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1 Introduction

APAL (Advanced PTS Analysis for LTO) is a project funded by the EU within HORIZON 2020 programme.
One of the most limiting safety assessments for the {tergh operation (LTO) of nuclear power plants

(NPPs) is the reactor pressure vessel (RPV) integagssment for pressurized thermal shock (PTS).

The main objectives of APAL project Hre following:

1 development ofadvanced deterministic and probabilistic PTS assessment methods,
1 quantification ofdeterministic and probabilistisafety margins,
1 development ofbestpractice guidance.

The APAL project consists of 7 work packages (WP):

WP1- LTO improvements relevant for PTS event

WP2- Improvement of TH analysis

WP3- Deterministic margin assessment

WP4- Probabilistic margin assessment

WPS5- Definition of bestpractice for advanced PTS analysis
WP6- Training, Communication, Dissemination and Exploitation
WP7- Scientific coordination and project management

= =4 4 =4 -4 -8

This reportsummariseghe work, main results, conclusions and lessons leardefl 2 Rrababitistic
margin assessmeait® ¢ KS Y I Ay 4dvas® Sabkining e i@pRct 6f LTO improvements

and uncertainties in thermal hydraulic (TH) data on the results of PTS analysis using probabilistic
assessmentAs a part of this assessment, probabilistic safety margins have been guantified and
compared with deterministic safety margins.

The WP4 (Probabilistic margin assessment) consisig t@isks:

Task 4.1: Structural assessment

Task 4.2: Definition of a probabilistic benchmark

Task 4.3Baseline probabilistic benchmark

Task 4.4: Probabilistic benchmark related to LTO improvements
Task 4.5: Probabilistic benchmark related to uncertainties inftHdata
Task 4.6Probabilistic margin assessment

=A =4 =4 =4 -8 =9

Taslk4.1 Structural assessmeraddresses calculations stress and temperature distributiorierough

the RPV wall thicknesat the prioritized positios [1]. The obtained stress and temperature
distributions through the RPV wall provide the key input data for subsequent fracture mechanics
analyses as a part of deterministic and probabilistic benchmarks and margin assessments. Most of the
efforts regarding strutiral analyses of the RPV have been carried out and discussed in detail within
WP3 [7]. Within WP4, the structural analyses were performed to evaluate the influence of
uncertainties in TH analyses and TH data on transient stress and temperature distributions through
the RPV wall thickness.

Task4.2 Definition of a probabilistic benchmarkeals with development andlefinition of the
probabilisticbenchmark for probabilistic fracture mechanics PTS assessiiaisttask provides also
definitions of all basic concepts, approaches and input data required for probabilistic assessments
within APAL.Besides thatthe benchmark definition contains the prequisite tasks related to
verification of probabilistic tools used by APAL partners and several naloid tasks for baseline
probabilistic benchmark carried out within Task 4B probabilistidbenchmarkin Task 4.has been
developedin parallel withthe deterministic fracture mechanics assessment benchmark within WP3
[7] for ensuring a solid basis for comparison between deterministic and probabilistic analyses.

Task4.3 Baseline probabilistic benchmaifiocuses onthe analysiswork with baseline probabilistic
benchmark. All activities within this Task have been divided into two main parts. The first part
addresses verification of probabilistic tools and methods used by participants for probabilistic analyses

9
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in the APAL project. The second part contains several round robin benchmarks for testing and adjusting
the input data and verifying a complete chain of probabilistic analyses performed in Tagks.4.4

Task 4.4Probabilistic benchmark related to LTO improvemeasudsiresseghe probabilisticfracture
mechanicassessmerstof max. allowable ARValues and allowable RPV age based on the TH data for
selectedLTO improvements comparison with the TH dafiar the Base caseTask 4.4s primarily
focused on performing and summarising the probabilistic calculations of the selected LTO
improvements.A detailed interpretation of the results androbabilistic margin assessmentare
performed as a part of Task 4.6 in the report Did)6

Task 4.8Probabilistic benchmark related to uncertainties in the TH ,daddresseshe probabilistic
fracture mechanics calculations of max. allowable ARIles and allowable RPV age related to
uncertainties in the TH data. Simikato Task 4.4the Task 4.5 is primarily focused on performing and
summarising the probabilistic calculations for the TH uncertainfledetailed interpretation of the
results and probabilistic margin assessments are performed as a part of Task 4.6 in the repj@t D4.6

Task 4.@Probabilistic margin assessmeintvestigatedifferent probabilistic margirassessmentor
PTS malysesBesides the baseline caspspbabilisticmargirsarequantifiedand discussetbr the LTO
improvements and th& Huncertainties.

1.1 Structure of report

Section Zorovides dundamental basifor all Taskwithin WP4 preseninga definition of probabilistic
benchmarkin APAlalong withthe main concepts and terminologyrhis Sectioralso describes the
approach for probabilistic fracture mechaniassessment of RPV includingcessaryinput datg
conditions and equations for probabilistic margin assessment.

Section3 describeghe structural analyses in APAL which have been performed to calculate stress and
temperature distributions through the RPV wall thickness for the analysed transient event. The
obtained distributions provide the key input data for subsequent fracture mechanics analyses as a part
of deterministic and probabilistic benchmarks and margin assessm¥fitsin WP4 the structural
analysesof stress and temperature distributions through the RPV wall thickmesgocused on
evaluatng the influence of uncertainties in TH analyses and TH deha.structural analyses for
investigating theeffect of differert LTO improvements on stress and temperature distributions
through the RPV wall thicknease alsocoveredbriefly in Section s they argresented indetail in

the Public Summary report for WP3.

Section 4summarses the work with baseline probabilistic benchmapkrformed within Task 4.3All
activities within this Task have been divided into two main parts. The first part addresses verification
of probabilistic tools and methods used by participants for probabilistic analyses in the APAL project.
The second part contains several rountiirobenchmarks for testing and adjusting the input data and
verifying a complete chain of probabilistic analyseAPAL

Sectiors 5 and 6 describethe probabilistic assessments for LTO improvements andndrtainties
performed within Tasks 4.4 and 4r&spectively. Thesesectionspresent a summary of probabilistic
results obtained by different partners along with performgldusibility checks.

Section 7provides adetailed interpretation ofall probabilisticresults dong with quantification and
comparison ofargirs.

Sections8 and 9 provide summarizing remarks (lessons learned)gameralconclusiondor WP4 in
APAL.

1.2 Definition of termsused inprobabilistic assessments

This Section providedefinitions that have been used for probabilistic assessments within the APAL
project:

10
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- Baseline case= benchmark case with methods, models and set of parameters to be

investigated by all partners (mandatory)

- Base case TH data sehew conservative transient (in the meaning to be conservative for the

safety assessment) for T2 from ICAS including accumulator, named nowWw@EAL 2, this is

the reference transient

- Best estimate TH data set transient results from Task 2d®est estimate solutioé from
OWilks sef is a solution of TH calculations for the ARBAS T2 transient with all input
parameters (both plant parameters and model parameters, as well as hdactor
parameters) set to their best estimates if they are available. (Otherwise, the conservatige valu

is applied.)

- Average transient data set transient results fromtask 2.3froéd A f 14 aSd ¢ =
aSi¢ rnbdarSIasS Ot A2y 2F LI NI YSGSNE® CKAZetAda Ay
G2 GKSANI 6Sald SaidAyYlridiSaés KSyOS ¢S asStSoOu aa

- Base line assessment basic assessment considering base case TH loading for structural
assessment, RPV location of interest at core weld below cold leg with safety injection

- Enveloping TH data set results from Task 2.3 (enveloping solution from Wilks set of TH
calculations) and was evaluated in task 4.5 (margin assessment related to TH uncertainties),

from Wilks set

GKS

- Statistical TH data sets set of all transients (i.e., coming from Wilks method) resulting from

task 2.3 and was evaluated in Task 3.5 (margin assessment related to TH uncertainties)

- Long term operation (LTO) improvementsset of transients concerning TH improvement to
RPV brittle fracture assessment for long term operation resulting from Task 2.1 and was

assessed in Task 4.4 (margin assessment related to LTO improvement)

- ART= adjusted reference temperature (from indirect or direct measurement), this is the name
chosen for the index of thé curve RRprconcept, indirect) as well as for the index from the

Master Curve (direct measurement ©f+ margin =RTD).

- max. all. ART Fhis is the (calculated from PTS fracture mechanics safety assessment) value
being shifted in order to find the highest index fulfilling the limit condition (tangent or WPS).
The maxall. ART can be max. aR\oror max. allLRT, depending on the adopted concept

(RRoror Master Curve)
- margino Ay XF3FAyad X 0SG46SSy X FyR XRdzS

g2

PPDPO

anything, the relation leading to a margin must be always specified. Specifically, in the APAL

project the definition of the margin is given by: mardgimmmaximum allowable reference

temperature (max. all. ARBgainstRPV failure (situation leading to crack initiation or nhon
arresting crack), this is given by the comparison (difference) of maximum allowable ARTs

betweensituation Aandsituation Bdue tothe change of aigen parameter.

- Inherent margin = Unquantifiable positive bias in results of some method, calculation,

assessment, measurement, etc.

- RPV failure= within the APAL project, this is the name of the situation obtained if a postulated
crack could initiate under given combination of loading and aging (mandatory task, penalizing)

and if a propagating crack cannot stop or growths up to some given piiopodf RPV

thickness (e.g. 75%) under given combination of loading and aging (agingnsandatory

task), i.e. RPV failure = crack growth up to 75% of the RPV wall thickness

- Limit condition(or limit state): WPS or tangent approach; initiation or unstable {aoasting)

crack growth (or too deep crack, i.e., plastic collapse).

1.3 Alignmentinterface between WP3 and WP4

Within APAL, WP3 and WP4 have a strong interaction as the deterministic and probabilistic benchmark
definitions are both based on the same technical basis and input data from structural assessment (i.e.

stress and temperature field) are identical.

11
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Both benchmarks have the following common input data:

RPV geometry

Material propertiegmechanical and physical)
Residual stresses

Stresses from PTS transient

SIF solution

Limit conditions (tangent approach, WPS)

= =4 =8 =4 -4 =9

Another common approach is the location of postulated flaw. In both benchmarks a single flaw is
assessed located absition of interest (e.g. core weld elevation below cold plume).

Within the probabilistic fracture mechanics benchmark some fractneghanics input data are
treated as distributed parameters. Starting from sampling exercises, and beginning with only fracture
toughness as distributed parameter, the level of complexitytt probabilistic assessment was
increased during the benchmark performance ati@ type of probabilistic margin assessment.
Concerning the determination of max. all. ART within the margin assessment, a connection to
deterministic benchmark was ensureds some quantiles (i.e. paefined lower bounds) of the
fracture toughness (and crack arrest) distribution was used in the deterministic assessment:

9 Fracture toughness:
0 RTorconcept: Use ASME Curve as MeaBxStandard deviation (i.e. 2.5% lower
bound) for deterministic benchmark
0 Master Curve (@ concept: Use 5% lower bound of crack initiation distribution for
deterministic benchmark
1 Crack Arrest:
0 RTorconcept: Use ASME Curve as MepBxStandard deviation (i.e. 2.5% lower
bound) for deterministic benchmark
0 Master Curve (@) concept: Use 5% lower bound of crack arrest distribution for
deterministic benchmark

For the case, that fracture toughness is the only parameter assumed distributed, the-aisoNi®ned

use of quantiles for the deterministic benchmark led to the artificial effect, that the probabilistic
assessment gives more conservative max. all. ARSIicincase, the probabilistic margin assessment

with a predefined allowable cpi of 2.2284 can be treated as equivalent to a deterministic margin
assessment taking into account a 2.22E(i.e. 0.22%) lower bound fracture toughness, which is more
conservdive than Mean Value 2 x standard deviation for ASME & 5% lowetbound MasterCurve

Kc It should be kept into mind, that this is an artificial conservatism, as a full probabilistic fracture
mechanics assessment usually leads to higher max. all. ART and can be used to quantify margins of a
deterministic assessment in terms of failure probian

In addition, the quantification of impact of TH uncertainties was done based on both approaches,
although it is more related to a full probabilistic assessment. The impact of the TH uncertainties on
stress and temperature fields have been determined bgssisg all of the Wilks data sets. As the goal

of APAL was to determine the impact of TH uncertainties on margin assessment, it was out of scope to
derive a stress and temperature uncertainty due to TH input data variation. The APAL approach within
WP2 wago determine lower bound TH data sets by Wilks analysis and compare ithgitlase case

TH data set. But it turned out, that the identification of lower bound TH data set requires the full chain

of PTS analysis up to final fracture mechanics for margin assessment. Therefore, the assessment of all
TH data sets from Wilks analysis wasgjuired in both, deterministic and probabilistic margin
assessment.

As the structural assessment is a common basis for both deterministic and probabilistic benchmark,
the corresponding chapter will be part of both public summary reports.

12
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2 Definition of probabilistic benchmark

This Section provides an overview and definitiothefoenchmarkior probabilistic fracture mechanics
PTS assessmedéveloped in Task 4\&ithin WP4 This benchmark has been defined in parallel with
the deterministic fracture mechanics assessment benchmark within the MR8r ensuring a solid
basis for comparison between deterministic and probabilistic analyses.
The probabilistic benchmark is based on the work performed in-BEBISAFR20] and further
extended in APAL, embracing the following aspects:

1 different types of flaws (underclad and througtad cracks, embedded cracks),

9 different crack locations (inside and outside cold plume),

9 fracture toughness concepts (ASREp;, MasterQurve To),

9 limit conditions (Tangent and Max WPS approaches).

The probabilistic benchmark also includes the required input data for performing the baseline
probabilistic assessment as described in Section

2.1 General overview and description of main concepts
2.1.1 FAVOReérminologyadopted in APAL

The terminology useébr probabilistic assessments the previousprojects, e.g. PROSIR], differs
from the FAVORR23] terminology adopted in APAL. This Section provides definitions for important
terms and quantities in the APAL project.

In the FAVOR manug3] a pressurizedhermal shock (PTS) is defined as the transient condition of
combined thermal plus mechanical loading in an overcooling event with high internal pressure of the
coolant.

The conditional probability of initiation (CPI) means the probability of fracture by {sam cleavage
fractureinitiation under the condition/assumption that the considered transient occurs. In PROSIR the
abbreviation for this parameter is PCI, which has a different meaning in this document.

1 PCI, PCA = Probability for crack initiation / crack arrest (used in PROSIR); in APAL no real results
just used for abbreviations of benchmark statsks

The goal of probabilistic fracture mechanics (PFM) is to calculate the conditional probability of failure
of the vessel (CPF).

Cl2hw YlydzrfY a¢KS GSNY O2yRAGAZ2YIf NBEFSNE KSNB
study has in fact occurred. Combined with an estimate of the frequency of occurrence for the event, a
predicted frequency of vessel failure can then bedzicl G SR ® ¢

cpi(t) = instantaneous conditional probability of initiation at time t in the selected transient
CPI = final conditional probability of initiation for a selected transient

CPF = final conditional probability of failure for a selected transient

FI = frequency of crack initiation

FF = frequency of failure

=A =4 =4 =4 -4

¢tKS GSNXa GONRGAOIE &aliNXBaa AyildiSyariteeéeés . aONI O] NBEB
2.1.2 RPMailure frequency acceptance criterion for APAL

One of the fundamentatopics for probabilistic assessments is related to the computation of failure

initiation or failure frequencyper yeaj for an RPV Foremost, it is important to recoge what is

considered as &PVMailure from several possible events. The frequency of initiagienis theevent

frequencycausing initiation obne crack. The frequency of failufe is the frequency of a propagati
of anon-arresting crack (i.e. crack arrest is taken into account and an attiatt arresed crack does

13
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not add to the failure frequency) reaching a defined portion of the RPV wall or leading to plastic
collapse of the RPV. The latter case (considering a crack can arrest) is the more realistic.

We have to set an allowable FI or FF for margin assessment:
Baselinep P 11

The pgimary PTS acceptance criterion according to Regulatory Guide [223Gstipulates the
acceptable TWCF p p 1t vessel failures per reactamperating year.

For a correlation of FI or FF witbnditional probability of initiation@P) or conditional probability of
failure CPF, the yearly occurrence of the base case transient is needed. IRHBEFSAFR0] the
yearly occurrence is defined as givermable2.1.

Table2.1 Occurrence of base case transient (from DEROSAFE)

. mean value 5% 50% 95%

. Representative . . .
Group of scenarios scenario of frequency| quantile quantile quantile
[1lyear] [1l/year] [1/year] [1/year]
Medium LOCA ICAS T2 T QT |V YPT |8 dpT | p8 dp 1T

Theallowable CPI and CPRc& (b 1t has been defined in APARsed on the 11 acceptance limit
according to the NRC Regulatory Guide 1[230Qin combination with the mean value of probability
of occurrence of the selected transient.

2.1.3 Margin definition for PFMassessments

This Sectiomprovidesa generaldefinition of margins and margin assessments ugedPTS analyses
Foremost the fundamental distinction between two types wfargins should be addressed

1 Explicit margin:Difference between maximum allowable value for data of interest (e.g. ART)
determined by PTS analysis (either probabilistic or deterministic) and predicted value for data
of interest (e.g. material ART for expeciagkration lifetime.

1 Implicit margin: Margin that implicitly exists due to used conservativassumptions or
conditions (e.g. flaw postulate, logdoundary conditios, SIF solution)Quantification ofan
implicit margin can b@erformedthrough acomparson ofresultsobtained by usinglifferent
approachege.g.different SIF solutiog)or through acomparisorof results based odifferent
input data (e.g.conservative versus besstimate data).

Historically, in deterministic PTS analyses the explicit margin is quantified in terms of difference
between the material ART and calculated max. allowable ART from a PTS analysis. For probabilistic
fracture mechanics analyses there are mainly two quangiifons used: in terms of ageing (e.g. max.

all. ART) or in terms of risk of initiation or failure. For these margin quantifications there are several
probabilistic approaches possible with different levels of uncertainty consideration.

In DEFPROSAHEO] a methodology has been developed to assess the maximum allowable ageing of
the RPV in terms of maximum allowable ART (max. all. ART) which can be used to make comparison
and assess margifThe principle is to determine the max. all. ART for which a given probability of
failure is calculated.

Within APAL several probabilistic margin approaches (PMA) have been dafitheliscussed in detail
in Section?2.3.11 Different PMAassessments angresented in Sectio summarizing the Task 4.6 in
APAL[6].

14
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2.2 Computational chain for PTS assessment
2.2.1 Deterministic assessment

Ageneral computational chain fohe PTS safety assessmefitRPVss shown irFigure2.1. A detailed
overview of deterministic PTS safety analyses along with main results and findings is presented in WP3
Public Summary repof?].

RPV loading:
Fluid dynamic

RPV loading:
Structural assessment

Thermal Hydraulic
loading condition
in the RPV

Crack loading:
Fracture mechanic

temperature and
stress distribution

P, fluid temperature at RPV : K, for postuled

sufr(‘f:fzce, I-rI]TC. . . in the RPV crack in the RPV Crack Initiation
= f(time, heigth and azimut material g

bosition) condition

= 2

Crack loading
RPV Material temperature, K, = f (time, crack tip location)
stress |
= f(time, depth, heigth [:> < Material: Critical Maximum
azimuth position) stress intensity allowable

adjusted
reference
temperature

Fracture toughness

Material crack resistance
Kic = f{time, T-ART)

Figure2.1: Flow chart of the calculation chain for RPV PTS deterministic safety assessment.

>

Max ART

2.2.2 Probabilistic assessment

Examples of principal computational chains for the calculation of CPl and CPF are shigureih2
and Figure2.3. Different steps of probabilistic PTS safety assessment will be described in detail in
further section of this report.
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Figure2.2: Flow chart for CPl an@PF calculation within FAVPFM Module.
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Input data:
Flaw type and distribution (a, a/c, d), ART,
K Matrix (for UCC und TCCarc=0)), stress and temperature
distribution (loading condition), Number of MC simulations (nMC)

17

Initiation counter = 0 and Failure counter =0 |

v

Monte-Carlo Simulation loop
n=1tonMC

Ve no: end of MC loop
n<n ?
yes

Sampling of fracture toughness Kc and crack arrest Kia
Sampling of flaw geometry for selected flaws type

v

Transient time loop
t = tgegin 1O tend

No: end of transient

_______________

time loop

t<teng ?
yes

Determine stress intensity factor at deepest and surface point KI(t) sur & deep |

yes : no initiation, t++
goto2

WPS ?
no

Kic and K, = f(ART, T) at deepest and surface point of flaw |

yes : no initiation, t++
goto?2

<K ?

Ki
no

Only for first initiation: Initiation counter ++
Flaw becomes infinite (a/c=0) TCC:
Determine stress intensity factor for infinite TCC Kl ac=0

v

ql Crack arowth loop ]

ves : failure,

2a O75% wall thickness ?

Determine K ac=0,
Kia= f(ART, Tgeep)

Crack growth: | "° /KmotK.’?\yes: crack arrest; t++
c= a ¢

2a=2a+D2a | goto2

|

End of transient time loop (2) |

A 4

n++ i i . -
Simulation of next flaw: Failure counter++ |
gotol
| End of Monte-Carlo Simulation loop (1) |<—
v
Output:

Initiation probability (CPI)= Initiation counter / nMC
Failure probability (CPF) = Failure counter / nMC

for a covering amount of postulated flaw types, selected
loading condition and selected ART

Figure2.3: Flow chart of CPIl and CPF calculation with MC method,-ERAhouse tool.

2.3 Basic data for RPV probabilistic fracture mechanics assessment

The main data required for a probabilistic PTS assessmesuaiimarsedin Table2.2. The Table also
includesan overview ofthe parameters for several PMAs indicagi whether theyare treated as
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distributed parameterswithin the APAL benchmarklhe followingsulsectionsprovide a detailed
description of input data and associated uncertainties required for probabilistic assessments.

Table2.2 Overview of input datal.

Tvpe of Distributed
YPe in APAL . Required
uncertainty Required
Data (epistemic/ benchmark for PMA1 for
aFI)eator ) (otherwise PMA2/4
Y| fixed value)
RPV geometry PWR 4oop type Epistemic
Properties of base | Thermal Aleatory K
metal, weld and -
cladding Tensile Aleatory
Toughness: K Ka, Jc Both K K
Chemical composition| Aleatory K K
Irradiation effects Fluence vs. EFPY Both K
Irradiation shift Both K K
formula
Irradiationdecrease Both K
through the RPV wall
Defect Position in RPV, Epistemic K
Orientation
Type: surface, Epistemic K K
underclad or
embedded
Size: depth, length, Epistemic K K K
shapes
Transient loads Stresses and Both O0KDOU K K
temperature
Other loads residual stresses Epistemic K
Fracture mechanic |K or J evaluation Epistemic K
model
RPV Fracture Crack initiation (brittle, Both K K K
mechanic ductile)
assessment Crack arrest
Limit states for crack Condition on K K¢, Ka Epistemic K K K
initiation and arrest | for initiation and arrest

2.3.1 RPV design and geometry

The investigated RPV in APAL id@of, 1300 MWe PWR of the type built by Siemens/KWdetailed
RPV description is given i@]. In APAL, e geometricalRPV dimensionare considered as
deterministic having the following dimensions in the neare region
M wall thickness of 243 mm in the base/weld material
18
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9 cladding thicknesef 6 mm,
9 outersurface radius of 2684 mm

2.3.2 Flaw type, location andrientation

All cracks for the benchmark were located in the core weld at the vertical distan2e688 m from
the centerline of the coldeg nozzle. Cracks oriented in both the axial and circumferential directions
of the RPV were considered in thealyses.

Three crack types are studied within APAL: threalgld cracks (TCC), underclad cracks (UCC), and
embedded cracks. These cracks are briefly described in the following se&ails regardinghe
stress intensity factor (SIF) soluticer® provided irf7].

2.3.2.1 Through-Clad Crack (TCC)

The TCC is defined according-tgure2.4 wherer is the cladding thicknesa,is the crack depth within

the base metal andds the crack length. Two positions on the crack front to be assessed are defined,
whereAis the deepest point of the crack whi@s the point at the cladding/weld interface.

Figure2.4: Definition of the ThrougkClad Crack (TCC).

If other dimensionsvere not specified, he crack deptrand length were &0 i p gnm andg®
¢ TMmM, respectively.

Two alternative TG€hapes are used within APAL, showirigure2.5. Shape 1, sometimes denoted
TCC1, is used by most partners. The alternative shape 2, denoted TCC2, is used in the FAY8IR code
When simply written as TCC within the deliveralihe,shape 1 is implied.

base shape 1

/J—? R
shape 2 Aq;\/ %\

/ / / /V cladding \ / r

<

Figure2.5: Definition of the ThroughClad Crack (TCC).

2.3.2.2 Underclad Crack (UCC)

The UCC is defined accordind-igure2.6 using the same definitions as the TCC in Se@tidr2.1with

the addition of the third position on the crack front to be assesgqubint B in the cladding. The
position B is included as a nemandatory position when presenting results but is important when
correcting for plasticity. Plastic correction should be considered in all analyses for UCC.

19
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Figure2.6: Definition of the Underclad Crack (UCC).

If other dimensionswere not specified, the crack depthand length were assumed to be
® p ™Mmandg¢w @ Tmm, respectively

2.3.2.3 Embedded Crack

The embedded crack is showrfigure2.7 where®is the crack depth;Qis the crack length, is the
cladding thickness ari@is the distance to the clad/base interface. Within APAL, embedded cracks are
analysed only using the FAVOR cf28] which exposes some limitations for tleeiginaldefinition of
embedded crackgprescribed in the planning phase of the projedthese limitations are described
below:

§ Theoriginaldistance to clad/base interfaceas prescribedd® vi forQ i pd |I.

This value cannot be fixed as FAVOR distributes the embedded cracks in different locations
through the RPV wall thickness. The best approximation found within the simulated cracks is
acrackwithQ i p@& d I.

1 Crack depthq@is defined in FAVOR as the integer percentage of the RPV wall thickness
including the cladding. It implies that the crack depth can differ from the prescribed values
that can be used in other PFM codes within APAL. The prescribed value given in APAL was
2a=20mm. The FAVOR users selected values close to this.

f  Flaw shape is defined in FAVOR @& .

\\\\\\\\\\\N

Figure2.7: Definition of the embedded crack.

2.3.2.4 Distributed Cracks
The UCC crack distribution was studied within one of the tools verification subtasks in Task 4.3, see

Sectiond. A recommended discrete UCC crack depth distribution is presenfeabie2.3. From this
distribution, arbitrary values of a crack depth and corresponding CDFs can be obtained by linear
interpolation between the discrete values for a relevant interval. A discrete depth distribution for the
TCC cracks can be derived from the UC@hiison by adding 6 mm cladding thickness to the crack
depth values.
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Table2.3 Crack depth distribution

Crack Crack Crack Crack

Depth CDF Depth CDF Depth CDF Depth CDF

[mm] [mm] [mm] [mm]
0.5 0 1.9 0.821977 3.3 0.981772 4.7 0.99863
0.6 0.019774 2 0.846819 3.4 0.984787 4.8 0.998864
0.7 0.071055 2.1 0.868167 3.5 0.987238 4.9 0.999056
0.8 0.143365 2.2 0.886348 3.6 0.98931 5 0.999219
0.9 0.230056 2.3 0.902412 3.7 0.991136 5.1 0.999363

1 0.327022 2.4 0.916338 3.8 0.992618 5.2 0.999474

1.1 0.420405 2.5 0.928549 3.9 0.993861 5.3 0.999586
1.2 0.500663 2.6 0.938997 4 0.9949 54 0.99968
1.3 0.569497 2.7 0.948 4.1 0.995772 55 0.999756
1.4 0.628318 2.8 0.955784 4.2 0.996472 5.6 0.99982
15 0.679033 2.9 0.96269 4.3 0.997038 5.7 0.999877
1.6 0.7226 3 0.968665 4.4 0.997533 5.8 0.999935
1.7 0.7607 3.1 0.973834 4.5 0.99798 5.9 0.999969
1.8 0.793737 3.2 0.97812 4.6 0.998327 6 1

Within WP4, a fixed length/depth ratiga¥cd @ for distributed cracks was assumed for facilitating
comparisons with the deterministic analyses within WH3Note that the length/depth ratio excludes
the part of the crack depth that is within the cladding for the TCCKFigp&re2.6).

2.3.3 Loads

The base case transient, presented in detaill8h was considered in the probabilistic baseline
benchmark. The same transient was also used in the deterministic baseline arjd]yses

Weld Residual Stresses (WRS) were considered in all mandatory analyses. In APAL, WRS were defined
as a cosine shape with the amplitude of 56 MPa for circumferential cracks and as a constant stress of
56 MPa through the RPV wall thickness for axial craskdescribed in detail if7].

FAVOR users used the WRS distribution implemented in the FAVOR8pdewas shown that the
FAVOR WRS distribution provides a very similar effect on the stress intensity factor (SIF) as the WRS
recommended in APAL for TCC.

2.3.4 Fracture Toughness Concepts

Three different fracture toughness conceptsere evaluated in the probabilistic benchmark
assessments and summarised in the following subsections.

2.3.4.1 RTnporConcept
TheR\prConcept within APAL is based on the ASME Section XI Appendix A definition of the transition
region for lower bound (LB) crack initiation fracture toughness cufveand crack arrest curvé,,
according to:

0 o® opQ?d 8

0 ¢® p8Q?d 8

In this concept, both material parameters are assumed to be normally distributed with a truncation at
+3 standard deviations (SD). For crack initiation, the mean value (MV) and SD are given as:
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0 VR
0 ™ 0
The corresponding quantities for crack arrest are defined as:
0 v T
0 iYL
It means, that the LB curves according to ASME are supposeditaipe JYO

The reference temperaturR Roris defined as the initial reference temperatuRPnos combined with
0KS NBEFTSNBYOS REYLISNI GdzZNBE aKATOGZ n

Y'Y YY npY'y

Tand all forms oRRprare in °C.
All forms ofkc andKa are in MP#Il

2.3.4.2 ToConcept
The To Concept within APAL is based on the Master Curve approach which is defined as a Weibull
distribution.

i
0 ¢ déﬁ Jdpp X Rwm@rp & Y

wherep is the probability of crack initiation. The equation is valid for the crack front length of 1 inch
(about 25 mm) and should be adjusted if the real crack front lerigjtim the base metal is longer than
25 mm according to

. . cu i ”

v CTm v ¢ O 3

Adjusting ofK;cfor the crack front length is only included as Amandatory additional work and is
disregarded in the mandatory work in the probabilistic baseline benchmark.

For crack arrest the mean value is defined as
0 om X @8
X

where
Y Yo1TBR 8

while the upper and lower bound curves are defined as

O p ™y [26SNI 02dzyR
O p ™M@ ! LILISNI 62dzy R

where My is the inverse standard normal distributed value ffor
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The reference temperaturél, is defined as the initial reference temperatuiie?, combined with the
reference temperature shift. No specific shift functions are defined forfh€oncept and thé&R Kot
Concept shift functions are assumed within APAL to be valid fofetGencept as well:

YUY nY'Y

T, Tkiaand all forms offp are in °C.

All forms ofk;candKa are in MP#l .
Bis in mm.

2.3.4.3 FAVOR Concept
The FAVOR Concept within APAL is included for FAVOR users and is HR$gdusing a Weibull
distribution. This is described in more detail in the FAVOR theory mgg]al

2.3.5 Initial Reference Temperature
The initial reference temperature is defined as being normally distributed without truncation. Mean

values (MV) and standard deviations (SD) are giv@alite2.4.

Table2.4 Values for normally distributed initial reference temperature

Initial Reference Temperature [°C]
Concept Value MV )
R'Not RPnor -30 9
To To° -80 9

Truncation: None

2.3.6 Reference Temperature Shift

Reference temperature shift functionssed in APAbre summarised belowThe base shift functions
are defined for base metal as:

y - R © B
YY'Y PW puLAY WY CoP# O ™WAEIY p w E#O:)p—n
andfor welds as:
y ~ A o
YY" Y PY YeO0 MWIiMY ptPA O WY puvR E#Oi)p—n

where P, Cuy andNi represent the percentage of the chemical elements phosphorous, copper and
nickel as defined in Secti¢h3.7, while the neutron fluencd,, is given in Sectio®.3.8 Note thatin
some cases the fluence can be denoted assing the conversiom "Ap 1 OThe shift functions

are supplemented by an error functiofa;, which is normally distributed with a mean value (MV) and
standard deviation (SD) accordingTable2.5.

Table2.5 Values for normally distributed error function

. Error function fer [°C]
Material MV 3D
Base Metal 0 10
Welds 0 6

Truncation: +3SD
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As the error functiorfe is independent of the rest of the function, it may cause a negative shift for

n wnérwhen the neutron fluence is low. This has been discussed during the project and a truncation
at £3SD was decided to be considered to limit this efféanay still cause a negative shift in some
cases, but as this is only relevant when the neutron fluence is very low, it is of little consequence for
the cases studied within APAL.

Additional alternative shift functions which have been used for-n@ndatory sensitivity analyses are
presented in the following equationsAlternative shift formula forRTor and corresponding
uncertainties according to RSEcode, the FIM formula:

8

~ .~ O
32 4 p&Op o&IO0 mEriny epO# O MY v E‘T*Oi)p—n

Alternative shift formula foRTwprand corresponding uncertainties according to 10CFR50.61a:

32 4 P8 p T Op TWmpXPYOp ¢epdadD 18 s

puL&IDp o X B ® c# 6 BO

YYTY in°F.

“Yin °F is the cold leg temperature under normal full power operating conditions (suppose
Tc =554°F=290°C).

. is the average neutron flux in n/cm?/sec.

t is the time that the reactor has been in full power operation in sec.

Mn represents the percentage of chemical element manganese.

&# @ #O MBI cpd LD TIPS

CtO B0 ™M ™MMOATIEI GO ppowmd® MTPE pd ¢ A w

2.3.7 Chemical Composition

The mean values and standard deviationsdieemicalelements inthe RPV ferritic steere specified
in Table2.6. All chemicalelements are assumed to be normally distributgith a truncation of +3SD
to avoid nonphysical negative valueblote that the standard deviatiomalues in the Table amgiven
as 2SD.

Table2.6 Values for normally distributed chemical compositidt]

Material | %0 COPPEr (Cu) | % Phosphorus (P} % Nickel (N) % “ﬁfﬂﬁgf”ese
MV 2SD | MV 2SD | MV 2SD | MV 2SD
Base Metal| 0.086 0.02 0.0137 | 0.002 0.72 0.1 1.45 0.8
Welds 012 | 002 | 0018 | 0002 | 017 0.1 1.63 08

*) Manganese distribution according to NRC 10CFR5061.
Truncation: £3SD

2.3.8 Neutron Fluence

Irradiation embrittlement of base metal and welds in RPVs due to neutron fluence is the dominant
aging mechanisnas it contributes toa shift in reference temperatur@and reduces the fracture
toughness with operation time.

Neutron fluence values;, at the inner surface of the RPV agsumed abeing normally distributed
with a onesided truncation ag=x 0 to avoid norphysical valuesind presented irfTable2.7. The
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original values that were chosen in the planning phase of the APAL project have been complemented
with an additional value ofi102 for fluenceafter 1 year of operationlt was also decided that linear
extrapolation should be used beyond 80 years of operatsseFigure2.8.

Table2.7 Values for normally distributed neutron fluence.

: Maximum Neutron Fluence at inner surface [neutron/m2]
Years of Operation
MV SD
1 1110 10% of MV
10 3i1023 10% of MV
20 511023 10% of MV
40 7.510% 10% of MV
60 10i10= 10% of MV
80 12.510% 10% of MV
Truncationxx0
16
% 14 ’_,-f""-
:;J 12 -
% 10
z
g 2
=
0
0 10 20 30 40 50 60 70 80 90 100

Years of Operation

Figure2.8: Mean neutron fluence as a function of years of operation.

Fluence attenuation through the RPV whltknessvas alsaonsideredusing thefollowing equation
O om 8

where x [cm] representghe distance from the cladding/weld interface afkglis the fluence at the

cladding/weld interface.

It was decided within the project not to consider any attenuation through the cladding, which results
in Ry being equivalent with values at the inner surface presentetiable2.7.

2.3.9 Limit Conditions

Two limit conditions, namely the Tangent approach and the maximum WarrStRessing (WPS)
approach were defined as mandatory:

1. The Tangent approach.
Initiation is assumed to occur whéfexceeds the fracture toughnedss.
2. The maximum WP@aseline WP S)pproach.
The WPS effect is assumed to prevent initiation, provided khiamains lower than
previous values observed during the transient regardless of temperature. It can be seen as a
simplified and very generous WPS approach.
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In addition, other WPS approaches given in the FAVOR m§28]alvere used in nhoAamandatory
sensitivity studies. These nenandatory WPS approaches along with the mandatory Baseline WPS
approach are described below.

The maximum allowable reference temperature for analysed PTS corresponds to the fracture
toughness curvé. shifted horizontally up to the point where it intersects at a certain point relative to
the maximum value dk during the PTS event if warm pseressing (WPS) approach is applied.

According to the FAVOR mani{2]:
oa flaw is assumed to be in a state of WPS when the following condition is met:
9 afalling applieeK field ¢ the timerate-of-change of the applie# is norpositive (<= 0).

If a flaw is in a state of WPS, it is not eligible for initiation (énitetion if it has arrested) until it
leaves the WPS state.

Three conditions can be stated for a flaw not to be in the state of WP $haneby, to be eligible for
initiation. These three conditions are:

Condition (1): the applieH is greater than K(min), where K(min) is defined by the fracture
toughness model for the temperature at the flaw tip;

Condition (2): a risingppliedK field ¢ the timerate-of-change of the applied is positive
(dk/dt > 0);

Condition (3): in a rising appligdfield, the driving force at the flaw tip must exceed some
portion of the previoushgstablished maximum appligdl (designated as nax))
experienced by the flaw during the transient up to the current point in time under
consideratiorg applied K(t ) 2 a Kmaxy(t ) & ®

Three WPS approaches implemented in FAVOR refer to the different values of the parannetes
WPS condition 3 above and presentedrable2.8. More details regarding all three WPS approaches
can be found in the FAVOR manf28] andin [9].

Table2.8 WPS approaches used in APAL

WPS Approach Conditions required for initiation (CPI1>0 Mandatory/
non-mandatory
Baseline WPS (Max WPS) Conditions1,2and3 p Mandatory
Conservative Principle WPS | Conditions1and3 1t Non-mandatory
Best Estimate WPS Conditions 1, 2 and 3 (is sampled from Norrmandatory
distribution)

2.3.10 Crack Initiation and Crack Arrest

Different probability quantitiesare calculatedn APALThe main analyses consider the probability of
initiation of unstable crack growth, while additional norandatory analyseslso consider the
probability of a crack arrest to occur during the transient

Different probability definitiongthat have been evaluated in the projeste summarisecbelow:

1 Conditional Probability of Initiation (CPI):
The probability that initiation of unstable crack growth occurs during a transient.

1 Instantaneous Conditional Probability loftiation (cpif)):
The probability that initiation of unstable crack growth occurs as a function of time through
the transient.
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1 Conditional Probability of Failure (CPF):
The probability that failure occurs during a transient. Failure is assumed if the initiated crack
is not arrested before it reaches 75% of the wall thickness. This definition is used when crack
arrest is considered

1 Conditional Probability for NeArrest (CPNA):
The probability that no crack arrest occurs after firstiation.
CPNA can be determined as:

o e 2 YQa 0 a OTNE QO "GIEo0XXEDEO D E @I | BIQO QDI RESQO QDO QE &
o0uULoO
Yé 080 QD Qa6 ad 0o Q¢ € i

9 Conditional Probability for Stable Arrest (CPSA):
The probability that an initiated crack arrests and does not reach 75% of the wall thickness
during the transientCPSA can be determined as:

L YA 6 6 GERE QO "GIEON0EEET Q1 @@Ed QDIQXAEILVD &8
YO
"Y€ O&E WEQT "QE 6 & O QE & i

The procedure of calculatirgycrack arrest can beummarisedn the following steps:

1. After first (brittle) crack initiation, the crack is assumed to become immediately either infinite
(for axial cracks) or fully circumferential (for circumferential cracks). Moreover, UCC is
assumed to become TCC (the cladding is broken).

2. Unstable crack growth occurs and crack arrest is checked for the growing crack.
3. If crack is arrested, possibility of-m@tiation is checked for the remaining transient time.
4. If crackreinitiates, revert to step 2.

5. Failure is assumed when the crack has reached 75% of the ferritic thickness of the RPV wall.

It was discussed ambncluded between the APAL partnénsit the cladding thickness should not be
included andconsidered in the 75% limit defined in point 5.

Another important aspecthat was also considered during the workréssampling of the fracture
toughness during the transienResampling should not be performed asstimportant to keep the
same probability level throughout each transient analysis.-Hampling islonefor each crack depth

or time step,a crackarrestcan beoverestimated as higher fracture toughness values may be obtained
for certain steps than for the step initially leading to initiation. One way of keeping the same probability
level throughout the transient is to use a standard normal distribution @My SD=1) that is scaled

to the temperature dependent and v  for each time step throughout the transient and
thickness.

As a noAmandatory sensitivity analysis,-sampling could be considered when transitioning between
welds through the RPV wall as the different components welded together may have different fracture
toughness. This was however not studied within APAL.

The cpi(t) can be used to illustrate the probability of initiation during the transient and can be defined
in different ways. The definitioadoptedin APALnvolves calculations dfie conditional probability of
initiation for each timestep through the transient regardless of history. Using this definition, the
maximum value of cpi(t) represents the final CPI. IRSN suggested alternative definition®ndefe
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the mainly discussed definitiaiis toconsiderthe transienthistory. Initiation is assumed to occonly

once during each transient run and once the initiation criterion has been met, initiation cannot occur
again.Using his definition the sum of all cpi(tvaluesprovidesthe final CPIBoth approaches present
different waysfor evaluatingthe probability of initiation during the transient.

2.3.11 Margin Assessment

Three probabilistic margin approaches (PMA) were defined in APpilesented below. During the
work, the originally proposed approach, denoted as PMA3, was excluded and replaced by an
alternative approach PMA4.

The approaches can lsammariseds:

1 PMA1 (Margin definition in terms of maximum allowable AR3o used within DEFI
PROSAHREO)):
Determine a maximum allowable ART for a given defined allow2Bke 2.2810*
considering the fracture toughness astatisticallydistributed parameter and ART as a
deterministic parameter.

1 PMA2 (Margin definition in terms of lifetime):
Determine a maximum allowable RPV lifetime for a given defined allovzite2.2810*
considering both the fracture toughness and AR@& astisticallydistributed parameters.
The lifetime defines neutron fluence at inner surface of the RPV, and the attenuated fluence
at crack tip together with elemental material composition define the ART shift, all of them
statisticallydistributed within the PFM.

1 PMA4 (Margin definition in terms of reliability theory; namandatory):
Determine the parameters of most probable failure point, also in standard normal variables,
and the reliability index.

The limit ofCPE 2.2810%, as discussed in Sectidri.2 wasdefined fromthe acceptance limit gb 1
according to the NRC Regulatory Guide 1[230in combination with the mean value &kequencyof
occurrence of the selected transient.

PMA 1 has the disadvantage of losing some uncertainty treatment in relation to RPV specific material
behaviournlembrittlement), whereas PMA 2 and PMAre using the full scope of probabilistic fracture
mechanics. On the other hand, PMA 1 is the preferred approach for quantifying a potential margin
gain obtained solely by lowering the uncertainty in the loading path (e.g. related to TH uncertainties)
independently of the type of RPV, as a bias due to uncertainties in material embrittlement is excluded.
PMA1 and PMA 2 can be used for comparisons of deterministic and probabilistic assessments and for
quantifying the implicit margin in a deterministic PTS analysis. All approaches can be used to quantify
the difference in explicit margins related to LTO improeats.

2.3.12 FAVOR/CAPAL limitations and used assumptions

JSI, PSI and Tecnatom are using the FAVOHR2R]de perform many of the analyses within APAL. A
project specific version of the code, entitled CAR24][27], was provided by OCinternational
partner of APALyvhich includes features needed in APAL that are not included in FAVOR. These
features include the Master Curvé) concept, fluence attenuation formula and base shift formulas
for R\oT

However, he FAVOR/CAPAL code has some limitationsperforming the analyses which are
presented further in this report. These limitatioase givenbelow:

1 Fracture toughness: FAVOR use$§Vaibull distributionfor R\or concept, not a normal
distribution.
I TCC cracks:
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0 TCC axial cracks cannot be evaluated with FAVOR because the program only considers
surface defects with circumferential orientation due to the cladding application.

o0 Crack tip: FAVOR only calculates the deepest point (point A). Surface point (point C)
cannot be evaluated.

0 Crack Depth: it is defined as % of thickness in integers. The dPihlisedcrack
depth as implemented in FAVORa&s-()/t =16/249=0.064, i.e. 8 or 7" percentiles.
Wheret is the total wall thickness including cladding.

o0 Crack Length: the available crack lentggiidepth ratios areonly 2, 6, 10 and infinite.

0 Flaw Shape: FAVOR uses the flaw shape TCC2, see 3&cfdhwith the centre of
the ellipse placed on the inner surface of the RPV as opposed to TCC1 whesattlee
of the ellipse is on the clad/base interface. The TCC2 crack includes the cladding
thicknessy, and cannot be fixed asc#a +r) = 60/16 = 3.75.

For RR3 PMA2 and RR5 PMA1 and PMA2: CPNA cannot be calculated with FAVOR because it can only
be obtained in FAVOR for a specific crack with a fixed valRaef

1 Embedded cracks:
o0 Depth:itis defined as a % whll thickness.
o Distance of point 1 to the surface: X1 = 11 mm. It cannot be fixed in FAVOR because
the program distributes the embedded cracks in different locations in the thickness.

2.3.12.1 Assumptions made by Tecnatom and PSI
The following section gives a short description of assumptions made by Tecnatom and PSI.

RR2/RR&PMAL/PMA2

1 TCC2 cracks:

0 Depth: it is defined as a % of thickness. Values used: 7% of thickness is used
(@+r=17.43mm).

o Flaw shape: @(a+r)=60/16=3.75. It cannot be fixed to 3.75. Value used:
2c/(a+r) =6 (moreconservative).

91 Embedded cracks:

o Depth: it is defined as a % of thickness. Value used: 8% of thickdessy @ d ).

o Flaw shape: in FAVOR definec6®c p ¢Mg Tt @. This is the value used.

o Distance of point 1 to the surfacé=11 mm. It cannot be fixed in FAVOR because the
program distributes the embedded cracks in different locations in the thickness. The
best approximation found within the simulated cracks is a crack éviti2.45mm.

0o For PMAZ2: In this case, as a distributiolR@pris needed, in FAVOR it is necessary to
consider different cracks and the embedded cracks are distributed through the
thickness.

RR4/RREPMAL/PMA2:

1 TCCzracls:
o Depth: itis defined as a % of thickness. For the distribution given, a S.DAT file has been

obtained with the following cracks (1 crack per register = 1000 cracks):
3%tA 0.294 inA 7.47 mmA 653 cracks (65.3%)

4%tA 0.392 inA 9.96 mmA 341 cracks (34.1 %)

5%tA 0.490 inA 12.45 mmA 6 cracks (0.6%)

These are also presented Table2.9 and Figure2.13.
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Table2.9 Discrete crack size distribution in CAPAL/FAVOR used by Tecnatom and PSI for TCC2

a+tr (@a+rn)lt 2c=2(a+r)
[in] [mm] [] [mm]
0.294 7.4676 0.03 14.9352
0.392 9.9568 0.04 19.9136
0.49 12.446 0.05 24.892
0.7 0.653
0.6
0.5
Z 04
= 0.341
E 0.3
0.2
0.1
0.006
0
0.03 0.04 0.05
(a+r)fh+r)

Figure2.9: CAPAL/FAVOR crack depth distribution used by Tecnatom and PSI for TCC2.

o Flaw shape: In FAVOR the cladding is included, so the flaw she@&ds i . For
the distribution given flaw shapes between 0.46 and 3 are obtained. Value used: fixed

flaw shapecé¥ @ 1 c.

0 For RR5 PMAL and PMA2: CPNA cannot be calculated with FAVOR because it can only
be obtained in FAVOR for a specific crack with a fixed vallaef

0o Embedded cracks:
0 PSl used the following distribution for embedded cracks is presentédbte2.1 and

Figure2.10.

Table2.10 Discrete crack size distribution in CAPAL/FAVOR used by PSI for embedded cracks

2a+r +ligament (2a+r + ligamen)/t 2c= 6Qa)
[in] [mm] [] [mm]
0.49 12.45 0.05 9.0
0.58 14.94 0.06 23.64
0.68 17.43 0.07 38.58
0.78 19.92 0.08 53.52
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Figure2.10: CAPAL/FAVOR crack depth distribution used by PSI for embedded cracks.

0 Tecnatom treated this in a different manner whedepth (22) is defined as a % of
thickness according to UCC distribution (Embedded deph i€2the double of UCC
depth @)).

0 Flaw shape: in FAVOR defined e2a= 120/20 = 6.

o Distance of point A to the surfacél’ MM YY® LG OFyQid 68 FAESR
program distributes the embedded cracks in different locations in the thickness.

0 The distribution used by Tecnatom is showrT able2.11 andFigure2.11.

Table2.11 Discrete crack size distribution in CAPAL/FAVOR used by Tecnatom for embedded cracks

2a 2alt 2c= 6Qa)
[in] [mm] [l [mm]
0.098 2.49 0.01 14.94
0.196 4.98 0.02 29.88
0.294 7.47 0.03 44.82
0.392 9.96 0.04 59.76
0.490 12.45 0.05 74.70
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o o
w =

e
[N

01

0.534

0.01
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2af(h+r)

0.007
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0.002
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Figure2.11: CAPAL/FAVOR crack depth distribution used by Tecnatom for embeddszks.
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2.3.12.2 Assumptions made by JSI

JSl initially performed RR2 tasks with a circumferential TCC1 at deepest point (single APAL crack size)
using the CEA SIF solutions and ahadunse code with the ASMETNDT, MC0 and FAVORTNDT
concepts as well as tangent akthx WPS approaches.

When performing RR4 (distributed crack size) with the CAPAL code, JSI decided to additionally perform
RR2 tasks also with CAPAL with a circumferential TCC2 at deepest point (single CAPAL crack size).

RR2 & RR8ircumferential TCC2 size in CAPAL (single)
The chosen dimensions of the crack are:

0 2cd(a+r)=6and/t=0.06

These were chosen based &igure2.12 , where it can be seen that the CAPAL SIFs for the crack
(ath6_2cab) are the closest to CEA SIFs with the APAL crack size (CEA TCC).

JSI Base Case, TCC circumf. - CAPAL SIFs vs CEA at deepest point
(pA) with WRS

100

ath6_2ca2

90
% ath6_2ca6

L}
80 g Moo= 3
ﬁ‘ =~ ath7 2caz

70 . NN
] ~u ath7_2ca6
60 ] R,

50 '('

— — —CEA_TCC

40

SIF [MPa*Sqrt(m)]

30
20

10

0 20 40 60 80 100 120 140 160 180

Time [min]

Figure2.12: Selection of circumferential TCC2 crack size for RR2 with CAPAL code.

RR4 & RR5 circumferential TCC2 crack size in CAPAL (distributed)

Operating on the given APAL TCC crack depth distribdfigarg4.11, Sectiort.2.3.3, one can obtain

the median depthd +r) of 7.2 mm, which corresponds to a lengtlt)(2f also 7.2mm. This is a ratio
2c/(a+r) equal to 1. In CAPAL/FAVOR, the closest ratio available is 2 (see CAPAL/FAVOR limitations
above) which was therefore selected:

0 2d(a+r)=2

Full lines irFigure2.13 compare the available APAL TCC crack sizes in the given distribution with the
ones in CAPAL/FAVOR assuming the selected ratio and continuous crack depths.
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TCC dimensions APAL vs FAVOR
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Figure2.13: Comparison of APAL vs CAPAL crack sizes from available distributions.
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Figure2.14: CAPAL/FAVOR crack depth distribution used by JSI for TCC2.

As mentioned above, however, crack depths distributions in CAPAL/FAVOR are based on integer
percentiles oihormalisedwall-thickness. The APAL crack size distribution is therefore transformed to
the CAPAL/FAVOR discrete distribution showrigure2.14, the crack size of which are also given in
Table2.12for completeness. The dots over the FAVOR likegare2.13 represent the discrete crack

sizes used in CAPAL/FAVOR that, with the distributiéiigimre2.14, were used to perform tasks in

RR4 and RR5.

Table2.12 Discrete crack size distribution in CAPAL/FAVOR used by JSI for TCC2

a+r (@a+n)lt 2c=2(a+r)
[in] [mm] [] [mm]
0.294 7.4676 0.03 14.9352
0.392 9.9568 0.04 19.9136
0.49 12.446 0.05 24.892

33



APAL (945253) D4.7 ¢ Public Summary Report of WP4

3 Stress and temperature distributions fdstenchmark performance

This Sectiosummarsesthe structural analyses in APlich have beeperformedto calculae stress
and temperature distributions through the RPV wall thickniesghe analysed transient evenfhe
obtained stress and temperature distributions through the RPV wall providdelénput data for
subsequent fracture mechanics analysesa part of deterministic and probabilistic benchmarks and
margin assessments.

Most of the efforts regarding structural analyses of the RPV have been carriehdudiscussed in
detail within WP3[7]. Foremost a roundrobin benchmark was performed in order to compare and
verify finite element (FE) solutions based on 1D, 2D anfb@bulations.The roundrobin benchmark
alsoincluded the analyses afeven different locations in the RPV wipecificunderlying thermal
hydraulic (TH) datan order to identifya location withmost conservativeesults for PTS assessments

Further,the structural analyses based on the TH data representing different LTO improvements and
human factors have been conducted for analysihg influence on stress and temperature
distributions and ultimately, on quantification of safety margins under the PTS event.

Within WP4 the structural analyses were performed to evaluate the influence of uncertainties in TH
analyses and TH data on transient stress and temperature distributions through the RPV wall thickness.
The TH uncertainties were evaluated within WP2 in APAL covering the TH cowqdeer
uncertainties, plant uncertainties related to initial conditions, boundary conditions and parameters of
the NPP systems, and uncertainties connected with human interatibhe TH uncertainties have
been treated using stattical methods based on the Wilks approach allowing to define a statistical set
of TH data with given confidence level and tolerance limits. More detailed description regarding the
construction of statistical TH data sets can be found in WP2 Public Sumepary[8] and it is also
described in SectioB8.4below.

3.1 Input data
3.1.1 RPV geometry

The investigated reactor is a felgop, 1300 MWe PWR of the type built by Siemens/KWU, such as the
PWR at Grafenrheinfeld. In the neawre region, the proposed fotloop RPV has:

9 aninternal diameter of 4876hm in the downcomer,
9 awall thickness of 243 mm in the base/weld material and
1 a6 mm cladding thickness.

Details of the relevant RPV geometry (core region and nozzles) are shéiguiie3.1.
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Figure3.1: Geometry of the RPV andozzles

3.1.2 Material properties

The base material is assumed to be ferritic steel 22NiMoCr37, and the material number of the
austenitic stainless steel cladding is 1.4551. For the simulations the-btestic material model was

applied. In this case for the mechanical properties the knf SR3IS 2F GKS | 2dzy3Qa
t2A442y0Q4 NIGA2 A& AdFTAOASYl® ¢KS RSyaride 27

7800kg/m3.
Furthermore, the relevant temperature dependent material properties of the RPV are presented in

Table3.1 andTable3.2.
Table3.1 Material properties of the base metal (22NiMoCr37) and the weld metal
“Y°C] 20 (Y) 100 200 300 350
‘O[MPa] 206000 199000 190000 181000 172000
" [ 0.3 0.3 0.3 0.3 0.3
_W2 KoY 44 .4 44 .4 43.2 41.8 394
0 wWk 6 3 0.45 0.49 0.52 0.56 0.61
| [109K] 10.3 11.1 12.1 12.9 13.5
Table3.2 Material properties of the austenitic cladding
“Y°C] 20 (Y) 100 200 300 400
O[MPa] 200000 194000 186000 179000 172000
" [ 0.3 0.3 0.3 0.3 0.3
_W2 KoY 16 16 17 17 18
0 Wk 6 31 0.5 0.5 0.54 0.54 0.59
| [1LOY/K] 15 16 17 19 21
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In the tables, the reference temperature for thermal expansion is 20°C (the temperature, from which
is defined the thermal expansion for establishing the mean thermal expansion coeffi¢jdrawever

for the consideration of stresiee state in cladding with initial transient temperature (291.042°C), the
temperature has to be changed in some cases as the thermal expansion coefficient depends on it.

3.1.3 Boundary conditions
The following boundary conditions were applied for the simulations:

9 Thermal conditions at the internal surface of the RPV:
0 Fluid temperature
0 Heat transfer coefficient
o or RPV innesurface temperature withfO"Y6 p 7 Ml +
9 Thermal conditions at the external surface of the RPV:
0 Adiabatic or
o 'OY6 p7H +and’Y T T8
1 Mechanical conditions:
o Inner pressure at the cladding wet surface
o Outer pressurer) m- 0 A
o0 Free end or end cap pressure for axial stress applied to end-seation of RPV model
o Necessary and sufficient boundary conditions to prevent a-lfregy motion.

Stressfree state in RPV was assumed at ihiéial transient temperatured wgr 1 q)J

3.2 Structural analyses of&se cass and sensitivitystudy
3.2.1 TH input data from RELAP

The input data for the benchmark task were received from Vi@2vhere for the generation of
thermal hydraulic (TH) data the RELAP5 code was applied. However, due to the geometric limitation it
had to be simplified. Therefore, so called 0D/1D/2D simulation TH data were generated. Here the
denotation 0D/1D/2D is relateth the TH data simplification and has no relationship to the 1D/2D/3D
symbols related to the FEM model for structural analy3edle3.3 contains the RELAPS data cases
with their explanations.

Table3.3 RELAP5 TH data variations

Numbe| 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 (V0O5) [ 202.5° (A095 below HH
injection)

Case 4| 2D¢ core weld/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* (V03) | 337.5° (AD98 ambient)

The elevation and azimuth values in the RPV give the position in the downcomer from where the TH

data were obtained for the structural analysis. As it can be seen fRigure3.3> w9 [ !t p G RA GA RS

geometry height into 11 parts (named from VO1 to V11 as is statédhe3.5, where the elevations
are given in the middle of these volumes). Along the circumference the geometry is divided into 8 parts
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(named as DC channels 6998), where the azimuthal angle (as it is showRigure3.2 andTable3.4)

is given in the middle of these parts. For every cell (in total 11x8 cells), temperature and HTC
distributions were generated which are time dependent. Therefore, the 0D/1D/2D cases mean the
following:

1 OD simulation: In the whole geometry the Triputs were averaged and are time dependent.

1 1D simulations: at the given elevation (2638 mm or 1130 mm) the TH input data are averaged
along the circumference and are time dependent.

1 2D simulations: the TH inputs are from a specific position of the downcomer (V05 and DC
channel 095; V05 and DC channel 098; V03 and DC channel 095; V03 and DC channel 098)

Table3.4 Azimuthal positions of inlet/outlet Table3.5 Elevation of DC volumes
nozzles
Nozzle| No of DC channel| Azimuthal Volume Elevation [m]
in R5 model angle Vo1 +0.5725

CL1 | A091 22.5° V02 0.0

HL1 | A092 67.5"0 VO3 113

HL2 | A-093 112.50 Vo4 5083

CL2 | A094 157.5

CL3 | A095 202.5° V05 -2.638

HL3 | A096 247.5° Vo6 -3.3215

HL4 | A097 292.5° Vo7 -3.9745

CL4 | A-098 337.5° V08 -4.6275
V09 -5.2809
V10 -5.9335
V11 -6.5155

HL1 90° HL2

HP injection
CcL2

HP injection

CL3

HL4 270° HL3

Figure3.2: Azimuthal position of hot and cold legs.
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Figure3.3: RELAP5 Nodalization of reactor.

The aim was to compare the averaging effects and select the appropriate TH data for flange and core
welds. The seven cases were therefore compared where the values were generated from the averaging
of the results of all the partners. The most relevant kiniess for the later parts of WP3 is where the

2 Ps00

PG00

crack tip is located, this was chosen to be 16 mm, thereféigure 3.4 shows the temperature

distribution as a function of time, whileigure3.5 illustrates the stress profiles at this value for the 7

cases.

Temperaturedistribution at 16 mm
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Figure3.4: Comparison of temperature profiles for the 7 cases
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Figure3.5: Comparison of stress profiles for the 7 cases

From these curves, it is difficult to determine which case gives the most conservative results, so the
differences at the given time steps were also compared, which are shown in MPa and in percentages
in Figure3.6, where the comparison was based on Case 3 and therefore its values are zero.

16 mm
(crack
tip)
Casel | 291.0246 290.9865 291.0717 283.0639 227.4962 163.4227 124.0889 94.29672 75.30929=> 0.00%=> 0.00%h 1.24%#h 1.66% AR 6.34%Ah 7.67%#h 11.90% fh 13.69% A 8.09¢
Case2 | 291.0243 290.9927 291.4319 283.1341. 221.5777 159.2739 118.3109 89.47096 70.6112$7> 0.00%2> 0.00% Ak 1.36%#h 1.68% Ak 3.58% AR 4.94%#h 6.69% Ak 7.87% A 1.359
Case3 | 291.0361 290.9845 287.5198 278.4552 213.9295 151.7742 110.8964 82.9418 69.6701¢=> 0.00%=> 0.00%=* 0.00%=> 0.00%=> 0.00%=> 0.00%=> 0.00%=* 0.00%=> 0.009
Case4 | 291.0249 291.0525 293.2582 284.9182 224.9799 162.678 121.2822 92.4583 71.7590¢=> 0.00%= 0.02%h 2.00%Ah 2.32% Ak 5.17%Ah 7.18%Ah 9.37%Ah11.47% A 3.00
Case5 | 291.0192 290.9871. 291.0518 285.6972 222.9435 159.9724 119.2041. 89.65766 70.58362=> -0.01%=> 0.00%Ah 1.23%fh 2.60% AR 4.21%Ah 5.40%fh 7.49%dh 8.10% A 1.319
Case6 | 291.0315 290.9794 286.3009 278.1714 211.3127 150.1316 109.9942 83.03464 69.1974%=> 0.00%=> 0.00%=>-0.42%=2> -0.10%Wy -1.22% W -1.08%= -0.81%=> 0.11%=>-0.68Y
Case7 | 291.0197 291.0484 293.6068 288.4346 227.5466 164.217 122.793%5 92.78156 71.891322 -0.01%=2> 0.02% Ak 2.12%#h 3.58% AR 6.37%Ah 8.20%#h 10.73% Ah 11.86% A 3.199
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Casel | 157.0024 146.0549 82.13977 96.8638 220.588 257.451 220.8348 178.9129 132.431=> -0.18% -1.21% W -11.68% W -10.84% W -12.19% Wy -2.46% -2.07% A 2.64%Ap 9.939
Case2 | 157.3789 147.9731 81.27159 97.14193 235.7219 255.5607 223.133. 176.0638 130.7793> 0.06%=> 0.09%Wy -12.61%Wy -10.59% ¥ -6.16%W -3.18%b -1.05% A 1.00%Ah 8.569
Case3 | 157.292 147.8386 92.99978 108.6439 251.208.. 263.9491. 225.5073 174.3122 120.466]2> 0.00%=> 0.00%=» 0.00%=» 0.00%=> 0.00%=> 0.00%= 0.00%=> 0.00%=> 0.009
Cased | 157.3784 147.7765 75.81684 92.94787 228.4437 251.2199 222.4994 175.7758 133.8294=> 0.05% 2> -0.04% W -18.48% s -14.45% -9.06% Wl -4.82% b -1.33%=2> 0.84% #h 11.099
Case5 | 157.3789 147.9727 82.41297 89.05106 233.3767 255.862 222.9251. 177.9154 132.158%%> 0.06% > 0.09% Wy -11.38% W -18.03% Wl -7.10%l -3.06% b -1.15% Ak 2.07%#h 9.719
Case6 | 157.3795 148.0361. 96.7818 108.9777 256.8088 264.8204 224.1822 170.977 119.6174%> 0.06%> 0.13% Ak 4.07%» 0.31%#A  2.23%2 0.33%<2 -0.59% W -1.91%<2> -0.70
Case7 | 157.3784 147.7714 74.79291. 82.08695 223.8555 251.0138 222.5577 179.0935 135.9854=> 0.05%=> -0.05% Wy -19.58% W -24.44% W -10.89% Wy -4.90% b -1.31%Ah 2.74% #h 12.889
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t=6s _ t=30s t=300s t=600s t=1200s t=2400s t=3600s t=4800s t=6000s|
Casel | 71.37985 66.47135 37.57105 57.43013 191.7026 240.7786 212.8636 175.4427 128.0672 -0.22%N -1.27% W -22.34% W -17.12% -13.90% W -2.69% W -2.23% Ak 2.63%#h 10.369
Case2 | 71.56521. 67.3502 36.57778 57.74446 207.0251. 238.9794 215.2879 172.7048 126.427$=> 0.04%> 0.03% Wy -24.39% W -16.67% -7.02%l -3.42%b -1.11% Ak 1.03%#h 8.95%
Case3 | 71.53604 67.3276 48.37658 69.29703 222.6589 247.4465 217.7105 170.9406 116.040¢=> 0.00%=> 0.00%=> 0.00%=> 0.00%=> 0.00%=> 0.00%=> 0.00%=> 0.00%=* 0.00%
Case4 | 71.56463 67.16033 31.09879 53.53791. 199.6984 234.6072 214.6472 172.4039 129.488%=> 0.04%=>-0.25% Wy -35.72%y -22.74% Wy -10.31%Wp -5.19% W -1.41%=> 0.86% fh 11.599
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Case6 | 71.56578 67.41356 52.1566 69.58723 228.2818 248.3164 216.3701. 167.5776 115.193p5> 0.04%=> 0.13%h 7.81%= 0.42%Ah 2.53%=> 0.35%=>-0.62%Wp -1.97%=>-0.73Y
Case7 | 71.56457 67.14756 30.06696 42.62489 195.0737 234.3907 214.6956 175.7414 131.66082> 0.04%=> -0.27% W -37.85% W -38.49% -12.30% W -5.28% Wb -1.38% Ak 2.81% #h 13.469

Figure3.6: Percentage and absolute differences in 7 cases compared to Case 3

The comparisons show that lower values of temperature are only observed in Case 6,thdere
circumferential angle is the same, but the elevation is different (flange weld). For this reason, higher
values are observed for the circumferential and axial stresses in Case 6. The difference between Case
3 (202.5°) and Case 4 (337.5°) is the cirewemitial position, from where the TH data are taken. As can

be seen from the table, Case 3 shows higher stress values and therefore Cases 4 and Case 7 (ambient)
have been excluded from the future simulations.

3.2.2 1D Simulations

As described in the previous section, Case 3 was chosen as the focus of Task 3.1. A comparison of the
partners' results based on 1D FE simulations is presented for the Case 3.

[ 2YLI NRazy 2F LI NIYSNEQ NBadzZ 6a& F2NJ G§SYLISNI (dz2NB a
crack tip position is shown rigure3.7 to Figure3.9. From the diagrams it can be seen that the final
differences between the results of the partners are less than 5% compared to the previously
introduced reference curve. The only exception is a 2D axisymmetric model which was done
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additionally to 1D model. The core weld is relatively far away from the conical part close to the RPV
nozzles, therefore it only has minor effect on resulting stresses. According to other calculations, the
conical part has a much more significant effecttba flange weld stress, this will be introduced in
more detailfurther.
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3.2.3 3D Simulations

Beside the 1D simulations of RPBD calculations were algeerformed by severalpartners. In the
following text the 3D FEmodels, the boundary conditions and some of the results are briefly
introduced.The following results wre taken out from the core weld (2638 mm) and cold leg (202.5°)
positions.

The first comparison was done with same RELAP TH input data used. The comparisons of temperature
and hoop stress distribution as function of time at the crack tip is shawigure3.10.
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Figure3.10: Temperature and hoop stress distribution as a function of time for the same TH input data

The second comparison was done with the base case simulation versions of the partners. Here three
types of TH data were used RELAP, KWNX)and TRACE. The comparisons of temperature and hoop
stress distribution as function of time at the crack tip is shawifrigure3.11. Even in case of the
temperature large differences can be seen, which are the resulted from the different TH data. It has to
be noted that in case of the TRACE results this large difference is due to the linear extrapolation of the
results from the wallhickness of 26 mm and 46.5 mm as there were no other nodes between 6 mm
and 26 mm. This should therefore be taken into account when interpreting the curveiitsse of

the KWUMIX data the cold plume was also considered therefore the data are taken from 180° where
the coldest wall temperatures are occurring in case of the core weld (2638 mm). In the other TH data
this circumferential angle was 202.5°.
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Figure3.11: Temperature and hoop stress distribution as a function of time with different TH input data

3.2.4 Other locations

3.2.4.1 Flange weld location

As it already was mentioned previously beside the investigation of the core weld the flange weld was
also considered. The core weld is placed at the high of 2638 mm where the thickness of the reactor
pressure vessel wall is already uniform. The flange veeldcated at 1350 mm which is already very
close to the nozzle area furthermore the thickness of the vessel increases here, which can modify the
stress distribution.

Several partnes have investigated the effect of the flange weld location with either 1D or 3D FE
method and with either input from system code (e.g. RELAP) or from system in combination with
mixing code. All the investigations showed the same trend, but with differeantfies. The impact

of flange weld location is exemplary shownFigure3.12 and Figure3.13 (results considering RELAP
input at relevant locations). The results for the flange weld location from 3RitREnput from RELAP

in combination with mixing code are givenAnnexSection 8.1 iffi7].
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Figure3.12: Temperature variation at crack tip of the RPV wall for the core weld and the flange weld below

the cold leg
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Figure3.13: Hoop stress and axial stress variation at crack tip of the RPV wall for the core weld and the
flange weld below the cold leg

3.2.4.2 Outside cold plume location

The location outside plume was chosen to be below CL4 at azimuth 337.5° (far away from cold injection
leg CL2 and CL3), see secBah 1l Several partnerhave investigated the effect of the outside plume
location with either 1D or 3D FE method and with either input from system code (e.g. RELAP) or from
system in combination with mixing code.

The results and comparison with inside plume location showed, that temperatures below the CL2 and
CL3 nozzles (volumes 008 and 09805) where the ECC water is injected and the plume is formed,
are lower than the temperatures below other nozzles duringstraf the transient. As expected, this
yields higher stresses in the two plume locations than in the other locations. Results for outside plume
location and comparison with inside plume location can be made by considering the results provided
in AnnexSectons 8.1.1 and 8.1.13 {i].

Figure3.14 shows the comparison between 3D (ABAQUS) and 1D (FAVOR) results at the core and
flange weld elevations, and both at the outside plume location belowd@bterlineand with the
addition of the ABAQUS results for the alternative outside plume location below HL2. The results at
the core weld elevation are presented fiigure3.14 (right), where it is shown that while the inner
surface temperatures of the 2 outside plume locations are practically identical, the stresses below HL2
are slightly lower than below CL4, the latter very well reproduced by FANIQRe3.14 (left) presents
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the results at the two outside plume locations, but at the flange weld elevation. While the
temperatures are also very much the same, we can see again some discrepancy on the stresses. As
already concluded in sectiohi2.4 FAVOR clearly deliver lower stresses at the flange weld since the
1D approximation cannot account for close proximity of the thicker part of the RPV and nozzles. The
ABAQUS hoop stresses below HL2 are again lower than below CL4, however, the axéal ateess
practically the same as can be seen in the figure inset.
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Figure3.14: RPV innessurface temperatures (top), hoop (bottom) and axial (bottoinset) stresses at the
core weld (right) and flange weld (left) elevations, both at the outside plume location below GAV/ORand
ABAQUPand below HL2 (abq. HL2)

3.2.4.3 Nozzle corner

Stress and temperature fields for the nozzle corner (cold leg) have only been calculated with 3D FE.
Results for nozzle corner location and comparison with inside plume location at core weld can be made
by considering the results provided AmnexSections 8.1.1 and 8.1.4]ir.

3.2.5 Mesh refinement

Several partners have investigated the effect of mesh refinement. Different variants of mesh
refinement in combination with linear or quadratic elements have been selecte@aalgsed. Details
about all results from all partners are giver[13].

Exemplary the results on mesh refinement in case of the 3D simulation is presented, where the FE
models listed inrable3.6 were used. Two type of global model was created, one with linear elements
where the full model was made and one with quadratic elements where only half of the reactor
pressure vessel was generated. Thereafter from the first version local models wereeatsatgd

where the number of elements were increased as shown in the table.
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Table3.6: Properties of the investigated mesh types

Name Model version Order of refinement Number of Number of
elements inthe | elements in the
cladding base metal
Mesh 1 Linear model Linear (full model) 3 10
Mesh 2 Linear (local model) 3 38
Mesh 3 Linear(Local model) 6 76
Mesh 4 | Quadratic model Quadratic (half model) 3 10

The temperature distribution in all 4 mesh versions were in excellent agreement, however in case of
the hoop and axial stress larger deviations could be noted as it is also illusinaféglire3.15 and

Figure3.16.
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Figure3.15: Influence of the mesh size on the hoop stress
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Figure3.16: Influence of the mesh size on the axial stress

3.2.6 Time steps

The effect of the size of the time step was investigated to see how the simplifications could be applied.
The input dateg results of TH calculationshad a duration of 10 000 s, where the time step was 1

This is not a major problem for 1D simulatiobst the runtime of a 3D simulation would be too long,

so data simplification was considered. For both 1D and 3D simulations, we used the Case3 presented
earlier. For the 1D simulation, 4 different time steps were consideragd2%, 5s and 1%. With hese

values the number of time steps can be reduced from 10000 to 5000, 2000 andFif®@3.17 and
Figure3.18 show the difference of the hoop stress at the inner surface of the RPV and at crack tip
location (16 mm). This shows that the result obtained with 10 s time step is higher/lower than that one
with 1 s time step by more than 20 MPa. This results in a velalifference of about 5%. The results
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obtained with the 2s time step are in fairly good agreement with the original version, but the number
of time steps seems to be too large in this case too.
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Figure3.17: Absolute and relative difference of the hoop stress as a function of time step
at the innersurface of the RPV
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Figure3.18: Absolute and relative difference of the hoop stress as a function of time step
at the crack tip (16 mm)

3.3 Structural analyses of TO improvements

In WP2 nine types of loAgrm operation improvements and human actions were simulated which are
listed inTable3.7. The thermohydraulic simulations for Task 2.1 were performed with different system
codes and mixing codes, namely ATHLET, RELAP5, TRAGHXKBCMBAIX and Ansys fluent.

Table3.7: Investigated LTO improvements and human factors

Index Code Naming in Table
1 LTO1 Heating ofwater in the HPSI tanks (T = 45°C)
2 LTO2 Heating of water in the ACCs (T = 50°C)
3 LTO3 Heating of water in the LPSI tanks (T=45°C)
4 LTO4 Decreasing the HPSI head (75%)
5 LTO5 Decreasing the HPSI capacity (75%)
6 LTO6 Reduction of HPSI flog@perator action) at 1800s
7 LTO7 Decreasing of ACC pressure (20 bar)
8 LTOS8 Change of cooldown rate (operator action) at 200 K/h
9 LTO9 Isolation of ACCs (operator action) at 500s
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3.3.1 Results from 1D F&nalyses

For every LTO improvement includedTiable3.7 1D simulations were performed by the different
partners. In every 1D simulation the TH data were generated the same way as in Case 3. In the following
subsections the results from one partner are shown exemplary. More details about all results are given
in[13].

3.3.1.1 LTO1z Heating of water in the HPIS tanks (T = 45°C)

In case of the Tidata the heating of water in HPIS tanks was simulated by increasing the injection
temperature from the reference value of 15°C to the LTO value of 45°C. There calculations showed
that the increased injection temperature results in a higher water tempegatarthe DC during the

whole transient. The proposed LTO development until the ACCs start (about 2790 s) has an impact on
the break flow and fluid levels. Therefore, it was concluded that the LTO improvement could
potentially be beneficial for PTS.

The obtained hoop stress and temperature and the comparison with base case result to see the impact
of LTO improvement are shownhigure3.19 (TH input from RELAP) andHigure3.20 (TH input from
TRACE).
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Figure3.19: LTO1 results of JAHAterpolated to the 16 mm of RPV wall thickness, with RELAP (WUT) TH
input data
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Figure3.20: LTO1 results of TEC interpolated to the 16 mm of RPV wall thickness, with TRACE (PSI) TH input
data

3.3.1.2 LTO2z Heating of water in the ACCs (T = 50°C)

In case of the thermal hydraulic calculations the heating of the water in the ACCs was simulated by
increasing the water injection temperature from the reference value of 20°C to 50°C. The LTO

improvement resulted in slightly higher temperature in the Ot€rathe beginning of the flow from

ACCs. Therefore, they concluded that the LTO improvement provides no significant benefit from a PTS
perspective.
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The obtained hoop stress and temperature and the comparison with base case result to see the impact
of LTO improvement are shown Figure3.21 (TH input from RELAP), kigure3.22 (TH input from
TRACE) and Figure3.23 (TH input from ECGMIIX, plot only up t&®000 sec.).
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Figure3.21: LTO2 results of JSI interpolated to the 16 mm of RPV wall thickness, with RELAP (WUT) TH input
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Figure3.22: LTO2 results of PSI interpolated to the 16 mm of RPV wall thickness, with TRACE (PSI) TH input
data
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Figure3.23: LTO2 results of GRS interpolated to the 16 mm of RPV wall thickness, withiVBCQGRS) TH
input data

3.3.1.3 LTO3z Heating of water in the LPIS tanks (T = 45°C)

The heating of the water in the LPI tanks was simulated by increasing the injection temperature from
the reference value of 15°C to 45°C. The RELAP calculations showed that there is insignificant impact
on the water level and water temperature in the DICtlie end of transient (5000 s). Similarly to this,

in case of the TRACE simulations, for this particular transient, heating of LPI had only a very small
benefit Therefore the studied LTO improvement provided no benefit from a PTS perspective.
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The obtained hoop stress and temperature and the comparison with base case result to see the impact
of LTO improvement are shownhigure3.24 (TH input from RELAP) andHigure3.25 (TH input from

KWUMIX).
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Figure3.24: LTO3 results of BZN at the 16 mm of RPV wall thickness, with RELAP (WUT) TH input data
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Figure3.25: LTO3 results of IPP at 16 mm of RPV wall thickness, with KX (FRAG) TH input data

3.3.1.4 LTO4z Decreasing the HPSI head (75%)

The decreasing of the HPI pump head was simulated by scaling the pressure component of the HPI
pump curve down to 75% of the reference value.

The obtained hoop stress and temperature and the comparison with base case result to see the impact
of LTO improvement are shownhigure3.26 (TH input from RELAP) andHigure3.27 (TH input from

ECEMIX).
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Figure3.26: LTO4 results of KIWA at 16 mm of RPV wall thickness, with RELAP (SSTC) TH input data
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Figure3.27: LTOA4 results of TEC interpolated to the 16 mm of RPV wall thickness, wittVBCQGRS) TH
input data

3.3.1.5 LTO5zDecreasing the HPSI capacity (75%)

The decreasing of the HPI pump capacity was simulated via scaling of the flow component of the HPI
pump curve down to 75%. From the TH simulations it was concluded that by decreasing rate of cooling
(via HPI pumps) the coolat@mperatures can be reduced to some extent as well. Based on the results
they assumed that analysed LTO improvement potentially may affect results of RPV strength analysis.
However, they stated that the effect needs to be confirmed using themechanicaland fracture
mechanics simulations.

The obtained hoop stress and temperature and the comparison with base case result to see the impact
of LTO improvement are shownhingure3.28(TH input from RELAP) andriigure3.29 (TH input from
TRACE).
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Figure3.28: LTOS5 results of JAEA interpolated to the 16 mm of RPV wall thickness, with RELAP (WUT) TH

input data
350 350
——Base Case

300 300 —— Base Case
[w) LTO5 © LTOS5
& 250 £ 250
o =3
5 200 w 200
I g
g o 150
£ o
o 100 8 100
= £

50 50

0 T 0 T
0 5000 10000 0 5000 10000

Time [s] Time [s]

Figure3.29: LTOS results of PSI interpolated to the 16 mm of RPV wall thickness, with TRACE (PSI) TH input
data
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3.3.1.6 LTO6z Reduction of HPS flow (operator action) at 1800s

In the TH calculations the reduction of HHfR&v by operator was simulated by switching off 1 of 2 HPIS
pumps 1800 s after the initiation of the break. The calculations showed that the reduction of HPI
injection results in a higher temperature of the water in the DC starting at 1800 s. Additjchally
lower break flow, the lower water level in the DC and the higher void fraction is observed after this
operator action. Therefore, in the TH calculations it was concluded that this LTO improvement could
potentially be beneficial from a PTS perspective

The obtained hoop stress and temperature and the comparison with base case result to see the impact

of LTO improvement are shownhingure3.30(TH input from RELAP) andrigure3.31 (TH input from

KWUMIX).
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Figure3.30: LTOG results of UJV at 16 mm of RPV wall thickness, with RELAP (WUT) TH input data
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Figure3.31: LTOG6 results of BZN at 16 mm of RPV wall thickness, with KXJ(FRAG) TH input data in the
middle of the plume

3.3.1.7 LTO7zDecreasing of ACC pressure (20 bar)

In the TH calculations the LTO improvement of decreasing of ACC pressure was modelled by decreasing
the initial pressure opening setpoint in the ACCs from the nominal value of 2.6 MPa to 2 MPa. In case
of the RELAP calculations the results showed thatitwease of the ACC pressure slightly increases

the water temperature in the DC, however they concluded that the studied LTO improvement provides
no significant benefit from a PTS perspective.

The obtained hoop stress and temperature and the comparison with base case result to see the impact

of LTO improvement are shownhigure3.32 (TH input from RELAP) andrigure3.33(TH input from
TRACE).
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Figure3.32: LTO7 results of WUT interpolated to the 16

input data
350 350
—— Base Case
300 300
— o LTO7 =
i 250 \_. a 250
w \ 2
5 200 N « 200
© o
g 150 \ 4% 150
: ~ 2
o
50 — 50
0 T 0
0 5000 10000
Time [s]

) Base Case
=
. LTO7
f ~
|
[ \.
v,
T T T T
0 2000 4000 6000 8000 10000
Time [s]

mm of RPV wall thickness, with RELAP (WUT) TH

¥

L\
hY

FJ

Vi

\

N

——Base Case
LTO7

\

5000

10000

Time [s]

Figure3.33: LTO7 results of TEC interpolated to the 16 mm of RPV wall thickness, with TRACE (PSI) TH input
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3.3.1.8 LTO8z Change of cooldown rate (operator action) to 200K/h

During the TH calculation the increase of the secondary side cooldown rate by operator was simulated
by increasing the cooldown of the secondary side from 100 K/h to 200 K/h. The proposed LTO
improvement resulted in the increase of the water temperaturetia DC after 2000 s. In the D2.1
report it was stated that the studied LTO improvement could potentially be beneficial from a
perspective of higher water temperature in DC, but at the same time, it could be detrimental from a
perspective of the faster pesure drop in DC. Therefore, it was determined that the overall benefit of
this LTO improvement should be verified by the structural analysis.

The obtained hoop stress and temperature and the comparison with base case result to see the impact
of LTO improvement are shownhingure3.34(TH input from RELAP) andriigure3.35(TH input from

KWUMIX).
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Figure3.34: LTOS results of JSI interpolated to the 16 mm of RPV wall thickness, with RELAP (WUT) TH input
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Figure3.35: LTOS results of IPP at 16 mm of RPV wall thickness, with KX (FRAG) TH input data

3.3.1.9 LTO9z Isolation of ACCs (operator action) at 500s

In case of LTO9 the results frahe system analysis performed with RELAP5, were repeated with the
addition of a time for ACC isolation at 500 s. Because the pressure for this break size does not decrease
to 26 bar until after 500 s, the ACCs were isolated before they could inject. Slilewas a pressure

transient. In case of the TH calculations, it was concluded that this action has no significant effect.

The obtained hoop stress and temperature and the comparison with base case result to see the impact
of LTO improvement are shown kigure3.36 (TH input from RELAP)
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Figure3.36: LTO9 results of IPP interpolated to the 16 mm of RPV wall thickness, with RELAP (WUT) TH input
data

3.3.2 Results from 3D FE

Beside the 1D calculations, 3D simulations were also performed for the LTO cases. In the following
chapters, results from 3D simulations are presented for the most important LTO cases (LTO1, LTO4,
LTO5, LTO6 and LTO8) and for the other LTO cases camberf¢il3]. In general, the results are
similar and show the same trend than those from 1D simulations shown in S8c8idThe stresses

and temperature profiles given are for core weld elevation under the cold leg position.

3.3.2.1 LTO1zHeating of water in the HPSI tanks (T = 45°C)

The results at core weld elevation under the cold leg position from 3D calculations are ghigarin

3.37 (TH input from KWWIX), inFigure3.38 (TH input from RELAP) andrigure3.39 (TH input from
TRACE).
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Figure3.37: LTO1 results of FR& at 16 mm of RPV wall thickness, with KWUX (FRAG) TH input data

350 350
300 fqa';i Case 300 ——Base Case
Y 250 £ 250 L1o1
:u =3
5 200 w 200
g 150 % 150
§ 100 € 100
- 2
50 50
0 T 0 T
0 5000 10000 0 5000 10000
Time [s] Time [s]
300
550 ——Base Case
E —LTO1
S 200
£ 150
= 100
>
<
50
0 T
0 5000 10000

Time [s]

Figure3.38: LTO1 of IPP at 16 mm of RPV wall thickness, with RELAP (WUT) TH input data.
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Figure3.39: LTOL1 results of PSI extrapolated to the 16 mm of RPV thatkness, with TRACE (PSI) TH input
data

3.3.2.2 LTOA4z Decreasing the HPSI head (75%)

The results at core weld elevation under the cold leg position from 3D calculations are ghiguaran
3.40(TH input from RELAP) andrigure3.41 (TH input from TRACE).

Interestingly in case of the simulations with RELAP input data the resulting temperature and stress
fields similarly to the 1D results have some deviation from the base case, however no differences can
be noted in case of the simulations done with TRAPH idata.
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Figure3.40: LTO4 results of BZN at 16 mm of RPV wall thickness, with RELAP (SSTC) TH input data.
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Figure3.41: LTOA4 results of PSI extrapolated to the 16 mm of RPV wall thickness, with TRACE (PSI) TH input
data.

3.3.2.3 LTO5z Decreasing the HPSI capacity (75%)

The results at core weld elevation under the cold leg position from 3D calculations are ghigarin
3.42(TH input from RELAP).
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Figure3.42: LTOS results of BZN at 16 mm of RPV wall thickness, with RELAP (SSTC) TH input data.
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3.3.2.4 LTO67 Reduction of HPS flow (operator action) at 1800s

The results at core weld elevation under the cold leg position from 3D calculations are giigarin
3.43(TH input from RELAP) andFigure3.44 (TH input from KW1X).
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Figure3.43: LTOG results of BZat 16 mm of RPV wall thickness, with RELAP (WUT) TH input data.
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Figure3.44: LTOG results of SSTC interpolated to the 16 mm of RPV wall thickness, withMIXWFRAG) TH
input data.
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3.3.2.5 LTO8z Change of cooldown rate (operator action) to 200K/h

The results at core weld elevation under the cold leg position from 3D calculations are giigarin
3.45(TH input from RELAP) andFigure3.46 (TH input from KW1X).
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Figure3.45: LTOS results of JSI interpolated to the 16 mm of RPV wall thickness, with RELAP (WUT) TH input
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Figure3.46: LTOS results of FR& at 16 mm of RPV wall thickness, with KYWUX (FRAG) TH input data
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3.4 Structural analysesfor TH uncertainties (Wilks analyses)

This Section describes the structural analyses of TH uncertaintiegoBit®n below the injection
nozzle CLAat the beltline weld at the elevation 62.638 m was selected as the prioritized location for
analysesseeFigure3.1.

3.4.1 Uncertainties in TH data analyses for Wilks

Evaluation of TH uncertainties and their distributions have been performed in[@fR2vering the

model and computecode uncertainties, plant uncertainties related to initial conditions, boundary
conditions and parameters of the NPP systems, and uncertainties connected with human interaction
The TH uncertainties have been treated using statistical methods based on the Wilks approach allowing
to define a statistical set of TH data with given confidence level and tolerance limits.

Thus, it was shown that using the Wilks method 59 simulations is required to achmwesided
tolerance intervalwith the tolerance limit of0=0.95, and the confidence level @f | =0.95. For
achieving a doublsided tolerance interval for the santelerance limit ) 180 ) and the confidence
levek of @y wr o WWilks simulationsf 93 and 130 samplese required respectively

Several systemiHcodes (RELAP, ATHLET, TRACE) and oneTrhieagulation code (KWAMIX) were
used for TH analyses fbestestimate THinput parameterssupplementedwith statisticallydefined
THinput data sets with propagateduncertainies according to the Wilks method summary of
performed Wilks TH analysdxy the APAL partners is presentedTiable3.8. The grey cells in the
presented summary indicate which Wilks data sets have been used asithput data for structural
analyses by different partners.

Table3.8 Summary of TH data sets used for Wilks analyses (per partner).

ATHLET| KWUMIX RELAP RELAP| RELAP RELAP TRACE RELAP
from GRS from from from from from from from
FRAG JSI KIWA SSTC uJv PSI WUT

TH code and
partner

Wilkssets 59 93* 59 | 130 59 59 59 93 59 130 93

uJv X X

FRAG X

PSI X X

JSI X X

KIWA X**

IPP X

WUT X

GRS X

BZN X

Tecnatom X

* First 59 Sets are treated as 59 Wilks sets.
** KIWA used Base Case from JSI| TH data.

3.4.2 Typical Wilks Thhput data for structural analyses

In generalall TH results from the Wilks analyses have a similar appeatariaeertain quantitative
differencesin the calculatedresultswere observed. It can be explained by a variety of used TH codes,
their functionality, differences in nodalisation of TH models and taken assumptions.

It is not feasible to represent alHresults that have been used as the input data for structural analyses.
Therefore,typical TH data from the Wilks analyses based on US NRC system TH code TRACE is
presented as an exampie this Section

TheTHresults presented in this repodemonstratethe following TH cases:
9 Base Case: The conservative reference based on theadjusted ICAS T2 transientTask
2.1in the APAL DeliverablB2.1[10] and also summased in WP2 Public Summaj§].

58



APAL (945253) D4.7 ¢ Public Summary Report of WP4

Additionally, the conservative case (CC) was analysed by some partners, where all statistically
distributed TH input parameters were taken with their conservative values (descrilvadrin
detail inWP3Public 8mmany7]).

9 Best Estimate: The best estimate cds®sed on the besestimate input data for the TH
analyses in Task 2.3 as reported in the APAL DelivddaiBgl2] and also summased in WP2
Public Summaris].

1 Wilks: TheTH data sebased on the besgstimate case with random sampling distributed

selected plant parameters and boundary conditions. The random parameters and sampling
methodology are described in DAR] and|[8].

Examples ofldiid temperature RPVpressure ancheat transfer coefficient (HT@)me histories are
shown for theWilks seswith 59and 130samples ifFigure3.47-Figure3.49 using the PSI data obtained
from the TH code TRACH e grey curves in all plots represent individual results for each Wilks set.

It can be noticed from the presented TH results that the temperature and HTC time histories
demonstrate a large scatter while the RPV pressure variation remains in a rather confined scatter band.
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Figure3.47: Fluid temperature as a function of time faia) Wilks-59 and (b) Wilks 130 data set®SlI results
based on the TH code TRACE.
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Figure3.48: Pressuran RPVas a function of time foi(a) Wilks59 and (b) Wilks 130 data setBSI results
based on the TH code TRACE.
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Figure3.49: Heat transfer coefficient (HTC) as a function of tiriee (a) Wilks59 and (b) Wilks 130 data sets
PSI results based on the TH code TRACE.

3.4.3 Results for gress and temperature distributions through the RPV wall thickness

This Section presents thstructural analysis results in terms tBnsient stress and temperature
distributions through the RPV wallhe analyses have been performed by partners using the TH input
data as given iffable3.8. The calculated stress and temperature distributions through the RPV wall as
a function of time are later used as the input data for fracture mechanics analyses within the
deterministic and probabilistic benchmarks.

Again, it is not feasible to present all obtained resdlie to large amount of data. Ontypical results
areshown in the following subsections based on the analjsesvo Wilks data sets with 59 and 130
samples.A discussion of main trends and deviations in the results from different partners is also
provided in this report.

For facilitating a comparison of the resufitstween different partnersthe followingresultplotswere
requested from each partner

1 Inner RPV wet surface temperatures as a function of time,

1 Hoop and axial stresses at the RPV inner surface as a function of time,

1 Temperature, hoop and axial stresses at the crack tip as a function of time,

1 Hoop and axial stresses at the crack tip as a function RPV wall temperature at the crack tip.

In the analyses the crack tip located at the distance of 16 mm from the inner (wet) surface of the RPV
was assumedlheobtained sress distributions include weld residual stresses.

3.4.3.1 Resultsfor Wilks set with 59 samples

Typical plots from the structural analyses of 59 Wilks samples are summarised below using the PSI
results obtained by FAVORhe RPV wall temperature, hoop and axial stresses at the inner (wet)
surface of RPV as a function of time are presentdednre3.50 - Figure3.52. The temperature at the

crack tip location (crack depth of 16 mm is assumed), hoop and axial stresses at the crack tip location
as a function of time are presentedhiigure3.53- Figure3.55. The hoop and axial stresses at the crack

tip as a function of crack tip temperature are shokigure3.56 and Figure3.57.
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Figure3.50: Inner surface temperature as a function of time for Wils®.
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Figure3.51: Hoop stresses at inner surface as a function of time for Wiigswith WRS.
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Figure3.52: Axial stresses at inner surface as a function of time for Wiigswith WRS.

300

—— Base case

—— Best estimate
250 +

200 A

150 -

100 -

Temperature CT [C]

50 A

0 2000 4000 6000 8000 10000
Time [s]

Figure3.53: Temperature at the crack tip location as a function of time for Wik8.
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Figure3.54: Hoop stresses at the crack tip location as a function of time for Wh&swith WRS.
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Figure3.55: Axial stresses at the cradlp location as a function of time for Wilk&9 with WRS.
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Figure3.56: Hoop stresses at the crack tip as a function of crack tip temperature for \Aslsvith WRS.
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Figure3.57: Axial stresses at the crack tip as a function of crack tip temperature for Wai8svith WRS.

3.4.3.2 Results for Wilks set with 130 samples

Typical plots from the structural analyses of 130 Wilks samples are summarised below using the PSI
results obtained by FAVORhe RPV wall temperature, hoop and axial stresses at the inner (wet)
surface of RPV as a function of time are presentdednre3.58 - Figure3.60. The temperature at the

crack tip location (crack depth of 16 mm is assumed), hoop and axial stresses at the crack tip location
as a function of time are presentedhiigure3.61- Figure3.63. The hoop and axial stresses at the crack

tip as a function of crack tip temperature are shokigure3.64 and Figure3.65.

64



APAL (945253) D4.7 ¢ Public Summary Report of WP4

300
—— Base case

—— Best estimate
250 A

200 A

150

100 -

Temperature Wall Surf [C]

50 A

0] 2000 4000 6000 8000 10000
Time [s]

Figure3.58: Inner surface temperature as a function of time for WildS0.
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Figure3.59: Hoop stresses at inner surface as a function of tifoe Wilks-130 with WRS.
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Figure3.60: Axial stresses at inner surface as a function of time for Willd0 with WRS.
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Figure3.61: Temperature at the crack tip location as a function of time for WHk80.
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Figure3.62: Hoop stresses at the crack tip location as a function of time for Willd® with WRS.
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Figure3.63: Axial stresses at the crack tip location as a function of time for Willd® with WRS.
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Figure3.64: Hoop stresses at the crack tip as a function of crack tip temperature for \Wilg8 with WRS.
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Figure3.65: Axial stresses at the crack tip as a function of crack tip temperature for Wilg8 with WRS.

3.4.4 Discussion bstructural analysis results for TH uncertainty

3.4.4.1 TH input data

TH input data for structural analyses was obtained from TH uncertainty analyses based on the Wilks
method as described in Sectid®4.1 For the TH analyses, different TH codes were used such as
RELAPS5, ATHLET, TRACE and-NMMWUfor mixing calculations) together with several tools for
uncertainty evaluation, e.g. DAKOTA, SUSA, etc. TH uncertainty analyses were performed for 59, 93
and 13 Wilks data sets.
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The THanalysigesults used as the TH input data for structural assessments are summarised for each
partner inTable3.8. A detailed review and comparison of the TH results from uncertainty analyses
between different partners have been carried out in APAL Deliverabld 2.3However, it is worth to
include a short summary of this comparison and point out some observed differences in the TH data
as it has a direct bearing on some deviations in the calculated temperatures and stresses.

Figure3.66 illustrates a comparison of fluid temperature as a function of time used by JSI, IPP and
KIWA as the TH parameter used for the temperature and stress calculations. These partners have been
chosen as they performed TH uncertainty analyses based on 59 tfdiiissets usindRELAPS in
combination with the uncertainty evaluation software SUSA.
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Figure3.66. Comparison of fluid temperature as a function of time used
for structural analyses by a) JSI, b) IPP and c) KIWA. Wilks 59 data samples.

Significant variations in Wilks results can be observed between JSI, IPP and KIWA. JSI results have much
wider spread in the Wilks data samples in comparison to the IPP and KIWA data. One of the KIWA Wilks
data samples demonstrates a clear deviation in t@perature trend when the fluid temperature
increases in the time range between 1800 to 400&imilar trend has also been observed in KIWA
results from TH analyses for LTO improvements, namely LTO 05 for high pressure injection flow (HPSI)
reduction. KWA performed the TH analyses by reducing HPSI flow from 100% down to 75% with 5%
increments. The characteristic rise of temperature, similar to the orfégore3.66, was observed in

the results for HPSI reduction to 75%. For higher HPSI levelsl(B) the temperature rise in this

time range was not observed or it was much lower and less pronounced.

The temperature rise for HPSI at 75% may be explained by the following considerations. By reducing
the emergency coolant quantity (HPSI flow) pumped into the reactor primary system the void fraction
(ratio of steam to total volume) increases substantiallye void fraction in volume 9101 for HPSI 75%

at 15003000 s is much larger than that for HPSI 80% which would support this assumption (void
fraction values in HPSI cases 1880%6 at around 1568000 sec do not change much actually). It
means that thered substantially more gas phase in downcomer which causes deterioration of heat
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transfer at certain conditions. This in turn leads to higher temperature rise in downcomer as it was
obtained in the calculations for 75%. There should be a threshold somewhere between 75% and 80%

HPSI reduction levels when the emergency coolant inflogoisow that most of it boils thereby
deteriorating heat transfer.

Differences in fluid temperature can also be observed in the TH data for Wilks 93 data sets that have
been calculated by FR3, UJV and WUT as showrrigure3.67.

a) b)

c)

Figure3.67: Comparison of fluid temperature asfanction of time used
for structural analyses by a) FR®, b) UJV and ¢) WUT. Wilks 93 data samples.
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