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1 Introduction

The reactor pressure vessel (RPV) represents a key component of a nuclear power plant (NPP) and its
integrity must be ensured throughout its entire operating time in accordance with applicable
regulations.

The dominant and expected type of damage in the RPV is embrittlement under neutron irradiation,
especially in the core (beltline) area. If a flaw of critical size existed in an embrittled RPV and when
certain severe systertransientoccurred, the flaw could propagate very rapidly through the vessel,
possibly resulting in a througlhvall crack and challenging the integrity of the RPV.

The Pressurized Thermal Shock (PTS) analysis is a part of RPV integrity assessment. PTS is characterized
by rapid cooling of the downcomer and internal RPV surface (i.e., thermal shock), followed sometimes

by repressurization of the RPV. Thus, a PTS epests a potentially significant challenge to the
structural integrity of the RPV in pressurized water reactors (PWRs) and-ewatied water

moderated energy reactors (VVERS).

In the European Union, currently used PTS analyses are based on deterministic assessment and
conservative boundary conditions. This type of PTS analyses is reaching its limits in demonstrating the
safety for PWRs and VVERs facing Long Term Operationathd @¢ed to be enhanced. However,
inherent safety margins exist and several LTO improvements and advanced methods are intended to
increase the safety margins of PTS analysis. Additionally, the quantification of safety margins in terms
of risk of RPV failer by advanced probabilistic assessments becomes more important as the
probabilistic methods ensure more comprehensRi€Sassessment and enable the quantification of
uncertainties of results.

To address that challengiie APAL projectddvancedPT SAnalyses foL.TO) was launched in October
2020 with funding from EURATOM Work Programme ZI12ZD and with a duration of four years.

The main goals of the APAL project are the development of advanced probabilistic PTS assessment
method, quantification of safety margins for LTO improvements and the development epilzesice
guidance. The project addresses multidisciplinary and mpbigsics challenges related to RPV safety
assessment of PTS mitigation. The work to achieve these objectives is divided into seven work packages
(WPs):

WP1¢ LTO improvements relevant for PTS event,

WP2¢ Improvement of TH analysis,

WP3¢ Deterministic margin assessment,

WPA4c¢ Probabilistic margin assessment,

WP5¢ Definition of bestpractice for advanced PTS analysis,

WP6¢ Training, Communication, Dissemination and Exploitation,

1  WP7¢ Scientific coordination and project management.

= =4 4 a8 - A

NPP improvements after Fukushima and LTO improvements to cope with the PTS awedgsis
investigated and assessed in the frame of WP1. The WP1 consisted of a collection of experience to
identify the stateof-the-art in topics such as residual stresses, Wdpnestress(WPS) Thermal-
hydraulic(TH)analysigncluding the human factoand/or operator actionsprobabilistic PTS analysis

and relevanstatistical tools, and TO improvements (hardware and software) that may have an impact

on the results of PTS analysis. This includes the identification of technology gaps and the definition of
LI2a3dA0fS AYLINPOSYSYyGad ¢KS 2t wmQa & dzby¥ite MdEbsithls LJ2 NI
https://apal-project.eu/[5]).

After establishing the LTO improvements, thersgdraulic (TH)calculations were performed
including also uncertainty quantification relevant to the PTS assessment (WWHe2jmpact of both
LTO improvements and human factand/or operator actionson the results of thermahydraulic
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analysis were quantified and later assessed by subsequent structural and fraostgrenics
O0SYOKYIFINJa $AGKAY 2to FYR 2tnd ¢KS 2tHQ& &adzYYl NI
site (websitehttps://apal-project.eu/[35]).

The third work package (WP3) consists in performing deterministic structural and frawaaiganics

analyses to quantify the safety margins related to both LTO improvements and uncertainties in TH
analysis. The analyses to be used for deterministic maghessment were carried out based on a
O02YY2y RSGSNNAYAAGAO O6SYOKYFNJ® ¢KS 2toQa adzyyYl N
site (websitehttps://apal-project.eu/[36]).

In the fourth work package (WP4), probabilistic margin assessment based on probabilistic fracture
mechanics analysis was performed. The assessment allowed the quantification of safety margins in
terms of risk of RPV failure. An advanced probabilistic BI&sment was performed by considering

the TH uncertainties in the subsequent structumachanics and probabilistic fractureechanics

analyses. An appropriate benchmark for the probabilistic fractaezhanics analysis was defined in
accordance with thé&enchmark performed for deterministic margin assessménk S 2t n Q& adzy Yl
report is publicly available on the APAL web site (webbitps://apal-project.eu/[37]).

The fifth work package (WP5) gathered recommendations and conclusions from performed work to
define the besfpractices for an advanced PTS analysis for LTO, which is addressetejpothisClose
cooperation with Advisory Board (AB), regulatory bodies andusmiis (NPP owners, suppliers, etc.)
during the project helped to increase the acceptance of the {peattice guidance. For that purpose,
several workshops were organized (WRSBjliscuss this begiractice guidance with regulatory bodies

and main eneusers in order to analyse potential barriers, integrate feedback and obtain broad
acceptance of the besgtractice guidance for an advanced PTS analysis for LTO within the nuclear
community.

The interaction of WPs within APAL is shown in the diagram below:

WP7
Management

WP1
State-of-the-art for PN
/ LTO |mprovements / & \\
« b?‘"a \‘* y :’vbr .
\ ﬁ& % ) & e \\,1|
(‘ improvements e f)?
| a\\ (&g &du'nncodmclhods. M %“"pj"“ % ||
Rs) N
0‘—.
(- — ——( e
Mast influencing
WP2 — WP3 LT0 imerovemnts WP4
Improved TH e e Deterministic E— Probabilistic
analysis margin assessment tam;wﬂlnm margin assessment
distributions
AN
(/ \\\ Conculsion and
. ,_}‘“a,,q‘ . recammendations_| (\_’ b o
N, ;;0 A T~ “ eﬁ\)
‘\'*4:::7 - & “G‘j P
N WP5 L~
) Best-practice T
. guidance
Technical WPs p

-

WP6
Training and
Dissemination

— —

Figurel. APAL structure and Work packages
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2 Objective and structure of the deliverable
The main objective dft p a5SFAYAUGUAZ2Y 2F 06Sad lssd OGAOS F2N) IR

gather conclusions and recommendations from performed work (\WR/P4),

formulate bestpractice guidance for deterministic and probabilistic RPV integrity assessment
considering improved methodologies and recommendations for the assessment of LTO
improvements &s the main outcome of WPR5)

9 alsotaking into account feedback during the project from Advisory Board anelsacs

T
1

Based on D5.1 document (Prefinal report on guidance...), which is based on the outcomes and
conclusions from each phase of the project, the D3i2al report was preparedlo achieve this goal,
three subtasksvere preliminarily defined, resulting in the following subtasks in WP5:

1 Compilation of best practices from WP1, WP2, WP3 and WP4 (Task 5.1)
0 Recommendations on best practices and outcomes from WP1, WP2, WP3 and WP4
are gathered and summarized.
1 Gather feedback on begiractice guidance (Task 5.2)
o Feedback from several sources is gathered to optimize and improve the guidance and
to enhance acceptance.
1 Integration of feedback and review (Task 5.3)
0 Feedback and perspectives gained from task 5.2 as well as from review of the Advisory
Board members were analysed and integrated in this final report to optimize and
improve the guidance on best practices for RPV integrity assessment.

The final D5.2 report resulting from these tasks provides guidance on best practices for deterministic
and probabilistic RPV integrity assessment which can be used for further applications. This guidance
on best practices for advanced RPV integrity assessiis beneficial to increase the regulatory
acceptance of margin justification.

Regarding this D5.2 report, Section 3 of this deliverable describes the general stppsfdoming a

PTS analysis and summarizes the approaches taken for considering the residual stresses (both welding
and cladding residual stresses) and LTO improvements in the analysis. Section 4 summarizes the best
practices for the selection of the overdamy transients and accidents to be considereBTS analyses.
Section 5 summarizes the best practices in performing thehmdtaulic calculations for PTS analyses.
Section 6and 7 summarizes the best practices, based on the results of WP3, in performing
deterministic PTS analyses. Sectosummarizes the best practices, based on the results of WP4, in
performing probabilistic PTS analysdsnally, Section 9 presents the main conclusions of the
deliverable.

13
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3 Overview of PTAssessment Methodologies
3.1 Background

Pressurized thermal shock scenario can occur wdmmeinitiating eventoccursA y G KS LI | y i Qa
transport systemnthat causes injection of (cold) emergency core cooling water into the Wik the
pressuremay remain highpr the pressure may decrease, or there may be a drop in the pressure
followed by its reincrease.Such incidents and coincidences are very unlikely to happersdoue PTS
scenarioshave occurred in PWRs (see for exaniBl¢. During such events, the rapid cooling of the

wt + @eér suKage results ithermally inducedensile stresses which vary through the vessel wall,

vary with time, andare added to the stresses due to pressure. The magnitude of the thermal stresses
also depends on the temperature gradient across the RPV wall. The PTS challenge to RPV integrity
usually requires, in addition to the transient cooling and pressure loads, the canseidéembrittled

material because of neutron irradiation, and the presence of defect(spfsiciently largesize and
appropriateshape in the region of high stress.

Consequently, when RPVs are exposed to cre@ib&scenarios, a principal focus of PTS analyses is on
determining the potential of flaws on the RPV inner surface, or on the RPV outer surface (in the case
of accidents resulting in cooling of the RPV from outsidegmbedded within the RPV wall, to become
critical and propagateThose analyses must compute the changes in the thrahghwall stressand
temperaturedistributions with time as the thermal and pressure transients take place. The result of
the completePTS assessment process isatialuaton of the state and acceptability of margins of RPV
integrity. Implementation of the process requires the following stépgure2):

1 select appropriate PTS event sequences,

1 conduct thermalydraulic analyses (to establish the coolant pressure, coolant temperature,
and heat transfer coefficient timbistories between coolant and RPV wall),

9 conductstructural (or thermemechanicalpnalyses (to compute temperatures and stresses as

functions of time and location),

establish flaw characterization (distribution, shape, and size), and

establish and apply fractummechanics models and fracture criteria,

establish material properties (as functions of vessel material, temperature, and neutron

exposure, etc.).

E N

14



APAL(945253 D52 ¢ Fnal report on guidancen bestpractice for
deterministic andorobabilistic RPV integrity assessment

Selection of Overcooling Sequences

Plant data (Systems,

Operating Procedures, etc.)
Thermal-Hydraulic Analyses

RPVY Geometry

Material Properties
A

Temperature and Stress Field Calculations

Postulated Defects

Crack Tip Loading Calculations

Fluence

Fracture Toughness

Integrity Assessment

Figure2. Simplified flow chart of the calculation chain for deterministic RPV PTS safety assessment

Other factors to be considered within PTS assessment include, but are not limited to, residual stresses,
modelling of weld regions, effects of RPV cladding, the role of crack arrest, and wastngae(WPS).
Theanalysigesults are then compared with criteria to provide an overall integrity assessr8enie
aspectof the analyseare complex and multidisciplinarggpecidl if they consider mutual influence

of the factors, for instance how RS affects WPS and vice versa), and they require the availability of
experienced personnel to implement appropriate advanced computer codes in a coordinated manner.

In SectiorB.2, the two main approaches to structural integrity assessment, i.e., the deterministic and
probabilistic approach, are generally described including differences between them.

In SectiorB.3- 3.5, some specific issues concerning PTS assessment, which were selected within APAL
project to be thoroughly studied, are presented.
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3.2 Deterministic vs. Probabilistic Analytical Approaches

A simplified Structural integrity assessment based on exclusion of crack initiation only (without
crediting crack arrestipvolvesgenerally thecomparison of the magnitude of the driving force (DF) for
structural failure produced by loading events with the resistance (R) of the structure to failure. Both
the driving force and the resistance depend on combinatiodaofe number offactors and, as
illustrated in the leftmost column ofFigure3, both are inherently distributed quantities. To provide

an example, the driving force produced by PTS will not always be the same because the loading
transients will not always be the same, because the flaws in the vessel material can be of different
sizes and locations, et&Similarly, the resistance of the vessel material to PTS is also variable because
different vessel materials will have different fracture toughness, different degrees of sensitivity to
neutron irradiation embrittlement, etc.

Actual Situation Representation of Distributions
PraiLure Distributions Deterministic Probabilistic
zero | | ; A
— - >
S T S T S T
Estimate: No “Failure” Estimate: Pg,, = Virtually Zero
Small
= —> = —> —_—>
) T S T ) T
Estimate: “Failure” Estimate: Pgy, = Small
Large ‘ | |
—> —> —_—>
ST ST ST
Estimate: “Failure” Estimate: Pg,, = Large

Note: The actual solicitation (S) and failure threshold (T) distributions are also shown, lightly, in the
deterministic and probabilistic columns. The difference between the actual distribution and its chosen
representation illustrates knowledge uncertainty (i.e., the fact that we do not know the exact actual
distribution and have to choose a distribution that we believe best represents the actual distribution).

Figure3. lllustration of how deterministic and probabilistriodellingapproaches represent the actual
distributions of driving force (DF) and structural resistance (R), and how these representations influence the
estimate of structural performance that is the outcome of the analysis
(PFAIL means the probability of RPV fail{B#)

The leftmost column of Figure 3 illustrates how the overlap in the driving force and resistance
distributions represents the probability of structural failure. The centre and right columns of Figure 3
illustrate, respectively, how deterministic and prolilaiic models attempt to represent the reality of

the distributed quantities of driving force and resistance.

In general, the approaches used in various countries for PTS evaluations are tailored to their
circumstances, which include their specific designs, license concepts, and regulatory framework. In all
instances, the process includes event characterizatitvernhal hydraulics, fracture mechanics,
material properties characterization, computational methods, and limiting rules/criteria. Generally
speaking, the risk of RPV failure by PTS is assessed in one of two main ways:

1 Deterministianalyses represent the uncertainties in both the driving force and the resistance
distributions acting on a component by a number of means (e.g., conservative bounding values
or margins) that permit estimation of the distributed driving force and resistaguantities as
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single (conservative) values. These analyses use combinations of postulated transients, load
history, postulated defect characteristics (sizes, orientations, positions), material property
models, fracture models, and structural factors (e.g., claddingdsyelnd residual stresses)
together with criteria and safety factors to ensuresafficientmargin against failure. This is
usually done with realistic models but by conservatively assuming that the most vulnerable
(size and orientation) postulated defeist subjected to the worstase postulated transient
(thermal and pressure) and is located usually in weld regions or in the most loaded position of
the RPV or in those locations of the RPV where the material undergoes the highest radiation
(and therefore las the most degraded properties). Consequently, the results are generally
regarded as being envelope.
1 Probabilisticanalysesepresent the uncertainties in both the driving force and the resistance
distributions by two means:
o0 As distributed quantities that seek to represent the distributions of the most detrimental
parameters as accurately as possible, or
o For some parameters by using conservative bounding values, conservativeosigls, or
margins to permit the distributed driving force and resistance quantities to be treated as
single values.
This type of PTS analysis is a common practice in the USA to account for uncertainties (models
and data) by performing analyses based on Monte Carlo or advanced simulation methods in
which many deterministic fracturenechanics analyses are performed oraggé number of
randomly generated RPVs. The input variables (such as the number, size, location of flaws,
embrittlement, and fracture properties) for each deterministic analysis are sampled from given
statistical distributions. For each PTS transient, Mente Carlo process (or advanced
simulation method) propagates the uncertainties and their interactions through the model(s)
such that the solution is not a discrete number, but rather a statistical distribution, which
provides a measure of the uncertairitythe solution. The product of this distribution, known
as the conditional probability of vessel failure (or conditional probability of crack initiation),
and the statistical distribution of the frequency of occurrence of each transient, integrated
overall postulated PTS transients, provides a statistical distribution of the frequency of failure
or frequency of crack initiation (failures/initiations per reactor operating year), some fractile
of which (such as the mean value or thé"@@rcentile) must be below a certain limiting value.

The new feature of APAL is the combination of deterministic and probabilistic approach,in TH
structural and fracturemechanicsanalyse [18]. Deterministic analyses are currently fundamental in
Europe. Nevertheless, probabilistic TH analyses (considering uncertainties in TH input data describing
NPP parameters and uncertainties in model parameters) are routinely performed for safety analyses
focussed on core melting but not for pressure vessel failure due to thermal mechanical event like PTS.
But for PTS analyses only deterministic TH analyses are perfo@neithe other hand, probabilistic
fracture-mechanics analysese performed as basanesin the USA and as supplementary worldwide,

but in all cases based on deterministic TH analyses. The current approach is schematically drawn in
Figured4.
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TH analyses Structural PTS analyses

DET : DET

PROB 3-‘ I PROB

safety analyses (focussed on core melting)

Figure4. Current approach to deterministic and probabilistic TH stnactural/fracturemechanicTS analysd48]

The new feature and challenge of APAL project is performing probabilistic TH ar{atyssidering
uncertainties in TH input datand using their results in both deterministic and probabilisticctural
and fracturemechanicTS analyses. The new approach developed within ABAQwS inFigure5b.

TH analyses Structural PTS analyses

01 61 0F 03 04

00 01 02 03 04

safety analyses (focussed on core melting)

Figure5. APAL approacfyellow arrows}o deterministic and probabilistic TH asttuctural/fracturemechanicTS
analyseq18]

3.3 Consideration of residual stress (RS) for RPV integrity assessment in case
of PTS

The RPV inner surface is lined with a cladding of austenitic stainless steel. In principle, one or multiple
layers are used for cladding. The austenitic cladding orRfénner surface is mostly performed by
automated strip welding under flux using different strip widths, and in some special cases or locations
(e.g., nozzle radius) by manual welding. Deposition of these stastiesslayers generates residual
stresses iboth the cladding and the heat affected zone in the ferritic steel immediately beneath the
cladding. Cladding residuatresses (CRS) are redistributed during the pest heat treatment
(PWHT).
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After the PWHT, the RPV is subject to a hydrostatic pressure test. Generally cladding residual stresses
can be reduced during this test. This is not the case for the weld residual stresses because of their
already reduced levels after the PWHT. Operatiamalditions, such as heatup and cooldown, can
cause RPV residual stresses relaxation and redistribution. However, even after several cycles of
operation certain residual stress remains. As the residual stresses have impact on brittle fracture, they
shouldbe included in PTS analysis.

In PTS analyses using linear elastic fracture mechanics, residual stress can be treated separately from

the stresses resulting from PTS loads. In advanced nonlinear FEM analyses, WRS are included into the
model together with the loads resulting from PT68t this purpose, strains corresponding to WRS are
generallyinput in the model. In this case, checking of resulting stresses (calculated before application

2T 21 Ra NBadAZ# GAy3a FNRY t¢{ 2y C9a Y2RSt 6A0GK aC

RS due to claddingre generally introduced by using different thermal expansion coefficients of
base/weld material and cladding and by selection of the appropriate streegemperature™Y

The value of streskee temperature depends on material properties, the manufacturing procedure
and the influence of the hydro test. This approximation results in a pig@se linear function, which is
determined from the different values of thermal expsion coefficierg and the thicknesses of the
cladding and base metal. This description does not account for any variation of the residual stresses in
the cladding transverse and longitudinal directions, although different stress states are expected at,
for instance, midvidth of beads, and in the bead overlap region.

In practice, the stresBee-temperature "Y is different from the reference temperaturé’Y

(typically, the room temperature) in relation to which the coefficient of thermal expansion (CTE) is
provided in codes and standards and PTS guides. When the software used for mechanical calculations,
such as FEA software, does not correct the CTE autatiatio the stresdree-temperature”™y

the CTE at the temperatuidased on thestressfreetemperature”™Y  , can be calculatedsingthe

method descriked inSection6.1 of this report

3.3.1 Methodologies to determine RS

There are three main methodologies to determine RS which differ in the level of difficulty to obtain
them:

9 Take RS from standards (or other literature),
i Calculate R8singa detailed FEM analysis,
i Determine RS based on measurements.

Thedescription of RS distributions used by APAL patrticipants is contained in S$e8tibt The other
two methods are briefly presented in Sectidh8.1.2and 3.3.1.3respectively.

3.3.1.1 RS taken from standards (or other literature)

To provide reasonable and practical way to handle RS in case of RPV assessments, solutions for RS
profiles in welds and claddings are available in several standards and codes.

The residual stress distributions used in the countries of APAL participants are summarized below.

Czech Republic

RS for assessment of RPV resistance against fast (brittle) fracture are taken from the Czech standard
NTDAME Section IY8]. Its approach tdRS is based on Russian standard MSKRIR2004[9]. The
paper by V. |. Kostylev and B. Z. MargHlit] contains the technical basis for this RS distribution.

RS magnitude in cladding is taken as 390 MPa (at room temperature). Weld residual stress profile
through the RPV wall thickness is considered as a cosine with an adjustment for heat affected zone
(HAZ). RS profile through the RPV wall thickness in basal fisetonsidered as stepwise with
adjustment for HAZ (seféigure6).
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Figure6. RS profile through the RPV wall thickness in a) weld, b) base metal

The magnitude of RS in HAZ due to cladding and in weld is taken based on diagrams in the standard in
dependency on duration and temperature of tempering (§égure7).
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Figure7. Dependency of RS magnitude on duration and temperature of tempering

Introduction of RS based on measurement or based on detailed calculation is acceptable by the Czech
standard, but no detailed procedure for the calculation is provided in the Czech standard. The detailed
calculation of RS has not been applied in practate y

Germany

According to the German KTA stand§it@] the weld residual stress shall be considered by applying a
constant value ofh @ 0 cacross the wall thickness in the direction parallel to the weld if no other
value can be determined. The irregular distribution transversal to the weld may be considered by
means of the following cosine equation:

» Eou@0BAT & ¢o
with wbeing the current coordinate along the path through the wall @rking the wall thickness

without cladding.This distributions based on work published by D.A. Ferrill, P.B. Juhl and D.R. Miller
in 1966[14].
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The consideration of residual stresses resulting from the cladding procedure is not explicitly described
in the KTA. For residual stresses in the cladding itself, it is common practice in Germany to consider
the operating temperature as a strefge tempeature for the cladding in the FEA if no detailed
information is available. Therefore, the stresses due to different thermal expansion coefficients of base
and clad material lead to a conservative stress generation during the thermal transients. Residual
siNBaa Ay GKS 1!1% Aa O2yaARSNBR Ay (GKS lylrfeara
strain-stress curveY Y ).

Switzerland

The WRS is determined as v @A T @ ¢o 0 0 &based on the IAEAECDOE627 [1], and

when usingFAVOR code gs 1T AT € @0 0 O &This value is prescribed in a finite element
simulation based on the radial and circumferential coordinates of the point of analysis. During the
calculations, RS are assumed deterministic and correspond to the values in FAVOR code according to
the reference[16].

For cladding, in FAVOR, it is assumed that the residual stress at room temperguregp® 0
Stressfree temperature is set tq P&tJo. Temperature dependent material properties are used.

US, Slovenia, Spain (RS approach in FAVOR code)

The residual stresses implemented in FAVORRwere obtained experimentally and with numerical
analyses of a RPV shell segment with a structural weld from a cancelled pressurized water reactor plant
in the US.

The RS profile through the RPV wall thickness in welds available in FAVOR is $hgue8nAt the
inner surface, ap® Qi *x W O Otensile stress is observed. This stress profile, which does not
include the cladding RS described above,-scaded in the watlhickness direction to adapt the profile

to the studied RPV wall thickness.

Through-wall Residual Stress
Profile in FAVOR

Residual Stress (ksi)

| 11EM AdN 12300

— — —l
0 0.2 0.4 0.6 0.8
Normalized Distance from RPV Inner Surface (-) 04/19/06 K1 ptw

Figure8. Welding residual stresses in FAVOR [/

iy

In the FAVOR code, the specification of a selected streegemperature (Y ) allows the user to

include the effects of difference in thermal expansion coefficients between the cladding and base
materials (i.e., cladding RS). Thus, the cladding RS are introduced by thermal strains mismatch between
the cladding and base materiaMl/ith a”Y  equal tot Y JO ¢ v &), a reference temperature

('Y ) equal tox Q¢ ¢ pdJ and temperature dependent material properties, the througjadding
average tensile stress of abogt@ Qi & t & 0 Yis obtained. Becausgy and”Y usually

differ, the thermal expansion coefficient is-sealed within FAVOIsing the formula showbelowto

assure the strain free condition &
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where,

| r is the coefficient of thermal expansion at the temperattidbased on thereference
temperature™Y

| r Iis the coefficient of thermal expansion at the temperaturébased on thereference
temperature™Y

The cladding residual stresses can have significant impact on the probability of cleavage initiation of
shallow surface flamsnder normal operational loading of the RPV.

Ukraine

RS for assessment of RPV resistance against brittle fracture are taken from Ukrainian standard PM
T.0.03.41516[19] which refers to the IAEA recommendatifi} , @ AT @ o 0 0 GInthe

other hand, according to clause G.3 of Annex G of SOY NAEK 1712(#M®S distribution is allowed

to be defined as result of a simulation.

RS profile due to cladding is considered as a step function.

RS redistribution due to pressure tast/or operational load:
Only the stresdree temperature is adjusted. In case of FEM calculation of RS the redistribution due to
hydrotest is calculated.

Sweden

RS are taken from standards (SKI) if there is a representative reference available for the case in
guestion.

The reference must be representative in terms of geometry, material, groove, passes and heat input.
It is assumed that the reference is based on a common combination of these, and the current analysis
case must be sufficiently similar (no significant déetafrom the assumed common parameters), e.g.,
neighbouring weld within characteristic distance and welding performed with multiple coincident
start/stop positions (as opposed to axisymmetry).

Hungary
The residual stress distribution in welds was taken as fol[@ljs
S AT ¢ ¢0,
where ,, @1 0 (w is the coordinate in weld thickness direction starting from the

cladding/weld metal interface, andlis weld thickness (without cladding).

The cladding residual stresses were taken into account, applying aBeessmperature Y ), which

was chosen equal to the operating temperature of the corresponding component. Calculations and
measurements were performed to show that this is a conservative assumption.

France

Predefined residual stress profiles were proposed by industrialsKepee9) based on a literature

study including engineering, R&D measurements and international standards. The proposed RS
profiles were verified by FEENhalysis using Code_Aster. Measurements will further be performed by
industrials to validate the FEM analysis and to confirm the conservativeness of the proposed RS
profiles.
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Figure9. RS profiles as a function of distance from the inner surface

The RS is postulated in the post weld heat treatment state of the RPV. The impact of pressure test
(hydrotest) is taken into account in the evaluation of RS (FEM analysis). Thereafter, eventual evolution
of RS caused by-service loadings is neglected.

Japan

There is no description of RS distribution to be used in PTS assessment of RPV in Japanese codes, but
the technical basis of RS distribution used in the assessment shall be justified.

3.3.1.2 RS calculations

If a more detailediescription of the residual stress is needed or in cases where a simplified approach
is not adequate to describe the residual stress distribution, RS can be determined throughout detailed
FEM calculations. However, RS numerical simulation is still araiatietask since a lot of input data

is required:

1 Material (stressstrain curves, creep curves, mechanical and thermal properties in a wide range
of temperatures, phase transformation).

1 Welding processes information (welding conditions, bead dimensions, heat profiles, eventual
weld repairs).

1 Post weld heat treatment (temperature, time, heating and cooling rates).

9 Hydropressure test (pressure and time duration).

As a rule of thumb, commercial FEA codes (like ABAQUS and ANSYS) or specific codes focussed on
welding simulations (like SYSWELD) are usually used. General simplified workflow for RS evaluation is
presented inFigurelO.

2-D modelling is often preferred and may be used where it can be regarded as a reasonable
approximation, e.g., for some axisymmetric problems. This approximation, however, eliminates
process characteristics in the welding direction from the analysis aedntportant to acknowledge

the possible deviation from the actual heat transfer and mechanical boundary conditieDs. 3
modelling eliminates potential uncertainties introduced byD2approximations but is much more
resource and time consuming.

Simplifications are needed in RS simulati@sslong as these simplifications do not alter the margin,
due to the long computational times required, the lack of detailed input data on the involved
parameters and the complex (material) phenomena occurring during welding, often simplified or
omitted. The applied material models and their influence on theagi#d WRS may require further
investigations for the analysis of cyclic (welding) themmechanical transients with a subsequent PTS
(cool down) transien
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Figurel0. General scheme for RS calculation using [BEM

3.3.1.3 RS determination based on measurements

Reliable information regarding magnitude and distribution of residiiedssesin both, welds and
claddingis important for RPV integrity assessment and decisions concerning continued safe operation.
One valuable method for characterization of the residual stresses is to carry out measurements on a
reference component to collect empirical data for applicatiansimilar components. Measurements

are also used to validate numerical models used for predicting the residual strain and stress states for
specificcomponents and welding conditions, including effects of pressure tests and operational loads.

The reference component may be a «uit piece from an actual pressure vessel (never operated or
decommissioned) or a representative magf. Aspects such as whether an actualeut piece was

in service or not, posiveld heat treatment, pressure test, droperational conditions could potentially

imply a significant difference. Moakps will most likely correspond to cout pieces if the welding
process is performed in the same way as during manufacturing the real RPV and the realistic boundary
conditionsare successfully imposed during the magkmanufacturing. Conditions from events after

the aswelded state and posiveld heat treatment will always be difficult to include. There may also

be a deviation in actual material properties unless archivedrmalghaterial is available. Inadequate
documentation may constitute uncertainty concerning the actual procedures during manufacturing
decades ago.

There are several different residual stress measurement techniques avdgadlgurell) which are
generally classified into destructive, sedastructive and nosdestructive. Destructive techniques
result in large and irreparable structural change to the specimen, meaning that either the specimen
cannot be returned to servic®r a mockup or cut-out piecemust be used. These techniquese a
"strain release" principle. These methods include the contour method and the slitting (crack
compliance)among others The semdestructive techniques alsose the "strain release" principle.
However, they remove only a small amount of material, leaving the overall integrity of the st&uctur
intact. Thesetechniquesinclude the deep hole drilling, the centre hole drilling and the ring core
methods. Despite the fact of removing only small amount of material, they can hardly be used on
operating RPV&inally, the norlestructive techniqgues measure the effects of relationships between
the residual stresses and their action of crystallographic properties of the measured material. Some of
thesetechniqueswvork by measuring thligh frequencyelectromagnetic radiatiothrough theatomic

lattice spacing (which has been deformed due to the stress) relative to a dtesssample These
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techniquesinclude neutron diffraction, synchrotron diffraction, aneRa&y diffraction Theultrasonic

and magnetic techniques exploit the acoustic and ferromagnetic properties of materials to perform
relative measurements of residual stregdl these techniques have both practical limitations and
physical characteristics requiring considerations of, for instance, geometry, location of the specimen,
resolution, uncertainty, penetration depth, stress triaxiality, gradients, sampling volumestegss

free samples. Transportability and size of the specimen may reduce the number of available
measurement techniques depending on the portability and size of the device.

Measurement Depth, mm
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Figurell Scheme of RS measurements technifp@s

Scatter of weld RS measurements has been reduced over the years by constant improvement of the
techniques available, participation in round robin exercises and validation efforts with improved
computational modelling. On the other hand, PTS integrity assents could benefit from additional

and more accurate RS measurements on decommissioned RPV. This seems to be the goal particularly
of the completed and planned projects in several countries.

Weld residual stress distributions are generally extracted along paths starting at the cladding surface
and extending through the thickness with varying depths. These results can be very detailed along the
selected path but lack field information regardimgriations in directions away from the path. This
means that measurement results depend on the selected location, e.g., bead centre eoveséap.

3.3.2 Axisymmetry of RS distributions

The WRS and CRS distributions are assumed constant in the azimuthal direction. This is considered a
reasonable approximation, although it ignores the effects of areas that may have suffered more
thermomechanical cycles, such as areas with intersectingsm@idcase of rolleglate vessels) and,

where appropriate, weld repairs.

3.3.3 Uncertainty distributions

No uncertainties for residual stresses were considered. wRE considered as deterministic
parameters even in current probabilistic PTS assessment. RS taken according to the proposed
distributions for APAL are assumed to be realistic. The uncertainties in magnitude and shape
distribution is epistemic.
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3.4 Warm prestress (WPS) approach applied in PTS

The warm prestress (WPS) effect can be generally defined as follows: A warstrpss is an initial
preloading applied to a ferritic steel containing a{arasting flaw which is carried out at a temperature
above the ductileorittle transition temperatue. The phenomenon is well known in regard to the risk
of RPV brittle failure for ferritic steels during possible overcooling PTS trarSigatel12).

From a practical point of view, it has two major consequences:

1 Failure can be excluded during monotonic unloadaerreasing of the stress intensity factor).
1 In case of a reloading of the vessel at lower temperature, there is an additional margin against
brittle failure compared with the nominal material fracture toughness at that temperature.

initiation

=0

initiation

P time P time

Figurel2: Schematic diagram illustrating how the WPS effect could be active during a PTS depending on the
transient[53]

The inclusion of warm prstress effect in RPV assessment lemato more realistic modelling of RPV
fracture-mechanics behaviour during PTS and enable more accurate evaluations of the safety margins
against limiting conditions, which may occur at PTS events. Moreover, the consideration of WPS effect
has an impact on #transient selection for PTS assessment. However, the inclusion of WPS effect in
PTS analyses is currently not uniform across the different European countries, nor is the position of
national regulators regarding its acceptance.

3.4.1 Collection of existing WPS models/approaches or standards, limitation of the WPS
applicability and connection with the other PTS topics

This section based on questionnaire filled by APAL partners provides an overview of the different
approaches and models used in the national standards to determine the effect of warsirpss.

Usually, such an implementation of the WPS effect into natimiandards and the decision which

approach to use is based on experimental investigations that have been carried out. This paragraph
LINSaSyda GKS OdaNNByd FLILIINERIFOK G2 2t{ dz&aSR Ay !t
of them. Discussion angécommendations are given in the subsequent chapters.

Czech Republic

In theCzech Republieccording to the NTD AMIB] WPS is acceptable for both monotonical and nion
monotonical unloading (no need for distinguishing). Level of 90% (which is applied as safety margin)
of the global maximum af (denoted as) ) is the basis for the integrity assessment (see the point
RSy 2 (i SR Flgdrel3xwhich isitlye point corresponding to the lowest temperature on the level
o) ). Below 90% ob the increased fracture toughness curve (so called Case 1) is used
according to the modified Wallin approach as follows:

Establish 0 . 0 IO 0 o
where

0 - is the temperature dependence of fracture toughness affected by WPS for Case 1
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O Ad (0KS aO02y@SyidAazylté GSYLSNI Gdz2NBE RSLISYRSyOS
based éher on critical temperature of brittleness or on Master Curve reference temperature

0 is the global maximum af trajectory during the PTS transient (WPS approach can be applied
only after reaching the global maximuin ).

0 is the local minimum ob trajectory (during the PTS transient) reached in that part of the
trajectory following point A Kigure 13), or conservatively using the global minimum of the
trajectory.

The condition

0 0
must be fulfilled below 90% af . If there are several local minima of trajectory, this condition
has to be met for each of them.

The WPS approach accordingthe Czech standarMTD AMHE1] is illustrated inFigurel3. Since the
WPS approach implemented in NTD AME is based on the modified Wallin model, complemented with
an additional safety factan@g it may be described by the following equations:

IfO T80 Z L , then

Keradred= 0 DT 0 0 (Case 1)
If O T8 0 0 , then

Krra®red=T1802) (Case 2)
If O ) ,then

Krracred =0 (Case 3)

where0 A& (G KS aGdzyt 20 RAY 3 és fa@ds todeffian fok @aSedd fwith 0 ) is
being fulfilled, and if this condition is no longer fulfilled, then @0 ) (Case 2 occurdirraered
means here the predicted value of fracture toughness (dbea).

Application of WPS effect

—¥—KI Kl following 1st local minimum —*— Kl following 2nd local minimum
A warm pre-stressing, Kimax 1st local minimum ® 2nd local minimum
— —90% Klmax —s— [KIC]3 tangent approach —e— [KIC]3 WPS approach
=== [KIC]3_Case_1 (for unload 50% Kimax) === [KIC]3_Case_1 (for unload 11% Kimax) [KIC]3_Case_1 (for total unload)
120
K, [N

110

100 H

90 A 90% K max

80 H
70 A
60 -

50 A N
- K|min1:50% Klmax

40 +
30 1
20 A

10 1 K|min2=11% Klmax

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260
T[AC]

Figurel3. lllustration of the procedure for WPS approach application according to NTD AME
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Germany

In Germany the WPS approach in KTA 32[1RPis divided in the effect on the loading side (crack tip
loading) and the effect on the material side.] LJ2 y
case of a monotonously decreasing stress intensity factor (specimen cooling under sustained load), i.e.,
AYAGAL (Thig statefnent hdlds everbif the ipadifredaiReS fhé

atQurQo m ONJI O

YIEGSNRIf Qa TN OG dzNB

G2dAKySaa
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Figurel4. Principle sketch to show the determination of the fracture toughKessupon warm prestressing

The KTA also allows taking the increase of the apparent fracture toughness into account to exclude
crack initiation in case of a sudden increase of the stress intensity factor (reloading at lower

temperature). In such cases, it is advised to determineaihygarent fracture toughness
warm preloading that is also depending on the unloading before the rise of the stress intensity factor.
Figureld shows the determination of the fracture toughness
unloading range of a fictious transiemifferent levels of unloading ashownin Figurel4.

The approach described within the KTA is basically the approach proposed in 1980 by G.[&3]Chell

German R&D results were used to verify its application.

It is important to note that besides the described approach the KTA also allows using other models to
determine the fracture toughness upon warm gsressing. In this context it refers to the method

used in the British Standard BS 7922] as an example.

Ukraine

The Nationalgeneral approacH19] to determination of RPV brittle fracture margin using WPS

approach is described below.

The calculated fracturenechanics parameter (for example stress intensity factor (SIF)) and maximum
allowable critical temperature of brittlenef€TB"Y ) are defined for postulatedefects and for any

transient with PTS.

Allowable CTB for transient accident mode corresponds to minimum CTB along the crack front for
which allowable SIF function touches the calculated SIF curve (tangent approach).

Maximum allowable critical temperature of brittlenegsY ) for given accidentcorresponds to
minimum of obtained values of allowable CTB for all calculated variants (scenarios) of the accidents.

upon warm prestressing for the

after a
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Difference betweeriY and critical temperature of brittlenes$Y) of RPV metal defines margin of
brittle fracture Y'Y .

In case that SIF curve decreases monotonically after reaching its global masimumit is allowed
to determine”Y based on approach of warm pagressing with using tangent point method in the SIF
rangev e I

In case of repeated loading (after reaching the global maximum of SIF @urve, using WPS
approach is allowed provided that the following two conditions are met:

- repeated loading occurs at lower temperaturé than is the temperature of pdpad”Y
e.,”Y Y

- maximum SIF over the repeated loading must not exceedidd = @& &, PO
0

If these two conditions are metY may also be determined using the tangent point method in the
range0 o M

In cases where at least one of these two conditi@nsot met (see examples dfigurel5), the WPS
approach is prohibited, and the tangent point approach must be used for the part of SIF curve following
thev  value.

Ty Ty Ties Temperature Twes Tai  Temperature

Figurel5. PTS examples for which WPS is not applicable according to the Ukrainida91{&® denotes
tangent point method)

WPS approach in FAVOR PFM Code (used in the US, Slovenia, Spain and SwA}zerland

In FAVOR, a fundamental requirement for the WPS model is that the flaw is not propagating into the
RPV wall. This requirement is satisfied for two states: 1) theepigting flaw has nogxperienced its

first initiation or 2) the flaw is in a state of crack arrest after propagating to some depth within the RPV
wall.

Note 1 Crack propagation occurs instantaneously; tithés frozen until the crack either 1) initiates a
pre-existing flaw(i.e., a crack that has not experienced its first initiatipor)2) re-initiates upon leaving
the arrest state.

Note 2 When the crack is in a state of arrest, the temperature and applied crack driving Goye,

the crack tip continue to evolve over time. The starting time for the WPS model is the elapsed time for

GKS GNXYyaiaxsSyid Id GKS GAYS 2F SyidaSNARAy3a ONI O]l | NN
initiation or re-initiation and turned bat a2y € 6o6dzi y 20 NBaAaSldi (G2 no 6KSy

Requirements for Entering into a WPS State

A flaw can enter into a state of WPS when all of the following requirements are met:

Enter Conditon1: 0 1t 0 @ ; the crack is within th& probability space
(see below)

3FAVOR is used in Switzerland only for research purposes.
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Enter Condition2: ' 1jQt mafallingd field with respect to timet8
Requirements for Exiting a WPS State

The WPS models implemented in FAVOR can be designated by combinations of the following three
conditions to exit a WPS state:

Exit Condition 1. ot o ® ;the crack is within the probability space
Exit Condition 2. Q tjQt marisingd field with respect to timet.
Exit Condition 3. Ot | 8
To satisfy Exit Condition 3, the at the flaw tip must exceed some fractign, of the previously
established maximum) ,experienced by the flaw up to the point in time under consideration.

The value for is sampled from a prescribed distribution within the rangetof | p® (SeeFigure
16).
In FAVORthe randomness obh is based on a Weibull distribution and the probability for crack
initiation at certainv is:
I 0

p Agb —— 0 ®'’
with

W (X phoEBT Y YY |,

O pPOULVHATEIPIY YY |

o T

Tablel lists the three WPS models currently implemented in the FAVOR.cditithree models require
the conventional LEFM condition, where Enter Condition 1 is a necessary, but not sufficient, condition
for crack initiation. Thus, the three WPS model§ @blel adopt the additional condition that the
driving force must also increase with time for cleavage cragkitiation to be possible (Exit Condition
2). Where the WPS models differ is in how the crack exits the WPS state and-h#iares, i.e., the
treatment of the flaw when0 is increasing with time'Q) j QT m after there has been some
previous time when'Q) j Q1 1. Tablel summarizes the conditions required for crackiméiation

for the three WPS modeldn addition to the Conventional LEFM model, all three WPS models in
Tablel are available to th&AVORiser.

4 Note that the FAVOR analysis results generated for the USNRC PTS Reevaluation Project (leading to the
PEOGSNYFGADGS t¢{ wdz SO 6SNBE o0l aSR ZFaflelghdvever the FAXGR G/ 2y a
code has implemented all WPS model3ablel.
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Figurel6: Example of warm prstressing: logogistic distribution fitted to data obtained from Moinereau et al.

[23] for a parameter in BedgEstimate Model for warapre-stress model implemented in FAVRQRR]

Reference[24] describes a study comparing the effects of conventional LEFM and the three WPS
models summarized iffablel on the computed RPV failure risks that are calculated by the FAVOR

O2RS o
NES& L L

lylrfeasSa
a{alL[ 9¢

Tablel: Summary of Criteria for Crack-Réiation Imposed by Different Models

2F (K

LINE 2SO

Sad 9adAYlGsS
Lddzo t A 328]S R

S a.
Iy R

Conditions required for
WPS? Model ID CPI>0
No Conventional LEFM | Only condition 1.
Conservative i
Principle WPS Condition 1 and 2.
FAVOR WPS Condition 1, 2, and 3,
Yes a=1.
Condition 1, 2, and 3
Best Estimate WPS | « is sampled from
distribution

2t [ ¢

- W

oe

Y2RS{
a2AySNBI

Figurel7 through Figure19 represent an example of PTHgurel7 representthe loading history

Figurel8andFigurel9represent theh history.

At Point 1 irFigurel8andFigurel9the load path for the flaw enterig thefinite U  probability space,
and, shortly thereafterQ) j ‘Q decomes negative. The flaw is in a state of WPS from Point 1 to Point
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2b. At Point 2b, the applied at the crack tip exceeds the curreint (established at Point 1). For
the Baseline option, the parameteris set t01.0, Along the load path between Points 2b and 3 in
Figurel8, the flaw is no longer in a state of WPS and has a finite probability of crack ini(@atipeQ

). At Point 3, a new is established, and, sin€ j Qo morv 0 for the remainder
of the load path, the flaw returns to and remains in a state of WH#8le the WPS condition is in effect,
the instantaneous conditional probability of initiatiog, ) &Q for the flaw is set to zero, even though

the appliedd of the flaw is within the finita) probability spacel{ U ).
600
P =™ me s TN TS A~ T 2.5
1
& 500 |
[}
o 2 o
R l i g
E ' 3
S 400 | , 5
g . o 159
S | , Loading History 2
2 , at a/t=0.5 £
= 300 | 3
- I 1 =
- 1 »
Q 1 =
g \
200 ~. 0.5
- /
~— ——
100 0
0 50 100 150 200 250

Elapsed Transient Time (minutes) (g/00/2002 k3 ptw

Figurel?7. Example of warm pretressing: loading history with pressure applied to the inner surface and the
temperature at the crack tifiL7]

150 Point 3
K, (aspect=6,a/t=0.5)
cpi=0
< $
<, 100 8
= 5
o a
() o Point 2b
X 2 Baseline*
S = =1
— a -
X
50
Point1” & wes1
cpi>0 T
cpi=0 l
0
0 50 100 150 200 250

Elapsed Transient Time (minutes) 09/09/2002.K1 ptw

Figurel8. Example of warm pretressing: load path for a flaw showing two WPS regions (cpi is the
instantaneous conditional probability of initiati¢h7])
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Figurel9. Example of warm prstressing: three options implemented in FAVOR for a flaw leaving the warm
pre-stress statellowing reinitiation (cpiis the instantaneous conditional probability of initiatighYy]

Hungary

In Hungary the effect of Warm R&tress (WPS) can be taken into account for transients in which the
vessel is not repressurized. When using WPS approach, the 90% value of the stress intensity factor at
the local maximum point just before the reloadingh@@rstood in thed -time diagram) is used instead

of the value at the given time as [21]. This method might be used also for irradiated materials

(without further limitations).

Japan

In Japan for deterministic evaluations prescribed in JEAG2Q06[27], crack initiation cannot occur
during@Q j QT m herev andt represent the stress intensity factor and time, respectively. On the
other hand, WP&\CEmodel (see above)is prescribed in JEAG462018 [28] for probabilistic

calculations.
Russian Federation

According to the Russian standd@] the strength condition is considered as satisfied if at any time
point during the PTS event the following condition is satisfied for any point of the postulated defect
front located in base and/or weld metal:

0 e 0,

wherefor accident conditions@Q 1 the safety factoe  p®.

The condition above is analysed for all time points when the following ratio is met:

0 T8 .
B is function of time. For the time poirt 8 1 is equal to the maximumo  value for the time
period fromto T (seeFigure20), herein within the time range fromto ¥ ,! t 1 where

Tt is the time point corresponding to the first maximum of dependence ort.
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As evident fronFigure20, withintherangat t 1+ hda G 0 . Therefore, within the
range T t t+ H t 0O . Within the rangem t t R ®Ow 0
Therefore, within the rangé Tt 0t 0
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Figure20. Scheme illustrating the - W function determination
based on a knownlt . ..dependence on tima[9]

France
Presently, the WPS effect is not applied for the safety analysis of RPV fast fracture of French PWRs.

A probational rule was introduced in 2016 in the R&Eode (French codeRules for monitoring and
maintenance of mechanical equipment of pressurized water reactor in operation) for the study of
reactor vessel fast fracture.

The French Operators may use the WPS approach and thBRBpendix to justify the mechanical
resistance of the reactor pressure vessel for the upcoming fifth periodic safety reviews (PSR), starting
with the 5" 900 MWe reactor PSR.

Accounting for the WPS effect according to RBE&bnsists in determining an apparent toughness of

the material as a function of the conventional toughness of the material (KIC) and special values of the
stress intensity factor (KCP) reached at the craekdtiring the transient (KCP, WPS and K2). The
analyseare based on the application of the ACE model developed by AREM2A and EDF.

The risk of brittle fracture is excluded if the following inequality is verified (ACE model):

; . Kcpwes
Kep < maxKje; min{Kep yps; Ko +——

With:
Kep: stress intensity factor
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K¢ conventional toughness of the material
Kepwpsmaximum value of KCP reached during the transient
Kz : minimum value of KCP reached during the transient (cooling phase)

The inequality is substantiated by numerous tests presented in the paper: S. Chapuliothars

WPS criterion proposition based on experimental data base interpretation, paper n°’A0141 Fontevraud
7, September 2010. These tests consider many different configurations as: specimen geometry, loading
conditions and state of the materiakfadiated or not). They were carried out on welded joint and
vessel materials.

3.4.2 Discussion on WPS applicability
3.4.2.1 Application of the WPS to irradiated zones of RPV

Larger number of experimental studies of the WPS effect was cawtiedn unirradiated materials
than on the irradiated oneddowever, the applicability of WPS and its validity domain is expected to
be the same foboth materials.

3.4.2.2 WPSand constrainteffect

Currently, constraint effect (shallow crack effect and/or biaxial loading effect) is not included in almost
any national standard in terms of interaction with the WPS.

However, it should be noted that some investigations related to the study of the WPS effect at biaxial
loading were performed within the NESC VII project, which included-&a@e cruciform specimens
(refs.[29] and[30]). The main result of the project is that WPS effect takes place also at biaxial loading
and experimental results confirmed the applicability of considered WPS models (Chell, Chell & Haigh,
Wallin and ACE models) to predict the WPS effect in case ofld@adang with an acceptable level of
accuracy. In conclusion, biaxial loading does not restrict the WPS effect.

Shallow crack effect is only included in the Russian standard §8RKIR;2004[9]. The technical basis
of this methodology is contained in the referend@4] and [32]. The shallow crack effect can be
applied in combination with the WPS model of MRBRNhR;2004 standard.

3.4.2.3 WPSand crack arrest

This section deals with the consideration of crack arrest, taking into account that an initiated crack
could arrest, and its Fnitiation may depend on WPS effect being (or not) considered simultaneously.

In general, crack arrest is not considered in PTS assessments for WWER PTS applications. Crack arrest
is not considered in France, Sweden and Japan either.

The German safety standards do not exclude explicitly consideration of WPS in combination with crack
arrest. If a crack initiates brittle fracture even after taking VW8 account, the same mechanism

aK2dzZA R FLIX & & Ay Ol a3the dtrask idtemdity 2Hi VY ishesd than thet 2 dza
crack arrest toughnes8 tH'Y an unstable crack is arrestedd ! vy A &dadzS YIeé 0SS @K
energy stored in the structure and released could be significantly higher since WPS effect altered the
fracture toughness to higher values. This leads to potentially higher crack speeds and may therefore

not be assessab with the static0  concept. This issue should be investigated and clarified.

In the FAVOR code, the crack arrest and WPS models are applied independently. There is a possibility
for crack initiation/arrest/reinitiation to occur with or without consideration of WPS. With WPS turned

off, the crack initiation/arrest/renitiation event sequence is also available, where the criterion fer re
initiation is that the local applied exceeds the local fracture toughness,. WPS is not considered

during the cleavage crack propagation phase, but only for crack initiatiorioitiegion. In the case

of the assessment of crack-iatiation (after the crack has arrested), WPS is considered separately
only for reinitiation phase.
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3.4.3 Gaps in the application of WPS in PTS analyses
Open issues in the consideration of WPS in PTS assessments are summarized below:

1 The possible nowgonservative estimation of the WPS effect when the most severe load is
estimated with the TH analyses. The reasoning behind this is that the magnitude of the WPS
effect is directly connected with the magnitude of the poad, a higher prdoad gives a larger
WPS effect. Hence, overpredicting the fwad would lead to over predicting the WPS effect
leading to a possible neconservative result. This should be considered in the selection of
transients for PTS analysisis recommended dimg thermathydraulic(TH) analysis ttake
into account conservative consideration of maximum loading and maximum unloading during
the PTS.

1 The possibility that important information from the transient is lost when an envelope of the
TH analyses is used. The level of margin to fracture given by the WPS effect during the cooling
phase of the PTS transient is not known with certainty. Therefois,important to know if
there exist load disturbances during the transient. If load disturbances exist during the cooling
phase the criteria of monotonic decreasing load could be violated.

1 The lack of experimental results on realistically-joraded irradiated material. The majority of
the published experimental results demonstrating the WPS effect are onirramiated
material where low temperatures are used to mimic the effect of thediaton on the
fracture toughness curve.

1 How to treat residual stresses with regards to the WPS effect in analyses is not fully examined.
There is very little published work on this subject. There is ongoing work that suggests that a
prior high residual stress field can slightly affect the VgR&t in both positive and negative
direction. Further experimental and numerical research in this field is recommended.

1 The interaction between constraint and the WPS effect is also suggested as a topic that could
need more studies. The majority of the performed WPS experiments were conducted on
standard high constraint specimens. A situation with low constraint (shallaekcwould lead
to a larger plastic zone size during thebwad. This larger plastic zone size in front of the crack
tip could, due to the mechanisms behind the WPS effect, possibly also lead to a larger WPS
effect.

1 The probabilistic formulation of the WPS models for probabilistic calculations of RPV brittle
fracture is an open issue.

3.5 LTO improvements relevant for PTS analysis

3.5.1 Thermathydraulic(TH) Simulation of LTO improvements

Information on the already applied or further potential LTO improvements with an impact on the plant
resistance against PTS and RPV brittle fracture were collected in the WP1 Public SummarReport
Most of the modifications are related to the parameters of the Emergency Core Cooling System (ECCS)
since its actuation has a major impact on PTS. Some LTO improvements concentrate on aging
management of RPVs and other systems, structures, and compgariersome plants, modifications

of Emergency Operation Procedures (EOPs) were implemented to reduce the risk of PTS.

From the LTO improvements identified and presented in the WP1 Public Summary Report, those
having an impact on the pressure, temperature, and heat transfer coefficient (HTC) histories in the
downcomer (DC) region of the RPV in a postulateH@BA were setted to be used in the TH analysis
within WP2. As this WP also deals with the influence of human actions in PTS events, relevant operator
actions were selected for analysis as well.

The potentiabenefitsof thoseLTO improvements are gutified by canparing the resultsvith those
of the analysis of @ase caseThis isa SBLOCA (50 cfhwith breakin the core outlet regiorin a
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Geaman designfour-loop PWR of 1300 M/, and with loss of offsite poweAs an example,he
sequence ofMmaineventsin RELAPS simulatioisssummarized iifable2.

Table2: Sequence of Events for the Referenc& GBA in RELAP5S Simulations

Cause Event Time (s)
Reactor trip
Turbine trip
Primary pressure < 132 bars Emergency signal 44

Signal seeside cooldown (100 K/hr auto.
Main coolant pumps (MCPs) trip

Analysis assumption Loss of offsite power 44
Signal ECC system to start Diesel

Emergency signal + 12 s Generators (DGs) 56
Primary pressure < 110 bars Emergency cooling signal for HPI pumpg 79
HPI pumps running HP injection 85
Primary pressure < 26 bars Accumulator (ACC) injection 2780
Primary pressure < 10 bars Emergency coolant signal for LPl pumps 4550
LPI pumps running LP injection 4555
ECCS injection stronger than break flow PRZ level recovery 4700
End of calculation 4900

Table3 presents theLTO improvementases chosen to be calculatedWP2 The table also shows
which computer codes were used in each simulated case.

Table3: LTO improvements and human actions simulated in WP2

LTO improvement / Human action System Code MIX Code / Partner

1. Heating of water in the HPIS tanks RELAPS5 Fluent/UJV
TRACE

2. Heating of water in the ACCs RELAPS5 ECaMIX/GRS
TRACE KWUMIX/FraG
ATHLET

3. Heating of water in the LPIS tanks RELAPS ECaMIX/IGRS
TRACE KWUMIX/FraG
ATHLET

4. Decreasing the HPSI head RELAPS5 ECaMIX/GRS
TRACE
ATHLET

5. Decreasing the HPSI capacity RELAP5 -
TRACE

6. Reduction of HPIS flow (operator action) RELAPS5/WUT KWUMIX/FraG

7. Decreasing of accumulator pressure RELAP5 -
TRACE

8. Change of cooldown rate (operator action) | RELAP5 KWUMIX/FraG

9. Isolation of accumulators (operator action) | RELAP5 KWUMIX/FraG
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Table4 shows the specifications used in each simulated case. The results for each simulated case were
compared with the base case definadove

Table4: Specifications used in simulations of LTO improvements and human actions

LTO improvement / Human action Simulated Change

1. Heating of water in the HPIS tanks Heated from 15 °C to 45 °C

2. Heating of water in the ACCs Heated from 20 °C to 50 °C

3. Heating of water in the LPIS tanks Heated from 15 °C to 45 °C

4. Decreasing the HPSI head Decreased down to 75% (in 5% decrement
5. Decreasing the HPSI capacity Decreased down to 75% (in 5% decrement
6. Reduction of HPIS flow (operator action)| Reduced at 1800 s to one pump

7. Decreasing of accumulator pressure Decreased from 26 bar to 20 bar

8. Change of cooldown rate (operator actio| Changed from 100 K/h to 200 K/h

9. Isolation of accumulators (operator actiol Isolated at 500 s

The evaluation of the impact of the LTO improvements based on the results of theatleanical and
fracture-mechanics calculations with both deterministic and probabilistic approaches are presented in
the following sections of this report.
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4 Selection of events leading to PTS
4.1 General consideration

During normal operatiorthe RPV is very hot because of the high temperature of the water it contains
(inlet temperature between 270 °C and 290 °C and outlet temperature between 300 °C and 320°C).
Several types of malfunctions or accidents can cause a rapid decofatbe reactor coolant
temperature. The coolingconditions in the RPV downcomer are characterized by complex thermal
hydraulic phenomena including mixing effects. Depending on the plant specific injection conditions of
the emergency core coolirgystem, the coolingan beapproximateceither by axisymmetrior plume-

like asymmetricthermal shock loading ahe vesselwall. In most cases, the RPV is simultaneously
subjected to high pressure. The phenomenon is called pressurized thermal shock (PTS). This term is
conventionally used even in the case that the pressure in the RPV is low (e.g. in the case of large break
LOCA). Gose of PTS event depends strongly on the actual plant status, plant configuration, systems
operation, and operator actions.h& thermal and mechanical loads arisen during PTS shall be
considered in the reactor pressure vessel integrity assessment.

BesidesPTS, it is also necessary to perform the integrity assessment for Low Temperature
Overpressure (LTOP) events, when primary pressure exceeds its allowable value while the coolant
temperature is low (it happens mainly during reactor stapt shutdown or hydrotest). The
requirements for thermahydraulic calculations for LTOP are the same as for PTS or weaker (no need
for detailed mixing calculation) and the LTOP events are therefore not distinguished as different events
in the following text.

The selection of PTS events (transients) should be performed in a comprehensive way taking into
account various accident sequences including the impact of equipment malfunctions and/or operator
actions. The main goal is to select initiating events thatRIF§ events by themselves or along with

other consequences can lead to a PTS event. The events to be considered in the PTS analysis are unit
specific and all relevant and meaningful plant features should be taken into account.

The main goal dhe selection of PTS transients to be analysed is to cover all possible emergency events
endangeringhe RPV integrity from the point of view of fast fracture.

4.2 Factors determining thermal and mechanical loading

When performing the selection of transients, it is important to consider several factors for determining
thermal and mechanical loading mechanisms in the downcomer during the overcooling events. These
factors are:

9 Final temperature in the downcomer (a lower final temperature is more unfavourable);

1 Temperature decrease rate (a higher temperature decrease rate is more unfavourable);

9 Level of primary pressure (a higher pressure is more unfavourable);

1 Nonuniform cooling of the RPV, characterized by the cold plumes and their interaction, and
by the nonuniformity of the coolantto-wall heat transfer coefficient in the downcomer (a
higher nonuniformity is more unfavourable);

1 Width of the cold plume in case of asymmetric cooldown (a narrower plume is more

unfavourable);

Initial temperature in the downcomer (a higher initial temperature is more unfavourable);

Stratification or stagnation of flow in the cold leg (a lower flow rate in cold leg or total flow

stagnation is more unfavourable).

= =

The conventional approach to selection of PTS transients based on the factors listed above is focussed
on obtaining maximum loading in the beginning of the transient, namely due to the fastest possible
cooldown. As it was shown in APAL when consideringerteiaties in thermahydraulic input
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parameters using Wilks approacl[nSQ]) the abovementioned approach in combination with
AAYLE ATASR a4 Y I-dirdsandgfi¥PS) @ppiddch daiNiBad to a-comservative solution.

This phenomenon may be more significant in cases-tdading. Thus, the abovenentioned factors

have to be considered carefully and, in case of doubts, treatment of some TH input parameters as
statistical distributions using the Wilks approa36{) is recommended.

Safety issue Integrity mechanism TH mechanism/phenomenon Elements
PTS issue ¢mm===  RPV wall stress ¢ High primary ¢mmmmss  PTS without leak of
from inner pressure pressure primary coolant (MSLB)

Balance btwn small
break and safety
injection

to PRZ SV reclosure
Heat-up of full (stiff)
primary circuit
Inadvertent initiation
of S| or make-up
RPV wall thermal ..,  Fastanddeep $emmmme  High initial DC temperature
stresses cooldown of DC :{—. Fastcooliovniate

Deep final temperature

Asymmetric character ¢msss= Asymmetric increase of heat
of RPV cooling transfer to secondary (MSLB)

Safety injection
Flow stagnation

Thermal stratification in CL
(cold plumes)

Low level in DC (cold stripes)
Cold plumes merging

Stability of cold plume

e U

Non-homogeneous HTC in DC

Figure21. Breakdown of TH phenomena leading to PTS

4.3 Selection of the transients for deterministic PTS analyses

The selection of the transients for deterministic PTS analysis shall be based on engineering judgement
using the design basis accident analysis approach combined with the operational experience
accumulated at NPPs of the same or similar type.

A possible approach for the selection of transients is the probabilistic event tree methodology. This
methodology can help in identifying those specific transient scenarios that contribute significantly to

the total PTS risk. It should be mentioned thaSth (i22fa | yR Y2RSfta RS@St 2
probabilistic safety assessment (PSA), focussed on establishing core damage frequency (CDF), or on
large early release frequency (LERF), can be used for selection of PTS transients only very carefully, as
the ciiteria are opposite. For CDF/LERF the high temperature is unfavourable, while for PTS it is low

5 Moreover, when applying specific Wi®dels (e.g. Wallin or Modified Wallin model)it is necessaryo
conservativelydetermine the maximum possiblenloading during the transier{e.g, due to temporary switch
off or switchover of high pressure ECCS, temporary opening of pressurizer safety or relief valve, for both
intended and norintended operator actions)his should be considered within TH analyses and definition of the
scenario.
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temperature. Cooperation of TH and PSA experts is strongly recommended in this phase of PTS
evaluation- to achieve a comprehensive list of PTS relevant initiating events and scenarios to be
analysed in frame of PTS evaluation.

It should be noted that for deterministic PTS analyses the frequency of occurrence of the selected
event is not important. All relevant events leading to PTS should be analysed. The categorisation
according tdSectiond.5shall be considered, as for different categories are usually used different safety
factors, based on national regulations. Some events with very low frequency (e.g., the design extension
condition) can be screened out if allowed by national regulations.

4.4 Selection of the transients for probabilistic PTS analyses

In some countries, the probabilistic PTS analyses are considered as complementary to the deterministic
analyses of the limiting scenarios.

4.4.1 Groups of scenarios for probabilistic evaluation of RPV resistance against fast fracture

Within PSA, the event trees are developed for all initiating events potentially occurring in NPP that
may lead to PTS according to precisely defined criteria. It is necessary that the events included into
these event trees cover at least the groups of sr@s summarized in Sectidné.

The identified scenarios have to be aggregated into different groups of similar variations of TH
parameters, and a representative that has the worst impact on RPV integrity from point of view of PTS
has to be selected from each group. The representativg tva selected from scenarios analysed
previously within the deterministic evaluation of RPV resistance against fast fracture, provided that
the evaluation was performed and und#ére condition that the conservativeness of the selected
scenario in the framef the group is assured.

Using procedures of PSA, the frequency of occurrence of individual PTS scenarios within each group
will be determined, and (as a sum) the frequency of occurrence of the whole ghgumill be
established, including uncertainties (statistical distributions). The entire process of creating and using
the PTSPSA results is iterative in dependence on results of other disciplines (e.g., tHemnallic
analyses or deterministic structurand fracturemechanics PTS analyses).

4.4.2 General approach to probabilistic PTS analyses

For all representatives selected, the conditional probabilities of fast fracture initia@#, are
determined. For less conservative evaluation, conditional probabilities of RPV f&@RFemay be
determined (i.e., conditional probabilities of crack propagation through RPV wall), provided that
throughtwall crack propagation after crack initiation as well as possible arrest of the crack are
considered.Theconditional probability of fast fracture initiation and RPV failure is understsothe
probabiity underthe condition that the particular scenario occurred. Requirements for determination
of CPland CPF; respectively, are summarized in Sectibn

Combining the frequencies of groufsswith corresponding conditional probabiliti€sPlor CPE we
obtain (unconditional) frequencies of fast fracture initiation or RPV failure, respectively, for particular
scenario group$| and FF, respectively. Summing them up, we obtain the final frequencies of fast
fracture initiationFlor RPV failurerF; respectively. Both the group occurrence frequenéigand the
conditional probabilitiesCPland CPF respectively, are statistical distributions, therefdiee final
frequencies of fast fracture initiation or RPV failure, respectively, are statistical distributions as well.
For the final evaluation, i.e., the comparison with acceptance criterion, their mean value or a quantile
prescribed by national standashould be used.
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4.4.3 Thermathydraulic analyses for probabilistic PTS analyses

The conventional approach to the therr@ydraulic analysegroducing results thasene as input for
probabilistic structural and fracturmechanics PTS analyses is to treat them as fully deterministic. The
new approach developed within APAL project considers uncertainties in TH input parameters as
statistical distributions, which means thatso the TH analyses are treated as probabilistic. For this
purpose, the Wilks approach is used. It means #@he number ofsets of input parameters are
sampled(e.g 59 samples are required for 5% lower bound with 95% reliakdlitgthe corresponding

TH analyses (e.g. 59) are performed. This approach is explaineili{36][37]. This approach with
considering uncertainties in TH input paraes can besubsequentlyused for both probabilistic and
deterministicstructural and fracturanechanicparts ofPTS analyses.

Thermathydraulic analyses for selected scenariospresentatives of the groupsare performed in
compliance with Sectio®. In most cases, results of TH calculations performed for deterministic
evaluation of RPV resistance against fast fracture may be used, provided that the evaluation was
performed and that its results are available. For certain groups that were not inclundedhe
deterministic analyses, or if they had to be represented by a too conservative scenario analysed in the
deterministic analyses, it is necessary to select a scenario not yet analysed and perform new TH
calculations for it.

In compliance with Sectiof, system TH analyses for the whole NPP are performed first, and then
detailed mixing analyses for cold leg and reactor downcomer are conducted. For the purpose of
probabilistic PTS analyses, it is possible to perform, as a simplified approach, the dyesteralt
hydraulic analyses only, without the subsequent mixing analyses, i.e., without detailed modelling of
cold plumes.

4.5 Categorization of initiating events and corresponding criteria

The complexity of many interacting systems and operator actions makes it very difficult to determine
which PTS events are limiting (from point of view of deterministic PTS analyses) and what is their
significance. An integrated probabilistic PTS study khdi¢ used to reveal the frequency of
occurrence of individual events. Therefore, for events with a high frequency of occurrence, more
stringent requirements need to be applied to assure RPV integrity. Based on the frequency of
occurrence, the initiatingwents may be categorized into the following groups:

4.5.1 Anticipated transients

Anticipated transients (or anticipated operational occurrences) are defined as relatively frequent
deviations (frequency of occurrence higher than21fer reactor year) from normal operating
conditions, which are caused by malfunction of a component or operator error. These transients
should not have safety related consequences to RPV integrity, which would prevent continued plant
operation.

4.5.2 Design basis accidents

Design basis accidents are defined as rare deviations from normal operation which are not expected
to occur (frequency of occurrence less thar?&r reactor year globally) but are considered in the
original design, in the design of plant upgrading, or are based on plant safety reassessment. For these
events, immediate resumption of operation may not be possible. For events from this categoiyShe P
analyses are usually performed.

4.5.3 Design extension conditions

Design extension conditions are events or scenarios that could lead to situations beyond the capability
of safety systems that are designed for design basis accidents. PTS calculations are usually not
performed for these events.
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4.6 Initiating events groups

The complexity of many interacting systems and operator actions makesgtimes very difficult to

select the limiting transients. In most cases, both the full and hot zero reactor power should be
analysed as the initial conditions. Also, the variant analyses with different numbers of working ECCS
trains should be considered.

At least the following groups of initiating events should be considered:

4.6.1 Loss of coolant accidents

Different sizes of both cold and hot leg loss of coolant accidents (LOCA) should be considered.
Attention should be paid to the scenarios leading to flow stagnation, which causes a faster cooldown
rate, and cold plumes in the downcomer. Attention shoulddbgen to break sizes corresponding to
existing piping connected to the primary system. Cold repressurization of the reactor vessel is usually
excluded in principle, but the possibility of isolating the leak and the subsequent repressurization have
to be onsidered.

4.6.2 Primary to secondary leakage accidents

Different sizes for both single and multiple steam generator tube ruptures (SGTR) up to the full steam
generator collector cover (lid) opening should be considered. The risk of RPV repressurization should
be taken into account, if the relevant emergencyeogtion procedure contains a requirement to
isolate the affected steam generator by closing of main gate valves (relevant only for NPPs equipped
with main gate valves).

4.6.3 Large secondary leaks

Transients with secondary side depressurization caused either by the loss of integrity of the secondary
circuit or by the inadvertent opening of a steam dump valve can cause significant cooldown of the
primary side. Consequently, the start of the higtessure safety injection due to the low primary
pressure (and/or low pressurizer level or directly due to low secondary circuit parameters), which leads
to repressurization, can be expected. The degree of secondary side depressurization is strongly
dependenton the plant configuration (mainly the presence of the fasting main steam isolation
valves and the criteria for steam line isolation). Possible sources of secondary side depressurization
are as follows:

i Steam line break;
U Main steam header break;

U Spurious opening and sticking open of the turbine bypass valve, the atmospheric dump
valve, and the steam generator safety valve(s);

U Feed water line break (this event can be usually bounded by steam line break).

After the leaking steam generator(s) is (are) empty, the temperature increase in the primary circuit
can lead to an increase in primary pressure (this pressurisation is very fast, especially in the case when
the primary circuit is completely filled by ftbdue to previous ECCS injection). During this process, the
opening of the pressurizer relief or safety valve can occur, and the valve can stick open under fluid flow
conditions. The resulting PTS effects should also be considered.

There could be two differenbsymmetrical cooldown issues in the main steam large break (MSLB)

event. The first one is a rapid cooldown from the loop with the affected and depressurized SG. It is
F2a20AF0SR gAGK A0GNRBY3I OANDdAZ I GA2Y ktign olidéfatg 2 2 LI
system into this loop. With respect to strong circulation in the affected loop, there is no thermal
stratification in the cold leg, which results in the formation of cold sector in reactor downcomer (see
thedeFAYAUGA2Y 2 FSediond.2.1R). Th&godord Mie is Anjéction of cold ECCS water into

an intact loop with flow stagnation, which leads to thermal stratification in the cold leg and cold plume
formation in the relevant part of reactor downcomer.
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4.6.4 Other events
4.6.4.1 Stuck open pressurizer safety or relief valve

After an overcooling transient caused by inadvertent opening and stuck open pressurizer safety or
relief valve, possible reclosure can cause a severe repressurization. Even without the valve reclosing,
the system pressure can remain high after having reddhe final temperature. The low decay power

may further lead to main loop flow stagnation.

4.6.4.2 Feed&bleed

LY FRRAGAZ2Y I GKS &7FSSR gpinfa§ &Buit by EFSACEKVERIIR prassurieé ellef 02 2 f
valve is opened by the operator) of mitigation for loss of feedwater should be assessed.

4.6.4.3 Inadvertent actuation of the highpressure safety injection or makep systems

This kind of accident can result inra@pid pressure increase in the primary system. Cold, hot, and
cooldown initial conditions should be considered.

4.6.4.4 Accidents resulting in cooling of the RPV from outside

In some NPPs, there are several possible sources capable to flood the whole reactor cavity, e.g., loss
of coolant from primary or secondary circuit, break of piping of essential service water or fire water or
other piping in hermetic zone, break of the lmgical shield tank, accompanied by ECCS or containment
spray system actuation. In the case of WWHR/213 (which is equipped with a pressure suppression
system), in some accident scenarios cold water from barbotage trays is spilled onto the floo6@ the
boxes and hence, after reaching overflow level, the reactor cavity can be flooded. Similarly, in some
NPPs equipped with an ice condenser containment, the reactor cavity can be flooded after melting the
ice condenser in some scenarios with high eneaplant release into the containment.

Also, intentional cavity flooding or inadvertent actuation of a cavity flooding system (system installed
in some plants for severe accident mitigation withirvassel molten corium retention concept, IVMR)
can occur.

Moreover, if a primary circuit leak (LOCA) is assumed close to the RPV nozzle, the water flowing out of
the leak can fill the reactor cavity (direct water injection in case of R break). All these events

(in dependency on possibilities relevant fossassed NPP) should be considered in this group of
accidents.

Flooding of the reactor cavity by cold water, if the water level reaches the embrittled RPV zone close
to the reactor core, will cause severe PTS at RPV outer surface. Special attention should be paid to the
scenarios with flooding of reactor cavity by @atater while there is (almost) the normal operating
pressure and temperature in the primary system (e.g., during FW line break and containment

spraying).
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5 Thermathydraulic analyses

The thermaldhydraulic (TH) analyses of NPP transients and accidents cover a wide range and various
types of NPP safety assessment, such as design analyses (from realistic to conservative), safety
analyses for Chapter 15 of the SAR (conservative analysdemonstrate norviolation of the
acceptance criteria), TH analyses for PTS evaluation, analyses in support of Emergency Operating
Procedures (EOP), analyses needed by the PSA etc.

In order to meet the requirements of different types of NPP safety assessment, various methods of TH
analyseshave beendeveloped and are applied simple realistic analyses, conservative combined
analyses, beststimate plus uncertainty evaluation analyses (BEPUJ@tc.

5.1 Introduction to thermakhydraulic analysis for PTS evaluation

There are two main objectives of therrdaydraulic analyses for PTS: to support the transient selection
process (see Secti@) and to provide the necessary input data for structural analyses.

The latter and main objective of the therrdaydraulic analysis for the PTS evaluation is the
determination of the local pressure, temperature and heat transfer coefficient histories in the reactor
downcomer region, i.e. parameters affecting the RPV wathbrmal and mechanical loading.

In addition to the assessment of the RPV wall adjacent to the reactor downcomer (i.e. the part of the
RPV most affected by the neutron flux from the core), other regions of the RPV can also be evaluated
from the PTS point of view (e.g. the RPV inlet arttkbnozzles).

There are two types of TH analyses for PTS evaluatlom system TH analysis and the local mixing
analysis for details seesections.3.

5.2 State of the art for thermalhydraulic analysis

5.2.1 Thermalhydraulic phenomena relevant for PTS

Thethermakhydraulic phenomena important for PTS should be identified with respect to the plant
design, major deteriorating TH factors for PTS, and groups of initiating events/scenarios. Also, the
analyst should be aware of the impact of the TH analysis gstsums on the TH phenomena that
dominate the analysis and affect the results. These issues are discussed in detail in the following
subchapters.

5.2.1.1 Important TH phenomena with regard to the main deteriorating TH factors

The thermalhydraulicphenomena important for PTS should be identified with regards to the most
important deteriorating TH factors for PTS. These factors were already briefly described in &&ction
A more detailed discussion is given here

9 Fast and deep temperature decrease in reactor downcomer:
o0 Maximal initial temperature in the downcomer
o0 Flat temperature profile in the RPV wallitial state, result of assuming adiabatic
RPV outer surface boundary conditigns
0 Low final temperature in the downcomer
o Fast temperature decrease rate
1 High primary pressure in the course of accident (a specific case is the repressurization due to
break or leak isolation).
1 Low flow rate or flow stagnation in reactor coolant loops with ECCS injection
(enables thermal stratification and creation of cold plumes).
Note: It is important to correctly predict potential partitioning of Sl cold water flow to reactor
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and to RCP and further to loop seal. The entrance of cold and heavy water into loop seal could
create plug of heavy cold water that can block any further flow in the loop and leads to flow
stagnation.
1 Nonuniform temperature field in reactor downcomer (cold plumes, cold stripes, cold sectors),
whenthe most adverse is maximal temperature difference between ambient and cold region.
1 Nonuniform HTC field in reactor downcomer, when the most adverse is high HTC in cold
region and low HTC in ambient region.
Form and width of cold plume (stripe, sector), when the most adverse is narrow cold region.
Stability of cold plume, when the most adverse is stable cold plume (withoutsidements).
Merging of neighbouring cold plumes into one stronger plume.
Position of isolated cold plumesin case of isolated (not merging) cold plumes the most
adverse position is with the cold plumes on the opposite sides of reactor vessel. Moreover,
coincidence of cold plume with area of maximum fluence in circumferediigiction is
adverse.

= =4 =4 =4

See also the schematizeakdown of the TH phenomena leading to PTS given above in Figure 4.20.
Further the main TH mechanisms of roniform cooling of RPV are discussed.

Thecold plumeis typically the result of ECCS injection of cold water, thermal stratification in the cold
leg and downflow of this cold water in the reactor downcomer with a characteristic "plume" shape.
The cold plume is the neamniformity of the downcomer coolant teperature in both radial and
azimuthal directions. The cold water in the downcomer could flow down along the inner surface of the
RPV or along the outer surface of the core barrel. In the case of multiple cold plumes, they may merge
into a sigle plume. The cold plumes could be stable or unstable (lateral motion due to Kelvin
Helmholtz instability).

Thecold sectoris typically the result of MSLB (asymmetric increase of heat transfer to secondary side)
and intensive cooldown of one main coolant loop. The cold water flows from the affected SG through
the entire crosssection of the loop (no thermal stratification) dihe reactor inlet nozzle. The flow is
strong- either in forced circulation or strong natural circulation after RCP trip. In the case of all RCPs
operating, the cold water flows through the relevant section of the downcomer. A similapétiern

in DC occurs when all RCPs are tripped and there is strong natural circulation in the affected loop and
weak natural circulation or later stagnation in the other loops. There is supposed uniform temperature
in radial direction through the downcoméhickness (both in the cold sector and in the ambient).

Thecold stripeis created by injecting cold water into the steam containing downcomer. The source of
cold water can be ECCS injection into the cold leg or direct ECCS injection into the reactor downcomer
(e.g. accumulator injection into the DC in VMIEBRO or APR400). The cold stripe(s) regime is
characterized by extreme difference in temperature and HTC in the reactor downcomer.

5.2.1.2 TH phenomena with regard to groups of initiating events/scenarios

The following groups of initiating events shall be considered for PTS assessmentsifordRBW¥face
(see also Sectiof:

Loss of coolant accidents (small, medium, large break LOCA),
Stuck open pressurizer safety or relief valve (risk of reclosure),
Primary to secondary leakage accidents (PRISE),

Interfacing LOCA (potential of break isolation),

Inadvertent actuation of Sl,

Large secondary leaks (MSLB, FWLB, SDA open).

= =44 -84 -1

The main TH phenomena occurring in each group of PTS events are as follows:

1 SBLOCA:
high primary pressure + total cooldown + cold plumes,
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1 MBLOCA:
fast total cooldown + cold plumes (merging),
1 LBLOCA:

very fast total cooldown + cold stripes + cold plumes (merging),
1 Inadvertent opening of PRZSV:

high primary pressure (in case of reclosure) + total cooldown + cold plumes,
1 PRISE:

highprimarypressure + total cooldown + cold plumes,
1 IFLOCA:

high primary pressure (in case of break isolation) + total cooldown + cold plumes,
I Inadvertent actuation of Sl:

cold overpressurisation + cold plumes,
1 Malfunction of CVCS (esp. makp):

coldoverpressurisation,
1 MSLB (incl. inadvertent steam dump and FWLB):

high primary pressure + total cooldown + cold sectors + cold plumes.

5.2.1.3 Effect of analysis assumptions on the dominating TH phenomena

Analysis assumptions can have a major impact on the phenomena that are predicted to occur, which
in turn can lead to conservative or na@onservative analysis results. The following should be
considered when defining PTS scenarios for analysis:
T ¢KS [aadzylLliAzy 2F aYIFEAYdzY | @GFAflLoAtAGE 2F
should be evaluated in analysis of LOCA, MSLB and other relevant accidents:
o maximum availability of ECCS leads to the fastest overall cooldown plus maximum
primary pressure,
o minimum availability of ECCS leads to higher injection from 1 safety injection train
and higher asymmetry in reactor downcomer cooldown.
1 In MSLB analysis the combination of affected SG and injecting HPSI can lead to different
phenomena and results (in case of RCP trip):
o Injection of HPSI into affected loop (with strong cooldown and natural circulation
RdzS G2 a{[.0 fSIFTR& (2 YAEAYy3 2F O2fR g4I
sector type of DC cooldown.
o0 Injection of HPSI into intact loop (with weak circulation and later flow stagnation)
leadsto thermal stratification and cold plumes formation in DC.

5.2.2 Experimental activities and validation

Due to their importance and the complexity of modelling, PTS effects were extensively studied both
experimentally and numericallfExperimentsof PTS events or phenomena has the following two
objectives:

U Direct experimental investigation of the PTS events and its impact on the facility
(e.g. cold plume stability, cold plume merging, etc.)

il Generation of data for validation of computer codes
(both overall system parameters such as primary pressure and local TH parameters such as
temperatures and HTC)

The availablexperimental investigationgan be subdivided into separasffect tests and combined
effect/integral system tests. The separatffect tests deal only with a single aspect of PTS, like free
surface flow or generic condensation. The integral system tests are performed in re&@éstiorr
configurations and examine the interaction of all relevant effects. An overview of experiments focused
on PTS can be found f.
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Computer code validations necessary requirement for code application to plant analy$ie. main
requirement forcode validationis that the phenomena of interest are described with sufficient
accuracy. Usually, the choice of mechanisms to be described and the method of combining them are
based on various assumptions. The validation process must therefore address the modelling of
individual mechanisms, the way they are combined, the simplifying assumptions and the possible
omission of some important mechasms.

The applied thermahydraulic system codes and fluid flow mixing codes are required to provide output
for the structural analysis in the form of the downcomer temperature field, heat transfer coefficient
field and primary pressure during selected transgeand accidents.

The validation process relates to the confidence in the accuracy of the predicted values.

The principles of the validation process and recommendations for practical validation against test data,
plant data and standard problems data are discussed in more detail in Ref. [2]. These principles are
generally valid for the purposes of the PTS thdrimaraulics. In particular, adequate modelling of
natural circulation and validation for such regime is important.

Fluid flow mixing codes should be able to describe the phenomena like mixing near the injection
location, stratification in the cold leg and mixing in the downcomer. fesftassessment calculations
of available experiments should confirm that the applitedd flow mixing code is valid.

An overview of computer codes validation relevant for PTS can be fod&H in

A specific validation of the KWLB0O0 models used in the APAL project had been performed in
preceding project DEFAIROSAFE, where the data from the UPTF facility werg%isgsi8][59].

Besides the codexperiment validation, also the code-code validation can be performd85][61].

5.2.3 Thermathydraulic analyses methodologies
The methodology of TH analyses for PTS evaluation consists of several steps/parts:
- General methodological approach of the PTS evaluation (determinigtimbabilistic).
- System TH analysis and mixing TH analysis plus relevant computer codes.
- Support in selection of PTS eveatd] initial operational modeseeSectiord).
- Assumptions of the TH analysis to cover all uncertaintiesgseton5.4):
o Computer code uncertainties,
o Plant parameters range and uncertainty (including initial operating mode),
0 Human factor.

The PTS assessment can be carried out using either a deterministic or a probabilistic approach.
Depending on the overall approach, the TH analysis may have a differenseddelow.

Thedeterministic PTS analysonsists of the following steps:

1. Selection of initiating events and scenarios (based on guidelines, engineering
judgement, PSA, arslipporting TH analysgsthe subsequent steps are performed in
fully deterministic manner for all selected scenarios.

System TH analys{including containment/sump/ECE$8< model if needed).
Mixing TH analysigcoupled or iterative with system TH analysis if needed).

Calculation of temperature and stress fields in RPV.

a > D

Fracture mechanics calculation fpostulated cracks (calculation of stress intensity
factors).
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6. Integrity assessment (establishing maximum allowable britilductile transition
temperature, e.g. RE5).

7. Prediction of brittleto-ductile transition temperature, e.g. R3?, in dependency on
time of operation (based on fluence calculations, embrittlement trend curves etc.).

8. Establishing RPV lifetime based on the condition e.gsRIR o=

Theprobabilistic PTS analysonsists of the following steps (using e.g. the shown tools):

1. Selection and grouping of PTS scenarios and establishing frequencies of group
occurrences using PE8justed PSA model and methods (e.g., RiskSpectrum).

2. Selection of representative scenarios within all groups (based on guidelines,
engineered judgement, owsupporting TH analysgs the subsequent steps are
performed for all selected representative scenarios.

3. System TH analysi@ncluding containment/sump/ECE&8 model if needed). Until
APAL mostly treated in deterministic way (expesased set of conservative
assumptions is used). Within APAL some parameters (both NPP parameters and TH
code internal parameters) were treated dafistical distributions using Wilks method
(this approach was also used for some analyses in France before APAL).

4. In some casesixing TH analysi@isually for probabilistic PTS assessmenly results
from system TH analyses are used, but it is only the simplified solution). Within APAL
some partners performed also mixing TH calculations for probabilistic assessment.

5. Calculation of temperature and stress fields in RPMsually in deterministic way,
mostly simplified 1D solution is used.

6. Probabilistic fracture mechanical analysis (e.g., FAVOR g¢edtgblishing conditional
probability of crack initiation or RPV failure. Many parameters are treated as statistical
distributions (e.g. fluence, embrittlement trend curves, crack depth, cdmisity,
fracture toughness etc.).

7. Multiplying of frequencies of occurrence and conditional probabilities of crack
initiation (or RPV failured both treated as statistical distributions. Summarising over
all selected groups of PTS scenagastablishing (unconditional) frequency of crack
initiation (or RPV failure).

8. Establishing RPV lifetime based on regulatory requirement on frequency of crack
initiation (or RPV failure).

Note: The role of TH analyses in the deterministic and probabilistic methods (shown above) is marked
in bold.

Independent failures beyond the application of the single failure criterion need not be considered to
occur simultaneously. Where individual initiating events could credibly lead to consequential failures,
they should be considered in the analysis (fotanse, a main steam line break with a failure of the
main steam isolation valves on the neighbouring main steam line because of the lack of fixed points or
separation walls in the steam line layout). The impact of the application of the single failergadrit

PTS analysis is not straightforward and should be carefully evaluated. Attention should be paid mainly
to differences as compared to the accident analysis performed with respect to the core cooling.

5.3 Computer codes and models

From the point of view of the computer codes used, there &ve types of TH analysefor PTS
evaluationg the system TH analysis and local mixing analysis.
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Thesystem TH analysitypically models the reactor, primary circuit, pressuriser, steam generators,
relevant part of the secondary circuit and safety injection systems. In specific cases, other parts of the
NPP may be modelledcontainment, ECCS heat exchanger, maxesystem etc. The results of the
system TH analysis alone are sufficient only for PTS cases without thermal stratification in the cold leg
and asymmetric cooling of the reactor downcomer.

In cases with thermal stratification in the cold leg and asymmetric reactor downcomer cooling, the
mixing analysishould follow the system TH analysis. The codes for mixing analyses take the boundary
conditions (e.g. temperatures, pressures, flow rates) from the results of system TH analyses. Either
regional mixing codes or computational fluid dynamics (CFD) codesddshe applied to the mixing
analysis within the PTS evaluation. The mixing codes usually cover only the single phasphasevo
processedn a simplified manner

Coupling of system TH and mixing codes can be a very effective way to cover both system and mixing
analysis in one calculation.

A specific category of events are strongly {pltase events with asymmetrieactor downcomer
cooling, such as mediwreak and largdreak LOCA accidents. Here, the most suitable computational
tool is a system TH code with a 2D/3D model of the reactor downcomer.

5.3.1 System thermalydraulic codes

The thermalhydraulic behaviour of the primary system and portions of the secondary systems of light
water reactors israditionally modellecby sacalled thermalhydraulics systems analysis codes. System
codesuse aonrBRAYSyaArAz2ylt y2RIFIfTATFGAZ2Y 2F (GKS @I NA 2 dza
secondary cooling circuits. Examples in the European context are CATHARE, ATHLET, APROS and the
USNRC codes RELAPS and TRACE. The most recent generation of systems analysis codes implement
six equations for thenass, momentum and energy balance for the liquid and vapour phases of the
water coolant. The exchange of mass, momentum and energy between the two phases and the solid
structures of the reactor are modelled through empirical closure models. The app®miasure

models for different geometries and flow conditions are selected through flow regime and heat
transfer mode maps. These maps estimate the flow regime based on the local phase velocities, void
FNFOQUA2Yy YR 20§KSN LI NIaeSopsideded byKdedic@e msdel©forO | LI 6
specialized hydraulic components such as valves and steam separators, as well as basic models for one
or two-dimensional heat conduction through the solid structures, e.g. fuel rods and pipe walls.
Comprehensive atrol system and dynamic system modelling capabilities allow the user to mimic the

plant and operator responses for complex transients.

The ability of system codes to adapt to different local flow conditions and yet model the entire primary
side and large proportion of the secondary side of light water reactors (LWRS) means that they are
appropriate for modelling a large variety of transiescenarios, including PF8evant scenarios such

as loss of coolant accident (LOCA) and main steam line break (MSLB). Systehacedeen used
extensively in the past to perform screening analyses and obtain system response and boundary
conditions fo PTSelevant scenarios; boundary conditions from these analyses have then been used
in combination with thermahydraulic mixing codes to obtain more resolved distributions in the
downcomer. In more recent years, these boundary conditions have beenfaseldwnstream CFD
analyses.

Due to their design, system codes have traditionally had limited success in predicting local flow
behaviour where threaimensional effects are important. In particular, 1D system codes are unable
to predict the temperature stratification that occurs in @hcold leg during safety injection.
Furthermore, the 3D nature of the flow in the downcomer region cannot be captured using 1D
components. Code users chose to model multiple parallel 1D channels connected byloevoss
junctions for the downcomer region toapture the asymmetry in downcomer flow. However, by
design, these 1D components are unable to capture the lateral momentum with any accuracy.
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In an effort to address these limitations, codes such as CATHARE, ATHLET3REnARIRACE now
include dedicated threelimensional components. This extended capability should not be confused
with modern computational fluid dynamics codes. The 3D comptsim system codes are based on

many of the same simplifying assumptions and flow regime maps used for 1D components. An
important limitation is the modelling of turbulent mixing and dispersion. ATHLET, TRACE and CATHARE
do not explicitly model turbulengesuggesting that their ability to accurately capture the complex
dynamic behaviour of cold plumes in the downcomer is limited. The 3D module of CATHARE includes
a kepsilon turbulence model that can be used with both CATHARE CATHARE This potentilly

provides better predictions of PTS in the downcomer region of PWRs. However, specific PTS analysis
results using CATHARE have not yet been published. A further limitation of 1D system codes is that,
for smaller break sizes, their inability to predibettemperature stratification in the cold leg may lead

to an overprediction of the mixing in the cold leg and downcomer region and therefore an
underprediction of the severity of PTS. ATHLET includes an integrated mixing code submodule (ECC
MIX), equivaletto the standalone mixing code GR&®X, which addresses many of the limitations of
traditional system codes for PTS analysis.

5.3.2 Regional mixing codes

Mechanistiemodel programs simplify the conservation equations by the use of bouHdgey
approximations or integral methods for solving the differential equations. They rely partly on
correlations for closure of the conservation equatioNsimerous mechanistimodel programs exist

for performing mixing analyses for application to PTS. Some of the early codes were GESMXX,
KWUMIX, COMMIX, TEMPEST and S®L& The first three of these programs divide the
computational domain into regions or zonakere a particular set of the most important phenomena
occur. KWEMIX, for example, considers four mixing regions, i.e. the ECCS injection point, the cold leg,
the RPV inlet and the downcomd&BRSMIX has been implemented in ATHLET asMIG@ption.An
advantage of the mechanistmodel programs is the speed at which the mixing analyses are
performed. The ability to perform hundreds of analyses in a time apéme order of minutes makes

it possible to perform beststimate plus uncertainty analyses.

5.3.3 CFD mixing codes

Detailed prediction of volumetric temperature fields in the reactor pressure vessel is possible using
computational fluid dynamics (CF@pdelling.CFD codes solve the conservation equations for mass,
momentum, energyand other flow variables by the Finite Volume Method (FVM) or by the Finite
Element Method (FEM)Mechanistiemodel programs (as described in Chap. 5.3.2) simplify the
conservation equations using bounddayer approximations or integral methods for solving the
differential equations. Both tyes of programs rely partly on correlations for closure of the
conservation equations.

5.3.4 Supporting computer codes

In the analyses of specific PTS events, the other parts of the NPP not covered by the system TH code
should be modelled. A typical example is the containment and the ECCS heat exchanger, where
computer codes such as COCOSYS, ASTEC or MELCOR can be applied.

A simple dry containment and the complete ECCS system (including the ECCS heat exchanger) can also
be modelled by a system TH code.

This approach significantly improves the prediction of the temperature of the water injected by the
ECCS into the reactor coolant system, which is of paramount importance in the PTS analysis.
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5.3.5 Coupling of computer codes for PTS analysis

Coupling system TH and mixing/CFD codes for PTS application is not an easy task, but it can be a very
effective way to cover both system and mixing analysis in one calculation. In the optimal case, the
coupled calculation provides:

- More accurate prediction of flow in individual reactor coolant loops (especially when the CFD
domain includes also the CL loop seal region)

- Velocity and temperature field at the end of the cold legs (including thermal stratification and
plant measured temperatures at thermocouple locations)

- Velocity and temperature fields in the reactor downcomer, including cold plume merging, etc.

5.4 Dealing withuncertainties in PTS analysis

5.4.1 Types of uncertainties

The TH analysis should cover all types of uncertainties that may affect the results of the analysis:
o Computer code uncertainties,
o0 Plant parameters,
0 Human factor.

These 3 types of uncertainties are further described in the following chapters.
5.4.1.1 Computer code uncertainties

The uncertainties associated with the computer code and model (important for TH analyses in the
context of PTS evaluation) can be grouped as follows:

1 Uncertainties associated with break modelling:
o discharge coefficient of the choked flow,
o thermaknonequilibrium coefficient for choked flow,
o form loss coefficient at break.
1 Uncertainties associated with heat transfer in the modelled system:
0 single phase liquid to wall heat transfer coefficient,
o single phase vapour to wall heat transfer coefficient,
0 interfacial heat transfer,
o RPV wall heat conduction, specific heat, density,
0 correction factor for direct condensation.
1 Uncertainties associated with modelling of hydraulics:
0 singlephase friction factor,
0 two-phase friction factor,
o wall drag coefficient,
o form loss coefficient.

Note: The set of uncertainties selected for a TH analysis depends on the computer code used.
5.4.1.2 Plant parameters

The assumptions covering thmmcertainties connected with NPP operational modes and parameters
can be divided into following groups:

reactor core assumptions,

primary circuit assumptions,

secondary circuit assumptions,

ECCS and containment assumptions.

= =4 =4 =9
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The following are the main conservative assumptionsriodelling the reactor core
0 reactor power (zero power for IE with dominant fast total cooldown and full reactor power for
the scenarios with asymmetric cooldown),
assumption of immediate, maximum efficient and fast reaGQ@RAM,
decay heat (minimum value is usually conservative for PTS as it accelerates cooldown),
maximum value of fuel temperature reactivity coefficient,
maximum value of moderator temperature reactivity coefficient,
minimum value of core void reactivity coefficient.

O OO 0O

The following are the main conservative assumptionsriodelling the primary circuit

maximum initial pressure in primary circuit,

assumption of uncertainties in primary pressure measurement for the PRZ SVs, RV, PRZ heaters
and spray,

conservative status of makep system,

maximum or minimum initial reactor flow (depending on the type of PTS event),

immediate trip of all RCPs from les&offsite power (LOOP) assumption in most scenarios,
maximum initial temperature in the reactor downcomer.

o O

O O oo

The following are the main conservative assumptionsriodelling the secondary circuit
maximum initial secondary pressure for the relevant IE (MSLB etc.),
minimum or maximum initial SG level (depending on the case),
assumptions for maximum capacity of the FW system,

minimum FW temperature.

O O OO

The following are the main conservative assumptionsriodelling the ECCS and containment

number of ECCS systems available (maximum configuration of ECCS in analysis of fast total
cooldown / minimum ECCS configuration in analysis focused on asymmetric cooldown),
maximum characteristics of SI pumps (HHPIS, HPIS, LPIS),

minimum startup time of diesejenerators in cases with LOOP,

minimum startup time of SI pumps,

minimum temperatures in Sl tanks, sump, HA, BRLS piping,

minimum initial temperature in containment,

maximum boron acid concentration in all parts of the ECCS system.

o

O OO0 O0Oo

5.4.1.3 Human factor/ Operator action

In many cases, the effect of operator actions must be included in PTS analyses. Thegieae at

fixed times (either assuming realistic timing of operator actions or assuming conservative timing of
actions). The effects of the operator's failure to successfully complete an action, or the time taken to
complete the action, are relativelynexplored.

There are several ways of assessing human factors in PTS analyses, inbkidnaglelling of all
operator actions according to EOPs with variants for glealisticfast actions (possibly with feedback
from the plant simulator), modellingf only the most important operator actions from the PTS point

of view, modelling of only inadvertent actions adverse for PTS, etc. The actions of the operating
personnel prior to the initiating event should also be considered.

Among the general assumptions for modelling of operator actions (fast or slow passing through the
EOP steps), there are specific operator actions important from the point of view of PTS:
0 Timing of reduction of HPSI flow by operator,
Timing of secondary side cooldown,
Trend of secondary side cooldown,
Timing of isolation of ACCs,
Reclosure of inadvertent open PRZ RV,
Isolation of leak path in an interfacing LOCA.

O O O O0o0Oo

53



APAL(945253 D52 ¢ Fnal report on guidancen bestpractice for
deterministic andorobabilistic RPV integrity assessment

5.4.1.4 Phenomena identification and ranking table (PIRT)

A valuable step in preparing the TH analysis of a PTS event could be the preparation of the Phenomena
Identification and Ranking Table (PIRT). Especially when using the BEPU method (see below), it is
important to identify all important thermahydraulic pfenomena and their ranking.

The identification and ranking of the phenomena is highly dependent on the transient being
investigated. For example, the phenomena that occur during a LOCA are different from those that
occur during a main steam line break. Each of the different iniiagvents would have its own PIRT.

The most important phenomena depend not only on the transient, but also on the particular region of
the NPP. For example, the most important phenomena in the cold leg are not the same as those in the
downcomer.

More detaikon this subject can be found j&5].

5.4.2 Conservative approach

In the current PTS studies, the bestimate computer codes along with conservative initial and
02dzy Rl NB O2yRAGA2Ya I NB dz&aSR 00GKS a2 OR{7D.SR aO2
Conservative input values of initial and boundary conditions are usually the limiting values of the
variables obtained from regulatdr LILINE @SR 2 LISNI GAy 3 YI ydzZ £ & 2NJ FNRBY
data. See the examples of conservative assumptiogeation5.5.2

5.4.3 Bestestimate plus uncertainty evaluation (BEPU) approach

The best estimate plus uncertainty approach is characterized by the use of best estimate computer
codes together with more realistic assumptiansinitial and boundary conditionsupplemented by
probability distribution. The values in the uncertainty distributions cover a range of values that are
located around the beststimate value. This benefit comes at the cost of needing to perform multiple
simulations in a quantity that isufficient for demonstrating statistically what the likelihood and
confiden@ level of the results are. Only after establishing an acceptable likelihood and confidence
level with regulatory approval can the severity of the transient in the safety analyses be established.
As the BEPU approach contains a certain level of conservatis currently accepted for some design
basis accidents and for conservative analyses of anticipated operational occurféhces

5.5 Example of conservative TH analysis for PTS

5.5.1 Specification of reactor design areghalysed event

As an example of conservative TH analysis for PTS, the analysis of SBLOCAWMWVWERSselected.

A break with an equivalent diameter of D32 mm in the cold leg was modelled. The variant starting from
hot zero power (HZP) and with minimal ECCS configarat.e. focusing on asymmetric coolirgs
described. Operator actions were modelled in the analysis.
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Figure22. Schematic view of VVEAROO reactor coolant system
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Figure23. Crosssection of VVEROOO reactor
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5.5.2 Conservativeassumptions

The following are the main conservative assumptionsriodelling the reactor coreof VVERLOOO:
0 zero reactor power,
0 minimum decay heat [BOL, factor 0.8x].

The following are the main conservative assumptiongrfodelling the primary circuiof VVERLOQO:
0 maximum initial pressure in primary circuit,

minimum initial PRZ level,

maximum initial temperature in the reactor downcomer,

minimum initial reactor flow,

immediate trip of all RCPs due t®OP assumption in most scenarios,

makeup system noravailable.

O O O 0o

The following are the main conservative assumptionsniedelling the secondary circuiof VVER
1000:
0 maximum initial secondary pressure for relevant (corresponding to the maximum reactor inlet
temperature),
0 minimum initial SG level,
0 minimum FW temperature.

The main conservative assumptions foodelling the ECCé&nd the containment of the VVEROQO
are as follows:
0 maximum characteristics of SI pumps (HHPIS, HPIS, LPIS),
minimum startup time of diesejenerators in the cases of LOOP,
minimum startup time of SI pumps,
minimum temperatures in Sl tanks, sump, HA, and ECCS piping,
maximum boron acid concentration in all parts of the ECCS system,
minimum initial temperature in containment.

O O O 0O

5.5.3 Modelling of operator actions

The operator actions in the analysed SBLOCA were modelled according to Emergency Operating

t NEOSRdAzNBA 69ht Vv 2F2RBEVAHBEAK2IABScagyYLizy

An important moment is the operator entry to function restoration procedure "Response to imminent

PTS conditon" (FR®mM0 > @$KAOK Aa o6FaSR 2y O2fR fS3 (SYLIS
temperature in exact measuring point the CWBs used.

5.5.4 Computer codes and models applied

The computer code RELAP5/MOD3.3 was used for system TH calculation. The computer code FLUENT
was used for mixing calculation (reactor downcomer + cold leg with SI).

To improve prediction of measured temperature in cold leg and consequent timing of operator entry
to FRP.1 procedure an iterative computing scheme REHAREENT was applied:

1. RELAPS5 calculation without operator entry teFER

2. FLUENT calculation up to decrease of CL temperature under value for entiPth FR
3. RELAPS5 calculation of whole transient and all operator actions

4. FLUENT calculation of whole transient
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Figure24. Nodalization of the VVEROQO reactor coolant system (RELAPS)
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Figure26. Computational domain and mesh for the mixing simulation in Fluent
(only fluid cells are displayed)

5.5.5 Analysis results

The main results of the system TH and mixing analyses are presented in following figures.
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Figure27. Primary and secondary pressure (RELAP5S)
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Figure29. Temperature at reactor inlet (RELAP5)
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Figure30. Data transferred fronsystem TH to CFD calculation
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Figure31. Evolution of the temperature of the wetted wall surfaces calculated by Fluent
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Figure32. Temperatures of wetted surface on the RPV weld calcllated in Fluent and in RELAP5S

5.6 Example of BEPU for PTS

5.6.1 Specification of reactor design and analysed event

The assumed plant type used in the analysis presented in this rapdrAPAlprojectwas a German
design 1300 MW fouloop PWR. The same reactor design was used earlier in the International
Comparative Assessment Study of PressufideeirmalShock in Reactor Pressure Vessels (ICAS/RPV
PTS) under the Organization for Economieo@eration axd Development (OECI)0]. The ICAS
Project brought together an international group of experts from research, utility and regulatory
organizations to perform a comparative evaluation of analysis methodologies employed in the
assessment of RPV integrity under PTS loading conditions

The internal dimensions of the fictitious RPV and the cold legs (CLs) to be used in the analysis in the
APAL project correspond to those of the Upper Plenum Test Facility (UPTF) in Mannheim, Germany. In
order to harmonize the calculation models used in e analysis and structural mechanics, a CAD
model of the RPV was developed by PSI and provided to all participants. The model was based on the
geometry of the RPV used in the ICAS project but had a larger wall thickness and modified inlet and
outlet nozzés. Figure33 and Figure34 show the geometry of the RPV used in the TH and structural
analysis in the APAL project
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Figure33. KWU reactor andore

Figure34. Top view showing the layout of the hot and cold legs

Simulated case

The transient assumed in the calculations presented in the following chapters is an asymmetric (plume
cooling) loading condition due to a HL break of 50 cm? and loss of offsite power. The break was in the
HL of loop No.1. One of the four highessure safty injection (HPSI) trains was assumed to be down

for maintenance (Loop 1). A second train was assumed to fail at the start of the transient (Loop 4).
Therefore, only two of the four loops (Loop 2 and Loop 3) received emergency core cooling water from
the high-pressure safety injection pumps. All four loops received injection from thepl@ssure safety

injection (LPSI) pumps. Only the four accumulators (ACCs) connected to CLs were active. The four ACCs
connected to HLs were deactivated. The transient ltesapproximated the thermalhydraulic data

used in the ICAS project for the T2 transigt].
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Main specifications of the analysed SBLOCA with asymmetric RPV cooldown:

C SBLOCA in KWU 1300,

Nominal power in initial state,

Break 50 crhin hot leg,

Loss of offsite power (LOOP),

2/4 HPIS available train down for maintenance,"@train assumed to fail),

4/4 LPSI available,

4/8 ACCs available (ACCs connected to CLs active, ACCs connected to HLs disabled).

O 0 0000

Specifications used in the simulation

The key reactor design specifications used in the simulations are listed below. The values listed are
those used in the base case calculations, and they are taken from the RELAPS input deck. Values used
in the simulations with other codes may differ slighrom those listed below.

1 Reactor thermal power
3.765e9 W
Plus pump power from main coolant pumps: 2.008&

1 Primary loop flow rates andemperatures
5150 kg/s per loop
325°C in HL
293°Cin CL

9 DC to upper head (UH) bypass flow rate
~200 kg/s

9 Primary and secondary side pressures
157.5 bar in HL
68.2 bar in steam dome

9 Total primary side volume
462.5 ni
363 n? without pressurizer

1 Pressuriser volume and initial level
Water volume above surge line: 35.9 m
Steam volume above surge line: 23.8(total volume 59.5 )
Water level above surge line: 6.78 m

9 ACC volume, pressure and fill level
Totalheight: 11.3078 m
Volumewater: 34 ni, level 8.5428 m
Volume nitrogen blanket: 11 #n
Nitrogenpressure: 26 bar

1 Setpoints for HPI, ACCs and LPI
Maximum HPI pressure: 110 h@bs.)
Maximum LPI pressure: 10 b@bs.)
ACC pressure: 26 bar
LPI watetemperature: 15°C
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HPI water temperature: 15C
ACC water temperature: 20 °C

1 HPI and LPI injection curves (mass flow vs pressure)
Maximum LPI flow rate: 165 kg/s per loop
Maximum HPI flow rate: 65 kg/s per loop

5.6.2 Phenomena identification and rankintable (PIRT)

The identification and ranking of the phenomena depend strongly on the design of the NPP and the
transient to be investigated. For example, the phenomena that occur during-afl@s®lant accident
(LOCA) are different from those that occur during a nsé&am line break.

The most important phenomena depend not only on the transient, but also on the particular region of
the NPP. For example, the most important phenomena in the cold leg are not the same as those in the
downcomer. Each location in the cold leg and downcomdalielled as a modleng region (MR). The

cold water from the ECC system is injected into the prinsiglg coolant at MR1. The cold water flows
from the injection location along the bottom of the cold leg (MR2) to the t&ddnozzle (MR3) and

into the dovncomer of the RPV (MR4).

Tings Qing MR2

Tm Lower
Plenium

Figure35. Schematic of flows in the cold leg and DC during ECC injection

The PIRT given irable5 and Table6 applies to a smalbreak (SB) LOCA in the hot leg of K¥@00. A

loss of offsite power (LOOP) is assumed to occur at the same time as the break occurrence. Therefore,
the main coolant pumps trip immediately. The results of the RI&E obtained by expert judgement
within the APAL projedfter considering the PIRTs developed for other transierablel shows the
ranking of the initial and boundary conditions, and Tdbkhows the ranking for the phenomena for
each of the modding regions.

Table5: PIRT for thermdtydraulic PTS analysesfofir-loop PWR (initial and boundary conditions)
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"HPSI, LPSI, SIS and ACC arephigisure safety injection, lowressure safety injection, safety injection system
and accumulatorrespectively.

Table6: PIRT for thermaiydraulic PTS analyses of fdoop PWR (phenomena)
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The variables with rankings of five or greater were treated as important variables, and so they were
either assigned an uncertainty distribution or they were treated conservatively. An uncertainty
distribution is the preferred treatment (within thAPALproject), but it is sometimes not practical to
qguantify the distribution. In this case, the variable is treated conservatively, which indicates that the
variable is set at itanfavourablevalue or sampled over a penalizing range.

The highest ranked phenomena must have an associated parameter, model, or input variable that
represents the phenomena in a besstimate thermalhydraulic code. Otherwise, a different thermal
hydraulic code must be used.

5.6.3 Justification of selected BEPU method

The Wilks methodlL][2] was used for théestestimate-plusuncertainty (BEPU) analysis of SBLOCA in
KWU1300 presented here.

The BEPU evaluation methods have mainly focused on the performance characteristics associated with
reactor core cooling. To date, there has been no application of a BEPU method to the evaluation of the
pressurised thermal shock (PTS) of the reactor presgassel. Such an application is complicated by

the fact that PTS assessment is a multidisciplinary and physics task involving a number of
sequential analyses. The APAL project focuses on the development of a BEPU method for PTS analyses

Two categories of methods for finding the tolerance limit are the parametric methods and non
parametric methods. Parametric methods require that the population of the figures of merit follows a
known or an assumed probability distribution function. Nmerametric methods require only that the
population be continuous. The ngrarametric methods decouple the association between the
number of uncertainty parameters and the required number of simulations. The tolerance limits of the
population can be estimatedhen sufficient number of simulations are performed, regardless of the
number of uncertainty parameters. Wilkk] proposed a method for finding the necessary sample size
for two-sided tolerance limits with given confidence level. He later extended the method tsided
tolerance limitg2]. A onesided tolerance limit is applicable when the figure of merit is not allowed to
exceed one limit, for example, a lower limit on a minimum requirement. If the figure of merit is not
allowed to exceed both an upper limit and a lower limit, then a-siged tolerance limit is applicable.

2 Af14Q F2NNdzE I AYO2NIIRNI 0S&a 020K | G2t SN yOS f AY

If 0 simulations are performed, and the values of the figure of merit are arranged from smallest to
largest, then theQ order statistic is equal to th& -smallest value. The rank, is either thel -
smallest value with an order statistic bf i, or it is thei -largest value with an order statistic of

o 0 1 p
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The upper onesided tolerance bound is a— estimate if'O 0 o pld p |, where
O 6~ o ph _is  the regularized incomplete  Beta  function equal to
ep ONO O pje O 0 phd andwheree 0 O phd is the complete Beta function.
Conversely, the lower orsided tolerance bound is-a— estimate ifO i i p p |.If

the output distribution is assumed to be symmetric, then the sample size for the lower and upper limits
are the same, and the orgided tolerance limit is obtained frothe following equations

o i i op p .

For a rank of, a tolerance limit 0b, and a confidence level pf | , the desired onesided tolerance
can be achieved with the smallest sample sizeatisfying E(1). For example, far p,"0  ph)
simplifiesto p p p 0 ,and the firstorder tolerance bound is obtained frord | . For
atolerance limitof @0 wand a confidence level of | o bthe smallest whole number is 59.
This value is shown Fable7 in the lefthand columns under the headilg 1@ un the row fori

p. If a higher confidence level of | T8 uis required, then the columns under the righand
headingd 1@ ushow the smallest whole numbers fér. Table7 shows that foi  p, 0  wTt
results in the confidence level pf | T®o wThe columns under the two headings @0 how
the smallest whole numbers far that produce confidence levels of 0.95, in the deéind columns,
and 0.99, in the righhand columns.

Table7: Confidence levels for os@led tolerance limits

‘ 0  T®ou 0 TBU 0  TBOw 0 TBOW

' 0 p I 0 p | 0 P 0 P

1 59 0.951505 90 0.990112 299 0.950464 459 0.990079
2 93 0.950024 130 0.990034 473 0.950202 662 0.990086
3 124 0.95047 165 0.990046 628 0.95021 838 0.990049
4 153 0.950555 198 0.990243 773 0.950005 1001 0.990001
5 181 0.950837 229 0.990261 913 0.950071 1157 0.990024
6 208 0.950775 259 0.990306 1049 0.950134 | 1307 0.990014
7 234 0.950145 288 0.990289 1182 0.95019 1453 0.990015
8 260 0.950192 316 0.990166 1312 0.950071 1596 0.990031
9 286 0.950715 344 0.990204 | 1441 0.950192 1736 0.990026
10 311 0.95035 371 0.99008 1568 0.950203 1874 0.990033

The columns under the rightand heading 1o tshow that the number of simulations is much larger than
ford T @Even forarank dr p, a confidence level of 0.9@quires that the number of simulations is 459.
However, regulatory agencies have accepted values for both the tolerance limit and the confidence level of 0.95.
Therefore, 59 simulations were performed

5.6.4 Computer code and model applied

The computer code RELAP5/MOD3.3 was used for the system TH calculation. A -chetdiled

modelof KWeMo nn ¢ a LINBLI NBR Ay FTNIYS 2F GKS !1't! [ o@
the nodalization inFigure36). Consequently, the model was transferred in the SNAP gt post
processor[59] - for purpose of performing uncertainty analysis with DAKOTA and postprocessing
animation of results. The reactor DC is modelled by 8 parallel channels (ANNULUS) connected by cross
flow junctions. All 4 loops modelled individually (only loops No.1 and Nleown on next figure).

Number of hydraulic volumes is 470.
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Figure36. Nodalization of KWA1300 for RELAPS5 (2 of 4 modelled loops depicted)

The DAKOTplugin for SNARvas used for running the BEPU calculation with RELAPS5 and evaluation of
results Figure37, Figure38).

The computer code KWMIX was used for the calculation of mixing in the reactor downcomer and
cold leg region (more details in Sectib:6.8).

Figure37 RELAP5 model of K\I300 in SNAP
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Figure38. SNAP animation mask of RELAP5 model of-K¥00

5.6.5 Set of uncertainties and distributions

The variables that are associated with thmain plant parameterg(initial and boundary conditions)
depend on how the variables are modelled in the computer code. The parameters for the main initial
and boundary conditions are given Trable8. The treatment of each parameter for this particular
transient is given iTable9.

Table8: Parameters isystemanalysis codes for important initial and boundary conditions

Initial & boundary conditions Parameters

Initial reactor inlet temperature initial core power, secondasside pressure,
pressurizer pressure

Break size breakvalve component

Breaklocation nodalization

Time of reactor trip control variable

Decay heat decayheat correlation or table

Timing of SIS actuation valve trip (depends on pressure)

SIS availability and asymmetry analysis assumptions and nodalization

ACC injection temperature component initial conditions

ACC initial pressure component initial conditions

Timing of HPSI initiation valve trip (depends on pressure)

HPSI temperature component initial conditions

LPSI temperature storage tankemperature
heattransfer rate in RHR system
type of flow model at break
pressureloss coefficient at break
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Table9: Uncertainty distributions for plant parameters

distribution
Best distrib_utio_n characterization
: Type of characterization #1 #2
Plant parameter estimate Lo
value distribution (e.g., mean, lower (e._g._standard
bound) deviation, upper
bound)
Initial reactor inlet 100% Gaussian Mean:100% noming sdt.dev.:1%
temperature: nominal
Core power
Initial reactor inlet| 60.2 bar Uniform 60.2 bar 68.2 bar
temperature:
secondaryside
pressure
Initial reactor inlet| 100% Gaussian Mean:100% noming sdt.dev.:1%
temperature: nominal
Pressurizer pressure
Break size 50 cn¥ No uncertainty
Breaklocation hot leg Conservative | hot leg
Time of reactor trip at 132 bar | Conservative | at 132 bar
Decay heat ANS79L + | Uniform ANS791 ¢ 0% ANS79L + 20%
10%
Timing of SIS at 110 bar + Uniform at 110 bar + @ at 110 bar +20s
actuation 10s delay delay delay
SIS availability and HP Conservative)| HP injection in two neighboring cold legg
asymmetry injection in
two
neighboring
cold legs
ACC injection 30°C Uniform min:20°C max:40°C
temperature
ACC initial pressure | 26 bar Uniform min:24 bar max:28 bar
Initial nitrogen 236m | Gaussian | 23 6m mean 2.36 m std. dev.
volume
Timing of HPSI at 110 bar + Uniform at110 bar+ @ at 110 bar + 28
initiation 10s delay delay delay
HPSI temperature 30°C Uniform min:15°C max:45°C
HP and LPump As defined| Gaussian mean:100% of std.dev.:10% of
pressure/flow curves | in T2 with a nominal nominal
multiplier.

Many of the uncertainty distributions ifiable9 are uniform with a lower bound and an upper bound.
This treatment of the uncertainty was chosen because insufficient data were available to establish a
Gaussian distribution or other type of uncertainty distribution. Some parameters are described by
consevative values instead of uncertainty distributions.
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TablelO0andTablell contain themost important code and model uncertainties

Tablel0: Parameters in systesnalysis codes for important phenomena
Phenomena Parameters

Break flow type of flow model at break

pressureloss coefficient at break
thermalnonequilibrium coefficient at break
Reactor inlet temperature models for core power (incl. the RCS, RLS
and RTS), secondaside pressure,
pressurizer pressure

Time of loop flow stagnation type of flow model at break
pressureloss coefficient at break
SIS flow rate (incl. pump characteristics) HP and LP pump curves

type of flow model at break
pressureloss coefficient at break
ACdnjection rate initial ACC pressure

initial nitrogen volume

type of flow model at break
pressureloss coefficient at break
RPV wall heat conduction material property tables
Interphase condensation & necbndensables ACdsolation

type of flowmodel at break
pressureloss coefficient at break
Walkto-fluid heattransfer phenomena (excl. hed velocity, water properties
transfer-coefficient correlation)
Liguid/vapour interface in DC type of flow model at break
pressure loss coefficient at break

Many of the phenomena imable10 have parameters in common with each other. For example, most
of the phenomena depend on the pressure, which is dependent on the break flow and the injection
flow, among other phenomena. The break flow, in turn, depends on the type of flow model at break
and on the pressurdoss coefficient at break. Therefore, the important parameters for many of the
phenomena inTablel0 are the type of flow model at the break and the pressloss coefficient at

the break. The development of the uncertainty distribution for the themmahequilibrium coefficient

in the HenryFauske chokeflow model used in RELAPS is using data fromMhaeviken CFT no. 24.
The treatment for each parameter is givenTiablel1.
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Tablell: Uncertainty distributions for model parameters in RELAP5

Model parameter Best Type of Distribution Distribution
estimate distribution characterization characterization
value #1 #2
(e.g., mean, lower| (e.g. standard
bound) deviation, upper
bound)
Thermat 0.14 Weibull for CDR{ Ol £ S < 1 shape factork is 7
nonequilibrium from 0.1 to 0.85;
coefficient for 0.0 for CDF<0.1
Henry-Fauske model 0.775+0.075*CDH
for CDF>0.85
Wall-to-fluid heat- Single Loguniform 0.5 2.0
transfer phenomena| phase
liquid to
wall HTC
Wall-to-fluid heat- Single Loguniform 0.5 2.0
transfer phenomena| phase
vapour to
wall HTC
Singlephase friction | Walldrag | Loguniform 0.5 2.0
factor coefficient
Singlephase friction | Formloss | Loguniform 0.5 2.0
factor coefficient
Interfacial heat As for basg Conservative as for base case | as for base case
transfer case
RPV wall heat Material Gaussian as for best 5% std. dev.
conduction, specific | properties estimate case
heat, density tables

Note that the heattransfer coefficient is a figure of merit, and that the important phenomena, such
as velocity distribution, do not have parameters associated with them that can be varied according to
their uncertainty. Therefore, the uncertainty in th®@garameters cannot be propagated forward.
Instead, the uncertainty distribution is applied in a ppsbcessing step.

5.6.6 Reference besestimate calculation

The following tables show the steadtate parameters of the model and the timing of the main events
in the reference calculation.
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Tablel2: Parameters at the end of steagiate of reference besistimate calculation

Parameters of the reference

Specification :
bestestimate case
Reactor thermal power 3.765e9 W
Loop flowrates 5004 kg/s
Cold legs temperature 293°C
Hot legs temperature 326°C
DC to UH bypass flow rate 197.6 kg/s
Primary side pressure 155.9 bar
PRZ level 7.125m
ACC volume, pressure and fill level, temperature | 34 m3
26 bar
8.5428 m
20°C
Secondary pressure (SG1) 64.2 bar
SG level (SG1 riser/downcomer) 6.45/11.9 m

Tablel3: Timing of main events in the reference bestimate calculation

Cause Event Timing (s)

Initiating event HL break of 50 cm2 0
Analysis assumption Loss of offsite power 0
Primary pressure < 132 bars | Reactor trip 45

Turbine trip

Emergency signal

Signal seeside cooldown (100K/hr auto.)

MCPs trip
Analysis assumption Loss of offsite power 45
Emergency signal + 12 s Signal ECC system to start DG 57
Primary pressure < 110 bars | Emergency cooling signal for HPI pumps 72
HPI pumps running HP injection 75
Primary pressure < 26 bars ACC injection 2620
Primary pressure < 10 bars Emergencyoolant signal for LPI pumps 4575
LPI pumps running LP injection 4580
ECCS injection stronger than | PRZ level recovery 4625
break flow (after 2700 s),
leading to refiling of RCS
End of calculation 10000

The following figures show thevolution of the main parameters as calculated in the

calculation.

reference
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Figure4l. (a) ACC Injection and (b) Integrated Break and ECCS Flow
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Figure48. (a) Coolant Temperatures in CLs Loop Seal and (b) Reactor Inlet Nozzles
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5.6.7 Results of BEPU system TH analysis (incl. sensitivity anal.)

The Wilks method was used for the bestimate-plusuncertainty (BEPU) analysis of SBLOCA inrKWU
1300 presented here. The DAKOTA plugin for SNAP and RELAP5/MOD3.3p5(lj) with extended model
parameters were used to prepare and perform the uncertainty amghyg9 samples of input decks

were generated using Mont€arlo sampling method (variant BEPU analysis with 93 samples was also
performed,[35]). The results of the 59 sampled calculations to obtain 95%/95%sioieel tolerance

bounds are shown in the figures below.
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Figure54. Coolant(liquid) temperatures at reactor inlet from CL1 (59 samples)
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Figure57. RPV inner wall temperatures at 1.35 m under CL1 (59 samples)
DAKOTA sensitivity study

The DAKOTA tool was also used to calculate the response correlations for the figure of merit (FOM).
These show howhe FOM correlates with each model variable. The results are shown in the table
below with an indication of the input uncertainties that have the greatest impact on the resulting FOM.

Tablel4: Response correlations

Simple Partial Simple Rank Partial Rank
Core_Power -0.0385386 -0.079672 -0.111514 -0.212796
PRZ_p 0.0921198 0.267037 -0.0105202 0.114432
HP_LP_flow -0.170508 -0.342707 -0.185389 -0.475859
mat_cond -0.00318756 0.149302 0.055114 0.15481
mat_cap 0.0758097 0.315189 0.00222092 -0.0379675
SIS_timing -0.0136808 -0.160199 -0.0125658 -0.0624892
ACC_Temp -0.0455422 -0.17649 0.0124489 -0.0504867
ACC_press 0.00197696 -0.0120272 0.0223846 0.00824023
HPSI_T 0.335426 0.79857 0.363238 0.750301
Decay_heat 0.0575788 0.305335 0.0601987 0.203206
PRZ_Ivl -0.0111982 -0.155583 -0.0825833 -0.222831
NvolACC -0.117673 -0.0999911 -0.0263004 -0.0640907
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Simple Partial Simple Rank Partial Rank
SGpress -0.054942 -0.119155 -0.0673875 -0.160222
HTC_coeff -0.135997 -0.441143 -0.18498 -0.518977
walldrag -0.102093 -0.234944 -0.101286 -0.239916
formloss 0.878885 0.959998 0.822501 0.932107
HF_noneq_coefl -0.122224 -0.206767 -0.103741 -0.21087

5.6.8 Results of BEPU mixing analysis

The RELAPS results described in Secidhsand5.6.7were used as input to BEPU mixing calculation

with KWUMIX. Figureb58 and Figure59 show the results of the reference besstimate calculation
using KWEMIX.
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Figureb8. Centreline temperature of plume at various distances below the axis of Cold Leg 2
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Figure59. Centreline heatransfer coefficient of plume at various distances below the axis of Cold Leg 2

The values of the uncertainty parameters were randomly selected for each of the 59 simulations of the
transient described in Sectidn6.1-5.6.3 The values of the three uncertainty parameters for each of
the 59 simulations are shown Figure60. The centreline temperatures at a distance 1ni3below the

axis of Cold Leg 2 (with HPI) are showhigure61.
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Figure60. Uncertainty parameters for S8mulations with KWUMIX
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Figure6l. Centerline temperatures for 59 simulations with KWUMIX at h.®&low the axis of Cold Leg 2

The centreline temperatures at a distance 18%elow the axis of Cold Leg 1 (without HPI) are shown
in Figure62. The heatransfer coefficients at the centreline of the plume were also calculated by
KWUMIX, and the results are showrFigure63for a distance of 2.35 below the axis of Cold Leg 2.
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Figure62. Centerline temperatures for 59 simulations WiWUMIX at 1.3 below the axis of Cold Leg 1
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Figure63. Centerline heatransfer coefficients for 59 simulations with KWUMIX at r3below
the axis of Cold Leg 2

Statistical analysis of KWHMIX results using Wilkesmethod

A Spearman correlation coefficient was calculated for each of the uncertainty parameters as a function
of time. The Spearman correlation coefficient is a nonparametric measure of the statistical
dependence between the rankings of two variables. In thig casssesses how well the relationship
between the temperature and a particular uncertainty parameter can be described using a monotonic
function. The Spearman correlation between two variables approaches unity when pairs of
temperature and uncertainty mitiplier have a similar rank. A value-&fis approached when the pairs

have opposing ranksigure64 shows that the largest Spearman correlation coefficients are for the
Haefner and CCFL. The largest Spearman correlation coefficients for Haefner multipliers occur at
approximately 1008 and during the time span from 396800 4200s, when the water leveh the
downcomer is high. The largest Spearman correlation coefficients for CCFL multipliers occur during the
time span from 2008 to 2300s, when the water level in the downcomer is at its minimum. Large
multipliers for CCFL limit the entrainment at thngection location and, therefore, limit the effect of

the Haefner multiplierFigure64 shows that there is nearly no trend between the CCFL multiplier and
the temperature for times greater than 40@0 The temperature has a trend closer to the Haefner
multiplier. There is a negative Spearman correlation coefficient for the Fox multiplitsmies greater

than 1000s, and so the temperatures are influenced more by the other parameters.
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Figure64. Spearman correlation coefficients for the temperature at Ini3gelow the axis of Cold Leg 2
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6 Temperature and stress field calculations

Temperature and stress field calculations are required for a PTS analysis to get the input needed for
the final fracturemechanics assessment. A general guideline for temperature and stress field
calculations is given @] and is briefly summarized 8ectior6.1. Additional information and guidance

from APAL project are summarizedSectiort.2.

6.1 General guideline as described in IAEA TecDoc 1627

Material properties

For stress and temperature calculations, different temperatdependent material properties are
needed:

i Elastic Modulus

1 Thermal expansion coefficient

1 Thermal conductivity

1 Thermal diffusivity

9 Yield strength

The thermal expansion coefficient is related to a reference temperalusdor zerodisplacement

state. In addition to that, the stredsee temperatureTs represents the zergtress state between
ferritic base metal and cladding, which is not necessarily equakt¢see also description given in
Section6.2.1).

Generally, the material properties values are provided in the construction codes (e.g. ASMEM|, RCC
KTA). General accepted values for required material properties for PWR and WWER are[d]ven in

Heat transfer analysis

The first step is the assessment of thermal loads and the determination of temperature fields in the

RPV wall. Generally, an uncoupled heat transfer analysis is carried out to assess the temperature
distribution in RPV wall taking into account boundaryditians from thermal hydraulic analysis and

the temperature dependency of material properties. Boundary conditions are generally nonlinear, for
SEFYLX S (GKS FTAftY O2STFAOASY(G oO0KSIG GNIXYyatsSN 028
and sothe heat transfer analysis is also nonlinear. The distribution of cold plumes around the
circumference of RPV should be taken into account when boundary conditions (symmetry of loading)

and extend of the model in circumferential direction are defined.tReheat transfer analysis by FEM,

a boundary without any prescribed boundary conditions corresponds to an insulated surface.

Most FEM use an iterative procedure to solve the nonlinear heat transfer analysis. The time increment
is either fixed or automatic (especially for highly nonlinear cases). Provision of choosing an adequate
time increment to achieve convergence is giverdih(depending on density, specific heat, thermal
conductivity and mesh size).

Stress and strain analysis

The use of FEM is preferred for calculation of stresses and strains. Analytical solutions can be applied,
if verified and accepted for the location of interest (e.g. cylindrical shell). The stresses due to internal
pressure, temperature gradients, and résal stresses for both cladding and welds should be taken
into account. Plasticity effects should be also considered. It is common practice to choose the value of
stressfree temperature at normal operation temperature or, alternatively, in such way thmbvides
stresses in cladding at the level of yield strength at room temperature.

The additional stresses from formation of cold plume should also be taken into account. This is either
possible with a 3D FEM with appropriate plume modelling by TH analysis (e.g. results from mixing code
or CFD) or with simplified analytical solutionsclssimplified analytical solution is provided4j).
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Weld residual stresses

The core section of the RPV is manufactured from cylindrical forgings which are welded together by
circumferential welds. Before welding, the forgings are covered with an austenitic cladding inside.
After welding the rings together, the RPV is heat tredtecelieve the highest weld residual stresses.

The main factors that affect the level of the weld residual stress are:
1 Welding technology;
1 Welding sequence and the location of the weld root;
9 Stress relieving temperature and time.

For the analysis, the shape of residual stress distribution in the weld is often assumed to be
cosinusoidal. The level of the maximum residual stsgends on the parameters of the stress
relieving heat treatment (temperature and time) and the material properties of the weld.
Measurements from different manufacturing processes indicate that the magnitude is between 50 and
100 MPa.

More recommendations and best practice for treatment of weld residual stresses are giSention
3.3

Cladding residual stresses

Besides the weld residual stresses, the cladding residual stresses should be taken into account. This is
in general done, by assuming a stréiee temperaturelss (producing zero stress between ferritic base

metal and cladding), such that it provides an appropriate level of residual stress at room temperature
(in any case not above the yield stress of the cladding).

When measured data of cladding residual stresses are available (experimental data) they can be
considered in defining the initial stress distribution in the cladding. The hydro test is known to have
positive effect on cladding residual stresses at low temapures. The effect of hydrotest should be
guantified by elastiglastic calculations taking into account the test temperature and pressure (before
the simulation of PTS).

6.2 Information and guidance from APAL

Within APAL the structural calculations for the determination of strains, stresses and temperatures in
the RPV wall were carried out for the selected ICAS transient (base case), for the selected LTO
improvements and for TH uncertainties. Recommendatiorns @mnclusions that were drawn for an
appropriate temperature and stress field calculations for PTS analysis are based on the investigations
performed for the base case transient.

1 Impact of averaging TH data from system code analysis.

9 Effect of appropriate plume modelling with mixing code analysis.

1 Influence and comparison of 1D, 2D or 3D FEA on the stress and temperature fields at core

weld or flange weld position.

Moreover, for a better understanding and verification of the results, sensitivity cases were also
generated.
1 The effect of the cladding thickness was considered as it can vary during the manufacturing of
the RPV.
1 Impact of used time steps of the TH data (TH data are providedlvgitime steps).
9 Other effects investigated were the uniformity of the TH data and the mesh density.

6.2.1 Material properties

The material properties needed for temperature and stress field calculations in the -Bleesic
regime are shown on the example from APAL benchmarklimel5andTablel6for the two materials
investigated in APAL (ferritic base metal 22NiCrMo37 and austenitic cladding 1.4%5R).S
assessment of specific RPV, thmim values of these material properties must be used.
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Tablel5: Material properties needed for temperature and stress field calculations (ferritic 22NiCrMo37)

T[°C] 20 100 200 300 350
E[MPa] 206000 199000 190000 181000 172000
t2Aaa2NVPFPR NI i} 0.3 0.3 0.3 0.3 0.3
¢CKSNYIFf O2yRD 44.4 44.4 43.2 41.8 39.4
Spec. Heat. Ca, o Wk 6 3 0.45 0.49 0.52 0.56 0.61
Mean thermal expa [10%K] 10.3 11.1 12.1 12.9 13.5
With Tt = 20°C
Reo.2[MPa] 450 431 412 392 --
Er[MPa] 2000 2000 2000 2000 2000
density [kg/m3] 7800 7800 7800 7800 7800
Tablel6: Material properties needed for temperature and stress field calculations (cladding 1.4551)
T[°C] 20 100 200 300 400
E[MPa] 200000 194000 186000 179000 172000
t2Aaa2NVPFPR NI 1] 0.3 0.3 0.3 0.3 0.3
Thermal condw?2 K 6 Y1 Y 16 16 17 17 18
Spec. Heat. Caf, o WK 6 3 0.5 0.5 0.54 0.54 0.59
Mean thermal expa [10°%K]
With Tes = 20°C 15 16 17 19 21
Ryo.2[MPa] 320 320 320 320 --
Er [MPa] 2000 2000 2000 2000 2000
density [kg/m3] 7800 7800 7800 7800 7800

The initial temperature (starting temperature) of the analysed PTS transient is usually not related to
the reference temperaturel.s required by any particular FEM software. The initial temperature is
related to the stresdree temperature in some FEM software (such as Marc, Abaqus), but not in all
commercial software. The manual of any relevant FEM software should be consulted oregdrats
reference temperatureler and stresdree temperatureTs;, because the implementation of thermal
stresses differamong various FEM codes.

Attention must be paid to the definition of the mean (linear) thermal expansion coefficient (TEC)
especially if the starting temperature of PTS transient is different than the reference temperature used
for measurement of mean line@TEwhich is usually the room temperatdrd his conversion shall be
used in the case where the FEM code used for elastic and glasiic stress analysis calculations
does not correct it automatically to strefee temperatureTs (this may be different from reference
temperatureT.sused for thermal expansion coefficient measurement). The formula for converting the
TEC (usually given with a reference temperature of@0to a newlisis given by:

Y - :
t
with
1 | & =the thermal expansion coefficient for a givéf temperature (in this case 20°C)
1 1|, owthermal expansion coefficient for the reference temperature of intefgst o
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Taking into account the starting temperature of base case transient of 291°C as reference temperature
to be used for thermal expansion, the conversion ffbablel5and Tablel6is given is shown ihable
17andTablel8.

Tablel7: Thermal expansion coefficient converted to Tref = 291°C (ferritic 22NiCrMo37)

T[°C] 20 100 200 300 350
Mean thermal expa [10°%/K]
With Tou = 20°C 10.3 11.1 12.1 12.9 13.5
Mean thermal expa [1L0%K]
With T = 291°C 12.79 13.51 14.22 15.02 16.53

Tablel8: Thermal expansion coefficient converted to Tref = 291°C (cladding 1.4551)

T[°C] 20 100 200 300 400
Mean thermal expa [1L0%K]
With T = 20°C 15 16 17 19 21
Mean thermal expa [10°%/K]
With Tou = 291°C 18.73 19.90 22.31 24.30 26.29

Another way to deal with the appropriate treatment of thermal expansion is the use of instantaneous
thermal expansion coefficient (the gradient of the thermal strain curve). The definition of the different
approaches for thermal expansion coefficient ikisirated in Figure 65, where | «; ;i§ the
instantaneous thermal expansion coefficient compared togwhich is themean average (secant)
thermal expansion coefficient.

Y
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Figure65. Mean average (secant) amastantaneous thermal expansion coefficient

It should be noted that a correct definition of either instantaneous thermal expansion coefficient or
mean average (secant) thermal expansion coefficimtjuires the corresponding-T curve. The
conversion of tabulated data from one to the other type of thermal expansion coefficient is only valid
for a lineare-T curve. In other cases, the conversion from tabulated data will include an unknown
F LILINEEAYLF GA2Y SNNENDKe OnStRiownd S (KS & Fdf £ ¢

6.2.2 Weld residual stresses

For an assessment of cracks in a RPV vield,requested by most standards to consider residual
stresses. Severatecommended stress profiles are present in the literature and normative
documentation (KTA 3201[22]) for the residual stresses in RPV circumferential welds (connecting
two forgings) with a cosine shape, only their maximum levels may differ (56 to 70 N/mm?2) for a
circumferential crack (axial stress componenfhe situation is different for an axial crack
(circumferential stress), where a constant stress may be considered. Details about the weld residual
stresses are already given in SectB8
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The residual stresses need to be added to the stresses from thermal and mechanical loads in the ferritic
part of the weld for final brittle fracturenechanics assessment.

6.2.3 Cladding residual stresses

In addition to the residual stresses in weld, the residual stresses in cladding and in the adjacent base
or weld metal (heat affected zone) due to cladding have to be considered. The residual stresses in
intact cladding are unavoidable at low temperatureedto the difference in thermal expansion
coefficients between austenitic stainless steel and ferritic steel. The residual stress state in the HAZ
region under the cladding can show tensile stresses due to PWHT

Forresidual stresses in the cladding itself, it is common practice to consider the operating temperature
as the stressfree temperature for the cladding in the FEA if no detailed information is available.
Therefore, the stresses due to different thermal expansion coefficients of base and clad material lead
to a conservative stress generation during the thermal transients.

Elastieplastic FEA calculations with introduction of relevant residual stresses before PTS loading, either
by direct introduction of the stresses or by introduction of strains as initial load, are recommended as
a good practice for deterministic RPV iniégassessment.

Residual stresses in the HAihder the claddingare usually not considered in the analysis, as these

may beslight compressive stresses and can be negledddexplicit consideration of the residual
aiNBaasSa Ay (GKS 1! % NBldZANBa (y2¢6ftSR3IS 2F | RRAGA
strain-stress curveY 'Y ).

6.2.4 Selection of TH data

In general, a PTS transient is described by the time dependent thérydedulic (TH) data of the PTS
scenario and is required as input for the structural assessment. These TH data are coolant temperature,
pressure and heat transfer coefficient.

The thermailhydraulic models of the fluid flow within the RBVolved during the last decadds. the

past, the RPV downcomer was not nodalized in detail (only one volume was used for the downcomer)
and the TH loading conditions passed to the structural assessment were averaged (height, azimuth)
and smoothed over time.

However, mixing analyses were sometimes additionally performed to get more detailed information
of the TH loading in the downcomer. The most detailed analysis is recently performed by a CFD code.
All these predictions have different levels of detail andfetence compared to the reality (experiment

or plant).

The results obtained from TH codes for a selected PTS transient are quite extensive, and simplified
results (smoothing) are usually passed to the structural assessment. A sensitivity study was carried out
within APAL to justify smoothing and/or selectiohtbe TH volumes/positions that will be used to
export the data from TH analysis to the structural analysis.

6.2.4.1 TH data from system code for 1D SA

Within APAL, the influence ¢fpe of TH data from system coder a 1D structural assessmewas
investigated. TH data from system code RELAPS5 for the base case PTS transient were assessed. Due to
the geometric limitation of thelD structural assessment it had to be simplified. Therefore, so called
variants of TH data were generated, Sesblel9. Here the denotation 0D/1D/2D is related to the TH

data simplification and has no relationship to the 1D/2D/3D symbols related to the FEM model for
structural analyses.
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Tablel9: Variants of RELAP TH data used for 1D SA

INumbe| Description of the Case Evaluation of RELAPS data

of Case Elevation (height) | Azimuth (circumference)

Case 1| OD¢ average average average

Case 2| 1D¢ core weld 2638 mm (V0O5) | average

Case 3| 2D¢ core weld/cold plume 2638 mm (V05) | 202.5° (AD95 below HP
injection)

Case 4| 2D¢ coreweld/ambient 2638 mm (V05) [ 337.5° (AD98 ambient)

Case 5| 1D¢ flange weld 1130 mm* (VO3) | Average

Case 6| 2D¢ flange weld/cold plume 1130 mm* (V03) | 202.5° (AD95 below HP
injection)

Case 7| 2D¢ flange weld/ambient 1130 mm* (V0O3) | 337.5° (AD98ambient)

* the flange weld elevation is 1350 mm, however, the RELAP5 nodalisation has only evaluated 1130mm

For better understanding of the generated TH inputs and the distribution of the DC channels and
elevations,Figure66 showsthe RELAP5 names and positions of the four loops and illustrates the
nodalisation of the reactor.

00 5 4 O O w e o
ol I I I I I L \——/
N BIRIRIEIE RS ' | | HP injection
v H =m CL‘!‘ - CELZ
: g : ) HP injection
[ L cLa oLs
L= ] w e
Volume Elevation [m] Nozzle| No of DCchannel Azimuthal
V01 +0.5725 in R5 model angle
V02 0.0 CL1 A-091 22.5:
T m—
V04 -2.083 2 —
V05 638 CL2 A-094 157.5
: CL3 A-095 202.5°
V06 -3.3215 HL3 | A-09% 247.5°
V07 -3.9745 HL4 A-097 292.5°
V08 -4.6275 CL4 | A-098 337.5°
V09 -5.2809
V10 -5.9335
V11 -6.5155

Figure66. Overview of RELAP DC Channelsbtnations

92



APAL(945253 D52 ¢ Fnal report on guidancen bestpractice for
deterministic andorobabilistic RPV integrity assessment

The comparisos of stress and temperature field®r the 7 cases derived with a 1D structural
assessmenare given if36] and are briefly summarized Figure67 and Figure68 for the deepest

crack tip of the postulated crack within APAL benchmark (i.e. 16 mm depth). sheas that case 3

and case 6 give the most penalizing stresses and temperatures for core weld and flange weld.
Therefore, an averaging of TH data from system code should be avoided, especially for a postulated
flaw below the injection legs.

Temperature distribution at 16 mm
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Figure67. Temperature profiles from 1D SA (at crack tip 16 mm) for different variants of RELAP TH data
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Figure68. Stress profiles from 1D SA (at crack tip 16 mm) for diffewetdants of RELAP TH data (left: Hoop
stress, right: axial stress)

Moreover, from the 1D structural assessment benchmark results for case 3, the relative deviation in
results (either temperature or stresses) between the partners was less than 5%. Therefore, only a small
bias in stress and temperature fields is expected tudifferent software tools and methods. Details

can be found ij36].

6.2.4.2 TH data from system code for 3D SA

When performing a 3D structural assessment, full mapping of 2D TH data from system code analysis is
possible. The effect of the kind of mapping and used FE method was investigated in APAL for the 2D
TH data from RELAP for thase case transient. The resulting stress and temperature fields at core
weld below CL3 obtained from five different partners were compared,FRgere69 and for more
details[36].
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Figure69. Temperature and stress profiles from 3D SA (at crack tip 16 mm) for full mapping of 2D RELAP TH
data (left: temperature, right: hoop stress)

The results are in a good agreement, leading to only a small bias for 3D structural assessment with a
full mapping of 2D TH data from system code.

6.2.4.3 TH data from mixing analysis

In addition to the system code analysis, mixing analyses were sometimes performed to get more
detailed information of the loading in the downcomer. The most frequently used mixing codes are
KWUMIX, GR3IX or ECMIX and most detailed analysis is recem@rformed by a CFD code. All

these predictions have different levels of detail and confidence compared to the reality (experiment
or plant).

In mixing analysis, there are different types of output from the TH transient, but mainly fluid or wall
temperature in the cold leg, in the nozzle, and in the downcomer (in cold plume and in ambient). In
some codes we obtain also heat transfer coefficiamdl temperature variation in axial direction in the
downcomer. The width of cold plume can be given by formulas from literature or output of the code.
It can be dependent on axial position in downcomer and on time. Usually, conical shape of cold plume
is mnsidered. Questionable is the shape of temperature profile in circumferential direction (between

middle of cold plume and ambient). Two basic approachetepwise and Gaussian profieare
typically considered.

It is a difficult task to develop the data transfeom TH coddor structural analysis if the mesh used
in TH analysis is different from the FE mesh used in the structural analysis.

Within APAL, comparisons were performed between results from 3D structural assessments with a)
2D noruniform input from system codes, and BP noruniform input from mixing codesThe
comparison for the leading azimuth location at core weld is briefly showfigare70 and in more
detail in[36]. It can be concluded that structural assessment based on TH data from mixing code gives
higher stresses and colder temperatures due to nagpropriate modelling of the cold plunfermation.
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Figure70. Temperature and stress profiles from 3D SA (at crack tip 16 mfa)lforapping of 2D TH data from
RELAP, TRACE and KMIY (left: temperature, right: hoop stress)
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Besides the use of mixing analyses, analytical solutions exist to predict the effect of cold plume on
stresses using temperature and stress results from 1D structural assessment based on TH data from
system codes. Usually, if these analytical solutionsppdied correctly with the appropriate data from

the 1D structural assessment, the effect of cold plume on stresses and temperature fields is predicted
conservatively. An overview of such analytical solutions, their appropriate use and their level of
congervatism can be found if36].

6.2.5 Sensitivity analyses

Within APAL, several sensitivity analyses were carried out to determine the impact on stress and
temperature field calculations:

1 The effect of the cladding thickness was considered as it can vary during the manufacturing of
the RPV.

1 Impact of time steps of the TH data (TH data are usually provided with very short time steps,
e.g. 1 s within APAL benchmarks).

9 Other effects investigated were the uniformity of the TH data and the mesh density.
6.2.5.1 Cladding thickness

The impact of cladding thickness was investigated with 1D structural assessment, and the cladding
thickness was varied between 4 and 8 nirhe achieved results from different partners are shown in
Figure71, which illustrates the hoop stress variation as a function of time at the crack tip (16 mm from
the inner surface), and iRigure72giving the temperature variation over time and thickness. From the
results, it can be concluded that the thickness of the cladding has no large effect on the stress and
temperature results and smaller cladding thickness is slightly penatizing.
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Figure71. Hoop stress at crack tip 16 mm for different cladding thickness (left: RELAP TH input, right: TRACE TH
input)
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Figure72. Temperature profiles for different cladding thickness (left: at crack tip 16 mm,
right: through RPV wall at t = 2400s)

IHowever it should be noted that when assessing underclad crack, the effect of cladding thickness is more signi
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6.2.5.2 Timesteps of TH data

The influence of simplification of TH data due to reduced time steps was investigated within APAL. The
TH data for the base case were given with time step of 1 s for the time interval of 10000 s. For the
sensitivity analysis, time step of the TH data of,5 s and 10 s were investigated considering the
results from a 1D structural assessment. The comparison of the results in terms of the hoop stress at
inner surface and crack tip (16 mm) is showrFigure73. The maximum deviation from usage of
original TH data (with time step of 1 s) is approximately 40 MiIR&%o) for hoop stress at 0 mm, and
approximately 13 MP& (13%) for hoop stress at 16 mm, both obtained for the maximum time step of

10 s. A reasonably good result is obtained for a time step of 2 s.
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Figure73. Hoop stresslifferences for variousH data time steps (left: at inner surface, right: at crack tip 16 mm)
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Based on the results, it can be concluded that original time step or only small increase should be kept
around the maximum stress region. Time steps of TH data can be increased for later times in the
transient with smaller variations in TH data.

6.2.5.3 Mesh refinement

The influence of mesh refinement was investigated by different partners based mainly on results from
3D structural assessment. The variation of mesh refinement was:

1 2to 10 elements in the cladding
1 10 to 76 elements in the ferritic part.

Based on the results with different mesh densities and with either linear or quadratic elements, it was
concluded that for a linear model the minimum number of required elements to achieve an acceptable
error is 34 elements in cladding and 3 elementsn the ferritic part. By using quadratic model, the
minimum number of required elements is approximately half of the linear model. More details on the
influence of mesh refinement are given[B6].

6.2.5.4 Axial location

The appropriate use of either 1D, 2D or 3D structural assessment for different axial locations was
investigated considering core weld and flange weld axial positions.

The variations that were considered for core weld are summarizéalie20.
Table20: Variations of 1D, 2D or 3D SA for core weld location

Name Description
FEA model TH data

1D Case 1 1D 0D average

1D Case 2 1D 1D average at 2638 mm

1D Case 3 1D 2D 2638 mm, 202.5°

2D Case 3 2D 2D 2638 mm, 202.5°

3D Case 3 3D 2D 2638 mm, 202.5° (uniform)
3D non-uniform 3D non-uniform
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FromSection6.2.4it was already concluded that averaging of TH data should be avoided, therefore
the focus for the influence of type of structural assessment (1D, 2D or 3D) is focusing on Case 3 results
and nonuniform TH data. The comparison for hoop and axial stressest@own inFigure74 and
Figure75. It can be concluded that besides the effect of amiform compared to uniform (i.e., case

3) TH data, the type of structural assessment (1D, 2D or 3D) had negligible effect on axial stress and a
small effect on hoop stress.
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Figure74. Axial stress from 1D, 2D and 3D SA for core weld location (left: up to 4000 s, right: from 4000 s on)
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Figure75. Hoop stress from 1D, 2D and 3D SA for core weld location (left: up to 4000 s, right: from 4000 s on)

The variations that were considered for flange weld are summarizédhe21.

Table21: Variations of 1D, 2D or 3D SA for flange weld location

Nanic Description
FEA model TH data
1D Case 6 1D 2D 1130 mm 202.5°
2D Case 6 2D 2D 1130 mm, 202.5°
3D Case 6 3D 2D 1130 mm, 202.5° (uniform)
3D non-uniform 3D non-uniform

The comparisons for hoop and axial stresses are shioWwigure76 and Figure77. It can be concluded
that besides the effect of neaniform compared to uniform (i.e. case 6) TH data, a 1D structural

assessment does not produce appropriate stress results due to the geometrical constraints of the
flange weld close to the nozzle ring regi@onical transition in its vicinity).
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Axial stress at 16 mm Axial stress at 249 mm
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Figure76. Axial stress from 1D, 2D and 3D SA for flange weld location (left: at crack tip 16 mm, right: at outer

surface)
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Figure77. Hoop stress from 1D, 2D and 3D SA for flange weld location (left: at crack tip 16 mm, right: at outer
surface)

6.2.6 Temperature and stress field calculations for LTO improvements

Within APAL several possible LTO improvements were identifie®éssi®n3.5). The impact of these

LTO improvements on the PTS analysis was investigated, obviously including the impact on
temperature and stress field calculations. Although a final decision on the impact on PTS analysis is
only possible with regard to the final fure-mechanics results, the influence of defined LTO
improvements can first be qualitatively estimated based on the resulting temperatures and stresses.
For example, LTO1 (Heating of water in HPSI tank) has a clear beneficial influence on a PTS analysis,
seeFigure78.
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Figure78. Temperature and stress tinvariations for LTO1

Other LTGmprovements lead to some variation of benefit during the transient time, for example LTO6
(Reduction of HPIS flow at 1800 s) as showkigare79. Here, the influence of LTO improvements on
PTS analysis cannot be determined based on temperandestress calculations.

Figure79. Temperature and stress time variations for LTO6
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