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Abstract

The Sellafield MOX Plant (SMP) has a design production target of 120 t/year Heavy Metal of mixed
uranium dioxide and plutonium dioxide (MOX) fuel. It will have the capability to produce fuel with fissile
enrichments up to 10%. The feed materials are those arising from reprocessing operations on the Sellafield site,
although die plant also has the capability to receive and process plutonium from overseas reprocessing plants. The
ability to produce 10% enriched fuels, together with the requirement to use high burn-up feed has posed a number
of design challenges to prevent excessive powder temperatures within the plant. As no stimulants are available
to represent the heat generating nature of plutonium powders, it is difficult to prove equipment design by
experiment. Extensive use has therefore been made of finite element analysis techniques. The requirement to
process material of low burn-up (i.e. high fissile enrichment) has also impacted on equipment design in order to
ensure that criticality limits are not exceeded. This has been achieved where possible by 'safe by geometryb
design and, where appropriate, by high integrity protection systems. SMP has been designed with a high plant
availability but at minimum cost. The requirement to minimise cost has meant that high availability must be
obtained with the minimum of equipment. This has led to major challenges for equipment designers in terms of
both the reliability and also the maintainability of equipment. Extensive use has been made of theoretical
modelling techniques which have given confidence that plant throughput can be achieved.

1. INTRODUCTION

The design and construction of the Sellafield MOX Plant (SMP) is being carried out by BNFL
Engineering Limited. This paper gives an overview of the capabilities of SMP and outlines some of the
technical issues that have been encountered in the design. Examples are used to illustrate die techniques
for achieving design solutions to the technical issues.

2. PLANT OUTLINE

The basic plant requirements as defined by the client were;

• A design throughput of 120 t/year Heavy Metal.

• The plant must be capable of handling any plutonium dioxide material likely to arise from
reprocessing operations at Sellafield site, together with the ability to receive plutonium
dioxide from overseas reprocessors. Thus there is a wide variation in the composition of
plutonium dioxide that the plant can receive.

Initially the plant will utilise depleted or natural uranium dioxide as its feed but has the capability
to use material arising from oxide reprocessing if required.

In terms of products SMP will be capable of producing pellet enrichments up to a maximum of
10% fissile plutonium for a wide range of pellet sizes. Fuel rod dimensions and assembly configurations
to suit the majority of light water reactor designs can be manufactured. The plant product is complete
PWR and BWR fuel assemblies.
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The plant is located adjacent to the THORP reprocessing plant at Sellafield to maximise the use
of existing services and infrastructure. It also enables direct transfer of material from THORP. The
existing site services for analysis and waste treatment and management are also employed.

2.1 FLOWSHEET

BNFL has wide experience in the use of a binderless route for the production of uranium fuels.
For SMP a 'short' binderless route has been developed by BNFL which incorporates high energy milling.
This has the following benefits;

• Reduced milling time allows powders to be milled at the target enrichment.
• Elimination of the pre-compaction stage reduces equipment requirements
• Equipment size can be reduced.

The use of attritor milling, together with the elimination of a pre-compaction stage, allows the
equipment to be linked together thus eliminating the need for make and break connections every time a
batch is transferred between process stages. This reduces the potential for contamination spreading within
glovebox containment and hence reduces total background radiation levels. The ability to mill all powder
at the target enrichment also leads to an extremely homogeneous product.

An outline flowsheet is shown in Figure 1.

2.2 FLOWSHEET DEVELOPMENT

The short binderless route has been proved in the MOX Demonstration Facility (MDF), which is
also located at Sellafield. This plant has a design capacity of 8 t/year and has successfully produced fuel
which is currently loaded into reactors.

Extensive development work has been undertaken to demonstrate that the required scale-up to 120
t/year required by SMP is achievable. Initial development has been carried out, using uranium, on
individual equipment items. Further work is being carried out on a full-scale, integrated test facility to
define the operating window prior to plant testing and commissioning.

Particular emphasis is being placed on the ability to re-incorporate production scrap directly into
the process as MOX rather than by the oxidation route that has been used previously on BNFL uranium
facilities. This too is being demonstrated, both in the uranium facility and also, at a reduced scale, using
MOX material.

2.3 ENGINEERING DESIGN DEVELOPMENT

With a high throughput alpha active plant such as SMP and with the overriding requirement to
minimise operator dose there is the need for a high degree of remote equipment operation. This has
largely been achieved by the use of automated production equipment. Such equipment is not readily
available and a number of process systems, while using standard engineering techniques, incorporate some
novel design. BNFL Engineering Ltd. has substantially completed an engineering development programme
to demonstrate key features of the design.

Particular emphasis is being placed on remote welding equipment for fuel rods and also automated
inspection techniques, including the use of automated real time CCTV imaging and laser surface
inspection.

In order to minimise maintenance radiation doses, modular design has been incorporated.
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FIG. 1. SMP Process Flow Diagram

3. DESIGN ANALYSIS

With both areas of development mentioned above extensive use is made of simulant materials to
replicate the behaviour of MOX materials.
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For flowsheet development uranium dioxide has sufficiently close properties to MOX for it to be
used as a representative simulant. Likewise, for engineering development, extensive use has been made
of uranium pellets and other simulants, such as steel pellets, which replicate the parameters under
investigation.

Such simulants allow development work to be undertaken without the requirements for alpha active
facilities which would be required for work with MOX materials.

There are however some properties of plutonium dioxide that are difficult to simulate. One such
is its heat generating nature. MDF has been used to process material arising from relatively low burn up
fuel, typically 30 GWd/t. SMP however has to process material of between 30 and 55 GWd/t. This leads
to a ten-fold increase in the heat generated within MOX powder in SMP compared to that experienced in
MDF.

The usual method to remove heat from process equipment would be to employ a heat transfer
medium and forced convection to carry the heat away from the equipment. In the case of SMP the use of
water is excluded by criticality safety considerations. The alternative of high gas flows through
containment systems is not favoured due to the potential to spread contamination throughout the plant.
Further problems are encountered due to the poor conductivity of MOX powders. One approach would
be to agitate powders to improve conductivity of the bulk powder. However in a plant that goes to some
length to agglomerate powders to improve the flow properties high agitation levels cannot be tolerated as
they may destroy the required powder characteristics.

Because no simulant is readily available to investigate the impact of this heat generation rate on
plant and equipment, BNFL Engineering Ltd. has adopted a theoretical approach to its development work,
making extensive use of computer analysis techniques to predict temperatures within equipment and ensure
that excessive temperatures are not generated.

Finite element analysis has been used to model particular items of equipment. This involves the
production of a model net in either two or three dimensions as appropriate. The mesh represents both the
geometry and the material. The thermal properties of the material are applied and either steady state or
dynamic analysis performed. Generally the process equipment contains heat generating powder that is
resident for varying lengths of time. This makes the model, by definition, dynamic. However to allow
for fault conditions where powder may be held up in equipment, steady state analysis is carried out.

For example the plant contains a number of hoppers which, for reasons of criticality prevention,
are designed as slab vessels. Heat transfer assessments made of the initial design of hopper indicated that
unacceptably high temperatures might be experienced during fault conditions. Further analysis was carried
out to determine the optimum hopper dimensions to allow heat to be successfully dissipated and the hopper
redesigned.

Analysis has also been carried out using computational fluid dynamic (CFD) techniques to
demonstrate that natural convection will give sufficient heat flow to maintain equipment at acceptable
temperatures.

CFD analysis was used to confirm the design of a store for boats of fuel pellets. Initial designs had
shown an unacceptable temperature build-up within the store due to poor gas flow. CFD analysis was used
to optimise the flow and achieve acceptable temperatures.

A major problem with the use of such computer modelling is validation of the results. To this end
some development work has been performed to model the plant equipment. This has shown that the model
predicts similar equipment temperatures to those found experimentally.
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4. EQUIPMENT RELIABILITY AND THROUGHPUT

Equipment development by its nature tends to investigate pieces of equipment in isolation.
Generally it is not cost effective to perform extensive development on large integrated sections of plant
prior to plant commissioning. An alternative method is therefore required for demonstrating plant
capability and exploring the sensitivity of throughput to variations in operating parameters and assumptions.

The requirement to minimise overall radiation dose within a plant such as SMP leads to the
requirement to minimise in-plant inventory and, therefore, buffer storage. A consequence of this is that
all equipment becomes closely matched in terms of its throughput.

To carry out this work, BNFL Engineering Ltd produced an operations research model of the
plant. The model reflects the plant flowsheet and operational sequences and incorporates data and
assumptions on equipment failure rates and repair times. Random number techniques are applied to the
frequency and duration of failures to allow investigations of the expected throughput of the plant and
identification of any bottlenecks. The model is currently being used to determine the optimum operating
regime to maximise throughput for given plant order schedules.

Data on expected equipment availability has been obtained by comparing SMP equipment with
similar equipment in use on uranium fuel plants with appropriate account taken of the alpha active
environment in which SMP equipment will be operating.

During initial plant design the capacity of the plant blender was investigated. Theoretical modelling
allowed the blender capacity to be optimised so as to maintain overall throughput while minimising
sampling costs.

5. SAFETY CONSIDERATIONS

As with any facility safety is considered of paramount importance and full account of safety
requirements must be taken in the plant design. The main hazards identified in the plant were dose uptake,
criticality and loss of containment. Detailed dose uptake assessments, including the use of computer
modelling to calculate expected dose rates, have been carried out to assess proposed plant design and
identify areas of concern. Particular use of these techniques has been to determine equipment shielding
requirements and the information has then been used to allow design improvements to be carried out.

With a highly automated plant such as SMP there is the potential that increased plant complexity
will lead to higher maintenance doses. Detailed evaluation of equipment design at an early stage has been
carried out and the findings incorporated into plant design. This will confirm that equipment is readily
maintainable and that dose uptake targets are achieved.

The plant has been analysed to identify criticality hazards. The small size of process equipment
within the powder processing area made possible by the use of the short binderless route has enabled all
the powder processing area to be designed as inherently safe by shape.

For downstream plant areas simple but high integrity protection systems, which are independent
of the plant control system, have been engineered.

6. SUMMARY

The Sellafield MOX plant has represented a major challenge to the design team of BNFL
Engineering Ltd and is a significant scale up of the MOX Demonstration Facility.
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In order to demonstrate that scale up is achievable an extensive development programme has been
carried out. This programme encompasses both traditional laboratory and pilot plant scale equipment and
the use of computer analysis techniques.

In the safety area a systematic approach, based on design analysis at an early stage and feedback
into detailed design, ensures that the plant design complies with all BNFL's safety criteria.
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