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FOREWORD

The IAEA mitiated m 1990 a programme to assist the countries of eastern Eurape and
the former Soviet Union n evaluatng the safety of thewr first generation WWER-440/230
nuclear power plants The main objectives of the Programme were to identify major design
and operational safety 1ssucs to establish mmternational consensus on priorities for safety
uprovements, and to provide assistance 1n their implementation

The scope of the Programme was extended m 1992 to clude RBMK and WWER-1000
plants 1n operation and under construction The Programme complements ongoing IAEA
activities on WWER-440/213 plants

The Programme 15 pursued by means of plant specific safety review mussions 1o assess
the adequacy of design and operational practices, Assessment of Safety Sigmficant Events
Teams (ASSET) reviews of operational performance reviews of plant design mcluding
se1smuc safety studies, and ropical meetings on generic safety 1ssues Other components are
follow-up safety mussions to nuclear plants to check the status of unplementation of IAEA
recommendations, assessments of all safety improvements implemented or proposed, peer
reviews of safety studies, and traming workshops The IAEA 15 also maimntaimng a database
on the techmeal safety 1ssucs 1dentified for each plant and the status of 1mplementation of
safety improvements An additional mmportant element ts the provision of assistance by the
IAEA to strengthen regulatory authontes

The Programe is extrabudgetary and depends on voluntary contributions from IAEA
Member States Steering Commuttees provide co ordination and guidance to the IAEA on
technical matters and serve as forums for the exchange of mnformation with the European
Corumssion and with other international and financial organizations

The Programme, which takes mto account the results of other relevant national
bilateral and multlateral activines will provide a techmcal basis for safety related decisions
o be made by the countries operating WWER and RBMK plants and by countries providing
techmcal and financial support for upgrading the safety of muclear power plants m these
countries

The IAEA further provides technical advice in the co-ordination structure established
by the Group of 24 OECD countries through the European Commussion to provide techmcal
assistance on nuclear safety matters to the countries of eastern Europe and the former Soviet
Usnion

The present document provides gumdance for the application of the leak before break
concept, which 15 a generic safety issue of WWER-440/230 NPPs
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1. SAFETY SIGNIFICANCE OF THE
APPLICATION OF THE LEAK BEFORE BREAK CONCEPT
FOR WWER 440/230 NPPs

The first generation WWER-440/230 NPPs were designed n the late 1950s and 1960s
and the design was based on regulations codes and standards in force at that ume The man
reactor components were produced as required mn special documentation Requirements for
the safety of NPPs were formulated for the first tume m 1973 1n the former USSR (OPB 73)

The safety concept of the WWER-440/230 NPP s basically preventive, ensuring high
operational availabiiity The design basis required that there should be no loss of primary
circuit integrity resulting 1n significant detertoration of core cooling with severe core damage
Therefore, the prumary circuit was manufactured using forged parts with the exception of the
bodies of the cast austenitic pump and the man 1solation valves The primary piping was
made exclusively from austenitic stamnless steel On the basis of this and other provisions the
plant was designed with an ECCS which 1s able to cope only with limuted scope of breaks
and without an eppropriate confinement system

A large mipe break m a WWER 440/230 plant would result in the loss of two mam
safety functions cooling the fuel and confining the radiactive material Therefore, 1n the
framework of the JAEA s activities to review the safety of WWER-440/230 NPPs, the
applicabihity of the leak before break (LBB) concept was identified as an issue of major
safety significance The leak before break concept 1s a tool to provide early warnng before
major break 1 prumary piping could develop Successful apphcation of the LBB concept 1s
a must to justify further operation The LBB concept 1s required to restore some features of
the ongnal safety concept from the current pomnt of view on mamtaming primary circuit
mtegrity It 15 the only feasible approach on providing reduction of the probablity of primary
breaks which the plant design 1s not able to cope with

Based on the igh safety sigmficance of the LBB concept for WWER-440/230 NPPs
the FAEA has dedicated significant effort to tiis ymportant issue m order to assist countries
operating these first generation WWERs A status report on the Applicability of the Leak
Before Break Concept was published as JAEA TECDOC 710 [1] in 1993

This document provides additional guidance on application of the LBB concept to
WWER 440/230 NPPs and complements the IAEA TECDOC 710 The cbjective of the
report 15 to describe in detail the elements of the LBB concept, the necessary support as well
as the condition to be fulfilled, and the verification programme It should also provide a clear
picture of all the activities and resources needed to smplement the LBB successfully as a
comprehensive concept

To apply the LBB concept, one has to demonstrate that crack growth is not unstable
under the relevant load spectrum mcluding seismmc loads and additional ones which result
from an extended spectrum of accidents to be coped with A comprehensive LBB analysis
should be performed based on prumary circuit stress and fracture mechamcs recalculations
Matenal data, m particular at critical sections of the primary cwcuit, have to be
expermmentally evalvated as well as assumptions on the component behaviour with cracks
under dynaruc load conditions validated An efficient 1n service mspection system based on
non destructive methods has io be used to detect cracks 1n austeniic sieel And, fmally, leak
detection systems have to be nstalled and cahbrated



In addition, provisions should be taken to maintain the conditions of the concept during
operation, i.e. in-service inspection, maintenance, and surveillance procedures need to be
modified or developed where applicable and adhered to.

Successful application of the LBB concept to the WWER-440/230 NPPs will take time
even if it is restricted to the most critical part of the primary circuit. Therefore, thete is an
urgent need 1o initiate activities related to the application of the LBB concept as a
compensatory measure to justify further operation of WWER-440/230 reactors.

For major upgrading of the WWER-4407230 plants, benefit from successful application
of the LBB concept may be taken into consideration. For this purpose the risk reduction
potential of the LBB concept application needs to be evaluated. Leak before break behaviour
of main piping may modify the load spectrum on which re-design of confinement should also
be based.

It is important to note that breaks in primary piping not covered by LBB concept and
in secondary piping could have a negative impact on the primary circuit integrity where the
LBB concept applies. It is not a recognized practice to apply the LBB concept to secondary
and small diameter primary piping, however, special care should be taken to demonstrate its
integrity, This integrity demonstration should concentrate in particular on the sections in
which a break would contribute most significantly to the risk.

Further, it has to be noted thai this document does not substitute for a detailed work
programme or procedure to implement the LBB concept.

2. BACKGROUND

The basis of the LBB concept is a demonstration that a primary circuit would leak
significantly before a double ended guillotine break (DEGB) occurs. This is achieved by
quantifying and evaluating the process of loss of integrity and accompanying leaks and
prescribing safe shutdown of the plant on the basis of the monitored leak rate. A postulated
through-wall circumferential cracks located at critical sites, usually welded joints, in the
circuit are used in the analysis. A primary circuit which meets the LBB requirements [2-6]
will have a low probability of a large LOCA (less than 10°® per reactor year) [2].

It has been recognized that WWER~440/230 NPPs require modifications and backfitting
in order to upgrade safety. In the primary circuit of these plants modifications are required
of e.g. coolant leak monitoring, arrangement of viscous dampers and of supports to meet the
‘leak before break’® (LBB) status as defined in a US NRC document [2] or in the German
RSK Guidelines [3] and more recently in 2 Japanese document {4].

The LBB concept, according to the approach adopted by the former Czechoslovak
Atomic Energy Commission, which issued respective regulatory requirements [5], has been
applied to the WWER-440/230 Bohunice plant. The experience from this study and
discussions with western experts were used as a basis for the first draft of s document,
which aims at providing the overall strategy for development of the LBB status for WWER-
440/230 plants.

The 1BB approach was also considered at Kozloduy plant within the framework of
international co-operation. At present the development of the procedure for application of the



LBB concept for piping 1s under way m Russia where 1t 15 planned to include 1t 1n the
standards The LBB approach as outlined mn this document 15 wn principle also apphcable to
WWER-440/213 and WWER 1000 plants piping

The LBB approach described m this document consists of three programmes  basic,
supporting and verification

The basic programme provides for evaluation of the actual safety margms and their
comparison with the prescribed safety margins [2] It 1s a good and proven practice to
summarize the results in the format of a ‘LBB Handbook’ {see also Annex ITI) In addition
1t 15 required to demonstrate that there 15 no sigmficant fangue corrosion and other
unspecified loading [2]

The mput data for the basic programme analysis are provided by the supporting
programme This means specifically material properties avalysts of accident swuations
response of the pipework to the accidents 1n terms of local bending moments and axial forces
and leak rate analysis This programme includes also the evaluation of leak rate diagnostics
If the requirements [2] in terms of prescribed margins are not met hardware modification
or other measures need to be implemented e g dampers

To validate the resulis oblamed (e g presented n the LBB Handbook), a venfication
programme 1s outhned Both integnty and leak rate experiments with the full size models of
identical materials and weldments are recommended to be included m this programme

The documentation resultmg from this approach should be submutted to the regulatory
authority with an application to grant LBB Status” to the primary circust of the plant under
consideration

Annex I to this report provides a summary of British Canadian French, Genman and
Japanese views on the applicability of LBB concept Annex IT provides detailed mformation
on the contents of each of the LBB analysis elements

A practical illustration of the approach described m this document 18 given by a
simphfied example from the LBB project for the WWER 440/230 Bobumice NPP Unnt 1,
presented 1n Annex [T

3. BASIC PROGRAMMES
31 METHODOLOGY

Essential part of the LBB programme 15 the evaluation of conservative estimates of
margms with respect to specific types of crack advance that could lead to DEGB Only
postulated through wall cracks should be taken mto account mn this analysis The resulting
estimates could be presented m 2 comprehensive format (e ¢ BB Handbook) where, for
each given critical section of prumary circust piping. a set of margms estunated should be
summanzed A prelmnary st of critical sections should be established on the basis of
conventional stress analysis and the knowledge of material properties In order to guarantee
that all critical sections are wcluded a broader hist of eritical sections should be considered
mitially m the evaluation The margins estimated should be compared with those given e g
1 the US NRC Standard Review Plan, 3 6 3 Leak Before Break Evalnation Procedures [2]



Evaluation of some additonal margins 1s recommended to provide an nsight mto the
behaviour of the components These addional margins are not part of the requirements
specified 1n Ref [2] In Annex HI an example 1s given in practical terms

The parameters to be presented for each cntical sectron in the LBB Handbook are as
follows

F-(index) -  ratio of the Joad for given type of crack advance to the superumposed normal
operation condition (NOC) and safe shutdown earthquake (SSE) load The
“ndex’ 1 brackets describes the type of crack advance (crack imtiation after
blunting and specific increments of stable tearmg) to which the coefficient 15
related The following indexes should be considered

1 — crack initiation after blunting,

g - crack growth up to the maximum vahd J value when measured on the
standard test spectmens,

m the smaller of the crack length up to the it where the J resistance
curve extrapolation 18 still valid and of the crack length at the onset of
the mstability after stable growth,

Fi(p) - seismic load safety factor, ndicating how many times the SSE load may be
mereased (other load componetits being constant) until the plastic collapse
load 18 reached,

Beak - postulated through-wall circumferential crack length pertang to the leak
rate of 38 L/miun under normal operation conditions,

L - postulated through-wall crack length pertainng to plastic collapse

It 15 recommended to use widely recogmized and validated procedures for lumit load,
crack mitiation 21 crack growth evaluation such as Refs [6-10]

In order to demonstrate the conservatism of the approach adopted it 1s further
recommended to verify the results obtained using different approaches given i Refs [6-10]

For the leak rate caleulation the nse of a vahdated and qualified code 1s required (e g
such as PICEP {11])

The following limits are obligatory

- a coefficient of 10 on the calculated leak rate This means thai the leak rate of
38 L/mun 1s conswlered wnstead of 3 8 L/mun for the calculation of I, by the code
above,

e = 2,

- F-(m) = 1 or 14, according o the type of summation of loads (for details see e g
Ref [2])

The conservatively estimated margins should be summarized m the LBB Handbook for
two reasons First, to ndicate whether the quantitative conditions required are met, € g
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Ref [2] Second to document and illustrate criticality of the selected sections from the point
of view of LEBR, these sections may differ from those identified n the dynamic design
analysis

3 2. FATIGUE DAMAGE ANALYSIS
It 15 requared to demonstrate that fatigue crack growth 15 not sigmficant

In the preselected crtical sections a circumferential part-through ciack should be
postulated The aspect ratio of the crack 1s six and remains constant throughout the fangue
growth analysis The considered crack size should be taken as the maximum allowable crack
s1ze according to the TWB-3640 of Section XI of the ASME Boiler and Pressure Vessel
Code

However, 1f other national standards or codes are used, it should be demonstrated that
the results obtamed are conservative as compared to the approach above

The maximum allowable crack depth afier the g.owth 1s the smaller of

- 60% of the wall thickness, or
-~ the depth at which the plastic zone 15 equal to the remauung hgament

The ultimate length of the crack must be less than 1/2 of the plastic collapse crack
length under the supermmpesed normal operation and accident loading

If these limits cannot be met, the LBB concept 15 not apphicable to the system analysed

For the growth analysis of the postulated crack both the analytical loading cycles and
the loadimg ture tistory from the service should be taken mto account The ram-flow method
15 recommended for the analysis of loading cycles The linear summation rule 1s used for the
calculation of damage A detaled procedure for the fatigue evaluation 15 given € g
Ref [13]

33 CORROSION DAMAGE ANALYSIS

Tt 15 required to demonstrate that corrosion and stress corrosion effects do not contribute
significantly to the total damage of the system analysed

Matenal tests must be carried out for all typical matenals and matenal combmations
of the system analysed base material, weld material and materal compositions of dissimilar
welds e g the RPV safe end In particular, 1t 1s necessary to demonstrate that

(a) There 15 exther no crack mtiation or the growth of the mmnated cracks 1s neghgibly
small The crack growth rate 1s considered sufficiently small of the cracks do not reach
the critical s1ze between two regular inspections Typical acceptable rates are of the
order of 10 to 10® m/s (see e g Ref [14])

(b) The growth rate of mitiated cracks 1s not greater than 10 m/s for the stress wtensity
factors which pertan to the normal operation conditions and a crack length up 0 I

{¢) Crack growth under slow loading does not exhibit an stability for specimens loaded
1n the primary circuit water
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(d) The dependence of crack growth on the cyclic amphtude of stress mtensity factor of
austembic steels does not excesd the one assumed for the given component matenial and
operanional conditions  To demonstrate conservatisi consideration should be gaven to
comparison of the results with the mternationally recogmized data Cycle asymmetry
coefficient (R ratio) should be taken mio account

(e) None of the materials 18 susceptible to intergranular corrosion cracking and the
CO1TOS10N Wwear 1s neghgible

For the above mentioned tests, analysis of the real operational water chemmstry regimes
for the system analysed 15 required The analysis must provide information about the number
and the extent of deviations from standard values i pH and the concentrations of oxygen and
hydrogen If the deviations are sigmficant tests must be carned out m the standarg chemucal
environment and 1n the extreme environment

4 SUPPORTING PROGRAMMES

The supporting programmes described in Sections 4 1-4 6 provide the mputs for the
basic programmes

41 MATERIAL DATABASE

The material data required are the fracture resistance J aa and the tensile properties
both at room temperature and at the maximum operation temperature (where special care
should be taken to ensure thai the Tesults are conservaitve for a given case) From these
propertes the following quantities are needed for the LBB evaluation

- the imtiation and the maxmmum vahd values of J as well as the best fit hinear regression
constants for I aa curve

yield stress and ultumate stress and the best fit linear regression constants for the tensile
curve

Fracture mechanmics and tensile tests shall be carmed out accordmng to recogmzed
standards

The thickness of the test specumens for the fracture resistance J aa tests must be
sufficient with respect to the actual thickness of the pipe wall ot 1ts representativeness should
be demonstrated (constramnt effects) Material properties should be evalvated in two
perpendicular directions

To obtain complete mformation about matenal properties complementary Charpy
impact testing should be considered Material showmg brittle type of fracture at operating
temperature (1mpact energy below 49 joule) could not be accepted for LBB applications

Special care should be taken m order (o evaluate properties of dissimilar welds
Evaluation should mclude tdennfication of the weakest section and should be based on
tensile, charpy mmpact and fracture mechames iesting

1t 15 also recommended to complement the evaluation of welds in particular by
metallographic and fractographic examinations

12



Adequate documentation on the evaluahon, results, materials source (archuve,
equivalent, model}, efc s requred A computerized datab ST led for this
purpose

42 STATIC AND SEISMIC ANALYSIS

The purpose of the analysis 1s to evaluate
(2) bending and torsion moments axial and shear forces,
(b) membrane, bending and shear stresses n all weldments
{c) the reactions (forces and moments) 1n hinges, supports and anchorages

In ite static analysis, the mternal pressure, deadweight and thermal expansion should
be taken mnto account For the seismic analysis 1t 1s mandatory to take wmto account the safe
shutdown earthquake mtensity

Only venfied codes should be used m order to meet the QA requirements The
followmg values of mput quantities are recommended for the seismic analyses

Ground response spectrum  84% non-exceeding probability of site specific spectrum
Structural model Best estimate with soil-structure mteraction
Soul-structure mteraction  Develop expected parameter variation

Floor spectra generation  Frequency shifting of floor spectra rather than peak broademings

Piping model Complex dynamic model of loops Nos 1-6 mclding connected
feedwater steam and other piping

Damping 5%

Modal combination Square root of the sum of the squares

Closely spaced modes 10% method according to RG 1 92 [15]

Frequency range Up to 30 Hz lower value 1s permitted 1f the calculated stresses

are not mfluenced

The bendimng and torsion moments, axial and shear forces (item a) should be used as
mput data (see Section 3 1) The reaction forces and moments (item ¢} are needed for the
assessment of heavy components stability (see Section 4 4)

WWER 440/230 NPPs were designed for SSE 5° MSK 64 At individual umts sersmic
upgradmng of the mam circulating piping and all safety significant components 1s completed,
under way or planned The umt specific seismuc loads evaluation 1s recommended However,
if tns 1s not apphcable, conservative genenc approach could be used, e g the selsmic margm
assessment (SMA) methodoelogy [2] for evaluation of components seismuic capacity These
procedures have been developed independently by the Lawrence Livermoie Mational
Laboratory (LLNL) under US NRC funding and by the Electric Power Research Institute
(EPRI) The characterisuc feature 1s the evaluation of the ‘seismic margin’ 1n terms of the
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high confidence of low probability of failure (HCLPF) capacity value’ This 5 a
conservauive representation of capacity and corresponds to the earthquake level at which 1t
15 extremely unlskely that loss of shutdown capacity or core damage will occur From a
mathematical pomt of view 1t may be defined as the mean peak ground acceleration (PGA)
value for which there is 5% probability of farlure at 95% confidence The HCLPF capacity
18 calculated for the components, systems and plani

For WWER-440/230 plants the EPRI methodology may be recommended The
following steps have to be carried out for piping systems

- stress analysis as m item (b) above,
—~  screening of the maximum stressed welds

® the reactor pressure vessel safe ends,

« the steam generator hot elbow,

e the pressurizer surge lmes nozzles and safe-ends
® the steam generator feedwater nozzle

the evaluation of HCLPF capacity,

- the companson of calculated HCLPF capacity with SSE peak ground acceleration value
In the case when

HCLPF < Ay (PGA)

corrective measures in upgrading of piping systems are needed The symbol Agse(PGA)
denotes the peak ground acceleration for the SSE.

43 ANALYSIS OF WATER HAMMER

Water hammer (WH) effect consists of hydraulic pressure wave effects caused by rapid
changes 1n coolant flow The changes may be for example mtiated by

(a) fast moior operated 1solation valve action (not applicable to the WWER})
(b) sudden mawm circulating pump (MCP) shaft falure,
(¢) phase changes from liquid to steam and vice versa

Water hammer caused by any of these conditions can be categorized mio two groups
Furst, the anticipated or analysed group In these cases, the effects are taken mnto account in
the stress analysis as well as any LBB consideration

The second category is the unanticipated WH which should be addressed by evaluating
the probabihity of occurrence If the probability of this event 1s extremely fow WH can be
neglected

For the WWER 440/230 type reactor only the anticipaied WH 15 analysed and the above
item (b) 15 taken mto account An unanticipated WH for FWR plants 15 evaluated on the basis
of accumulated operational experience only No unanticipated WH (item ¢) has been reported
1n the operational hustory of the WWER-440/230 plants therefore this event needs not to be
considered
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Prior to performing the analysis of the sudden MCP shaft failure loading, the event
should be classified as normal, upset, emergency or faulted” Since the event falls mto
emergency or faulted conditions, there 1s, accordmg to the ASME Code Section X1, no need
for a fatigne flaw growth evaluation

For flaw stability calculations (Section 3 1) the following scenano is valid
water hammer on SSE  load combinations

non-concurrent the larger of the SSE and WH loads
concurrent 1 5 umes square root of the squares of the SSE and WH loads

The following method can be used for the evaluation of WH loads

- the solution of pressure waves propagation from MCP to the reactor mn the nozzle and
MCP to steam generator outlet nozzle directions,

- description of the RPV and steam generator motion,
analysis of the attached primary piping induced stresses;

—  companson of the WH and SSE stresses,

~  flow stability calculations if WH 1s larger than SSE

In general, the water hammer would occur after the seismic event has fiushed Also,
since SSE loadmg 18 fauly large, the WH 15 not anticipated to exceed the SSE Note that this
assumption must be submitted to verification before the events can be considered uncoupled
1n any analysis

4 4 STABILITY OF HEAVY COMPONENT SUPPORTS

The purpose of this analysis 1s to demonstrate that the events menttoned below are
remote causes of pipe rupture under normal operation conditions and the SSE The events
are

- RPV support failure,
mam cicculatmg pipe support failure,
- pipe supports falure,
- pipe hangers fatlure,
— failure of snubbers or viscous dampers (if they are used)

The high confidence of low probability of failure (see Section 4 2) 15 recommended for
the analysis The acting moments, forces or stresses must be taken from the complex model
of the piping

The following elements and details are mandatory for the evaluation

RPV the biological water shuelding tank and reactor pressure vessel fixing
elements The acting forces consist of two components — attached
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piping system {static and sersmuc parts) and reactor pressure vessel
(only mnertial forces and moments induced by SSE)

mam circulating pump  all three legs of MCP casing
steam generator capacity of nstalled snubbers or viscous dampers fixing screws,

pressurizer all supporting legs, conical shell and weldments of fixing wedges
If the viscous dampers or snubbers are used as clamping of the
vessel, the capacity of 1t must be evaluated,

snubbers 1f used for piping upgrading, the capacity and the fixing screws
or viscous dampers must be evaluated

4 5 LEAK RATE CALCULATIONS

For the leak rate calculations a validated and qualified code should be used, such as
PICEP [11] code described below

The PICEP code analysis uses the modified Henry non-steady flow model and the imput
parameters are 11 a range of subcooled water to two-phase mixture The expansion process
for low vapor content 1s considered as non steady. The model takes mto account crack face
friction and the change of crack opening area from the internal to external pipe surfaces The
decrease of pressure is caused also by the influence of crack kinkmg of 45 to 90 degrees
which 15 also taken mto account 1o the analysis The following sumplifications are used in the
calculation

- flow 15 assumed to be adiabatic and one dimensionat,
- flow 15 assumed to be homogeneous
- heat exchange between the flow and the surroundings 1s neglected

- the hqud 15 d to be mcompressible,
non equiibrum  “flashing” mass transfer between liquid and vapour phases are
modelled

4 6 LEAK DIAGNOSTICS

Leak detection systems have an important role m the LBB concept The required
response period should be 1 hour or less and the sensitivity of the detection systems 3 8
L/mmute or less The leak detection systems are based on the processes that accompany leak
1e vibration, merease of humidity due to the evaporated coolant, 1ncrease of activity

In order to provide reliable leak detection, a munumum of 3 independent leak detechon
systems, meeting the usual redundancy and diversity requirements, have to be mstalled The
performance of these systems have to be validated for ali regimes of operation

Detection 5y already 1mpt d m some of the WWER power plants are based
on

(a) fhud level measurement m the drain
(b) radwactivity of the air
(¢) condensate volume measurement i ventilation filters,



(d) measurement of temperature and humidity 11 hermetic boxes near the critical piping
secoons
(e) measurernent based on the acoustic emussion signal

The methods (d) and (€) are partially or well smted for the location of the leakage

5. VERIFICATION PROGRAMMES

The purpose of verification programmes 15 a demonstration that the estumates used for
the evafuanon (LBB Handbook) are consistent and conservanve The verification should
cover both integrity (s e crack behavior predictions and actual values) and leak rate
{companson of caleulated and actal leak rates)

Examples of the venifiation experiments related to integrity are described w1 Sections
5 Vand 52 Inths case crack operung displacement (COD) predictions are tested  which are
an wput for leak rate calculation Section 5 3 describes the leak rate tests with cracks
generated by fatigue

51 LARGE SCALE EXPERIMENTS STAGEI

Stage I expetiments refer to crack mitiation and to real loading conditions The
objective of Stage I 15 to demonstrate for a circumferential through wall crack iocated at a
critical site, with a calculated leak of 38 L/minute and at normal operational conditions that
there 15 no DEGB under the supenimposed safe shutdown earthquake loads The through wall
crack 1s mtroduced into a full size model of the real material The geometry and loading
conditions of the models tested must be close to those of the plant In particular, mternal
pressure and bendmg moment must be applied simultaneously, if possible at plant operating
temperature The through wall crack 1s sealed 1n such a way that the crack up field 1s not
infiuenced The model 1s heated and pressurized up ro the normal operation pressure
Subsequently, the bending moment 1s increased up to the predicted response to the SSE On
safety grounds the fest s termmoated when crack mtiatton occurs even if the required
bending moment was not reached The crack mutiation should be mdicated by the direct
current potential drop and/er acoustic enmssion methods

The crack openng displacement 1s measured by the use of special gauges up to the load
levels of normal operation condittons This information 1s useful for the verification of the
crack opening area estimates The temperature and stress distributions are checked by thermal
and strain gauges

52 LARGE SCALE EXPERIMENTS STAGE I

Stage IT experiments focus on stable crack growth to quantify the safety margins Stable
crack growth may represent a sigmificant margm between crack imtiation and the DEGB A
conservative estimate of this margin 15 given from the J sa fracture resistance curve
measured on standard test specimens

The real crack growth data are obtaned from through wall cracks machined into the
critical section of the models (for practical reasons shghtly longer than in Stage I) The
mode] 15 quas: statically loaded by an apphed bending moment up to 40 mm or more of
suable crack growth The crack length versus load data are recorded The conservatively

17



predicted and actual crack growth are compared and documented in the failure assessment
diagram of the R6 methad [7]

53 LEAK RATE TESTS

The purpose of the test 15 a comparison of the calculated predictions with the measured
leak rates and venficaton of rehability of the commercial leak rate testing systems whuch are
to be used at the plant as a part of the LBB concept

The US NRC Standard Review Plan [2] requires three independent leak rate
measurement systems to be applied to the primary mpework Although other leak detection
systems exist (see Section 4 6), only the acoustic emission (AE) method appears to be
sufficiently senmitive both to crack location and to leak rate measurement Before applying
a system to a plan pipework, verification tests must be carried out In these tests, the AE
gauges are applied to a representative model without the venfier (operator) being informed
of the exact location and size of the crack

6 FORMAT OF THE LBE DOCUMENTATION

The objective of ithe LBB documentation 13 to present to the regulatory authority the
case for granting LBB status to the primary circuit of the nuclear power plant considered
The format of the documentation should be such that it presents the relevant information,
conclusions and supporting evidence 1n a clear and concise manner

The document should contam the following sections
(@) description of the pipework for which the LBB status 15 requested

- descnption of the materials and the tensie and fracture properties,

- description of fabrication of the pipework, meluding details of the weldments

- defect nspections and thexr results

- description of ant seismIc measures
(b) conclusions on site specific seismic studies
(¢) corrosion damage
(@) fatigue damage
(&) a document summarizing evaluated and prescribed safety margins (LBB Handbook),
(B leak rate diagnostics, description, sensitivity assessment and calibration,

(2) quality assurance dacumentation

The document should also be provided with an annex contamung all the final reports
from the basic, supporting and verification programmes



Annex 1

SUMMARY OF VIEWS OF VARIOUS COUNTRIES
ON APPLICABILITY OF LBB

CANADA

The LBB concept has been successfully used for the large diameter pipes 1n the primary
heat transport circuit of the Darlington NPP (CANDU) to obviate the need for pipe whip
restraints

FRANCE

The 1.BB concept 1s not used formally Existng regulations are designed to ensure
esther that fracture will not eccur (RPV and superpipe) or that the rupture of a large diameter
(500 mm) pipe can be handled (pipe whip restrain systems and ECCS) Tbe former case 18
supported by periodic nspections

GERMANY

The general concept for break preclusion, summular to but not identical to LBB, 1s used
for nuclear piping systems It consists of two elements namely basic safety and independent
redundancies The apphicabihity of the concept was discussed and accepted by the German
authorities

JAPAN

The regulatory body has completed the d m on LBB guidelme to be applied to
stainless steel pipe of the prumary heat transport circuit i both PWRs and BWRs This
guideline has not yet been arranged as the open regulation However, the regulatory body
approved the application of this guidelme to some PWR plants The purpose 1s to allow
removal of pipe whip restramt structures There is no plan to apply LBB to BWRSs at present,
although regulatory guidelmes will apply to both For carbon steel pipes LBB guidelines
have not yet been drafted

UNITED KINGDOM

The LBB concept has been used m the case of the Magnox reactors to justify plant life
extenston particularly in respect to the RPVs For the Prototype Fast Reactor LBB 1s nsed
on a case by-case basis as one of several safety arguments to jusafy contimued operation of
components where cracking 15 known to have occurred The UK has played a promment role
m developmg LBB methodology as part of the design envelope for the European Fast
Reactor
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Annex 1§
ELEMENTS OF AN LBB ANALYSIS

In the followmg, information on the necessary elements of the LBB analysis is
provided For each of the elements required scope of the analysis 15 given along with related
recommendations Those cases, where approaches in Member States differ considerably or
relevant information 1s not available, are discussed for each element mn the subsections
"Aspects of non-complhiance The cases where plant specific aspects have to be taken mto
account, are also mdicated

01 STATIC AND DYNAMIC CALCULATIONS
IL1.1. Scope

1 Seismuc fragility assessment procedure

2 Venfication of computer codes used

3 Number of static and dynamic models with and without ant1 seismic measures
4  Floor response spectra

5  Number of aigenfrequencies shape loadings

6  Frequency range

7 ZPA (zero peak acceleration) effect

8  Summation of very near shape loadings

IL1.2. Recommendations
1 SMA/HCLPF seismic fragility assessment procedure should be used

2 By usmg IPIRG 3rd Round Robm Problem No 2 to predict the response of
experimental pipe loop

3 Following models are suggested
MCL + SL (3) + FWL + SiL
MCL + SL.(2) + FWL + SiL
MCL + FWL + StL with respect to symmetry (2)

Without antr-se1smic measures to determine
Static expansion F, M + Fatgue damage
Dysamuc F, M - Sessmic fragihty SMA/HCLPF
LBB assessment

With ant seismic measures to determine the same as above, mclude possible influence
of seismic dampers change of charactenistics (stiffness) (also appltes for hangers)

To provide optunization of seismic dampers distribution

4 Floor response spectra has to be pustified

The recommendation 15 for best estimate procedure with medum + ¢ deviation which represents 85%
prabability of non-¢xceedance
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5 Number of exgenfrequency shape loadmgs should be determuned later
6  Frequency range should be defermmned later

7 ZPA effect — no comment

8  Summation of very near shape loading — no comment

II.1.3. Aspect of non-compliance

For nems 5-8 ahove, information from Japan and other countries will be extremely
valuable

11.1.4. Plant specific aspects

1 Site specific seismic siuation

2 Changes in pipe layout MCL, SL. FWL, SiL
3 Disposition of hangers

4 Anti seismuc measures used (Kozladuy, Japanese amortizers, Bohunice, GERBs Kola
Novovoronezh none)

2 FATIGUE DAMAGE ASSESSMENT

112 1. Scope
In order to perform fatigue damage assessment it 15 necessary to evaluate

1 Design features of the system concerned (layout supports, etc , mcludmg all plant
specific modifications)

2 Applicable loads

3 Material characteristics

4 NDE results (stress concentration and fracture mechanics assessment)

11.2.2. Recommendations

1 LBB concept 15 apphicable only for pipelines, residual Lifetime of whuch bas been
evaluated usimg fangue damage assessment

2 The fatigue damage assessment has to be plant specific and should take mto account
possible deviations (non-comphance) from the crigmal design

3 Evaluation of loads resulting from operation and external evenis should be based on
both operational expenence and analytical data

4 The evaluation of damage due to flow stratification has to be performed on a plant
specific basis Expermmental verification (siram, terperature measurements) should be
mcluded



5 Matenal charactenstics should be based on plant/component specific certificate data,
181 and other results Ageing effects should be taken into account

6 Probabihstic approach m evaluatmg matenal properties distribution and defects
distribution has to be applied using validated methods

7  Comprehensive NDE programmes have to be established and adhered to
8  For the fahgue damage assessment validated methods and approaches have to be used
11.2.3. Aspects of non-compliance

According to the US NRC only those pipelines with low fatigue damage could be
imcluded 1n the LBB coneept

11.2.4. Plant specific aspects

The assessment 15 plant specific m general The use of generic information or transfer
of data from other plants should be justified

I3 WATER HAMMER

I1.3.1 Scope

1 Assessment of the operational experience with respect to water hammer occurrence

2 Postulation of hypothetical worst case to develop water hammer situation

I1.3.2. Recommendations

1 Up to now no sertous water hammer cccurrences have been reported

2 Possible hypothetical worst case sination could arise from sudden failure of mamn
cweulating pump (MCP) shaft Possible water hammer should be conservauvely
analysed mn particular at the RPV safe end and at S5G elbow

I1.3.3. Aspects of non-compliance
Not applicable

11.3.4. Plant specific aspects
Not applicable

11 4 STABILITY OF HEAVY COMPONENTS SUPPORT
I1.4.1. Scope

The following heavy components support has to be checked

1 Reactor pressure vessel (RPV)
2 Support flange of the RFV
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3 Pressunzer
4  Mamn circulating pump (MCP)
5 Steam generator

11.4.2. Recommengdations

The assessment of all heavy components supports by deternunation of seismic fragihity
w terms of HCLPF values should be provided

RPV HCLPF value against rotation

RPV HCLPF value against vertical axis change

RPV support flange HCLPF value agamnst vertical axis change
Pressurizer HCLPF value of the support tubes

Pressunizer HCLPF value of the dampers/amortizers

MCP HCLPF value of all support legs

Steam generator HCLPF value of the dampers/amortizers

~NDAA R RN~

IL.4.3. Aspects of non-compliance
Not applicable

11.4.4. Plant specific aspects

@

fragility nt 15 based on results of dynarmc calculations with or without
ant seismic measures As most of the ani seismic measures will be directly or mdirectly
connected with heavy components or with thewr supports, the assessment 1s plant specific

I1 5 MATERIAL DATABASE

IL.5.1. Scope
The objectives to develop material database are

- to guarantee that material properties will cover the mechanical and metallurgical
requirements for the nuclear structural matenals, and
to provide the vasis for structural integrity assessments based on fraciure mechameal

approach or LBB evaluation scenario

From the above viewpont, materal database should provide the following data for all
the relevant materials mcluding weld metals
1 Basic matenal propertes data

— chemical composttion,

- tensile properties at operating temperatures (yield stress, ultimate stress stress-siram
curve),
Charpy mmpact data at low temperature to upper shelf region

2 Fracture mechamcs data

~ fracture toughness at operatng temperatures (itiation, J-R curve)



- corroswon/fatigue data under the mechamical and chemical conditions equivalent to
reactor operating conditions {crack propagation rate da/dN vs stress mtensity factor
range)

I1.5.2. Recommendations

1t 1s recommended that the following items are required to develop the reliable and non
biased database and to gain the international consensus on the developed database
1 Testing method tests should be conducted 1n accordance with the vahidated standards

2 Matenal information the followmg wmenal nformation should be addimionally
described

- manufacturing process (heat treatment weldmg conditions, efc ),
- istorical detauls (1f the test pieces are taken from the components of nuclear plants)

3  Data treatment oatabase should be treated by qualifymg statstical method or
appropriate sensitivity analysis It 1s mmportant because test pieces taken from the
depraded components may show the scatiered date due to the histonical conditions

4 Dynamuc effects 1t 1s not clear that WWER matenals are susceptible to dynamic stram.
agemng Dynamc stramn agemg will degrade the matersal strength under seismic
loadings (In the IPIRG international program by the US NRC, remarkable dynamic
strain agemg was observed for A106 carbon steg]l pipmng ) For materials used m
WWER, 1t will be mportant to evaluate the effects of dynamic loediugs on material
properties

I1.5.3. Aspects of non-compliance

Not applicable

IL.5.4. Plant speaific aspects
Not appiicable

II 6 LEAK RATE CALCULATIONS
10.6.1. Scope

The scope of this section 1s to provide mformation on the aspects required to evaluate
leak rate calculations Three sep aspects are required These are

1 Crack shape development followmg breakthrough of a surface crack propagating
through the wall

2 Crack opemng area evaluation

3 Leakage rate evaluation

11.6.2. Recommendations

1 Crack shape development following breakthrough

Experunental studies of through wall growth of surface cracks by fatigue have mdicated
that breakthrough to the back surface only occurs locally such that the crack length on
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the back face 13 mthally substantiaily smaller than the crack length on the front face
As further fatigue crack growth occurs the crack length on the back face will usually
mcrease atc a greater rate than that on the front face, but dependmng on the type of
loading and geometry, there may always be a difference between these two lengths A
method of calculatmg post-breakthrough front face and back face crack length m a
conservative way 1s thus required n order to ensure a sansfactory leak before break
argument

The method proposed s as follows

(a) For a given size of crack (lemgth 2¢ and depth a) determimned from NDE
mformation, perform fangue calculations until it attams a value just less than that
of the thickness t e g untida = 095 ¢)

(b Taking cvack depth as ag; and crack length as 2cqp at breakthrough, fix the crack
aspect ratio at the value corresponding to agr/Cpr

(¢) Mamtammmg the same crack aspect ration evaluate crack depth a of a pseudo
semm-elliptical crack having a front face crack length 2cgr equal to the critical crack
length (factored by a switable value) The corresponding back face crack length
should be calculated by a simple construction method based on the pseudo-crack
geometry

(d) Crack opemng areas and leakage rates should be evaluated as outlined below
Crack opening area

Information on crack opemng area solutions 1s for example given 1n Annex 9 of the
R6/Rev 3 document [7] Ths states that 1f through wall bending stresses are absent or
can be 1gnored, a conservative approxunation tor the crack opemng area A, 1s given
by

1

A W 2no, a
- .
E 3

[
M
[
Where
¢, 1s membrane stress

E 1s Young’s modulus, and
o 18 Tlow siress {=(UTS + yield stress)/2)

The term m brackets represents a first-order correction for the effects of crack tp
plasticity The factor 0N} 15 a correction to allow for bulging mn cyhindrical shells 1
terms of the shell parameter A

A= 121 - 3P Py

Where

8 18 Poisson’s ratio
R 1s pipe radws, and
t 1s wall thickness



For axial cracks i cylinders

(k) -1 + 01 + 01622
Vald for A = 8

For circumferential cracks m cylmders
a(d) = (1 + 011723°°

Valdfor A < 5

Whereas the above equations have been derived for straight fronted through-thickness
cracks, .ey are mtended for use m these procedures for cracks which have a through
wall vanation 1n length as outlimed above

Tt 15 thus required to treat the crack as straight fronted of length, 2cgp, when evaluating
front face crack openng areas Age, and, to treat the cracks as strarght-fronted of
Iength, 2cy. when evaluating back face crack opening area Agp

Leakage rate

Recommendable mformation on leakage rate evaluation 1s also given i the R6/Rev 3
document [7] For two phase flow of steam/water mixtures, PICEP and SQUIRT are
two codes that can be used to calculate leak rates through a vanety of cracks The two
programmes are sumiar and use the same thermal hydraulic model for the flow In
PICEP, the leaking fhnd can be steam or mitially sub cooled or saturated water
SQUIRT requires imfially sub-cooled or saturated water The programmes allow the
crack shape to be elliptical and the crack opemng area to vary linearly through the wall
thickness, both required for this approach Friction losses due to surface roughness are
mcluded and addiional losses due to path tortmosity can be mcluded i an indirect
manner Some mformation on frict »n factor values can be given based on experience
m the UK, but the database for this 18 very lunited and 15 based on single phase flow
experiments for a crack which has been grown fully in fatipue 1n ferntic steel parent
material This imuited data suggests that a mean valve for friction factor 18 about 0 35,
with a good upper bound bemg 1 0

As noted below further vahdation of the PICEP and SQUIRT codes 15 required before
full confidence 1n thetr utilization can be ganed Other approaches could be also used
however, special care should be taken to validate the methods used

11.6.3. Aspects of non-comphance

1

Crack shape development following breakthrough
Further experimental work 15 required to fully understand the behaviour of crack shape

development followmng breakthrough, particularly when there 1s a large through-wall
bendimng stress component present
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Crack opening area

The mformation given m Section 3 2 on crack openmg area solutions assumes mmimal
through-wall bending If through-wall bending 1s known o be present then gmdance
could be obtamed from the R6/Rev 3, Appendix 9 [7]

No information seems to be avalable on how to evaluate crack opening areas m
weldments and sensitivity studies are requued here m order to assess the most
conservative case Experimental validation of this aspect would be beneficial, however
The wmformation m this document only applies to relatively straight pipe sections and
further work 1s required for ¢lbows and flange regrons Further work 1s also required
to obtain crack operung area solutions for values of A outside the relevant ranges This
aspect 18 actually being considered in a work programme within the UK Information
18 also required for evaluating crack opening areas for cracks loaded under negative
bending moment which 18 relevant to seismic loading

Analytical and experimental work 1s required to further improve the accuracy of crack
opening area solubions parficularly when there 1s a relatvely large difference between
front-face and back face crack length Such studies should be performed for varwous
combinations of membrane and through wall bending apphed stresses

Leakage rate

Although validation of the PICEP and SQUIRT codes has been carried out, this has
only been with experimental data for flow m artificial cracks m the form of machimed
slots or paraliel plates and flow through circular pipes

Netther programme takes account of any other flow reduction mechamsms such as
blocking of the crack by particles or debris m suspension Uncertamties such as these
may be partially compensated for by the chomwe of a pessimistically hagh friction factor
but 1t 15 preferable to properly quanufy and account for any such affects 1f possible

It 15 evident therefore that vahidation of the PICEP and SQUIRT codes for flow rates
through realistic cracks is required as a priotity

In relatton to the above mformation on friction factor values 15 required for stznless
steel

11.6.4. Plant specific aspects

Not applicahle

IL 7 PRINCIPAL SAFETY COEFFICIENTS

11.7.1. Scope

Not applicable

I1.7.2. Recommendations
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I1.7.3. Aspects of non-comphance

There 1s curtently no conformuty m principal safety coefficient values between the
practices of the various countries For example, mn the USA a factor of 10 1s specified for
leak rate, a factor of 2 for crack length and a factor of 1 4 for loadmng stability

In Japan the effective factor on leakage rate results from LBB calculations performed
for the diameter of pipe under consideration A leak rate of 5 gallon/munute for piping
relevant to WWERs would be specified by such comsiderations, which m effect 15 a
coefficient of 5, compared with the USA value 10

In the UK safety coefficients are not prescribed as such, but the R6 method specifies
that detailed sensitivity studies on mput data should be performed 1n order for confidence to
be gained on the fracture assessment being performed
11 7.4. Plant specific status

Not applicable
11 8 FRACTURE MECHANICS ASSESSMENT

It s recommended to use the R6/Rev 3 method [7], however other approaches if
properly validated and conservatism 1s shown could also be used In the foflowing,
mformation 1s related to this method

11.8.1. Scope

Tius procedure provides guidance on the evaluation of the mtegrity of cracked pipmng
using the R6/Rev 3 method [7]

1I 8 2. Recommendations

It 1s recommended that the R6 method, Ref [7] should be used mn the followng way
to evaluate the mtegrity of cracked piping with the simplest and most conservative route
being mitially considered, followed by increasingly more complex and less conservative
routes until an acceptable solution 1s obtamed 1f applicable

(a) Option 1 generalized farlure assessment curve with Category 1 through Category 3
analysis

(b) Option 2 material specific fatlure assessment curve with Category 1 through Category
3 analysis

() Option 3 matenal and geometry specific fathure assessment curve (obtained by finie
element analysis) with Category 1 through Category 3 analysis

In principle Category 3 full mstability analysis 1s required for LBB Lower bound

material properties as requred 1n R, should be used but a sensiivity analyses may be
performed to assess the significance of different material properties on the resutt Care should
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be taken to ensure that all relevant siresses (mncludmg residual stresses) are mciuded 1n the
calculations

1L.8.3. Aspects of non- li

Category 3 full instability analysis may be possible but since this involves extrapolating
fracture toughness data beyond the J controlled limit, large scale validaton experiments
would be required Such expenments have been performed on 316 L stamless steel pipes and
plates (including cracks in weldments) in the UK, France ana Germany in support of the
European Fast Reactor (EFR) programme and this work bas indicated that Option 1 Category
3 analyses are generally conservauve for the cases tested Swmlar vahdation s required for
the WWER pipework 1f such a category 1 to be considered Alternatively, some limited
vahidation testing conld be undertaken m order to determine a satisfactonly prescribed amount
of crack extension (sa) for defiming an enhanced fracture toughne.s value to be used
throughout (For EFR 316 L stainless steel components, enhanced toughness corresponding
to aa = 3 mm has been specified )

Structural validation testing 18 also particularly required for transition weld regions
1E.8.4. Plant specific aspects

Thas should be accounted for by taking account of relevant geometry local features
(e g weld profiles) loading and mater1al propertics

I 9 LEAK DIAGNOSTICS

1L9.1. Scope

1 Requrements to leak detection systems from LBB analysis
2 Appheability of leak detection methods

3 Operational procedures for leakage measurement

1L.9.2. Recommendahons

1 Requirements

(a) Sensitivity, accuracy and detection time required for each plant should be clanfied
from LBB analysis
s Crmcal crack length and critical leakage rate would be different due to the piping
design and a seismuc design of each NPP

(b}  The leak detectton systent 1s essential n order to apply LBB concept to WWER
440/230 which originally has a design basis accident 32 mm equivalent diameter
pipe break The system rehability 18 very important for safe plant operation and
should be the same as that of reactor protection system
Therefore leak detection system should have hugh reliability and redundancy

o Several different methods for leak detection should be adopted
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*  As for assessment of detectability of a system a single failure criteria should
be considered for WWER 440/230 leak detection system (Example A
nearest AE sensor from a leakage position may be ignored m the assessment )

® Surveitlance tests during operation should be required to assure the function
of leak detection systems Calibration of sensitivity of a detector and electric
circunt function check may be required perodically

Applicability of leak detection methods

(@)

L)

©

[C)]

®

6y

Condensate flow rate momtor, atmospheric gaseous radioactivity momtor and
mosture monutor 1n the confinement can be used as a leak detection system But
these systems can not 1dentify a leakage Iocation and quantify with hugh accuracy
and several hours are required before detection, if a leakage rate 1s small
(~1 gpm)

For the case of long non through wail cracks at the nside of a pipe the tine
avallable from the crack wall penetration to pipe break could be short

For thus case, a fast response leak detection system should be provided

® leakage sound detection with AE sensor or mucrophone 18 effective 1n thus
case These systems can make alarm within several seconds

For locahization of leakage position and hugh sensitivity and accuracy of leekage
rate measurement, enough sensors should be mstalled at appropnate positions

Sensitivaty and accuracy of these sensors are dependent on the distance between
leakage source and semsor piping configuration and background noise These
parameters may be different in each NPP

Capability of leak detection system should be assessed and validated for each
plant Implementation of more sensitive leak detection system should be
conducted to meet the requirements from LBB analysis

For detection of small leaks approx 1 kg/h, more sensors should be istalled
on the surge ime Other detection methods, such as an infrared TV camera may
be used to detect stzam by 1mage signal processing techmique, etc

In case of small leakage around 1 kg/h, most of the leakage coolant will be steam
which can not be seen if the room temperature 15 high

For fast response leak detection over about 1000 kg/h (5 gpm), microphone leak
detection system and normal TV camera can be used to support the AE sensor
leak detection system Thus will give redundancy and rehability to AE leak
detection system of WWER-440/230 to prevent large break LOCA

State of the art technology should be applied to umprove the system to be a
highly reliabie and also capable of detecting sufficiently small leaks
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3 Operational procedures for leakage measurcment

(8) Since the leak detection system m the WWER 440/230 NPP 15 sigwficantly
umportant to protect large break LOCA, this system should be carefully and
properly operated and mamtained during plant operation

(b)  Spurious alarms will reduce confidence of operators to the system, and operators
may gnore an alarmn or bypass a signal

Rehability of leak detection system should be mamntamed and operattonal

procedures for a comung alarm should be clarified and provided for operators for
each NPP

(¢) Mamtenance procedures such as periodic survelllance tests fixing alarm setpount,
validation tests etc should be clarified and provided

(@) Man-machme mterface should be considered to the system A long term trend
recorder for leak detection system 1is useful for operators to notice easily small
differences from normal condition before large leak

18.9.3. Aspects of non-compliance

1 Requirements such as sensitivity accuracy, etc to leak detection system for each
WWER-440/230 NPP should be clanfied from LBB analysts considering plant specific
conditions

2 Further unprovements for a more rehable and more sensitive leak detection system
should be conducted to meet wath the above requirements and be venified at each NPP
specific condition

3 Operating procedures and mamtenance procedures of the leak detection system should
be clanified and provided for each NPP

11.9.4. Plant specific aspects

1 Requirements to leak detection system of each NPP may be different due to the site
conditton (seismuc design), piping configuration of each plant, etc

2 Sensitivity and aceuracy of the system of each NPP may be different due to the
background nose level and piping configuration, etc

3 Therefore, leak detection system should be designed verified and properly operated on
unit specific basis

II 10 LARGE SCALE EXPERIMENTS
I1.10.1. Scope
1 To vahdate the assessment methodology and improve input data aspects such as crack

shape development, crack instability, crack opemng area and leakage rate should be
addressed

32



2,

Components of the primary heat transpart system, « e straight pipes, elbows and safe-
ends

11.10.2. Recommendations

1

The test requirements are linked to the fracture mechamcs route employed These tests
should be to simulate the reactor operating condstions {normal and abnormal) as closely
as possible 2 Both monotome and dynamic loading conditions should be considered

The material (weld) should represent the worst fracture toughness conditions as shown
from small specimen tests

It would be desirable 10 have mstrumented tests Which would allow a calculation of J
and J-R curves These should be compared with small specimen data

Both (a) circumferential and (b) longitudinal crack growth directions should be
mvestigated

The number of tests for each component should be at least two, but may need to be
more depending on the results, € g consistency with small specimen data and margin
provided by the results

11.10.3. Aspects of non-compliance

Not applicable

I1.10.4. Plant specific aspects

1

Matersal rersoved from the same, or closely comparable, reactor should be used Any
relevant particulanties of reactor component configurations should be accounted for

The matertal and geometrical condition of the test should be compatible with a speaific
plant

II 11 STATUS OF THE COMPONENTS AND PIPING

IL.11.1. Scope

i Design

2 Dewiation from design during manufacturing
3 Maintenance

4  Modifications

11,11.2. Recommendations

Not applicable

IL.11 3. Aspects of non-compliance

Not applicable

*Most importantly the correct loading conditions should be achieved
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1L.11.4. Plant specific aspects

Components and piping of WWER-440/230 type reactors were designed, constructed
and manufactared following regulations and specifications valid in the former Soviet Union
m the late 1960s Commusstomng of this type of reactor were m the 19605 and 1970s During
this comnussioning period the layout, manufacturing and welding procedures were changed
in some cases Therefore it s necessary to assess the components status and to examme if
the actual status agrees with generic inpuis of the applied leak before break approach, such
as

- agreement between design and actual state,
- observed non regular structural features causing stress concentrations
- existing restrictions on the testability by non destructive methods

Restrictions on NDE are due to geometry and materials used These were produced ¢ g
durmng welding of semi-finished parts with different wall thicknesses or by oversized surface
layers of welds (as required by regulations) or by dissmular welds

II 12 ASSESSMENT OF THE OPERATING EXPERIENCE
1.12.1. Scope
Assessment of hfetime records
IL.12.2. Recommendations
Not applicable
I1.12.3 Aspects of non-compliance
Not applicable
11 12 4 Plant specific aspects

The assessment of operating experiences provides additional information concerning the
operational behaviour of components and piping  This will also provide important information
on the efficiency of recorded measures taken agamst farlure duning design manufacturing and
assembling stages of the components and pipmg These assessments should comprise

- general operating behaviour,
- observed shorfcommgs,
- results of recurrent mnspections,
- results of non destructive testings,
- necessary repais,
mprovements,
- corrosion attack
wear angd tear,
- restrichions due to mspectability,
~  status of supports hangers and snubbers



Annex IH
A SIMPLIFIED EXAMPLE OF AN LBB APPLICATION

The purpose of this annex 1s to illustrate the layout of the LBB analyses results
presented for the case of Bohumce Umit 1 mn the format of an 1L.BB Handbook using an
example of a pnmary circuit weld

The 1 BB Handbook summarizes conservative estmates of specific margins for which
an obligatory mmmmum value 15 prescribed m the LBB status document [2] The prescribed
margin coefficients are also defined 1n Section 3 1 The margins have to be evaluated for all
critical sections of the primary circunt For each critical section a page, as shown n Fig 1
1S to be evaluated The obligatory coefficients [2] are printed bold w order ta be easily
distmguished from the additional coefficients, which provide additional mformation about the
safety case

Figure 1 shows a page of the LBB Handbook pertment to the weld 112 in local
notation In general, for each critical sevtion more than one nput parameter sets noted as
numbered cases, may be required The lowest value of the margin 15 then considered for the
critical section The weld considered in s particular case 1s between the RPV safe-end and
the MCL located 1 cold leg of the loop with pressurizer of Umt 1

For the evaluation of the stress mntensity factor the diameter D = 560 mm and wall
thickness t = 33 5§ mm are used Because the plastic deformation mechamsm which 1s
essential for the Lt load may occur dommantly 1 a section out of the postulated crack, the
diameter and the wall thickness D, = 560 mm and t;; = 33 5 mum respectively, are given
for the lumit load caleulation In this case, however, the dimensions for the lunit load and the
stress imtensity factor evaluation are the same The welded joint 1s homogeneous, austetic
with the flow stress of the base matenal R; = 3322 MPa (dommant m the plastic
deformation mechamsm) and the imtiation J;, = 121 7 kJ/m2 of the crack tip materiai The
temperature for all materials nvolved is 265°C  Internal and external pressure are
respectively 12 65 and 0 1 MPa M5 = 430 643 Nm and Fy,; = 2 398 649 N stand
respectively for the bending moment and axial force under normal operation The quantities
mehude the effects of dead weight, thermal dilatations and pressure with respect of signs
This load 1s used for crack opemung and leak rate calculations Mgy = 1 1 21 708 Nm and
Fgp = 2 549 355 N are respectively bending moment and axial force from dead weight
thermal dilatations, internal pressure and safe shutdown earthquake (SSE) Square root of the
sum of squares of SSE and NOC loads 15 taken mto account All quantities are summed n
their magmitudes, disregarding signs, 1 € components i the sense of the Cartesian coordinate
system

To the leak rate of coolant of 38 L/mm (10 gpm) cotresponds a crcumferential
through-wall crack of the length I, = 131 4 mm under normal operation conditions Here
the prescribed margin coefficient 10 15 respected so that 38 L/mn 1s computed and 3 8 L/mun
1s prescribed for measurement The SSE component of the bending moment m Mgyp 15 2 7
iimes less than the value associated with plastic collapse when other components of load
remamn constant, 1€ Fi(p) = 27 As plasuc collapse load 1s usually decisive for imtegrity
failure, tus s a valuable parameter even thoagh not requured i Ref [2] Crack length
pertinent to plastic collapse is 1, = 523 2 mm  The value of 1 /1., equals 4 which 1s greater
than 2, prescribed m [2] This criterion 1s usually the most critical one throughout the LBB
Handbeok for plants with austemiic stamless steel piping
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Deseription:

Weld: 112 Approximation 1
VUm: 1 (Joop with pressurizer)

Cold leg

RPV nozzle weld of safe-end to prumary cireu

Inputs:

D = 560 0 mm t = 335mm

Dy = 560 0 mm ty = 335mm
Type of weld Homogeneous austenmic

R, = 3322Mp L, = 1217 kim

‘Temperatire 265°C

P = 12 65 Mpa. Pt = ©10Mpa
Myoc = 450 643 Nm Faoc = 2398649N
Mgy = 11)21708 Nm Fap = 2549355N
BEvakation:
Crack length associated with 38 Lmin leak rate under normal operation. T — 131 4 mm.
Seasmc Toad safety factor. F} =27
Crack length associated with plastc coilapse L, = 5232 mme
Rato L/, F = 4.0
Fl(adex) - ratia of Mige™sup
x bending moment pertinent to index type falure
Index 1 crack mitiznon after blunting
Index g - crack growth within exclusion lines of J-R curve
Index m - described m the table
R6 US NRC
F0 = 14
M[Nm] = 1527521 P4 = 13
Fig) = i6 M[Nm] = 1443 599
FH{g)F) = 12
M,[Nm] = 1830846
Fl(m) = 13 Fi(m) = 18
M, [Nm] = 2103202 M, [(Nm] = 1 969 503
m - mstabibiy m - mstability
MPA/KWU SBY - PL. STRAIN
PRyp = 10
0] = NA
FR) = 14 M|[Nm] = N/A
FRy) = 17 F<m) = N/A
M, [Nm] = N/A

S8Y conditions not met

FKG 1 LBB Handbook format

36



The margin prescribed for the onset of unstable crack growth 1s equal o 1 (te
F-(m) — 1 n the LBB Handbook notation) for the type of load summation described above
F-(m) 15 defined as M, /Mgy, where M, 15 the moment pertment to the mumum of erack
growth instability and vahdity of the extrapolated J-R curve Which of the conditions 1s 1n
force 15 given m the table 1n the analysed case FX(m) pertams to istabilty The Fi{m)
equals respectively 1 9 and 1 8 when evaluated according to the R6 [7] and US NRC [8]
procedures There 1s no sigmificant difference between both types of evaluation the former
utilizing the FAL and the latter the J-T diagrams In some cases of rapidly changmg wall
thickness and pipe diameter the R6 and 1S NRC values of F-(m) may differ more profoundly
i the LBB Handbook Ths 18 not because of a significantly different approach of the R6 and
the US NRC but because of the use of different input data for the Iimut load In these cases
the US NRC (as evaluated in the LBB Handbook} 1s overconservative and the R6 1s {0 be
taken 1nto account as sufficiently conservative

An additional information about the margins, as defined 1n the above paragraph related
to crack mitiation after blunting, 1¢ F-(1) 15 instead of Fi(m), 15 useful, although not
requested 1n Ref [2] Meeting the criterion F-(1) > 1 adds strong additional argument for
the final decision of the heensing authority Thus 1s the case here when FL(1) equals 1 4 and
1 3 respectively using the R6 and the US NRC approaches

Another additional useful margin parameter 15 F(g) This 1s defined in the same way
as FY(m) but 1t 18 related to the crack growth within exclusion lmes of standard test
specimens As expected F(g) — 1 6 1s between 1 4 and 1 9 The validity condition for this
coefficient 18 FL{g/F (1) = = 1 2 (for details see the R6 procedure [7])

The above defined margins are evaluated also 1n a SSY approximation when small scale
yielding conditions prevail This 1s exceptionally the case 1n the analysed problems

The German MPA and KWU prefer to avoid J integral in the analysis The pertinent
procedures compare a specific stress i the linear elastic body with yield, flow and ultimate
stresses We can see m Fig 1 that the numbers 1 1 4 and 1 7 are n reasonable accord with
the J miegral based values

In the above paragraphs the content of the LBB Handbook was explamed and
demonstrated In addition to this document 1t must be demonstrated that fahigue and corrosion
are not sigruficant i primary circwit The procedure for this 1s described m Sections 3 2 and
3 3 of the main document

The LBB Handbook and fatigue and corrosion assessment require extensive input data
related both to Joading and to matenal properties The programme for obtammng the data 15
described 1n Section 4

Although only the results of Section 3 of this document are etfectively required for the
LBB status approval the Safety Case Document also requires documentation of the soput
data 1 e outputs of Section 4 of this gocument Validation of the most complicated cases of
the LBB Handbook by large scale experiments supports the acceptance of the LBB case
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a, ¢

AE

BT (index)
BWR

CANDU
DEGB
BCCS
EFR
EPRI

F
Fp)

FWL
g (mdex)

GERB
HCLPF
1 (index)
IPIRG

J

LBB

Ve

MCL
MCP
MSK64

NFPP
OPB
PGA
PICEP
PWR

RG
RPV
RSK.

SL
SMA
SQUIRT
SSE

SiL

ABBREVIATIONS

crack sizes

acoustic emission

crack sizes at the pomnt of wall breakthrough

boihng water reactor

pressurized heavy water cooled and moderated pressure mbe type reactor
double ended guillotine break

emergency core cooling system

Furopean fast reactor

Electric Power Research Instirute

Toad

sewsmuc load safety factor, indicating how many times the SSE load may be
mcreased (other load components bemg constant) untit the plastic collapse
load 1s reached

feedwater line

crack prowth up to the maxumum value of the valild J integral when
measured on the standard test specimens

viscous damper

high confidence ot low prohability of falure

crack mmtiation after blunting

International Piping Integnity Research Group

T mtegrat

leak before break

postulated through wall circumferential crack length pertaimng to the leak
rate of 38 L/mm under normal operation conditions

Lawrence Livermore National Laboratory

loss of coclant accident

postulated through-wall crack length pertatming to plastic collapse

bending moment

the smailer of the crack length up to the limit where the J-resistance curve
extrapolation 15 stll vahd and of the crack length at the onset of the
wmstabality afier stable growth

main circulatmg lme

main circulatimg pump

seismic scale

non-destructive testing

nuclear power plant

former Soviet Union safety standard

peak ground acceleration

leak rate calculation code

pressurized water reactor

loading ratic

regulatory guide (US NRC)

reactor pressure vessel

German safety standard

surge hne

S€1SMIC margin assessment

leak rate calculation code

safety shutdown earthquake

steamitne
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US NRC

WWER
ZPA
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wall thickness

US Nuclear Regulatory Commussion
water hammer

Soviet designed PWR

2ero peak acceleration
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