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SUMMARY

The current safety case for the Wylfa graphite cores is set out in NP/SC 4807 and its Addenda 1
through 5 and covers operation up to September 2014, The safety case is based on fo  legs:
inspection and sampling, monitoring, structural integrity assessment and consequences of failure
analysis. It was noted in Addendum 5 that a probabilistic assessment of the risk of clad melt due
to graphite brick cracking was also being undertaken, f >wing the methedology developed for
Oldbury, to provide further support to the safety case. The probabilistic assessment has now
been completed and this Addendum presents the results obtained and shows how they
strengthen the existing safety case.

Key input parameters and model g assumptions are summarised, higl jhting (as appropriate}
differences from the Wylfa deterministic assessm¢  and the Oldbury probatilistic assessment.
The resuits indicate that the nuclear safety risks associated with graphite brick crack tion,
crack progression, brick splitting and consequential coaglant gas flow diversion are well within the
Broadly Acceptable region for operation up to Septemher 2014, This conclusion is not sensitive
to changes in the input parameters.

The opportunity is also faken to consider the implications of recent developments emerging from
the ongoing programme of work in support of the safety cases for the Wyifa and Oldbury reactor
graphite cores.

Members of the Nuclear Safety Committee are recommended to advise the Chairman to:-

1. NOTE that the results of a probabilistic assessmi  confirm the risks associated with
graphite bk crack initiation, crack progression, brick sp  ing and consequential coolant
gas flow diversion to be Broadly Acceptable, thereby providing additional suppo o the
safetv case reviewed a | summarised in Addendum 5.

2. NO" the proposal to present a further Addend  to the NSC prior to the end of 2010.
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1 INTRODUCTION

The safety case for confinued operation of the graphite reactor cores at Wyifa Power Stalion
was most recently reviewed in NP/SC 4807 Addendum 5 (Reference 1) which was presented to
the December 2009 Nuclear Safely Committee (NSC). The safety case is based on a
demonstration that the geometry of the control rod channels is maintained such that there is no
impediment to rod insertion during normat operation or faults, and a demonstration that core
flow geometry is maintained sufficient to e ure adequate fuel cooling. The demonstration of
these key funclions is based on four main safety case elements; inspection & sampling,
monitoring, st >tural assessment and consequences. The 2009 review considered the safety
case implications, for these four elements, of recent inspectio sampling and monitoring
activilies as well as developments in assessment methodologies and data. The review closely
followed the format of previous submissions but was exiended to provide a safety case for
operation ol e graphite cores to September 2014.

Results obtained from inspection and monitoring activilies completed since the previous review
were discussed; it was shown that the results from the | JREBORE programme and TV
inspeclions were consistent with expectations although some difficulties were initially
experienced with the re-inspec n of a previously reporied defect in Reactor 1 channel
0315/10. Nevertheless the defect was subsequently identified and an audit of the inspection
quality arrangements confirmed them to be satisfactory albeit with some minor issues to be
addressed prior to the 2010 inspections. A statement was made under Matters Arising at the
March 2010 NSC (Reference 2) reporting the resolution of these issues; although the camera
system met the requirements of the safety case, a number « pote al provements were
made to the syste  and its operation and maintenance, prior to its deployment during the 2010
statutory outage.

The most recently available weight loss measurements obtained from trepanned samples were
presented and, with the exception of those obtained fi  a single channel (1223/15) in Reactor 1,
which showed anomalously high weight losses at layers 4 and 7, the results obtaine were
within expectations. Anomalously high weight losses associated with channel 1923/15 on
Reactor 1 had been reporled in previous reviews but it was shown that strength utilisation
factors (UFs) were not substantially affected and that the safety case remained secure. This
position was reviewed in the light of the 2009 measurements and it was confirmed
(Reference 1) that the safety case remained robust against such anomalies, even if they
occurred at locations of peak hoop stress.

Other monitoring activities undertaken since the 2008 review, including refuelling, co ol rod
movement checks, CGOT mol orin and operation of the BCD system, did not identify any
« allenge to the maintenance of the key safety functions of the graphite core.

The structural integrity assessment methodology and the calculation of UFs were unchanged
from the 2008 review and no further assessments were underlaken. However it was noted that
emergent data in :ated improved flexural strength values from installed sets withdrawn in
2008. The integrity assessment also considered the im| :ations of thermal loads arising during
refuelling activities and argued that the associated transient is benign compared to a shutdown
transient and that the effect on core risk is therefore low.

Thus the 2009 review identified no substantive issues which presented a significant challenge

to the safety case, and it was concluded that the graphite cores of both reactors remain
acceplable for continued operation up to Mean Core Irradiations (MCls) of 34.1GWd#t for
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2.2 Differences from Oldbury

34

There are some key differences between the Wylfa and Oldbury graphile cores that have a
bearing on the outcome of the probabilistic assessment to be reported below. The most notable
differences are:-

Core Size: The Wylfa cores are much larger than those of Oldbury which have only 3308
fuel channels per reactor and 10 moderator brick layers per column. Hence, more bricks
contribute to the overall risk of clad melt at Wyifa.

Brick Size: The fuel channel pitch is the same at both sites. However, the square bricks at
Wyifa are smaller than those at Oldbury and, to maintain the same pitch, the reverse is
true for octagonal bricks. The magnitude of ther il stresses developed within bricks is
influenced by brick geometry and thickness and hence the relative likelihood of crack
initiation and progression within square and octagonal bricks is different for Wylfa,

Keying Arrangements: At Wylfa, the keyways and inter-brick graphite keys are confined to
a short length at the top of each brick and do not span horizontal layer interfaces. This
arrangement results in a very open core from the flow perspective. Once coolant has
escaped from the fuel channel there would be little flow resistance and therefore all bricks
in the Wylfa cores will contribute to the clad melt risk, irrespective of whether they have
interstitial cut-outs or not. This contrasts with the keying arrangements at Oldbury, where
the keyways and inter-brick ¢ aphite keys are continuous over the full length of the fuel
channel and only 2se bricks where crackin could dis irge by-pass flow into an
interstitial  annel contribute significantly to the overall clad meit risk.

Spigots: At Wylfa, the spigots at the upper end of each brick are substantial and have very
small diametrical clearances (0.7mm)} to the ca iter-bore machined in the brick above.
The graphite bricks atl Oldbury also have spigots but these are less substantial than the
spigots at Wylfa and a relatively large spigot to counter-hore clearance (17.5mmj) exists.

3 more subst tial spigotted joints at Wylfa have the potential to prevent crack face
separation at the upper end of a doubly cracked brick.

Graphite Material Properties: Weight loss in the graphite cores affects a number of
material properties that collectively determine stress and strength within the moderator
bricks. It has been observed that the predicted end of generation (EoG') fuel channel wall
(FCW) weight losses and the rate of weight loss with irradiation dose are lower at Wylfa;
peak predicted weir t losses at Wi a are generally abo half « those predicled for
Oldbury. Hence significant differences in the values and trends of material properties
relevant to the prediction of stress and stieng  are to be expected.

PROBABILISTIC ASSESSMENT APPROACH

Scope and Objective

The safety case for the Wnifa cores, developed through NP/SC 4807 and its addenda, has
demonstrated that the likk 0o of axial brick splitting, with the potential to lead to subsequent
fuel overheating, is dominated by the risk of crack initiation at the FCW during the temperature
transient following a reactor trip. It has been concluded that the associated nuclear safety risks
lie in the Broadly Acceptable region as defined in the Safety Review Guidebook (SRG,
Reference 5). The probabilistic assessment has therefore similarly been focussed on evaluating
the likelihood of clad melt as a result of axial splitting of the graphite bricks, initiated by cracking

' #0G is taken to be September 2014 throughout this submission.
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ASSESSMENT AGAINST THE NUCLEAR SAFETY PRINCIPLES

The 2009 annual review reported in NP/SC 4807 Addendumn & (Reference 1) provided the most
recent assessment of the graphite safety case against the NSPs. That review did not identify
any changes to the basis or principles on which the graphite safety case was made, but
reported a number of 1provements that had been com| ted in support of the safety case.

There are no changes in compliance with the NSPs as a result of this current submission.
However, the graphile safety case has been further strengthened by the probabilistic
assessment reporled here. In particular, the resulis of the assessment confirm that the
radiological risks associated with graphite brick cracking and coolant flow by-pass lie in the
Broadly Acceptable region {NSP 3). Improvements in ihe reliabilily of the operator to manually
trip the reactor in response {o BCD alarms (NSP 2.2 {e)) have also been confirmed (Section 5
above and Reference 23); this improved operator effectiveness is based on plant and
procedural mod :ations and operator training and awareness.

NSP 3 states thal best estimate methods and data ¢ uld preferably be used for transient and
other plant analyses, for radiological analysis and for frequencies and probah ies. Where this
is not practicable, reasonably conservative assumptions should be made but the accumulation
of pessimisms should be avoided. As noled in Section 4.1.4 above, the probabilistic
assessment presented this current submission has included a number of pessimistic
assumptions and hence the predicted clad melt probabilities could be conservative by up to
several arders of magnitude. Nevertheless, even with these conservatisms, the results obtained
demonstrate a very low level of risk and hence provide robust support to the safety case.

CONCLUSION

The restilts of a probabilistic assessment indicate that the nuclear safety risks associated w
graphite brick crack initiation, crack progression, brick splitting and consequential coolant gas
flow diversion are well within the Broadly Acceptable region for operation up to September
2014, This conclusion is not sensitive to changes in input parameters.

RECENT DEVELOPMENTS

A programme of work is currently ongoing to support the safety cases for the Wylfa and Oldbury
reactor graphite cores. The work is aimed at improving understanding of graphite behaviour and
refining associated assessment methodologies.

As previously reporled in the most recent Wylfa and Oldbury graphite safety cases
(References 1 and 24 respec ely), the axial variations in el channel bore radius, as
measured by the NOREBORE system have been used 1o deduce the gradients of the graphite
brick dimensional changes; these dimensional change data were then used to infer strain and
stress in the bricks (Reference 25). This work resulted in a more accurate prediction of the
temperature derivalive of dimensional change which very strongly affects brick hoop stresses.
The revised dimensional change equations (Reference 25) predicted hoop stresses caused by
dimension: :hange (accounting i approximately 30% of the tolal internal stresses during the
SDT) to be less tha If those predicted by the previously used equations. However, the
revised equations have not been used in any stress analyses 1 support of the graphite safety
cases for either Wylfa or Oldbury, hence, in this respect, the assessments contain significant
conservatisms.
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The CTE is also an important parameter employed in the derivation of SDT stresses in support
of both Wylfa and Oldbury safely cases. CTE measurements are routinely undertaken, over a
temperature range of 20-200°C, on graphite samples removed from the reactors by trepanning.
The stress analyses use relationships derived from Materials Test Reactor (MTR) CTE data
obtained over the temperature range 20-120°C, enhanced by a multiplicative factor to take
account of differences between MTR and station data, However, for the SDT analyses, CTE
values are required over the temperature range 270-370°C and a further correction factor is
applied using an expression derived from data obtained on un-irradiated graphite. As part of the
ongoing programme of work to reduce uncertainties in stresses, CTE measurements have
recenily been made, at temperatures up to 370°C, on a small number of irradiated graphite
samples removed from the Wylfa reactors. The results indicale a higher temperature
dependence of CTE than previously assumed; consequentially, the thermal stresses employed
in the graphite safety cases could ave het underestimated, infroducing non-conservatisms.

In order to address the safety case implications of the above recent developments, scoping
calculations have been un :rtaken to estimate their combined effect on Wylfa graphite brick
stresses (Reference 26). The resulis indicate that the combined effect on SDT hoop stresses is
neutral or beneficial at core layers 6-9 (the dominant layers); at the peak stress location
(octagonal brick layer 9) a net reduction of about 8% is indicated. At the lower and higher
layers, some increases in hoo stresses are indicated. However, in view of the lower nuclear
safely si ificance of brick failures at the higher layers and the low likelihood of crack initiation
at the lower layers, it is judged that, overall, there are no significant safety case implications
associated wil these develo, ients. Nevertheless, a further programme of work is bei
developed to provide a more comprehensive assessment of the temperature dependence of
CTE.

FURTHER WORK

NP/SC 4807 Addent n 5 {(Reference identified ongoing/further wark in support of the safety
case and completion of some of the identifie work is reported in this current subrnission. A
further review of the safety case will be presented to the NSC in Addendum 7 later this year in
accordance with the commitment given in Addendum 5. Addendum 7 will repr  on the
completion of all outstanding aclivilies identified in Addendum 5 and report progress on the
further assessment of the temperature dependence of CTE (Section 10 above). it will also
include a summary of the graphite safety case together with proposals for further reviews of the
case as appropriate.

In order to optimise continued generation at Wylfa, ¢ sideralion is being given to the possibility
of inter-reactor fue! transfer (Reference 27). i not anticipated that the effect, on predicted
core state, of the imple zntation of such a strategy for a limited period would have a significant
effect on the outcome of the probabilistic assessment reported here, Mevertheless, prior to
implementing any strategy of inter-reactor fuel transfer, the associated imp :ations for the
graphite safety case will be addressed.

Site MAF Reference: WYA/1299/4197 Add 10. Passport ECM No. 91749
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12 RECOMMENDATIONS
Members of the Nuclear Safety Committee are recommended to advise the Chairman to:-

1. NOTE that the results of a probabilistic assessment confirm the risks associated with
graphite brick crack initiation, crack progression, brick splilting and cansequential coolant
gas flow diversion to be Broadly Acceptable, thi by providing addifional support to the
safely case reviewed and summarised in Addendum 5.

2. NOTE the proposal to presental her Addendum to the NSC prior to the end of 2010.
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Figure 1: Plan Arrangement of Wylfa Graphite Bricks

Site PMAF Reference: WYA  299/4197 Add 10. Passport ECM No. 91749






NP/SC 4807 Addendum 6

Page 26 of 50

asre

[ \I:—-ll |i'

Sinn

i

!
a) Fomation of Triangular Shape Crack
Engaged octagonal brick —
Split I{riek J Spiit b\nck Engaged comor key

b) Split Square Brick {Red) Acling on Adjacent Oclagonal Brick c) S Jctagonal Brick (Red) Acling on Comer Key

{Green)

Figure 3: Development of Crack Gape in Split Graphite Bricks
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Figure 8: Radiological Risks - Frequency vs Effective Dose for Single Class of Faults
(Adjusted Base Case)
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APPENDIX B: SUMMARY OF PROBABILISTIC ASSESSMENT

The purpose of this appendix is to summarise technical aspecis of the probabilistic structural
integrity assessment for the Wylfa graphite cores undertaken in support of the present safety
case addendum. This summary mirrors the comprehensive description presented in
Reference B1.

B1 INTRODUCTION

A probabilistic integrity assessment for the Oldbury graphite cores was completed in
December 2008 (Ref. B2). The Wylfa probabilistic assessment has been modelled on that
earlier Oldbury assessment. It has been recognised, however, that in some important respects
the Oldbury and Wylfa graphile cores differ substantially. Adjustments to the probabilistic
assessment methodology have been incorporated to accommodate these differences.
Nevertheless, the underlying princi} s and assumptions remain unaltered.

B2 OUTLINE OF THE DAl \GE MODEL

The aim of the assessment is to estimate the probability that melting of the Magnox fuel
cladding will occur in the Wylfa reactor cores as a result of graphite moderator brick cracking.
For clad melt to occ , at least one mo  rator | =k must crack in such a way that bypass
coolant flow through the crack starves the fuel adjacent to, or above, the crack of adequate
cooling. Such cracking requires the brick to have been subjected to stresses sufficient to
exceed the brick strength. Furthermc : any resulting localised cracking must develop to a
geometry that allows subslantial crack opening.

Horizontal, circumferentially oriented cracks would be held closed by the weight of bricks and
¢ ercomponents above. Thus, as for Oldbury, the significant graphite brick damage scenario
at Wylfa is considered to involve the initiation of a vertical, axially oriented crack on the fuel
channel bore (the region of highest tensife hoop stress). That axial crack might propagate to
the entire length of the brick and fully -ough the brick we However, as a result of the
internal stresses within the brick, any opening of a single full-length through-thickness axial
crack will be negligible. For significant bypass coolant flow to ensue, therefore, a second
distinct axial crack must form in the same brick and the two portions of brick thus created must
separate. It is this damage mode that is examined in the present probabilistic assessment.

The damage process within an individual brick has been broken down conceptually into three
precursor stages:

i)  Axial failure initiation - the onset of localised axi: :cracking at the fuel channel wall of the
brick, defined mathematically as the occurrence of a state in which the maximum hoop
stress on the fuel channel wall exceeds the flexural strength perpendicular to the brick
extrusion axis;

i) Progression to double axial cracking - development from localised axial cracking to
through-thickness axial cracks on both sides of the brick giving an axially split brick;

ii) Coolant flow bypass and fuel clad melting - the cracks open and a sufficien! roportion of
the normal coolant flow exits from 2 fuel channel through the cracks to starve fuel
adjacent to, or above, the cracks « adequate cooling leading to an increase in fuel
temperatures and to ctad meiting.
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fy Following a hard shutdown transient, significant damage to, of order, 10,000 moderator
bricks would be expected before the risk of fuel clad melt is predicted to exceed 107.
Such levels of damage would be readily observable.

g) With identified pessimisms in the assessment it is considered credible that the predicted
fuel clad meilt risks are conservative by several orders of mar  ude.
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