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A method of encapsulating spent fuel elements in a protective
plastics medium to enable them to be stored for protracted periods
under water, without risk of further significant corrosion,has been
developed.

It is visualised that the elements after discharge from the
reactor would be allowed to cool under water for a period of at
least 100 days and would then be encapsulated while remaining
immersed.

A suitable two pack system based on a solvent free epoxy resin
cured with an aromatic amine adduct has been identified.

The equipment and processes which have been developed for
handling, conditioning and encapsulating the fuel are described.
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1. INTRODUCTION

After discharge from the reactor, the spent fuel elements from
the CEGB's foagnox power stations are stored, with the exception of
cne station which has dry storage facilities, in local cooling ponds
prior to dispatch to the reprocessing plant. Careful control of the
ponđ water chemistry and dosing with sodium hydroxide to maintain a
?H of > 11.5, allows the fuel elements to be stored for many
hundreds of days without significantly impairing the integrity of the
cladding. However, the magnesium alloy used for the cans is not
immune from progressive corrosion in this environment and corrosion
may be enhanced by factors such as the presence of anion contaminants
in the water or unfavourable electrogalvanic coupling (1). There is,
therefore, interest in methods of extending the period for which
elements could be stored, immersed in water, without incurring
serious corrosion and this has led to the development of the method
described in the present paper.

2. MAGNOX FUEL ELEMENTS

The fuel elements used in the CEGB Magnox reactors differ in
detailed design, as illustrated in Figure 1, but they all comprise
rods of natural uranium, about 29mm in diameter contained in
magnesium alloy {Magnox AL-80; Mg - 0.8% Al - 0.0025% Be) cans
rarging in overall length from about 575mm to 1200mm (2).

The external forms of the heat transfer surfaces fall into two
main categories : the 'polyzonal1 designs which are fitting with
braced longitudinal splitters carried in axial slots and the
'herringbone' designs in which channel location is effected by spaced
integral lugs. In one design the elements are each supported in an
individual yoke, but the majority of designs the elements are
provided with end fittings for location of the elements in the stack.
These comprise a 'cone' fitting at one end and a 'cup' fitting at the
other, the upper fitting incorporates a three'arm spider, one arm of
which is articulated and sprung so as to constrain radial movement
of the elements in the channel.

3. THE CONCEPT OF PROTECTION BY ENCAPSULATION

A method of protection was sought which would not require the
fuel elements to be removed from the cooling pond since this would
demand complex and expensive shielded facilities and probably
interfere with established pond operational procedures. Thus, it
was a pre-reguisite that the process should be carried out under
water at a depth of 4 - 5 metres and that the operations and
materials involved should be compatible with the normal pond
environment.

Consideration was given to a number of techniques which could
be carried out under water, including coating by dipping or
electrophoretic methods, with an underwater paint. The preferred
method which was eventually selected for development was that
illustrated in principle in Figure 2. A prescribed quantity of the
liquid encapsulating medium is placed in the bottom of a cylindrical
containment tube of suitable dimensions and the element allowed to
sink into it under gravity until it is totally immersed. By control
of the relative dimensions of the fuel element and the tube bore,
the inclination of the tube and the viscosity of the medium, the
element can be made to exert a piston-like effect which aids
penetration of the encapsulating medium between the fins of the heat
transfer surface as it descends. The encapsulating medium is then
allowed to solidify, totally enclosing the element.
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However, this concept of protecting fuel eleœents from corrosion

by totally encapsulating them in a plastics medium required the
solution of a number of problems:-

(a) identification of a suitable encapsulating medium
and containment tube material.

(b) development of additional ponđ manipulation tools.

(c) development of processes and machines for conditioning
the fuel elements prior to encapsulation so as to
minimise the quantity of encapsulating material
required and optimise the utilisation of the pond
storage capacity.

(d) development of an encapsulating process and
proving of prototype equipment.

4. THE ENCAPSULATING MEDIDM

The properties required of the encapsulating medium are complex
and in some instances conflicting. Since the encapsulating process
had to be conducted under water, the primary requirement was for the
medium to be compatible with the pond environment and not give rise
to adverse changes in the water chemistry or interfere with the
operation of the associated water treatment plant. It is also
important that it should not affect the normal clarity of the water
and thereby interfere with pond operational procedures.

The material must withstand prolonged immersion in water and
tolerate the thermal and irradiation conditions imposed by contact
with and proximity to spent fuel elements, without loss of its
protective integrity. To a considerable extent the latter problems
can be mitigated by not encapsulating the elements until they have
'cooled' for, say, 100 days under normal pond storage conditions.
The level of initial decay heat evolution and radiation will depend
upon the terminal rating of the fuel and to some extent on the final
level of irradiation. However, the initial, relatively high, rates
are reduced by about 2 orders of magnitude in 100 days by which time
the heat evolution from a typical element is about 2O watts. The
radiation to which the encapsulating medium will be exposed will
depend on the extent to which freshly discharged and fully cooled
encapsulated elements-can be segregated in the pond but an integrated
value of about 5 x 10 rads is estimated for storage periods
exceeding a 1000 days, beyond which time the increase in dose is not
significant if segregation is practiced.

The physical characteristics of the material, such as its
rheological properties must be such that the total coverage and
penetration into the complex geometry of the surface of the element
is achieved during the encapsulation process, the timing of which
may be constrained by operational requirements. Properties such as
thermal conductivity are also relevant in respect of the need to
dissipate the decay heat from the element. The mechanical properties
such as strength and toughness are also important in the context of
manipulation of the encapsulated elements and accidental collisions
during handling.

Underwater setting epoxy resins were selected as offering the
best prospect for development; they have been used successfully as
coatings for corrosion protection of plant in onerous marine
environments. However, the particular properties demanded of the
material in the present context dictated the elimination of solvents
from the mix. It was also important to exclude impurities which
could leach out and affect the corrosivity of the pond water, such
as chlorides.
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The determination of the optimum composition for the material has
involved considerable experimentation and evaluation of the
properties of the products. Because of the time dependence of some
of the properties this evaluation is not yet complete but the
essential composition of a two pack system has been established.
The basis is a solvent free high viscosity liquid epoxy resin of the
glycidyl ether type, cured by an aromatic antine adduct in the
proportions 8 : 5 , respectively. The mixture possesses hydrophobic
properties which aids the displacement of water from the surface of
the fuel element during the encapsulation process. The resin and
adduct are themselves compounded of polymers of different molecular
weights and hence different viscosities and reactivities. Thus, the
Theological properties and rate of curing the mixture can be
controlled by varying the proportions of the various ingredients.
The properties and curing time are also a function of temperature,
as illustrated in Figure 3, and while the pond water temperature is
normally only a few degrees above ambient, the heat evolved by the
exothermic curing reaction raises the local temperature significantly.
Control of the curing time to match the timescale of the desired
sequence of operations of the encapsulation process must, therefore,
be established by experiment using appropriate quantities of the
encapsulant, the particular fuel element concerned, the specific
geometry of the assembly and the relevant arrangement of process
hardware.

The curing characteristics and properties of the final product
may also be controlled by the addition of inert fillers. Pigments
may also be added to the constituents to provida the operator with
visual evidence of satisfactory mixing. The early experiments
showed that mixing of these rather viscous liquids was not readily
accomplished by manual stirring or by simple vibratory or tumbling
mixing machines within the timescales available before the onset of
hardening. For this reason a more sophisticated plastics mixing
machine was found to be required. The principle of the machine is
illustrated in Figure 4. The pneumatic ram, working at 5.5 bar
operates a lever driving the rams of two pumps, delivering the resin
and activator from their respective resevoirs through multi port
control valves. The pumps are carried on a track and their positions
may be adjusted as a means of controlling the relative volumes of
the two constituents delivered. The two lines deliver the resin and
the activator to the chamber of a mixing head containing a high
speed impeller which ensures thorough mixing. The mixture then
passes through an air operated snuffer valve and delivery nozzle.
The snuffer valve presents dribbling and any tendency for the
mixture to harden in the nozzle leading to clogging. The driving
ram is operated repeatedly until the requisite quantity of the
mixture is delivered. The relevant components of the machine and
lines are trace heated to allow accurate control of the temperature
of the encapsulating material delivered, typically 30 C.

5. CONTAINMENT OF THE ENCAPSULATION MEDIUM

The method of encapsulation which was envisaged required an
outer containment tube holding a measured quantity of resin into
which the element could be lowered and immersed. Since the outer
container could not be readily removed by manipulation within the
pond it also needed to have properties compatible with the storage
duty. It would also offer a first line of corrosion protection,
providing water was unable to penetrate the interface between the
tube bore and the body of the encapsulant.



Initial experiments were carried out with polycarbonate material
and while it was satisfactory in many respects it suffered stress
corrosion cracking in the alkaline environment of the pond water.
Two plastics materials were identified which appeared to offer the
requisite stability and irradiation resistance : Nylon 11 and ABS
plastics material. Both presented difficulties in the manufacture
of tubes with the requisite straightness and dimensional tolerances
but these were less severe in the ABS material and it was ultimately
selected for further work. It was also recognised that if plastics
tubes proved unsatisfactory metal tubes could be used but would give
rise to galvanic problems which although resolvable would present
complications.

In order to locate the element positively with respect to the
containment, the tube was fittgjijwith a moulded end plug with a cup
indentation to accommodate the conical end fitting of the element,
as illustrated in Figure 5. It has not been found necessary to
locate the upper end of the element because its motion through the
viscous liquid causes it to tend to centralise to an extent which
ensures complete coverage of the outer surface.

6. DEVELOPMENT OF MANIPULATION TOOLS

The encapsulation process requires the fuel elements, both before
and after containment to be manipulated and oriented in a more
complex manner than generally required by existing pond operational
procedures. For example, the element which is normally stored
horizontally for the cooling period has to be lifted from the skip
and reoriented into a vertical posture for entry into the
containment tube. None of the existing pond manipulation tools is
able to perform the required manoeuvres. Two approaches to this
problem were examined : in one it was accepted that the encapsulating
machine would accept the element in a horizontal orientation and that
its reorientation would be part of the function of the machine.
A prototype machine was constructed to demonstrate the feasibility
of this approach but it was relatively complex and space consuming;
the other approach was to take advantage of the development of more
sophisticated manipulation tools and thereby simplify the design of
the encapsulation equipment. The latter appeared to offer
advantages and is the preferred method. Experience has shown that
simplicity is a virtue in pond machinery and a manipulator was
developed with that in mind. The essentials of the design are
illustrated in Figure 6. The jaws of the manipulator are normally
maintained open by the action of the springs and are closed by the
operation of a cable and lever system as shown. The head of the
manipulator is provided with an articulated tumbler joint. The
operation of the articulated joint is not controlled directly but
it 'tumbles' in response to the overhanging load carried in the jaws
of the tongs. Thus, in order to reorient a fuel element from the
horizontal to the vertical position it is only necessary to grip it
close to one end and to lift. The reverse operation simply requires
the lower end to be located and the element lowered in the desired
direction. Subsequently manipulators with a powered wrist became
available for this duty and these are preferred because of the more
positive control which can be exercised.

In order to accommodate the larger diameter of the encapsulated
assembly it is necessary to use a manipulator with jaws of a
different capacity and dimensions but the same principle is adopted.
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7. CONDITIONING FUEL ELEMENTS FOR ENCAPSULATION

The cooling ponds are already provided with machines for removing
the splitters or lugs in cider to optimise the packing factor, but
in some instances these do not remove the spring arm spider end
fittings from the element. This end feature is of qreater pitch
diameter than the body of the element and can only be accommodated
by increasing the diameter of the containment tube either over its
whole length or locally at one end. In either case this would have
an adverse effect on the element packing factor and decrease the
effective storage capacity of the ponds. In these circumstances it
was decided to develop a machine to remove the projecting parts of
the spider. It was Important that the machine should be compact,
robust and simple and have provision for collection of the debris
arising. A number of methods were considered including:-

(a) Flycutting, using a single or multi point flycutter
to trepan off the arms of the spider. Although
feasible the element had to be carefully positioned
and clamped and there was a danger that errors could
damage the can; for these reasons the technique was
abandoned.

(b) Cropping, using a cutting tool to remove each arm
in turn or all three arms in one operation. The
former technique was possible using power assisted
remote handling tools but the operation was time
consuming and tedious.

This led to the development of a machine in which
the arms of the spider were cropped by passage
through a die. The principle of the machine is
illustrated in Figure 7 (a test rig experimental
mock-up) and the machine which was eventually
constructed and proven is shown in Figure 8 with
an element in position. The technique had the
advantage that the forces applied were largely
confined to the end fitting itself. The appearance
of the end of the element after the operation and
of the debris produced is illustrated' in Figure 9.
The main development work was concerned with
optimisation of the die design. It was found that
a die with a positive angle of approach of 25
created the least incidental distortion to the
end of the element.

8. THE ENCAPSULATION PROCESS AND EQUIPMENT

As indicated earlier the process, in principle, involves the
immersion of a conditioned fuel element in an underwater setting
epoxy resin, contained in a plastics tube which is then allowed to
cure to encapsulate the contents.

The prototype equipment is illustrated in Figure 10. It comprises
a guide or feed tube carried on a float which is positioned above a
stand located on the floor of the pond.

The encapsulation operation is carried out as follows:-

(1) An empty container tube is taken from the stock
pile and the required amount of mixed resin
(typically 2 litres) is metered into the container
from the mixing machine, the container topped up
with pond water, and then placed into the feed
tube and released (See Figure 10 (1).
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(2) The container tube descends under gravity and
enters the stand. The guide tube is then
disengaged and parked nearby until needed for
the next sequence.

(3) A fuel element is lifted from the skip, using
the power operated or tumble-jointed manipulator,
introduced into the container tube and released
(See Figure 10 (2)).

(4) The fall of the element is arrested as it enters
the epoxy resin and it gradually sinks under its
own weight until totally immersed (typically
this takes 200 seconds).

(5) The container is then lifted from the stand and
parked in a rack to allow the resin to cure 'hard*,
which takes about 4 hours.

(6) the encapsulated element may then be placed in a
storage skip. Because of their cylindrical shape
the individual bodies are seperated by suitable
spacers to allow free circulation of water around
them for cooling purposes.

The equipment and process described above have been proven
using non-irradiated Magnox fuel elements in a test facility
simulating a cooling pond with water up to 7 metres in depth, as
illustrated in Figure 11.

A section of an encapsulated fuel can which was processed using
a dummy fuel rod is shown in Figure 12 with the rod and the outer
containment tube removed.
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