based on both experimentation and
numerica modeling, for various types of casks and loads (ref. [1] and [2]).

The purpose of this paper is fird to summarize the background to these studies, then offer a detalled

preentation of the methodology (e experimentation and numericd modding) employed for
evauating the behavior of a cask used for the shipment of PuO2 powder. Findly, IPSN proposss a
multiyear program aiming to extend this gpproach to different types of casks and aggression.

BACKGROUND
For nucler facilities, French regulations date that the consequences of aggresson (i.e terrorism)
intended to generate a safety hazard and/or radiologica releases into the environment must be



assessed. Concerning the casks used for the shipment of nuclear materid, there is no precise legd
framework dlowing the authorities to require dudies in this fidd. Neverthdess as the potentid for
such aggresson exigs, and conddeing the number of shipments organized each year, IPSN decided
roughly 10 years ago to undertaker dudies on the most commonly used casks, in order to provide the
Authority with data to evauate the consequences of such aggression.

The dedgn of the casks, based on safely condderations, on one hand, and the various physca
protection devices inddled in vehicles to protect the nudear materid againg theft and diverson (these
devices avoid or a least make very difficult any action a the contact of the cask itsdf), on the other
hand, contribute to enhance the cask’s resstance againg terrorism acts. The gpproach proposed by
IPSN ams to determine the levedl of aggresson againg which the cask is protected. The threats
conddered in these studies have been chosen in order to provide the nudear materid with a Smilar
levd of protection in a fadlity or during shipment. The conddered threat is an externd threat
presented by a smdl group of people having efficient tools, wegpons, pefording charges and a large
amount of explosve. In view of the dtructure of the casks, IPSN has decided to concentrate its efforts
on aggresson peformed with perforating wesgpons (bullets, conical shaped charges and other devices)
and with a large amount of explosve. The casks consdered for these studies were chosen on the basis
of their frequency of use and the sengtivity of the nuclear materids trangported.

Initid gudies were mainly experimenta and amed at checking the integrity of the cask. In 1996, IPSN
intiated a program concerning a cask, (cdled FA7), used for the shipment of PuO2 powder, subjected
to detondtion loads from a large amount of explosdve This program induded both experiments on
mock-ups, and the development of numericd modds The purpose of such an gpproach was fird to
identify and undergand the physica phenomena involved, then peform parametric studies in order to
determine the most severe configuraions and to dlow extrgpolation towards modds of casks having
smilar geometry. The FSA47 study will be presented in the following paragraphs.

In 2000, IPSN proposed, to the competent authority, to extend this approach for three casks usad for
the transport of fresh and irradiated fud assemblies (UG, and MOX) in a multiyear program.
Smultaneoudy, in countries involved in the shipment of nucdlear materids, the behavior of casks in a
shotage context became a concern, mainly for the shipment of irradiated fud. An internationd
collaborative project is being organized on thistopic (seeref [5]).

BEHAVIOR OF THE F$47 CASK SUBJECTED TO CETONATION OF A LARGE AMOUNT
OF EXPLOSIVE

Description of the container

The FA7 cask is condituted of two concentric sted cylinders, the metdlic cans containing the
radioactive materid ae inserted in the inner sted cylinder. The voids separaing the two cylinders are
filled with a mixture of plaster and a boron compound acting as a neutron shidd. Radid copper blades
joined to a copper cylinder are insarted in the plagter, dlowing for heat removd. Severd containers are
shipped upright Smultaneoudy in the same truck.

Features of the study

It is assumed that a large amount of explosive (severd hundred kilograms) is detonated very cose to
the truck. The difficulty of evauating the consequences of such an aggresson arises from severd
causes firdly, the geometry of the cask itsdf and the behavior, & high dran rae, of the various
materids, dso the presence of the truck wadl, and the geometry of the explosve source. The sSze of the



explodve charge, which is samdl in comparison with the truck dimensons but of the same order of gze
& the cak. Since the disance between the explosve and the container is too smdl, a smple
relationship between the pressure in ar and the energy of the explosion cannot be used. But, as there is
no close contact between the explosve and the container, the influence of the equaion of dHate
associated with the detonation products may be important (ref. [3]).

Congdeing the complexity of the problem, IPSN proposed to peaform tests on damplified reduced
scae mock-ups in order to limit the quantity of explosve used as wel as the cogt of the experiments,
and smultaneoudy develop numericd modds.

Description of cask mock-ups

From the outdde inward, the mock-ups (fig. 1) comprise a sted outer protective shdl, an outer plaster
layer, a copper cylinder which is a pat of the heat remova system, an inner plagter layer, and a centrd
ded cylinder which is the man barier agang potentid disperson of the contained radioactive
materid. The centrd cylinder thickness was incressed to teke account of the can inetia A powder
(sand) represents the radioactive material.

Layer Thickness
external steel cylinder Plaster (mm)
External steel cylinder 8
Externa plaster 38
Copper shell 3
. Powder Inner plaster 160
Central steel cylinder Central steel cylinder 347
Copper
Outer diameter : 611 mm
Height : 2050 mm
Figure 1 Mock -up simulating the cask (full scale) Table1: Dimension of the full scale mock -up

Definition of experimental process

Since the cask shape is cylindricd, it was decided to work with a cylindrical explosve device with its
axis padld to the cask axis (height = 2 x diameter). The charge is located 640 mm (full scde) from
the mock-up (disance between the outer surfaces of the two cylinders). The explosve is primed in the
center of its bottom face. Thetrailer walls are smulated by atwo-layer duminum shest.

Concarning the dze of the mock-ups, two reduction ratios (|) ae employed: | =043 (40Kg of
explodve) and =02 (4Kg of explosve). The higher vaue is chosen to comply with the limit
regarding the maximd authorized mass of explosve in the fadility, and the lower one for obtaining

aufficient thickness in the metd layers The use of two reduction ratios dlows verifying the scaing
laws.

Five experiments were caried out. The fird (1 =043) was amed a teding the instrumentation.
Theredfter, two experiments were caried out for each reduction ratio and two types of explosives
having vey diffeent drength characteridics, namdy octogen (HMX) and nitromethane. Generdly,
two cask mock-ups (one left open for the inddlation of messurement devices and one closed
containing very few devices) were st indaled for each experiment (seefig. 2).



Instrumentation
The following measurement devices were ingdled for the tests:

- aframe camerafor recording the interaction between the shock wave and the mock-ups,

- polymer and ferrodectric gauges for characterizing shock-wave propagaion around and through
the mock-ups,

- Quatz sensors and PVDF gauges (for |=0.43 mock-ups only) inddled on a heavy horizontd
messurement support for characterizing shock-wave propagationin air (fig. 3),

- Lasr Doppler Interferometry heeds for estimating the velocity of the indde surface of the centrd
cylinder (when an open mock-up was used),
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Figure 2 : Test arrangement for Figure 3 : Schematic view of experiment
test N°4 with nitromethane

Figure4: Framecamerarecords

Experimental results

Frame camera records

The detonation wave propagates sphericdly from the ignition point until it reeches the Sdes of the
duminum can ocontaining the explodve, which expands and quickly bresks, letting the detonation
products move ahead of the fragments. A shock wave propagates in ar just in front of the detonation
products, its presence is reveded by ionization of the ar. The presence of the wal (fig. 4) does not
modify the shape of the deonation-product expanson envedope but induces a dday due to the
piercing phase.

Shock wave propagation in the mock-ups

The propagdion is symmetricd with respect to the generating line of the mock-up externd shell
closest to the explosve device. Moreover, the time needed for the wave to reech the inner cylinder
after its fird interaction with the externad shel varies very dightly between 50 us and 60 us depending




on the levd (fig. 5) for ( =043, HMX), and is equd to 22ps for | =0.2 with the same explosve and
50us for 1=043 and nitromethane. Fgure 6 chows the comparison of the radid propagation
(expresed @ scde 0.2) obtained for both reduction ratios. It dlows the concluson that the scding
laws are wel respected. The presence of the wal induces a dday (of approximady 16us for | =043
and HMX) in datack of the externd shdl of the mock-up, but its influence on the shock propagation
veloaity and the maxima pressure remains limited.

lambda =0.43, HMX
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Figure5: Radial propagation of the shock Figure 6 : Radial Propagation

wave in the mock-up (I =0.43, nitromethane) at scale 0.2 (HM X)
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Figure 7: copper shell igure8: Inner Cylinder

Recovery of the mock -up fragments

The externd shdl is serioudy damaged. For the copper shell, only the part facing the explogve is torn.
The centrd pipe was recovered intact. The bottom weld and the top cap were intact, the cap screws
being dightly loosened. The sand filling remained indde the pipe showing that no leskege hed
occurred. Deformations of the centrd pipes after dl tests were measured; and were higher for | =0.2
than for | =0.43 and naturdly for HMX than for nitromethane (fig. 7and 8).

Numerical models
Regarding numericad smulation, efforts were focused on three experiments representetive of the entire
series tests 1 (1 =0.43) and 3 (I =0.2) with HM X, and test 4 (| =0.43) with nitromethane.

Principle

Cdculaions were peformed usng the HESIONE computer code developed by CEA/DAM. These
cdculations required two dages fird, a Euleian solver to smulae the detonation and expanson of
the detonation products and ther interaction with the mockup (assumed to be damped), then a



lagrangian solver to determine the cask response for this second Stage the pressure fidd on the
externd shdll obtained during the previous stage was applied to the same shell.

Though the geometry of the system is 3D, devdopment of 3D modds remans difficult as they would
require refined discretization, especidly in the neighborhood of the wavefront. An dternate approach
conggtsin making two kinds of 2D modds:
longitudinal calculations: the cdculaion plane passes through the axes of revolution of both the
cak and the explosve device The eulerian modd is axisymmelric, the axis of revolution being the
axis of the explosve device, and the lagrangian modd is a planar modd neglecting the cylindricd
diffness of the shell. The explosive cylinder is primed at the center of its bottom face;

- transverse calculations: the cdculation plane is perpendicular to the axes of both the explosve
device and the mock-up (the same geometricd modd is used for both eulerian and lagrangian
cdculaions). These results were used to assess the integrity of the structure through a ductility
criterion determined for each materid. The explosve cylinder was primed a its center (as opposed
to the “ progressive’ priming of the experiments).

Material condtitutive laws

The mechanica behavior of the various materids was modded as followed (ref. [4]): the ar by an
equation of date of the ided gas type the explosives by an equation of gate of the Jones-WilkinsLee
type, the metds (sted, copper and danless sed) udng an equation of date of the Mie-Griineisen type
and an dadoplagic behavior law of the Steinberg-Cochran-Guinen type the plaser by an eguation of
dae of the Mie-Gringsen type and a pefectly plagic dadic behavior law with a very low pladicity
threshold. The sand contained in the inner cylinder was modded by an eguaion of date of the Mie-
Grineisen type.

Results

Radial propagation through the mock-up: The agreement on the ariva time of the shock wave, in
al cases is farly good as the maximd discrepancy is equd to 155pus ( =043, HMX) on the inner
cylinder (seefig.9).

Change of pressure as a function of time on the external shell: the pressure development presents
the characterigic shape of a shock wave (fig. 10). Measured maximum vaues are coherent with
caculated values (10% discrepancy).

Structural integrity: As plaster is a porous materid with a low level of resstance, only the integrity
of the metd shells was andyzed. The extend sed shel and the copper shdl rupture on and around
the 0° generdting line (that closest to the explosve device). The centrd danless-sed cylinder would
not rupture the maximum eguivdent plagic deformaion does not exceed 14% whereas the ductility
threshold is dose to 32% (fig. 11); this result is in agreement with the fact that the inner cylinder
remainsintact after the tests.

Inner cylinder deformation curve It can be seen that the curve (fig. 12) $owing deformation of the
inner cylinder is logicaly more pronounced for HMX than for nitromethane, which is condgent with
the amounts of energy rdeased by these explosves. Cdculations lead to the same quditative behavior;
neverthdess, comparison of the deformation contours obtained by experimentation show dgnificant
discrepancies (related to the limitations of 2-D planar numerical modding).
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Figure9: Radial Propagation Figure 10 : Pressure on the external shell
(1=0.2, HMX) (I =0.43, nitromethane)

Further studies
These numericd modds will be used to invedtigate the potentidly severest configurations (shape and

podtion of the explosve device). This gpproach allows limiting the number of codly expeiments the
later then being necessary only to andyze very specific configurations or evduae the behavior of
certain components difficult to process using numericad models
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MULTIYEAR PROGRAM

This program ams to evduate the behavior of nudear-materid shipping casks subjected to terrorist
action, from the viewpoint of mechanicd damage to the cask and rdease of radioactive materid into
the environment, in order to etimate the radiologica consequences for populations. As for the FSA7
cask, this program will be based on a joint goproach combining experiments on reduced-scale mock
ups and the devdlopment of numericd modds the modds being used for evauating cask behavior in
configurations differing from those tested (different cask geometry, maerids, types of aggresson), yet
aufficiently dose to remain within the vdidity range of the modds The program is scheduled to last
five years The wegpons conddered in the initid Stage are armor-piercing munitions (bullets, conica
shaped charges) and detonetion of a large amount of explosve.

On the bass of ther frequency of use in shipment and the representiveness of the various casks likdy
to be employed, four casks have been sdected,. asfollows:



- the FSA7 cask, described previoudy,

- acask used for the shipment of irradiated spent PWR fud assemblies
- acask used for the shipment of fresh PWR fud assemblies,

- acask used for the shipment of MOX fud assemblies.

In dl these experiments, nucdler maerid will be replaced by surrogate materid. An internationd
collaborative program (ref. [5]) is being organized by the USA, Germany, France, the UK and Canada
The am is to asses the consequences of sabotage againgt spent fuel casks and the first technica project
will be to compare the release obtained with surrogate materia versus red spent fud.

Concerning the development of numericd modds, the man difficulties will be fird to determine the
mechanica properties of the various materids used in the manufacturing of casks. This aspect may
lead to additiond dementary tedts to characterize these maerids The second difficulty is related to
the Sze of the models that can be easonably accepted: for the FSA47 cask, it was necessary to congder
2-D modds. This problem will reman for the other casks, and especidly for those carying fud
assemblies (interaction between ashock wave or ajet of liquid metal and afud assambly).

CONCLUSION

This paper presents the context in which, in France, the behavior of nuclear-materid shipment casks
agand terorigm is aseesed. As there is no drict legd requirement dlowing the competent authority
to impose the needed sudies on operators, IPSN has for the last ten years undertaken experiments and
theoreticd dudies in order to provide the authority with data dlowing the consequences of such
aggresson to be evauaed. An example of such a sudy is presented, namdy the FSA7 cask. Findly,
IPSN has proposed a multiyear program, based on the same gpproach, to assess the behavior of four
casks used for nuclear-materid shipment, subjected to loads from armor-piercing bullets, conicd shepe
charges and detonation of a large amount of explosive. This program could be extended in the future to
caks usd for shipment of highly radioactive sources Furthermore, the internationd  collaboretive
effort shows that this issue is becoming a concern for al countries fielding nuclear indudtries, and it
will be useful to compare choices in the fidd of aggresson againgt those taken by our partners, thereby
alowing checks of their rdlevance and integrdity.
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