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ABSTRACT

This paper provides a synthesis of the technicalsbaupporting the Break Preclusion concept and its
implementation on the Main Coolant Lines and Maiea® Lines of the EPK reactor. In a first step, it describes
the background of the Break Preclusion concept tiagi it details the requirements associated tionipgementation
in a Defense In Depth approach.

In second steps, main benefits and few illustratix@mples are given for the MCL.

INTRODUCTION

Break Preclusion concept is applied in standard Riesign under construction in Flamanville and in
Taishan. It emerged during the early phase of ®P@#esign with the objective to deterministically eubut the
catastrophic failure (i.e. Double-Ended GuillotBreak) of the Main Coolant Lines and the Main Stdanes from
the list of design events considered for structarescomponents.

Due to this position, Break Preclusion concept eanbe separated from the design itself. In addfitjat
integrates manufacturing and surveillance consigeralt follows a Defense In Depth approach witte tfour
following main steps:

- Best practices for design and manufacturing, kndgdeand prevention of potential damages;
- Improved surveillance capabilities;

- Systems to detect and mitigate incidental situation

- Limiting consequences of unexpected failure.

Those essential aspects concurring to the BreaklU3ien mechanical demonstration are successively
reviewed in this article, first through the expldona of the general background, then through examfir the Main
Coolant Lines. The following points are treated:

- The Background principles of the Break Preclusioncept;

- The main technical elements of the demonstration;

- The position of Leak-Before-Break within the ovéiideak Preclusion demonstration;
- The Benefits of Break Preclusion in terms of castd operation.

HISTORICAL BACKGROUND AND BASES OF BREAK PRECLUSION CONCEPT

Break Preclusion concept emerged during BPRasic Design development with the objective tdséat
regulatory requirements of France and Germany,owittremaining confined to current design rules taking
advantage of:

- operating experience feedback from the previousiggion of plants (German Konvoi and French 900i40
plants),

- advances in the state of the art in manufactuengjneering design and safety analysis,

in order to formulate the technical requirementstli@ new plants. At that time, the Konvoi plansiga had already

implemented break exclusion criteria that were Baea the quality of design, materials and workm@msh

supplemented by best-inclass surveillance systems.

French and German regulators were of course indolwethis process, together with the French and
German utilities as future Plant Owners. Shortlemfards, the main European utilities started dwpial their
common European Utility Requirements (EUR) for thew generation of plants and incorporated the Break
Preclusion concept.

General definition of Break Preclusion
The European Utility Requirements (EUR) documergf(R1]) provides the following clear and precise
definition of Break Preclusion concept:
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"Break preclusion is a concept, implemented dutigdesign phase, to deterministically rule out the
catastrophic failure of any important coolant I{eeg. main coolant line) from the list of the dese&yents
considered for structures and components”

Hence Break Preclusion cannot be separated frordasign itself. Of particular importance at thisg# is
the notion that breaks can be precluded by deaigmhthrough adequate in-service surveillance.

Technical guidelinefor EPR™ reactor
As stated before, French Safety Authority was ingdlin the development process and issued a "Teahni

Guidelines (TG)" [2] defining the safety philosopagd approach as well as the general safety reqairts to be
applied for the design and manufacturing of thet gexeration of pressurized water reactor (PWRgSEHTG were
based on common work of French and German Safetliodities technical supports (IRSN and GRS), diseds
then adopted by French/German experts in a plemasting held in 2000, addressed by French Safetiokity
(ASN) to French Utility. This document states:

The necessity of a significant improvement of thfety level of future plants compared to existimgs;
- The choice of evolutionary approaches taking irtcoant large operating feed back, results of intuepudies

of the existing plants and benefit from innovatieatures as well as R&D activities (in particular severe

accidents).

TG states that for high quality levels achieveddesign, material choice, manufacturing, inspectod
surveillance during operation are adequate comditicomplete guillotine break of large pipes of kh&n Coolant
Lines (MCLs) and Main Steam Lines (MSLs) betwees steam generators and the first isolation devioested
outside the reactor building can be ‘excluded’.

Noteworthy is the fact that the “Leak-Before-BrgaBB) type” demonstration, which is at the heartlod
break elimination in US regulatory requirementspissecondary importance according to the Frenclulatory
framework, compared to the quality of the prodigtrestalled and the assurance of adequate sumnveslla

In the Defense-In-Depth (DID) approach, regarding tonsideration of Double-Ended Guillotine Break
(DEGB) as an accident initiator for the design afieguard systems, the TG allows for “realistic agstions” to be
considered in the boundary conditions and faillssuenptions. Notably, the failure of large SIS cheakves in
conjunction with DEGB event needs not be assumeaihgto the good reliability of those componentsl dhe
unlikely instantaneous DEGB.

The EUR requirements
EUR documents aim at harmonization and stabilimatibthe conditions in which the standardized Light

Water Reactors nuclear power plants to be buiEurnope will be designed and developed. The growoiistituted
by the major European companies involved in eleityrigeneration from nuclear power in Europe angdeexs to
improve both nuclear energy competitiveness andipualzceptance in an electricity market unifiedEatropean
level. The EUR definition of Break Preclusion haseb provided through the reference document [1]thia
document, BP is achieved through a combination of:
- High quality material selection;
- Low stress design;
- In-service inspection;

“LBB type” demonstration.

The latter element refers to a conventional (biust) demonstration of structural integrity assesgm
through progressive steps of increasing levelsbkelihood:

- Demonstration that there are no active degradatienhanisms or unanticipated loads likely to crelmage
during service. This first step refers to a goodwedge of loadings, potential degradation mechmarésd
materials behavior with time.

- Assumption of inner surface defects of a detectalde (through in-service inspection), and demattistn that
crack growth would be moderate over the life of gi@nt. This second step is linked to the capabdit in-
service inspection system to detect part-througblctike defects.

Assumption of through-wall crack of a detectableegithrough leakage detection), and demonstrakian t
the crack would remain stable under the worst t@eding conditions. This third step is a LBB typembnstration
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with a through-wall detectable flaw size derivednfrthe capability of leak detection systems. Is ttémonstration,
appropriate safety margins have to be demonstardubth crack size and leak rate. The E¥Ras received a full
re-certification of compliance to EUR in July 2009.

Utility requirementsfor Flamanville 3 Plant

For the first French EP® reactor built in France, EDF has issued a docurmanslating the requirements
of the TG as well as other French regulation inteconical guidance document. The AREVA BP methogifor
the Standard EP®, described in the article is in compliance witls tspecification document.

GENERAL DEFENSE IN DEPTH PRINCIPLES

The DID principle is often invoked in the TG as g the EUR and EDF documents. The DID principle i
defined in [3] as follows:

“Application of the concept of defense in depthitia design of a plant provides a series of levetetense
(inherent features, equipment and procedures) aanpreventing accidents and ensuring appropriategtion in
the event that prevention fails.”

The five different levels of DID extracted from |AEdefinitions [3] are recalled below:

1. Prevention:“The aim of the first level of defense is to preveleviations from normal operation, and to
prevent system failures. This leads to the requergrthat the plant be soundly and conservativedyghed,
constructed, maintained and operated in accordavite appropriate quality levels and engineering
practices, such as the application of redundamcligpgendence and diversity”.

2. Surveillance:*The aim of the second level of defense is to detad intercept deviations from normal
operational states in order to prevent anticipadpe@rational occurrences from escalating to accident
conditions. This is in recognition of the fact tlsaime Postulated Initiating Event (PIE) are likidyoccur
over the service lifetime of a nuclear power plaeispite the care taken to prevent them.”

3. Mitigation of Design Basis ConditionsFor the third level of defense, it is assumedt,tladthough very
unlikely, the escalation of certain anticipated mapienal occurrences or PIEs may not be arrested by
preceding level and a more serious event may dpvéloese unlikely events are anticipated in thegtes
basis for the plant, and inherent safety featuiassafe design, additional equipment and proceslare
provided to control their consequences and to aeh@&able and acceptable plant states followindh suc
events.”

4. Mitigation of Design Extension Condition§The aim of the fourth level of defense is to aldr severe
accidents in which the design basis may be exceadeédo ensure that radioactive releases are kepta
as practicable. The most important objective of taivel is the protection of the confinement funietiThe
protection provided by the confinement may be destrated using best estimate methods.”

5. Mitigation of Radioactive Release$The fifth and final level of defense is aimed rattigation of the
radiological consequences of potential releasesadioactive materials that may result from accident
conditions.”

APPLICATION OF THE DID PRINCIPLES TO BREAK PRECLUSION

The BP concept was applied to MCLs and MSLs (insideReactor Building and outside up to the fixed
point downstream the Main Steam Isolation Valve SIW) according to the Technical Guidelines secti@nt.2
and B.1.3 [2] (see fig. 1) and following the DIDpapach. BP is a design demonstration involving l&guy, design,
manufacturing, controls and in-service inspectiequirements, enabling not to consider in the ptigign basis
PIEs resulting from the complete rupture of MCL aM8Ls. It can be considered as an enhancemenied first
levels of the DID (Prevention, Surveillance and ilystion) in order to relax constraints for levelo#4 DID
(Mitigation of Design Extension Conditions). It has link to the level 5 of the DID principle.

The following sub-chapters give the detail of tleguirements which are mandatory to implement the BP
concept for EPR’ plant.

Prevention: design, materials and manufacturing

In the first level of DID, a high quality of desigthe choice of materials and the requirements ewreg
manufacturing and associated quality controls amposing the demonstration. Of course, it referggerating
experience feedback and the best state of tha altfields.
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Concerning_designthe highest level of quality is required in actamce with the design codes, material
selection and stress analysis. In particular, assest of the damage mechanisms that are part ostthetural
integrity demonstration must be comprehensive amttimuous over the unit’s service life. This asesmst must
demonstrate that significant degradation causesuioif mechanisms can be ruled out. The degradagzhanisms
in which the kinetics cannot be reliably modeledubiich could result in very long (or axi-symmetragfects must
be taken into consideration or ruled out.

RB penetration

Fig. 1: MCL and MSL description

All potential and predictable degradation mechasisare assessed at design stage. Periodic upddting o
these assessments is performed using operaticsuat @xperience feedback from other units, bothonatly and
internationally. The completeness of the degradatitechanisms considered is confirmed on the bdsihi®
analysis. It is intended to be updated at eachofieriSafety Review. The following points are coesatl as a
minimum:

- Fatigue:the assessment covers pipework fatigue for theatipg conditions, thermal fatigue and vibratory
fatigue. The usage factor must be lower than ItHerunit full service life (60 years), but in priaetit remains
lower than 0.1;

- Fast fracture riskincluding consideration of the effects of age{ngtably thermal ageing): the risk of brittle
fracture is ruled out as there is sufficient touggmin the materials;

- Erosion-corrosionthe choice of materials shall ensure protectigairast risks of this type;

- Corrosion:the assessment primarily focuses on cracking r-granular stress corrosion, and may refer to
operational experience feedback, including conboblthe chemical composition of the system fluidddem
consideration;

- Erosion:the assessment may refer to operational experfeedback of similar installations.

In order to satisfy all these requirements, malensed are those already in use for similar pipework
systems on operational nuclear units, character@=etiaving satisfactory performance. However, othaterials
may be used provided the appropriate justificatemesmade. For that, are required:

- Use of high quality materials, providing good tooghs and strength, over the entire range of opegrati
temperatures, and which are not unduly sensitiv@toosion and erosion-corrosion degradation meashes)

- Sample tests are performed to ensure that the migethgroperties of the base materials and the eekjdints
comply with the minimum values assumed at the deglse.

Concerning_manufacturinghe highest level of quality must be obtained thia specification procedures,
quality control and the acceptance criteria for N@structive Examination (NDE). Additionally:

- Large diameter nozzles shall be either extrudddtegrally forged and not set in by welding;

- All welds must be examined at the end of the mastufang phase in order to demonstrate the abseheeld
under-fills and any significant defects. The sidetlese defects must be lower than that considéretthe
mechanical stability and integrity demonstrations;

- The manufacturing process must be such that tipedatability of all welds in-service shall be guaesed,;
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- For ferritic steel, the as-manufactured thicknesstnve verified during acceptance inspections déducers and
elbows.

Surveillance: In-service inspection and monitoring
The second level of DID is ensured by In-Servicepbttion program, the monitoring during normal
operation and the leakage detection.

In-Service Inspectior(ISI) aims firstly at demonstrating that the pridins of the risk of damage to
pipework remain within the design provisions angdipeses. It must also be demonstrated that ncadatpon
appears which was not foreseen in the analysigteintial degradation mechanisms.

To apply the BP concept, accessibility and abttitynspect each point on the relevant pipeworleggiired.
In particular, provisions are made to enable volmiménspection of all the welds, and around thoeezles where
the likelihood to develop degradation mechanismmsleively higher.

Dissimilar metal welds must be able to be inspedtggreferably two volumetric methods. If it can be
demonstrated that one method is able to detectlaWant degradation mechanisms, it is acceptablesé only one
method.

In-Service Inspection program must be establistvedraling to those principles; it is nevertheleshared
responsibility between the Plant Designer and taatROwner who has to endorse it.

Generally,_operational monitoringust be carried out in order to ensure that theraipn remains within
the conservative assumptions taken at the desage shotably with regard to:
- Stresses, by monitoring movements of main compenemtd pipes, clearance at component supports,
displacements at self-locking devices, as welliasation levels, during hot functional tests.
- Fatigue damage: as a minimum, by recording thesigah history of the reactor coolant system andhnsggéam
lines.
- Monitoring of the RCS chemistry in order to preveatrosion.

Application of the BP concept does not lead to m@asraining requirements in comparison with usual
monitoring applied for plants in operation. It isviever a mandatory element.

The leakage monitoringill allow detecting leakages of the MCLs and MSh®rder to shutdown the plant
before an aggravation of the initial leakage. Téwkldetection sensitivity is to be sufficient tdisfg the margin
requirements defined by the BP concept. The leakaieumentation has also to comply with the ugegllation
(NRC RG 1.45).

Mitigation of design basis conditions

In order to comply with the"3level of DID principle, complementary structurategrity and in particular
fracture mechanics analyses are performed (fatigaek propagation, crack stability, leakage ratd @ssessment of
margins). Although similar in purpose, it is notlfudentical to the LBB analysis procedure per BBl rules as

defined in Reference [4]. Two main steps are paréat within this demonstration (fig. 2):

- Integrity analysis of a postulated inner surfacackrin welds (‘realistic envelope defect’ from tbgperience
feedback on French PWR). The fatigue crack growidlyeis is done considering the transients of caieg
loading conditions by determining the surface paind deepest point propagation for 60 years ofaijer and
using the crack growth laws for a PWR environment.

The End-Of-Life (EOL) circumferential defect mugnmain stable (in terms of tearing stability cridedf the
RSE-M [5]) under the most severe loadings (categdoading conditions).

- Determination of the smallest through-wall criticdéfect in the piping under maximum anticipateddkba
(through-wall crack stability analysis). Sufficiemiargins have to be exhibited between this criticatk and the
leakage crack (through-wall crack whose size iateel to the minimum leak rate capabilities unddérgawer
operating conditions). Conventional margins of 2coeck size and 10 on leak rate evaluation areiepp this
demonstration.

Mitigation of Design Extension Conditions
According to the previous requirements leadingdimforce the levels 1 to 3 of the DID, BP inducks t
following consequences on the Level 4:
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- Events resulting from DEGB of a BP lines are nogkm postulated as PIE in the deterministic safety
demonstration, and are replaced by the eventstirggfilom the complete rupture of the largest catee piping
for which BP is not implemented.

- The anti-whip devices designed to limit the pipapping in case of a DEGB of a BP line are not ilsth

However, DEGB remains a part of the safety dematistr with the following considerations:

- DEGB of the MCLs is considered in the safety aredygnder realistic assumptiorigr the design of the safety
injection system and the containment, and for trification of equipment used in accidental coiodis (Safety
Injection Systems for example).

- DEGB of the MSLs is also considered as an envetpgthE for containment design and qualification of
equipments.

- The stability of the large components and theimpsufs is reinforced by applying a conventionalistidad of
2pA at each equipment nozzle (where p is the systaewminal pressure), with the nozzle-to-pipe catioa
assumed to be fully severed. In particular the Rearessure Vessel (RPV) acts as a fixed poirgnen the
case of a break, isolating the unbroken loops fibeconsequences of a hypothetical break in one loo

Internal surface
defect analysis

Through-wall
defect analysis

Fatigue crack growth . Fracture Mechanics evaluation !

Internal surface cracks:

- Postulated ‘realistic envelop
defect’ from feedback

- Category 2 transients loading

Through-wall cracks: Through-wall cracks:

- Worst location 1| - Same location

- Least favorable combination of i1 | - Leak evaluation under
loading and material properties normal operation conditions

conditions "
End of lif d K Determination of the i1|  Determination of the largest
n 6‘(’) e pro;?agate crac smallest critical defect i1 non detectable defect size (B, -
. (60 years of operation) Y size (B, - in terms of 11| with regard to leak detection
PSS = I tearing stability) i capability x 10)
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category 4 loadings)
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defect sizes: B.22.64
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Fig. 2: Overview of the LBB type demonstration

COST AND OPERATIONAL BENEFITS

At the design and construction stage, a realis§icited concrete building, including accumulatairgy for
DEGB of the MCLs with realistic assumptions, reapa-negligible cost benefits.

Another undisputable cost benefit of BP is the dante of pipe-whip restraints which are large
‘supporting’ steel structures with special ancherégften through-floor) owing to the magnitude gfebreak loads.
Those steel structures do not physically supportremg but are there for the hypothetical case BfaB only. They
are often of a complex design, due to the needdwuige adjusting shims to fulfill stringent requinents on gaps.
Energy dissipation capability (for shock absorptialso adds to the complexity and cost. But theorehof those
pipe whip restraints constitutes also a benefiafooperational point of view:

- Although gaps (typically a few mm) have been adjdshind shimmed in hot condition during commissignin
they have to be inspected and re-adjusted peribdiGdis is due to long term concrete shrinkagd aensitivity
to temperature effects. Gap measurements are soewtiifficult operations, conducted in hot shutdoavd
requiring a waiting time in the shutdown sequermredmperature equalization.



Transactions, SMiRT 21, 6-11 November, 2011, New Delhi, India Div-11: Paper 1 D#333

- Pipe whip restraints significantly reduce accefigjbio the welds for inspection. Not only is thiotentially
detrimental to the quality of inspections, butlgcaincreases the time required for conductingeahiaspections
and generates additional dose to the personnel.

- Very small gaps at pipe whip restraints createrible of thermal interference if the gap shimmings leeen
wrongly performed or due to a foreign object oritgdvertent movement of shim plates or collars.hSacident
of thermal binding of primary loop piping against@ss-over leg restraint has already been repantdte past
at a US plant. It is of high safety importance ttegt primary loops and steam lines expand freetjndupower
ascension.

- A consequence of the congestion issue mentionedeal®that the length of class 1 lines is signiiita
increased when BP is not applied and MCL pipe whgiraints are installed, due to the lack of spadestall
the isolation valves. A more complex layout andéased number of welds is an undesirable consegquenc
DEGB postulation.

Operationally speaking, the application of BP oe tSL may somewhat increase the maintenance
requirements associated with inspection and cditraf Leak Detection System inside and outsidet@oment,
but this comes with a clear safety benefit of apriowed detection of leaks and an improved prevansigainst
catastrophic pipe failures.

In addition, there can be no safety reduction dasedt with the elimination of an arbitrary and waligtic
scenario of instantaneous “guillotine” break ofyaductile piping. With BP it becomes coherentdsuane a failure
probability of MCL or MSL in the same range astioe RPV or other large primary equipment. For t@e reason,
consideration of realistic assumptions in conjwrttivith DEGB postulation is fully justified. This evidenced by
the fact that DEGB, as an accident initiator, dbnties very little to the overall core damage freagy.

Fig. 3: Cold Leg forged from a solid ingot

[ Ni- base Alloy 52

Tube Safe end

Stainless Steel
316L

Fig. 4: Homogeneous stainless steel weld (left)i&sbnilar Metal Weld (right)

EXAMPLESFOR THE MAIN COOLANT LINES

This chapter gives few examples of improvementsptatb in EPRY MCL design, materials and
manufacturing processes selected to yield a higlityuequired for BP and to improve inspectabilitihese are the
following:

- Primary legs are integrally forged in austeniti® 3tainless steel (Z2CN19-10-N2) — cast stainle=s glbows
potentially undergoing thermal ageing were entirelyoved.
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- Main nozzles for auxiliary lines (SL, SIS, RHRS, CS) are machined out of the forgings. Doing thig t
number of girth welds significantly reduced (9 hajaneous welds + 4 dissimilar metal welds per logee-fig.

3).

- Forging processes are optimized to obtain both régpired mechanical properties and a good ultrasoni
permeability (grain size requirements).

- Girth welds as well as Dissimilar Metal Welds wegrerformed by an automatic narrow gap TIG welding,
reducing significantly the risk of lack of fusionaproviding high toughness properties.

0 One pass per layer (see fig. 4): reproducible meEe and reduction of input energy which provides
reduction of residual stresses, low wall dilutidn ¢ase of DMW), reduction of potential defects and
improvement of controllability.

0 Use of improved filler material grades for therragking and corrosion.

0o Use of Inconel 52 (in case of DMW) which has areilintediate thermal expansion coefficient between
ferritic and austenitic steels and thus reducessés due to thermal expansion.

- Homogeneous welds can be inspected by at leasvanene inspection method and dissimilar welds bg tw
volume inspection methods. The place to manage thastrols is ensured by design.

CONCLUSIONS

This article gives an overview of the Break Preidnssoncept applied in EPR reactor for Main Coolant
Lines and Main Steam Lines, in order to excludé theuble-End-Guillotine-Break scenario from deslgasis.

Based on Technical Guidelines and reference doctsmgsued by safety authority and European uslitie
the developed concept is following a Defense-Intbepproach fully integrated in the design. Maiguieements
are the following:

- Prevention at design, choice of materials and netufing stages through a good knowledge of patenti
degradations, choice of materials in adequacy whibse potential damages and the use of best practic
manufacturing processes and quality control.

- Improved surveillance capability, monitoring ofrisdents, improved leak detection during service.

- LBB type of demonstration with evaluation of fatiggarack propagation of a potential non detectedrisarface
defect, then tearing stability evaluation of theresponding End Of Life defect and the largest detectable
defect (in terms of leakage capability).

All these requirements, corresponding to the 3 frgels of Defense-In-Depth are reinforced in cangnn
to previous nuclear plant generation. On this bagifourth level, requirements are less severk aients resulting
from Double-End-Guillotine-Break removed from thaskz design of components. However DEGB remairikist
level of DID, but considering realistic assumptidios the containment and Safety Injection Systersigh, the
large components stability analysis and supporsggde Main benefits in terms of costs and operatésulting from
the Break Preclusion concept are evoked in thelartit is principally:

- Areduction of concrete structures costs with cdesition of ‘realistic DEGB’.

- Removal of pipe-whip restraints and, as a consempjesimplification of pipe lines, reduction of m&nance
operation (gap adjustment and accessibility), impneent of the accessibility (inspection), removiapotential
pipe restraint under thermal load and reductiomah exposure to radiation.
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