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ABSTRACT: Unexpected swelling phenomena have been reported in the storage racks
of the spent fuel pool at several nuclear power plants. Experimental and analytical studies
have been carried out in order to identify the governing mechanism and to analyze the
interaction of the storage tube and the spent fuel element housed in the tube.

1 INTRODUCTION

Starting in the late seventies. a number of nuclear power plants have been reporting
unexpected swelling phenomena in their high-density spent-fuel storage racks.

Even though there is no general agreement on the origin of such deformations, the
swelling seems to be related to the generation of gas within the tubes that enclose the
neutron absorbing material, which is boral in most cases.

If the swelling takes place in an unused tube, the only consequence is that this location
becomes disabled for future storage. However, if it occurs in a tube already housing a
spent fuel element, questions arise concerning the structural integrity of the element.

After more than ten years in operation, an inspection of the spent fuel storage pool
racks at a nuclear power plant detected that two empty tubes had undergone significant
swelling of the inner walls.

In order to assess the damage that such phenomena might possibly induce on the spent
fuel elements already in storage, a program of experimental and analytical studies was
carried out. The goals were, firstly, to identify the mechanism producing the
deformations and, second, once the mechanism was known, to determine the expected
interaction of the tubes with the spent fuel elements,

The purpose of this paper is to present a summary of the investigations carried out and
to communicate the conclusions derived from the work conducted.

2 SPENT FUEL STORAGE POOL

In the plant, which is a 460 MW General Electric BWR, the spent fuel elements are
stored in 2 12m x 7m pool; the pool depth is 12 m. The pool was re-racked with high
density storage racks in order to maximize its capacity.
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A standard rack (fig. 1) consists of two grillages joined by square Aluminium tubes.
Boral capsules are located in the spaces between the tubes and consist of two concentric
Aluminium tubes with a square cross-section; the boral is contained between the two
tubes (fig. 2). The chamber enclosing the boral panels was designed to remain watertigth.

The plan view of one of these racks resembles a chess board: one set of squares
represents the positions occupied by the structural tubes, while the other set corresponds
to those of the boral capsules. The spent fuel elements can be placed either in a structural
tube or in a capsule, but there is always a boral panel between any two contiguous fuel
elements. Tubes and capsules leave a distance of 152 mm between inner opposite walls
and the separation between the levels of the upper and lower grillages is 169 mm. The
rack is approximately 4500 mm high and rests on the pool bottom.

The fuel elements consist of 64 Zircaloy tubes, which are held in place by Zircaloy
spacers at distances of 500 mm. They are surrounded by a thin metal sheet, the channel,
which is removed prior to storage of the element.

3 METHODOLOGY

The goal pursued was assessing the damage potential that swelling of the boral capsules
could cause on the spent fuel elements in place. For this purpose, numerical modelling
was used, supported by field measurements and laboratory experiments.

In a first phase of work, the mechanical process of swelling was carefully studied and
mathematical models were used to reproduce numerically the observed deformations.
The interaction between the boral capsule and the spent fuel element was not taken into
account, that is, the capsule was considered 10 be empty. The objective was to improve
the understanding of the mechanisms and to establish a link between the pressure inside
the chamber and the level of swelling produced.

The second phase, once the swelling mechanism was identified and understood,
concentrated on the study of the interaction between the walls of the capsule and the fuel
‘element. This interaction would only be of significance at the contacts between the fuel
element spacers and the capsule walls. The reason is that the Zircaloy tubes are fairly
flexible and linked to the spacers by soft Inconel springs. Thus, it was implicitly assumed
that the fuel element would be damaged only if one spacer collapsed.

Due to the obvious geometrical complexity of the spacers and the probable complexity
of their collapse, these components were tested in the laboratory. An effort was made to
reproduce the actual loading conditions experienced by the spacers. A load-displacement
curve was then determined, as well as the value of the failure load. The experimentally
determined curve was zssumed to represent of the mechanical behaviour of the spacers
up to failure and was used to describe the spacers when modelling the interaction.

The key result obtained in this second phase was the net pressure required for failing
the spacers. This allowed assessing quantitatively the consequences of generating various
amounts of gas, as well as evaluating the potential risks for the fuel elements.

4 ANALYSES OF AN EMPTY CAPSULE

Numerical models were first used to reproduce the reported swelling phenomena in
empty capsules. The deformations observed affected only one of the capsule walls and
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the maximum deflections ranged from 1/6 to 1/3 of the inner tube span (fig. 3). They had
taken place in the upper part of the capsules, which is to be expected since it corresponds
to the region where water pressures are smaller and net pressures are therefore higher.

Because the strain gradient along the capsules is small. it was sufficient to study the
problem in plane strain. The finite element model used for analyzing the inner tube of a
capsule can be seen in fig. 4. Due to the symmetry of the swelling detected, only half of
the cross-section was modelled. A gradually increasing pressure was applied on the outer
surface of the tube. This net pressure corresponds to the difference between the poll
water pressure and that of the gas inside the boral chamber. Only quasi-static analyses
were carried out; dynamic effects could be neglected because of the slow rate of loading.
The computer code ABAQUS (HKS 1989) was used in the computations.

Fig. 5 shows the maximum swelling predicted as a function of the net pressure; the
results include several different postulated imperfections in the tube. As can be seen,
when the net pressure reaches values slightly over 0.19 MPa, the mechanical behaviour
becomes unstable. If the gas pressure were to be maintained at this level, the tube would
then collapse with a sharp swelling of more than 70 mm (half the tube span). However,
this deformation process would entail a large increment of the boral chamber volume,
which would cause the gas pressure to drop.

Because an instability develops, there is a sudden jump in the deformations (snap-
through). If it is assumed that the mass of gas within the chamber remains approximately
constant over short periods of time, this deformation jump can be calculated as a
function of the initial free volume. Using this hypothesis, displacement jumps on the
order of 10 to 20 mm are computed, in good agreement with in situ observations.

Following this re-stabilization of the deformation pattern, further increases in the
amount of gas will result in progressive pressure build-up and additional swelling of the
capsule. The swelling will remain localized in the same side of the tube which first
underwent the instability. All these results are qualitatively and quantitatively consistent
with the actual deformations observed in the tubes.

S INTERACTION ANALYSES

Laboratory testing of the spacers showed that they are relatively stiff under in-plane
crushing (Universidad de Cantabria 1992). Over 4.5 kN are needed to collapse the
spacer; collapse takes place sharply, when displacements are still less than 0.3 mm.

The expérimentally determined force-displacement curve of the spacer was introduced
in a finite element model together with a representation of the inner tube. Figure 6 shows
a view of the mesh; the model covers one half of the span comprised between two
spacers and represents the spacer behaviour using equivalent spring elements.

The analyses were similar to those mentioned in the previous section. A gradually
increasing pressure was applied on the outer surface of the inner tube in a quasi-static
manner. The code ABAQUS (HKS 1989) was again used in the computations. The
calculated response of the system before the capsule shell contacts the spacer was
identical to that obtained for the empty tube. After contact, the interaction begins and the
results become dependent on the transverse stiffness assumed for the spacer. By
considering bounding assumptions, it was established that collapse of the spacer would
take place when the net pressure reached a value slightly below 0.25 MPa.

Swelling increases the volume in the boral chamber (fig. 7). This implies that, in order
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to collapse a spacer, large gas quantities must be generated. A full assessment of the risk
of damage for the fuel elements and of the times involved would require having a better
knowledge of the nature of the chemical reaction originating the gas.

6 CONCLUSIONS

The experimental and analytical work carried out allows explaining the mechanism
responsible for the swelling events as a combination of two phenomena:

a) The progressive build-up of gas gradually increases the pressure inside the capsule,
which eventually produces a buckling instability in the response of the inner shell of the
capsule. This is perceived as swelling towards the space reserved for the fuel element.

b) A feedback mechanism controls the rate of the pressure-swelling relationship
mentioned. The feedback occurs because swelling increases the volume available for the
gas and thus reduces its pressure.

Swelling occurs when net pressures on the capsule shell reach 0.19 MPa. When a fuel
element is stored, the capsule-spacer interaction will start damaging the element when
net pressures exceeds 0.25 MPa. Because of the resulting volume increases, considerable
gas generation is required for increasing the pressure from 0.19 MPa to 0.25 MPa. The
present level of knowledge about the chemical reaction responsible for gas generation
does not allow, at this time, associating a specific time frame to the overall process.
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Figure 1. Standard rack Figure 2. Cross section of a boral capsule
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Figure 7. Interaction analyses. Capsule volume vs. net pressure



