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The nuclear reprocessing facilities at Sellafield are a key component of the International
business of BNFL. The operations carried out at the site extend from the receipt and storage
of irradiated fuel, chemical reprocessing, plutonium and uranium finishing, through mixed
oxide fuel production. Additionally there are a wide range of supporting processes including
solid waste encapsulation, vitrification, liquid waste evaporation and treatment.
Decommissioning of the site's older facilities is also proceeding. The comprehensive range
of these activities requires that the safety assessment team keeps up to date with
developments in the field, as well as conducting and sponsoring appropriate research into
methodologies and modelling in order to deliver a cost effective, timely service.

This paper will review the role of Probabilistic Risk Assessment (PRA) in safety cases for
operations at Sellafield and go on to describe some areas of PRA methodology development
in the UK and in which BNFL is a contributor. Finally the paper will summarise some specific
areas of methodology development associated with improving the modelling of fire and
explosion hazards which are specific to BNFL.

SAFETY ASSESSMENT AND THE ROLE OF PRA

The basis of a complete and robust safety case lies in a comprehensive hazard identification
process. BNFL employs the Hazard and Operability Study approach (HAZOP) (Ref 1) and
has developed specialised sets of key words specifically tailored to facilitate the examination
of nuclear chemical processes (Fig 1). The use of computer based systems to prompt and
record the study has been introduced and is undergoing refinement. The potential initiating
events for hazards are then grouped into similar, related topics to facilitate the production of
hazard assessment reports, each addressing a logical grouping - for example loss of
containment scenarios. Fig 2 illustrates the components of a typical hazard assessment.

Criteria

The demonstration of safety using a PRA based methodology requires accident risk criteria to
be defined. Such criteria have been in use at Sellafield since the early 1980s and consequently
in their present form (Ref 2) they benefit from over a decade of development and refinement.
Most specifically they take cognisance of the two major publications issued by the UK
Regulators (Ref 3 and 4) which define the standards against which the acceptability of
BNFL's licensing submissions will be judged.
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Tlie primary criteria are concerned with the acceptability of risk from the whole of the
Sellafield site from fault conditions with allocations of that total risk being assigned to
individual plants. The fundamental principle is that the summed risk of death from operations
on site to members of the public should be less than 10"6 per year and that the summed risk of
death for a worker on a plant should not exceed 10'5 per year. In deriving criteria, a mortality
risk factor is used which relates the risk of death to the amount of low level radiation received.
In the analysis of risk to members of the public, appropriate critical groups have been
identified. These critical groups, represent people who because of either their location,
employment or lifestyle represent the most exposed members of the public. Due consideration
is given to both aerial and marine discharges, and appropriate critical groups are identified for
each type of release. For example the critical group for an aerial release will be those
individuals who live or work close to .he site boundary whereas the group identified as most at
risk from a marine discharge could be for example, fishermen working the estuary or people
living on boats.

In addition to the primary criteria based on this principle, ie those which limit the summed
mortality risk for the most exposed member of the relevant group, a series of secondary criteria
have been developed. These additional criteria account for the sensitivity of the public to
maloperations on the plant and in particular consequence aversion. They limit the frequencies
of certain categories of events to levels below that which would be necessary on pure risk
grounds.

For each criteria there is, therefore, a consequence and frequency component. For example,
the summed frequency of an operator receiving an accidental radiation exposure in excess of
50 mSv must not be greater than 1E-3 y"1. Clearly the consequence threshold must be
breached in order for a frequency target to be applicable.

Finally there are low levels of consequence which can best be regarded as trivial. The criteria,
therefore include a cut off point below which no further assessment is required.

Modelling Consequences

When modelling a particular scenario, the normal technique is to identify wherever possible a
'bounding case' which adequately covers the identified fault or fault set. Tins is done by
modelling the scenario for the worst relevant case as appropriate.

For example, if the analysis concerns lifting a load, in order to assess damage caused by
dropping the load, the heaviest load normally lifted is used. If, however, we are concerned
with loss of containment following a drop the highest potential release is assessed. This may
be either the flask which sustains the greatest damage on impact or the one which carries the
greatest inventory, depending on which will bound the risk - which by implication includes
frequency consideration.

The first stage of the assessment is therefore to calculate the potential consequences of the
fault. These are calculated, where appropriate, for workers in the plant that is affected,
workers in the surrounding areas and for relevant members of the public. Clearly these
populations will vary with the fault being studied and the type of release mechanism.
Coincident failures of cell extract and gas clean-up systems are considered as a route to such
exposures.
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A set of databases are maintained which provide input to the analyst's calculations. These
include a consequence database containing release fractions and decontamination factors which
has been built up over a considerable number of years. The information is gathered from both
published sources and sponsored experimental work and is backed up by plant history and
event experience from Sellafield, together with other events reported around the world.

Where an event can be shown, even on the basis of grossly pessimistic assumptions, to result in
negligible or trivial consequences it will not be necessary to refine the assessment further. For
example, for a public aerial release, if the estimated committed dose to a member of the public
can be shown to be less than 10 (.iSv (all pathways) no further assessment need be carried out.
To put this figure in context the average annual dose to members of the public in Britain from
natural radioactivity is about 2200 |.iSv (with areas as high as 6000 uSv). Another example is
that at the typical cruising height of a passenger aircraft, a dose of around 10 (.iSv would result
from a two hour flight.

Analysing Frequencies

Wliere a frequency calculation is required, standard techniques for constructing fault trees are
used. A computer code has been developed specifically for this purpose. Common cause
failures are accounted for within that code using our own model. For more complex scenarios
complementary methodology is available to allow the use of event trees.

Frequency calculations require specific information on plant equipment performance, which is
obtained from a reliability database. For operational plant, reliability data is derived from
analysing the actual performance of equipment in service. Over the years BNFL have invested
heavily in gathering such data. Sellafield staff have collected information on approximately
2000 equipment groups, comprising some 30,000 individual items and over 50,000 individual
faults. In the case of a new plant at the design stage information is extracted from a variety of
sources including manufacturers' literature and published databases. Prior to the use of such
data a unique data sheet is generated by reliability engineers, who provide advice on usage and
applicability of all data. In addition, they check values and failure modes against experience in
other plant with similar operating conditions to ensure consistency. Similarly a 'human factors'
database is available, with experts providing advice and ultimately independent verification.

Each item of information extracted from the databases for use in assessments is uniquely
referenced and traceable. This facilitates the Quality Assurance checks undertaken on
HAZANs by suitably experienced personnel within the department, both for accuracy and
applicability.

Robustness of the Safety Case

Having completed the consequence calculations and any required frequency estimation the
results are then compared with the relevant criteria. Some events will not have breached a
consequence threshold, whilst others will have been subject to a Hill consequence and
frequency analysis. This comparison will show which events, if any, breach or approach
criteria. While it is extremely rare for events to approach the primary risk criteria, it is less so
for secondary criteria.
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The final stage of the assessment requires a study of the sensitivity of the estimated risk to
possible variations in the basic event data to be performed whenever the primary risk target is
approached within an order of magnitude by a single fault. This study addresses both
consequences and frequencies. The sensitivity of the estimated consequence is investigated to
explore the effects of data variations and establish the particular elements of the model to
which the result is sensitive; this allows ihe assessor to examine the model for excessive
pessimism, or to provide more robust supporting information when the safety case requires it.

Generic Approaches

As with any technique which requires expert judgement to construct a model of the real
situation, there is a tendency for variations in the approach taken to the issue and in
presentational style. Where similar fault scenarios exist on a range of plants, these individual
variations in approach not only incur a cost penalty at the assessment stage as each individual
assessor seeks his own approach to the issue, but carry the additional potential overheads of
increased costs during the QA stages of assessment validation, confusion amongst plant
operators and challenges from the regulator.

Tims the potential exists for benefit to be gained from standardised approaches to a range of
commonly encountered hazards. At Sellafield we have sought to capitalise on these gains by
producing a range of guidance notes which specify preferred approaches to assessors.

PRA DEVELOPMENT IN THE UK

In this section the current research and development activities at the national level in the
United Kingdom are described. The programme is supported by BNFL and the nuclear power
utilities, Nuclear Electric and Scottish Nuclear. The UK Regulator, the Nuclear Installations
Inspectorate plays a significant role in the definition and monitoring of the programme.

To aid the description, current activities can be grouped under two broad headings, validation
of PRA and PRA methodology development.

Validation of PRA

Looking at validation first, it is perhaps not surprising to find a scoping study to aid definition
of the range of validation required by examining the extent of uses to which PRA is put. For
each type of use the specific objectives will be listed in order to identify the key validation
requirements.

A project on 'fault tree consistency' is considered necessary because constructing fault trees
requires 'judgements' on the part of the assessor judgement on what aspects are significant and
should be included in the model and how to set up the model. In the project, different
assessors will be asked to construct a fault tree based on a specified problem and with identical
reliability databases. The fault trees will then be compared, and a judgement will be made on
how significant any differences are.

'Accident sequence precursor analysis' notes that some fault trees predict some plant
abnormalities at high frequencies eg 1 y'1. The project seeks to investigate how predictions
compare with ieality.

- 145 -



JAERI-Conf 96-003

A project on 'reliability data' has been set up to answer the question "should reliability data be
collected for components or for systems?". Fortunately, in this area BNFL is well served by
the results of its internal investment in data collection and analysis.

PRA Methodology

It is important to take proper account of'common cause failure' (CCF) in PRAs. Many CCF
methodologies exist, each having a claim to be the most accurate, or easiest to use. The
project will set up an operational experience database for CCFs which should allow validation
and calibration of methodologies.

The 'uncertain analysis' project is required because PRA results are a mathematical
combination of many base events, for each of which the mean value has an uncertainty
associated with it. It is far from clear what effect uncertainties in base event values has on the
uncertainty associated with the end event values; this project will attempt to clarify this effect.

'Worker risk' is generally assessed by PRA on nuclear chemical plants (including Sellafield)
but not on nuclear power plants. The project will query whether the same techniques are
applicable to nuclear power plants, or whether any modifications will be necessary.

'Living PRA' uses an on-line computer model to allow a reactor operator to monitor the risk
rate associated with current equipment outages. Hopefully, this is used to ensure that risk is
kept low by avoiding 'bunching' of outages. BNFL do not see this as a significant advantage
in chemical plants: since many associated hazards are intermittent, the instantaneous risk rate is
inherently highly variable, and cannot sensibly be held within narrow bands. To use a simple
analogy, the level of risk we find acceptable in a plane coming in to land we would not find
acceptable if sustained for the entire duration of a flight from the UK to Japan. Our views on
the tolerability of the risks associated with air travel are based on the balance between the
overall risk and the overall benefit. Nevertheless the project will seek to explore extending the
living PRA concept beyond the very few reactors in the UK where it is currently being applied.

The 'event based seismic PRA criteria' project begins by noting that seismic PRA criteria are
currently based on risks which are acceptable to the public under 'normal' circumstances.
However, in the event of a severe earthquake, the direct non-nuclear consequences maybe so
large as to make the nuclear risks trivial by comparison. The ambition of this project is to test
the proposal that nuclear criteria might be based on the non-nuclear risks presented by each
earthquake 'size'.

SPECIFIC BNFL DEVELOPMENTS

Having described above the general areas of methodology development irs the UK, this final
section will discuss some examples of where BNFL safety assessors have generated novel or
enhanced approaches to benefit Sellafield plant operations.

An assessment might require detailed re-examination for a number of reasons.

Overpessimistic modelling of the consequence of a potential fault scenario, even where the
frequency targets are comfortably met, can create difficulties. It can result in the
overspecification of protective systems and put unnecessary constraints on the operating
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envelop of the plant. It can also have the effect of sensitising the regulator; regulators tend to
have a natural aversion to high consequence events at any frequency. In rum this can lead to
requirements to make plant modifications, with operators incurring dose uptake and funds
being committed on a false premise.

Alternatively a plant operation which had been adequately covered by a relatively simple
assessment, perhaps one of the standardised generic approaches discussed above, may be the
subject of a proposal to modify the process which causes the assessment to breakdown.

In principle the route to improving an analysis is straightforward. Since the analysis
is essentially a model of a real, complex situation it will normally contain a number of
simplifying assumptions., there is usually scope to re-examine the modelling assumptions
utilising plant specific details and specialist advice. The skill lies in knowing which aspects of
the model to investigate to best effect the required improvement!

The re-examination process can proceed in several ways (Fig 3). The most common methods
are to look first at reducing either the consequence or the assessed frequency of occurrence.
However assessors should not lose sight of the option of reviewing the literature or
commissioning further experimental work in order to demonstrate that the perceived hazard
cannot arise. For example, either the physical performance of flask drop tests or the
application of stress analysis codes might reveal that containment is not lost if a flask is
dropped in a hoistwell.

It should also be borne in mind that a positive outcome to the re-examination process is not
guaranteed. For example, the assessor may form the opinion that whilst the model is
pessimistic, there is no justifiable or cost effective enhancement that can be made, at least in
the short term.

Hydrogen from U Metal Fuel and Cladding

Prior to the commissioning of the Magnox Encapsulation Plant swarf, from the decanning of
uranium metal fuel (Magnox) was sent for interim storage in water filled silos. Considerable
quantities of this material continue to be stored awaiting retrieval and encapsulation.
Corrosion processes create hydroxides and release hydrogen gas. Consequently an identified
hazard is a hydrogen fire initiated by a failure of the plant's ventilation system, resulting in
hydrogen build up and a flammable atmosphere being created. An ignition source is assumed
to be present because it is difficult to demonstrate the complete absence of one. In order to
reduce the frequency of this perceived hazard to an acceptable level, air ejectors were fitted to
the plant as an additional means of controlling the build up of hydrogen should normal and
back-up extract systems fail.

The re-examination of the safety case looked into the effect of hydrogen buoyancy. An
analysis revealed that even in still atmospheric air, ie with no wind creating a draft effect in the
stack, the buoyancy of the hydrogen enriched air was sufficient to keep the hydrogen levels
within the plant below the flammable limit. An important ingredient in making this case was
the data collected on hydrogen evolution rates.
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The result of this re-examination is a realisation that even with a failure of the ventilation
system, a dangerous accumulation of hydrogen gas will not occur on the plant. The air
ejectors are not needed, avoiding a proposed S0.7M refurbishment programme.

There is an additional benefit. In the event of a ventilation failure and the use of air ejectors,
the radioactive discharge of the plant would be increased. The new arrangements, while they
would still produce a slight discharge over the plant norm (if called upon), would give a much
lower radioactive discharge than the previous arrangements. Consequently a reduction in
pessimism led to a safer arrangement.

Radiolytic Hydrogen

The chemical processes at Sellafield expose water to high radiation fields, both as a solvent in
reprocessing streams and in subsequent treatment steps. Radiolysis takes place producing
hydrogen and other gases, whose composition depends on the chemical nature of the
radiolysed liquor. Accumulation and combustion of radiolytic gases has been recognised as
having the potential to cause significant plant damage.

The existing approach essentially assumed the threat from hydrogen generation to be real by
making very pessimistic assumptions concerning the rate of hydrogen generation, how it might
accumulate in plant process vessels, the extent of damage done in any explosion and the
consequent release of activity. The standard approach allowed almost every scenario which
could not be dismissed immediately to become a high consequence hazard. The safety case
was made by relying on active removal devices and achieving the frequency target.

However, there were one or two problems with tlu's simplistic approach:

it led to the identification of high consequence scenarios which attracted regulatory
concern
on old plant it gave devices which actively purged hydrogen (eg level indication
pneumercators) a higher safety significance than designed for
on new plant it led to considerable expense in the provision and maintenance of
engineered purging systems
it was increasingly seen as unreasonably pessimistic when compared with real plant data
and engineering judgement.

Consequently, a more realistic approach has been developed. The simplistic approach outlined
above has become an initial screening stage. Where it shows a potential problem, the matter is
then considered more carefully to establish the possibility of radiolytic gas combustion, and if a
significant release could result. The structure of the additional consideration takes the
following form:

for this system, what is known about actual rates of hydrogen production ? (system
chemistry may mop-up hydrogen, geometry or lack of agitation may depress rates well
below those reported for short-term small-scale lab work)
what (active) adventitious or passive dispersal processes can be identified, and would
those which can be quantified allow a flammable mixture to be retained?
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if so, how long would it take to reach flammable concentrations, and could other
significant thresholds be exceeded (mixture gives significant pressure rise on
combustion, mixture is detonable) ?
what is the worst pressure rise or shock wave that could be expected, and would the
containing vessels withstand them (if so, consequences will probably be much lower) ?
where would failure be expected to take place (and hence what is the radioactive
inventory participating in any release) ?

It may then be possible to show that no release will take place, or that it will be less severe or
involve a lower inventory, or that only under exceptional circumstances (hence at a very low
frequency) could a release take place.

Shearing of BWR Fuel with Water Channel in Place

The baseload and post baseload contracts for reprocessing oxide fuel in THORP require the
removal of the external water channels, sometimes called shrouds, from BWR fLiel. A number
of utilities have requested BNFL to receive fuel with the water channels still in place. The
objective is to reduce dose uptake to power station operators. Consequently BNFL re-
examined the THORP safety case against the idea of shearing BWR fuel into the dissolver with
the zircaloy water channel in place. This investigation revealed that the only significant issue
related to the potential for increased zircaloy fines from the shearing process which could
result in a dust cloud explosion. All other issues from increased fines, for example nitric acid
reaction and ignition of diy fines were already within the bounds set by the cunent safety case.

A review of both Sellafield and ORNL shearing data was performed. This data indicated the
main variables in zircaloy fines production. For example, hydriding of zircaloy increases
brittleness and this in turn produces more fines. The total cross sectional area of zircalloy in an
element is also a factor in the amount of fines produced on shearing. The examination of this
work also allowed the identification of good simulants to be identified for both the behaviour
of the UO2 fuel and reactor grade zirconium.

The next step was to establish a rig to look more closely at the sensitivity of the production
fines. The identification of the simulant has allowed this research to be performed in a timely
and cost effective manner, avoiding the complications of handling uranium and the costs of
reactor grade zircaloy. However the simulants have been validated against the actual
materials. The research programme has investigated the effect of the number of pins in an
element and the position of cut within an element eg a cut through the pin plenum, fuel region
and grid position.

As a result of this R&D programme BNFL have shown that shrouded BWR fuel from the
utilities requesting the change will not produce more zircaloy fines than a standard 15x15
PWR element with zircaloy clad fuel pins. Consequently, the shearing of such fuel will lie
within the existing safety envelope.

Uranium Hydride

Uranium hydride forms as a corrosion product from the storage of uranium metal fuel under
water. Uranium hydride is pyrophoric in concentrations above about 10% if allowed to dry
and exposed to air. Consequently the potential for fire, initiated by hydride but spreading to a
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more general uranium fuel fire has been recognised in U metal fuel handling plant. A fuel fire
would be an event with major off-site consequences.

During the normal operation of these plants the scenario has been shown to be acceptable by
virtue of the predicted low frequency. The key elements of making the frequency argument
were:

prompt reprocessing which limits the extent of Magnox cladding corrosion, which in
turn limits fuel corrosion
limited amounts of fuel with swollen ends, which split the cladding and had high surface
areas of uranium for the hydride to form
keeping the fuel and swarf wet at all times

The need to clean up and decommission the older meU' fuel facilities has prompted a more
detailed examination of uranium hydride formation in order to derive a more realistic model fo/
the safety case. Every step in the chain from fuel corrosion to the onset of a fuel fire has been
re-examined.

Looking at the onset of uranium metal corrosion, the conditions must be unusual to result in
significant hydride production. There must be no oxygen present. There must be a high
hydrogen concentration. The hydride must not be exposed to liquid water. High hydride
levels occur only following limited water ingress through small perforations in fuel cladding.
Uranium corrosion with liquid water always results in non hazardous hydride levels in the
uranium corrosion products.

In the event of extended fuel storage, as will be the case for fuel encountered in
decommissioning operations, slow oxidation occurs, and the hydride is destroyed. Further
production of hydride is mitigated against by the progressive corrosion of the fuel cladding and
the more general exposure of uranium to water. It is observed that after some 3 years of
storage, the corrosion of fuel with swollen ends has progressed to a point where the end region
(which is the most susceptible area for hydride production and the initiation of a serious
uranium fire) has been corroded away.

It has been calculated that sufficient hydride to ignite a fuel rod can exist only in swollen fuel
rod ends with their high surface area and thin layers of uranium metal. Therefore the high
consequences associated with a fuel fire can only occur with fuel with swollen end regions
covered in high concentrations of hydride. There is a limited potential for small fires to occur
from hydride protected beneath residual cladding. However for a hydride fire to occur dry
hydride must be exposed to air. Storage and handling fuel rods in wet conditions, together
with the low radiolytic heat released by old fuel rods means that fuel will take periods of
several shifts to dry out completely, reducing the frequency of even minor fires.

The use of this information results in uranium hydride ceasing to be a major concern across a
large range of typical decommissioning operations. It also allows the highlighting of specific
areas where the potential for hydride to be present may be rather more significant, for example
where fuel has been stored long term in PIE bottles.
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CONCLUSIONS

Probabilistic Risk Assessment is a central component of the BNFL approach to safety
assurance. It is well suited to the wide range of processes carried out on the Sellafield site.
The company was one of the pioneers in the introduction of the methodology to the nuclear
chemical industry developing numerical criteria against which the acceptability of operations
could be judged. Now, two decades later, BNFL continues to invest in the development of the
technique.

With the maturity of the methodology assessors are adopting standardised, generic approaches
to improve consistency and lower assessment costs. This allows assessment effort to be
invested in re-examining high consequence or operation limiting scenarios and the benefits of
four such re-examinations have been discussed in this paper.

REFERENCES

1 A Guide to Hazard and Operability Studies, Chemical Industries Association, 1977.

2 Derivation of Probabilistic Safety Criteria for Design and Operational Safety of Nuclear
Fuel Cycle Facilities Operated by BNFL, J Coote, IAEA, Vienna, 1989.

3 Safety Assessment Principles for Nuclear Plants, HSE, HMSO 1992.

4 The Tolerability of Risk from Nuclear Power Stations, HSE, HMSO 1992 (2nd Edition).

FURTHER READING

1 Hazard Studies and Hazard Analysis, Ten Years On, J T flidge, IChemE Loss
Prevention Bulletin 053, 1983.

2 A Major Programme of Probabilistic Safety Analysis at BNFL Sellafield, C L Leighton
and P W Ball, Proceedings of Reliability 1989, Brighton, UK.

3 The Role of PSA in Achieving Safety on Nuclear Chemical Plant, B R Martin,
ICONE 3, Kyoto, Japan, 1985.

- 151 -



JAERI-Conf 96-003

Drawings Instructions

Quality
Control

. Identification
of Potential ̂
Fault Coit ions

HAIOP *

Scheduled Faults I
and Causes 1

Operational
Experience

Process
Information

Maintenance
Experience

Incident History

Previous
Safety Case

Comprehensive
Records

Fig 1 - The HAZOP Process

- 1 5 2 -



JAERl-Conf 96-003

Instructions

Comprehensive
Quality Control,
and Review

: HAIAHs

Potential •

ftibltc
Operator

Inventory and
Flowsheet

Release Fractions
and DFs

Item Reliability Data
(Plant-Specific
where available)

Human Error Data

Plant History

Fig 2 - Inputs to a Hazard Analysis

- 153 -



JAERl-Conf 96-003

, Gmmlc Assumptions

As for Generic
Assumptions

Plant Specific
Details

Specialist
Advice

Reduced Reduced Can't
Frequency Consequences Happen

Fig 3 - Re-examining Safety Assessment

- 1 5 4 -




