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ABSTRACT

Licencing requirements, as well as reasonable engineering considerations, imply a
the necessity of analysing spent fuel flasks against impact events. Such analyses |
must generally be conducted using explicit integration procedures, large three- '
dimensional meshes and realistic non-linear behaviour of the materials involved;
they must also incorporate the appropriate bolt stresses, internal pressures and i
thermal conditions prior to impact. This procedure implies considerable time and é
expense and, at some point, carrying it out becomes inevitable. g '
b

In spite of this inevitability, it would be very convenient to have at hand faster and 'i :
cheaper procedures, able to generate some information about flask impacts i
without having to conduct the full analyses. The present paper proposes simplified
procedures which are suitable for assessment of impacts of bare flasks against
rigid planes. The procedures allow conducting immediate assessments of the
impact duration, the time history of forces generated during the impact, the mean |
decelerations of the flask internals and the spatial extension of flask crushing.

The proposed procedures are suitable, in principle, for all impact attitudes of
interest: bottom drop, lid drop, side drop and comner/edge drop. They apply to
flasks devoid of shock absorbers or design features intended to provide some
impact limiting capacity. The paper presents some comparisons with full three
dimensional calculations and experiments to support a discussion about the
applicability and reliability of the simplified prediction tools proposed.
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152 Structures Under Shock And Impact

1. INTRODUCTION

The transport and storage of radioactive materials give rise to a number of
potential impact problems. Most national requirements on transport flasks are
based on the updated IAEA [1] guidelines. They usually demand that the flask
sustain successfully all 9 m drops onto unyielding plane targets and all 1 m drops
onto 15 cm square punches. All impact attitudes must be taken into account,
including the possibility that design singularities (such as lifting trunions, cooling
fins or other local features) be directly involved in the impact. Thermal and other
conditions at impact must be the most pessimistic ones.

It has been mentioned that the flask must sustain "successfully" the prescribed
impacts. From a conceptual viewpoint, success is usually assessed on the basis of
three different concurrent criteria:

a) No gross structural damage must occur; in other words, the flask must
maintain its structural integrity.

b) The isolation of the contents must also be preserved. This requirement can be
stated either in terms of tolerances at the seals or dosage in the proximity of
the flask.

c) Damage to the contents must be limited and not lead to thermal, criticality or
other problems. This is often replaced by establishing an upper bound on the
accelerations felt at the centre of gravity of the flask.

Some of the ideas in the present paper were already advanced recently by Marti
(2] in a chapter dedicated to flask impact studies. However, that chapter was
dedicated to the generalities of the impact problem and did not include the
simplified plastic considerations proposed here.

2. ASSUMPTIONS AND METHODOLOGY

Flasks are very stiff and competent structures; also, when they drop, regulations
usually assign infinite rigidity to the target in an attempt to remain conservative.
For the purposes of this paper, only impacts on rigid planes will be considered.

A simplified treatment of any problem requires accounting for the most important
governing mechanisms. From this viewpoint, it is important to subdivide flask
impacts into two different categories:
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e Impacts which occur essentially within the elastic regime of the materials:
base drops, lid drops and face drops in cubical flasks.

e Impacts governed by local plastic straining: side and edge drops in cylindrical
flasks, as well as corner and edge drops in cubical flasks.

2.1. Quasi-elastic impacts

By nature, such impacts are very rigid. Since a large contact area is available from
the beginning, the momentum exchange is very rapid and efficient. For simplicity,
only base drops of cylindrical flasks will be discussed here, but the concepts are
analogous in lid drops or, in case of cubical flasks, in any purely translational
base, lid or side drop. For such impacts, even in bare cask 9 m drops, very little
plasticity is developed in the flask materials. The elastic impact stresses o
developed upon impact would be:

o= pcv (N

where pis the density of the material
¢ is the speed of wave propagation in the material
v is the impact velocity

Waves transmitting this stress level (or a somewhat smaller one limited by
material yield) travel at around 5 km/sec across the base thickness and along the
flask walls. These waves rebound quickly from their travel across the base
thickness (on the order of 0.1 msec), but take longer to return from their
longitudinal travel along the flask. In a first approximation, the impact force
developed can be idealized (Figure 1) as a short pulse with amplitude F; lasting 7,
followed by a longer pulse of amplitude F; lasting 7,, where:

e F;=0A,, where A, is the total cross section of the flask
t; = 2l/c, where [ is the base thickness

F, = 0A,, where 4; is the cross section of the flask walls
t, = 2L/c, where L is the total léngth of the flask

and the remaining variables retain their former meaning.

The rebound of the base plate leads to a half-cycle oscillation in its natural
frequency, during which the base centre loses contact with the impacted plane. If
1; exceeds that half-cycle duration, the base will impact the plane a second time.
Multiple base rebounds are possible in sufficiently long flasks.
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Fig. 1 Idealized contact force history developed in the course of base and lid impacts
The previous considerations allow conducting a quick assessment by hand of
many of the main characteristics of the impact event: force time history, mean
deceleration of internals and impact duration. As will be seen later, this
assessment is in reasonable agreement with more detailed calculations.

Base drops are often noisy impacts; the fast times involved and the quasi-elastic
behaviour of the materials contribute to the activation of high-frequency
vibrations of the flask structure. It is worth noticing that, the wave propagation
along the walls may be slightly slower than across the base because of the lack of
radial confinement. The effects on the lid(s) are analogous to those discussed for
the base, except that full oscillation cycles are developed in the case of the lids
since there is no target plane arresting the motion after one half-cycle.

It should be noticed that restraining forces must be developed in order to keep the
lid from abandoning contact with the flask walls. These forces will initially
generate from a decrease in the lid pre-compression (given by bolt pre-
tensioning); but, if that is exceeded, the excess would have to be taken as an
additional load by the lid bolts, as was already mentioned earlier.

Generally, base drops imply little threat on the flask structural integrity because of
the symmetries of the configuration and the large contact area available.
However, they are a potential source of problems on three counts:

o The impact duration is minimal (typically 3-4 msec in 100 ton flasks). This
leads to high deceleration values, with whatever implications this may have

for the flask internals (possible buckling, etc.).

e The high decelerations also maximise lead slumping effects in flasks which
incorporate this material.

e Some attention must be given to lid bolts.
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2.2 Plastic impacts

Greater damage to the flask structure occurs when the flask attitude at impact is
such that only a small contact area is initially available for momentum exchange
between the flask and the target plane. Two types of impacts are of interest:

o Translational impacts on a corner/edge with the centre of gravity directly
above the impact point.

e Mixed translational-rotational impacts resulting from the overturning of a
flask during storage or in handling operations.

The procedure will be described here as applied to a corner drop in a cylindrical
flask, but it is readily applicable to corner, edge and some overturning impacts in
both cylindrical and cubical flasks. Some such applications will be presented and
discussed in later sections '

An important feature of these impacts is the fact that the initial contact area is
infinitesimal. Hence, any finite exchange of momentum must be accompanied by
plasting flattening of the impacted edge/corner. Acceptability criteria for the flask
must therefore take account of this inescapable fact

Plastic straining of the edge/corner leads to a gradual increase of the effective
contact area between the flask and the target plane. Regarding momentum
exchange, this is felt as a progressive stiffening of the contact, thus providing a
certain shock absorbing capacity. The assumption made here is that, at any time,
the contact force F can be calculated as:

F = ocA(x) (2)

where ois a stress, intermediate between the yield and ultimate stresses
Afx) is an area, which is a function of the displacement x accumulated by
the flask's centre since the impact started

The value of A(x) is calculated as the area of intersection of the flask and the
plane when their relative distance is shortened by an amount x following initial
contact. The determination of A(x) is a simple exercise in geometry and calculus
for both cylindrical and cubical flasks.

The history of movements of the flask’s centre of gravity and the history of
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the impact force can then be easily calculated by integrating the scalar equation of
motion of the flask as a point mass.

i = cdAfx)m (3)

where ¥ is the acceleration of the flask's centre of gravity
m is the mass of the flask

The equation, provided with the appropriate initial conditions (at 7 = 0, x = 0 and
X = -vo), can be solved by simple explicit integration or other similar procedures.
The integration must continue until the flask's velocity X changes sign. At that
time, the unloading process begins followed by results in the rebound of the flask.
In this process, the easiest realistic assumption is to decrease the impact load
linearly to zero over a half-period of longitudinal vibration of the flask i.e. about
the time required by pressure waves to travel along the length of the flask.

The contact force history developed in these impacts is approximately made of
two traces such as idealized in Figure 2. The first one (not necessarily linear) is
associated with the increase in contact area resulting from local flattening. The
second one represents the elastic rebound This impact is about an order of
magnitude longer in duration than the corresponding base/lid drops, lasting
typically 20-30 msec. Because this time is equivalent to several flask periods in its
first vibrational mode, the impact is far less dynamic than in the case of base/lid
drops. The impact tends to be less noisy and oscillatory deviations in the response
are only moderate.

FORCE

= TIME

Fig. 2 Idealized contact force history developed in comner and similar impacts

As already indicated, corner/edge impacts are more demanding from the
viewpoint of the integrity of the flask, which suffers major local deformations.
But, although this effect is serious, it is only local; as compensation, this local
sacrifice drastically limits deleterious effects elsewhere in the flask.
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juation of 3. VALIDATIONS AND APPLICABILITY
The interest of any simplified procedures lies in their ability to reproduce one or
(3) more aspects of the actual problem. Several cases will be discussed here in order

to assess the reliability of the drastic simplifications proposed.

3.1. Base drop

x = 0 and The concepts presented in the previous section have been used to study the
ocedures. problem of a low height drop of a real cylindrical flask. The flask, known as the
1. At that STC (Storage Transport Cask) in the United States and DPT (Dual-Purpose
“the flask. Trllo) in Spain, is a joint development of both countries, intended for both
pact load transport and storage functions. The accident studied here is a storage related
i.e. about accident, otherwise the flask would have been provided with transport shock
k. absorbers. In storage operations, the drop height cannot exceed 0.38 m, which is
the height for which the present analysis has been conducted.
/ made of
' linear) is The flask is cylindrical with internal and external diameters of about 1.78 m and
ning. The 2.18 m, respectively. The overall length is 5.02 m and the base thickness is
Order_Of : approximately 0.31 m. The total weight of the flask, including lead shielding in
s, lasting ! the walls and the flask internals, is 1045 kN.
fiods in its
of base/lid The base drop from 0.38 m has
Rl L : 3 been modelled with DYNA3D [3]
s \\\‘\\ using  the  complex three-
il dimensional mesh shown in Figure
' 77 3. The resulting history of
: - calculated forces is plotted together
L] with the estimates based on the
procedure proposed in section 2.1
T ; (see Figure 4). As can be seen, the
B agreement is very reasonable:
e estimates for impact duration, force
pacts history and, consequently, mean
deceleration of the contents are
from the - certainly adequate for a first
ormations. J assessment of the consequences of
, this local the impact, both on the flask and on

"% .
the impacted structure.

Fig. 3 Mesh used in the finite element
simulation of the STC/DPT flask
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Fig. 4 Comparison of force-time historics in a basc drop of the STC/DPT flask

The double peak appearing in the first impact of the flask's base occurs because
the base is actually made of two steel plates with a softer intermediate material.
This feature was taken into account in the finite element calculations.

It is interesting to notice that, in this particular case, the base impacts the plane
twice while the walls maintain continuous contact with it. A third impact occurs
when the flask is loosing contact; actually, as suggested by the time history, this
third impact occurs just as the walls leave contact with the plane

Some approximations have been adopted in the calculation of the simplified force
history. Firstly, since the walls include both lead and steel, homogeneized stiffness
and density properties have been used for estimating wave propagation velocities
Second, the period of oscillation of the base has been taken as that of a simply
supported circular plate

3.2 Corner/edge impacts

This example corresponds to an 18 m drop of the Magnox flask (Figure 5). This
is a cubical flask with overall dimensions of 2.2 m, 2.6 m and 2.2 m and a total
weight of 420 kN This flask impact was modelled in three dimensions by Kalsi
and Dowling [4] using PR3D [5] and was subjected to a full-scale drop test [6].

Figure 6 shows the force histories arising from the three-dimensional calculations,
the actual experiment and the proposed simplified procedure. The latter curve
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Fig. 5 Corner impact of the Magnox flask

00 +
# Physical test
wemmmn Gimplified procedure
- Finite elements
z 150 1
g
3
=}
= 100 1
&)
Q
<
z
< 5
= 50 - . e
= .
0 --"."":""%""1 p—
0 5 10 15 20 25

TIME (msec)

Fig. 6 Comparison of force-time histories in a corner drop of the Magnox flask

is perfectly consistent with the finite element calculations and, indeed, with the
experimental measurements. The internal dynamic oscillations obviously cannot
be predicted in a model which reduces the flask to'a single mass point. No
attempt has been made to evaluate the unloading slope of the force history since,
for a cubical flask in a corner impact, no simplified procedures are easily available
for estimating the corresponding natural frequency.
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4. CONCLUSIONS

Simplified procedures have been proposed for producing quick estimates of some
of the basic characteristics of flask impacts. They cover primarily elastic impacts
(bottom and lid drops), as well as those which elicit considerable plastic response
(corner/edge drops, side drops and overturning impacts).

The main characteristics that can be estimated are impact duration, peak impact
force, histories of impact forces and mean decelerations, extent of flask crushing
and rebound velocity. The comparisons performed between the predictions of the
simplified procedures, experimental measurements and finite element calculations
indicate that the quality of the simplified predictions is more than adequate for a
first assessment of the problem The results are very good for primarily elastic
impacts, such as base drops, and for primarily plastic impacts, such as corner
drops.
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