
 

APAL has received funding from the Euratom research and training programme  
2019-2020 under grant agreement No 945253. 

 

Call: NFRP-2019-2020 

Topic: NFRP-2019-2020-02 Safety assessments for Long Term Operation (LTO) upgrades of 
Generation II and III reactors 

Funding Scheme: Research and Innovation Action (RIA) 
 
 
 
 
 
 

 

 
Deliverable No. 4.7 

 
Public Summary Report of WP4 

 
 
 
 
Grant Agreement no.: 945253 
 
Project Title: Advanced PTS Analysis for LTO 
 
Contractual Submission Date:  01/31/2024 
 
Actual Submission Date: 10/09/2024 
 
Responsible partner: P5: Kiwa 
 
 



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

2 
 

Grant agreement no. 945253 

Project full title  Advanced PTS Analysis for LTO 

 
 

Deliverable number D4.7 

Deliverable title Public Summary Report of WP4 

Type1 R 

Dissemination level2 PU 

Work package number WP4 

Work package leader P5: KIWA 

Author(s) Andrey Shipsha, Petter von Unge, Peter Dillström (KIWA), Ralf 
Tiete, Sébastien Blasset, Vignesh Suryaprakash, Katharina 
Angermeier (FRA-G), Klaus Heckmann, Jürgen Sievers (GRS), 
Sándor Kovács (BZN), Diego Fernando Mora Mendez (PSI), David 
Bouhjiti (IRSN), Susana Flores Holgado, David Flórez del Olmo 
(TECNATOM), Oriol Costa (JSI), Vladislav Pistora, Miroslav Posta 
(UJV), Yaroslav Dubyk (IPP) 

Keywords APAL, PTS, LTO, PFM, probabilistic fracture mechanics, 
probabilistic margin assessment 

 
The research leading to these results has received funding from the Euratom research and training 

programme 2019-2020 under grant agreement No 945253. 

The author is solely responsible for its content, it does not represent the opinion of the European 

Commission and the Commission is not responsible for any use that might be made of data 

appearing therein.   

 
1 Type: Use one of the following codes (in consistence with the Description of the Action): 

 R: Document, report (excluding the periodic and final reports) 
 DEM: Demonstrator, pilot, prototype, plan designs 
 DEC: Websites, patents filing, press & media actions, videos, etc. 
 OTHER: Software, technical diagram, etc. 
2 Dissemination level: Use one of the following codes (in consistence with the Description of the Action) 

 PU: Public, fully open, e.g. web 
 CO: Confidential, restricted under conditions set out in the Model Grant Agreement 
 Cl: Classified, information as referred to in Commission Decision 2001/844/EC 



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

3 
 

Table of Contents 
 
1 Introduction ..................................................................................................................................... 9 

1.1 Structure of report ................................................................................................................ 10 

1.2 Definition of terms used in probabilistic assessments .......................................................... 10 

1.3 Alignment/interface between WP3 and WP4 ....................................................................... 11 

2 Definition of probabilistic benchmark ........................................................................................... 13 

2.1 General overview and description of main concepts ............................................................ 13 

2.1.1 FAVOR terminology adopted in APAL ........................................................................... 13 

2.1.2 RPV failure frequency acceptance criterion for APAL ................................................... 13 

2.1.3 Margin definition for PFM assessments ........................................................................ 14 

2.2 Computational chain for PTS assessment ............................................................................. 15 

2.2.1 Deterministic assessment .............................................................................................. 15 

2.2.2 Probabilistic assessment ............................................................................................... 15 

2.3 Basic data for RPV probabilistic fracture mechanics assessment ......................................... 17 

2.3.1 RPV design and geometry ............................................................................................. 18 

2.3.2 Flaw type, location and orientation .............................................................................. 19 

2.3.3 Loads .............................................................................................................................. 21 

2.3.4 Fracture Toughness Concepts ....................................................................................... 21 

2.3.5 Initial Reference Temperature ...................................................................................... 23 

2.3.6 Reference Temperature Shift ........................................................................................ 23 

2.3.7 Chemical Composition ................................................................................................... 24 

2.3.8 Neutron Fluence ............................................................................................................ 24 

2.3.9 Limit Conditions ............................................................................................................. 25 

2.3.10 Crack Initiation and Crack Arrest ................................................................................... 26 

2.3.11 Margin Assessment ....................................................................................................... 28 

2.3.12 FAVOR/CAPAL limitations and used assumptions ......................................................... 28 

3 Stress and temperature distributions for benchmark performance ............................................. 34 

3.1 Input data .............................................................................................................................. 34 

3.1.1 RPV geometry ................................................................................................................ 34 

3.1.2 Material properties ....................................................................................................... 35 

3.1.3 Boundary conditions...................................................................................................... 36 

3.2 Structural analyses of base cases and sensitivity study ........................................................ 36 

3.2.1 TH input data from RELAP ............................................................................................. 36 

3.2.2 1D Simulations ............................................................................................................... 39 

3.2.3 3D Simulations ............................................................................................................... 40 

3.2.4 Other locations .............................................................................................................. 41 

3.2.5 Mesh refinement ........................................................................................................... 43 

3.2.6 Time steps...................................................................................................................... 44 



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

4 
 

3.3 Structural analyses of LTO improvements ............................................................................ 45 

3.3.1 Results from 1D FE analyses .......................................................................................... 46 

3.3.2 Results from 3D FE......................................................................................................... 52 

3.4 Structural analyses for TH uncertainties (Wilks analyses)..................................................... 58 

3.4.1 Uncertainties in TH data analyses for Wilks .................................................................. 58 

3.4.2 Typical Wilks TH input data for structural analyses ...................................................... 58 

3.4.3 Results for stress and temperature distributions through the RPV wall thickness ....... 60 

3.4.4 Discussion of structural analysis results for TH uncertainty ......................................... 68 

4 Baseline probabilistic benchmark ................................................................................................. 73 

4.1 Brief description .................................................................................................................... 73 

4.2 Verification of analysis tools ................................................................................................. 73 

4.2.1 Check Random Number Generator (RNG) .................................................................... 73 

4.2.2 Check generation of data from a provided tabulated PDF ........................................... 74 

4.2.3 Check generation of tabulated data for UCC (and TCC) ................................................ 78 

4.2.4 Check generation of data from a truncated distribution .............................................. 83 

4.2.5 Check CPI for provided T, KI and ART ............................................................................ 99 

4.2.6 Check CPF for provided T, KI and ART (non-mandatory) ............................................. 106 

4.3 Round-robin benchmarks .................................................................................................... 108 

4.3.1 RR1 ς Predict ART for increasing fluence level ............................................................ 109 

4.3.2 RR2 ς Check CPI for base case transient ..................................................................... 114 

4.3.3 RR3 ς Check CPF for base case transient (non-mandatory) ........................................ 141 

4.3.4 RR4 ς Check CPI for base case with distributed crack size .......................................... 151 

4.3.5 RR5 ς Check CPF for base case with distributed crack size (non-mandatory) ............ 164 

4.4 Discussion and main outcome ............................................................................................. 173 

5 Probabilistic benchmark of LTO improvements .......................................................................... 175 

5.1 Description of activities ....................................................................................................... 175 

5.1.1 Baseline benchmarks (Mandatory) ............................................................................. 177 

5.1.2 Non-Mandatory benchmarks ...................................................................................... 178 

5.2 Results from probabilistic benchmark of LTO improvements ............................................. 179 

5.2.1 Results for each LTO improvement ............................................................................. 179 

5.2.2 Plausibility checks ........................................................................................................ 197 

5.3 Discussion and main outcome ............................................................................................. 206 

5.4 CPI values for PMA1 and PMA2 ........................................................................................... 207 

6 Probabilistic benchmark of uncertainties in the TH data ............................................................ 213 

6.1 Description of Activities....................................................................................................... 213 

6.1.1 Baseline benchmarks (Mandatory) ............................................................................. 214 

6.1.2 Non-Mandatory benchmarks ...................................................................................... 215 

6.2 Results from probabilistic benchmark of TH uncertainties ................................................. 216 



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

5 
 

6.2.1 Results overview for PMA1 ......................................................................................... 216 

6.2.2 Results overview for PMA2 ......................................................................................... 237 

6.2.3 Plausibility checks ........................................................................................................ 251 

6.3 Discussion and main outcome ............................................................................................. 259 

7 Probabilistic margin assessment ................................................................................................. 261 

7.1 Objectives ............................................................................................................................ 261 

7.2 Introduction to margin concepts ......................................................................................... 262 

7.3 Probabilistic Margins Concepts ........................................................................................... 262 

7.3.1 Assessment based on fracture toughness (PMA1) ...................................................... 262 

7.3.2 Assessment based on lifetime (PMA2) ........................................................................ 263 

7.3.3 Assessment based on failure frequency (PMA3)......................................................... 264 

7.3.4 Assessment based on reliability theory (PMA4) ..................................................... 264 

7.4 Description of Activities....................................................................................................... 265 

7.4.1 Common approaches for probabilistic assessment .................................................... 265 

7.4.2 Relation to other deliverables and tasks ..................................................................... 266 

7.4.3 Common template....................................................................................................... 266 

7.4.4 Case selection and connection points to D4.3, D4.4 and D4.5 ................................... 268 

7.5 Probabilistic margin assessment ......................................................................................... 268 

7.5.1 Probabilistic margin assessment for baseline probabilistic cases ............................... 269 

7.5.2 Probabilistic margin assessment of LTO improvements ............................................. 274 

7.5.3 Probabilistic margin assessment of thermal-hydraulic uncertainties ......................... 283 

7.6 Conclusion ........................................................................................................................... 290 

8 General conclusions of WP4 ........................................................................................................ 292 

9 Lessons-learned in WP4 .............................................................................................................. 296 

9.1 Tool verification and round robin analyses ......................................................................... 296 

9.2 Probabilistic analyses and margin assessments .................................................................. 296 

10 References ............................................................................................................................... 298 

 
 
 
  



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

6 
 

List of Abbreviations 
 
ACC Accumulator 

APAL Advanced PTS Analysis for LTO 

ART Adjusted Reference Temperature 

ASME The American Society of Mechanical Engineers 

ATHLET Analysis of THermal-hydraulics of LEaks and Transients 

BFD Bounding Flaw Depth 

BZN Bay Zoltán Nonprofit Ltd. for Applied Research 

CAPAL Code for APAL (project specific version of FAVOR) 

CDF Cumulative Distribution Function 

CFL Crack Front Length 

CPF Conditional Probability of Failure 

CPI Conditional Probability of Initiation 

cpi(t) Instantaneous conditional probability of initiation 

CPNA Conditional Probability for Non-Arrest 

CPSA Conditional Probability for Stable Arrest 

D Deliverable 

DC Downcomer 

EC Embedded crack 

ECC Emergency core cooling 

ECCS Emergency core cooling system 

FAVOR Fracture Analysis of Vessels ς Oak Ridge (software) 

FD Flaw Depth 

FE Finite element (Analysis/method) 

FI Frequency of crack initiation 

FF frequency of failure 

FL Flaw Length 

FORM First Order Reliability Method  

FRA-G Framatome GmbH 

GRS  Expert organisation on nuclear safety (Gesellschaft für Anlagen- und Reaktorsicherheit) 

HPI High Pressure Injection 

HPSI High Pressure Safety Injection 

ICAS International Comparative Assessment Study (OECD NEA project) 

IPP IPP Centre LLC 

JSI WƻȌŜŦ {ǘŜŦŀƴ LƴǎǘƛǘǳǘŜ 

KIWA  Kiwa Technical Consulting AB 

KWU  Kraftwerk Union AG 

LB Lower Bound 

LTO Long Term Operation 

MART  Maximum Allowable Reference Temperature 

max. all. ART Maximum Allowable Reference Temperature 

MC Master Curve 

MCS-IS Monte Carlo Simulation with Importance Sampling 

MPFP Most Probable Failure Point 

MIX Mixing 

MV Mean Value 

NPP Nuclear power plant 



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

7 
 

NRC (United States) Nuclear Regulatory Commission 

OCI Oak Ridge Consulting International, Inc. 

PDF Probability Density Function 

PFM Probabilistic Fracture Mechanics 

PMA Probabilistic Margin Approach 

PNNL Pacific Northwest National Laboratory 

PSI Paul Scherrer Institut 

PTS Pressurized Thermal Shock 

RELAP Reactor Excursion and Leak Analysis Program (software) 

RNG Random Number Generator 

RPV Reactor Pressure Vessel 

RR Round Robin 

SD Standard Deviation 

SIF Stress Intensity Factor 

SSTC State Scientific and Technical Center for Nuclear and Radiation Safety  

TCC Through-Clad Crack 

TCC1 Through-Clad Crack with recommended SIF-solution in APAL 

TCC2 Through-Clad Crack with SIF-solution in FAVOR 

Tecnatom Tecnatom S.A. 

TH Thermal Hydraulic 

TRACE TRAC/RELAP Advanced Computational Engine 

UCC Underclad Crack 

UJV ¨W± yŜȌΣ ŀΦ ǎΦ όƛƴ 9ƴƎƭƛǎƘΥ bǳŎƭŜŀǊ wŜǎŜŀǊŎƘ LƴǎǘƛǘǳǘŜΣ wŜȊύ 

u-space Space of standard normal variables 

VB Visual Basic 

WP Work Package 

WPS Warm Pre-Stressing 

WRS Weld Residual Stress 

  



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

8 
 

List of Symbols 
ὥ Crack Depth [mm] 
ὧ Half Crack Length [mm] 
Ὠ Distance from cladding/base fusion line (for embedded cracks) [mm] 
ferr Error function [°C] 
h RPV wall thickness (excluding cladding) [mm] 
i Index 
p Probability 
r Cladding thickness [mm] 
t RPV wall thickness (including cladding), h + r [mm] 
x Distance from cladding/base fusion line [cm] 
y Random number 
B Crack Front Length used in MC [mm] 
Cu Copper content [%] 
F Neutron fluence [neutron/m²] 
F0 Neutron fluence at cladding/base fusion line [neutron/m²] 

KI Modus I stress intensity factor [MPaЍÍ] 

KIa Fracture toughness measured at cleavage crack arrest [MPaЍÍ] 

KIc Plane strain fracture initiation toughness [MPaЍÍ] 

KJc K-equivalent of the value of J measured at cleavage crack initiation [MPaЍÍ] 
Mp Inverse standard normal distributed value used in MC 
Mn Manganese content [%] 
Ni Nickel content [%] 
P Phosphorus content [%] 
RTNDT Nil ductility reference temperature [°C] 
RT0

NDT Initial nil ductility reference temperature [°C] 
T  temperature [°C] 
T0 MC reference temperature [°C] 
T0

0 Initial MC reference temperature [°C] 
Tc Cold leg temperature under normal full power operating conditions [°C] 

TKIa Temperature at which the KJa MC has a median value of 100 MPaЍÍ [°C] 
‍ Random value 
‎ Random value sampled from a continuous uniform distribution between (0, 4) 
ῳὙὝ  Reference temperature shift [°C] 
‘ Mean value 
„ Standard deviation 
• Neutron fluence divided by 10²³ [10²³ϊneutron/m²] 

 ˒ Average neutron flux [n/cm²/s] 
 
  



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

9 
 

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 long-term operation (LTO) of nuclear power plants 
(NPPs) is the reactor pressure vessel (RPV) integrity assessment for pressurized thermal shock (PTS). 
The main objectives of APAL project are the following: 

¶ development of advanced deterministic and probabilistic PTS assessment methods, 

¶ quantification of deterministic and probabilistic safety margins, 

¶ development of best-practice 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 

¶ WP5 - Definition of best-practice for advanced PTS analysis 

¶ WP6 - Training, Communication, Dissemination and Exploitation 

¶ WP7 - Scientific coordination and project management 

This report summarises the work, main results, conclusions and lessons learned ƻŦ ²tп άProbabilistic 
margin assessmentέΦ ¢ƘŜ Ƴŀƛƴ ƻōƧŜŎǘƛǾŜ ƻŦ ²t4 was to determine the impact of LTO improvements 
and uncertainties in thermal hydraulic (TH) data on the results of PTS analysis using probabilistic 
assessment. As a part of this assessment, probabilistic safety margins have been quantified and 
compared with deterministic safety margins. 

The WP4 (Probabilistic margin assessment) consists of six tasks: 

¶ Task 4.1: Structural assessment 

¶ Task 4.2: Definition of a probabilistic benchmark 

¶ Task 4.3: Baseline probabilistic benchmark 

¶ Task 4.4: Probabilistic benchmark related to LTO improvements 

¶ Task 4.5: Probabilistic benchmark related to uncertainties in the TH data 

¶ Task 4.6: Probabilistic margin assessment. 

Task 4.1 Structural assessment, addresses calculations of stress and temperature distributions through 
the RPV wall thickness at the prioritized positions [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 structural 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. 

Task 4.2 Definition of a probabilistic benchmark, deals with development and definition of the 
probabilistic benchmark for probabilistic fracture mechanics PTS assessment. This task provides also 
definitions of all basic concepts, approaches and input data required for probabilistic assessments 
within APAL. Besides that, the benchmark definition contains the pre-requisite tasks related to 
verification of probabilistic tools used by APAL partners and several round-robin tasks for baseline 
probabilistic benchmark carried out within Task 4.3. The probabilistic benchmark in Task 4.2 has been 
developed in parallel with the deterministic fracture mechanics assessment benchmark within WP3 
[7] for ensuring a solid basis for comparison between deterministic and probabilistic analyses. 

Task 4.3 Baseline probabilistic benchmark, focuses on the analysis work 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 
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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 Tasks 4.4-4.5. 

Task 4.4 Probabilistic benchmark related to LTO improvements, addresses the probabilistic fracture 
mechanics assessments of max. allowable ART-values and allowable RPV age based on the TH data for 
selected LTO improvements in comparison with the TH data for the Base case. Task 4.4 is primarily 
focused on performing and summarising the probabilistic calculations of the selected LTO 
improvements. A detailed interpretation of the results and probabilistic margin assessments are 
performed as a part of Task 4.6 in the report D4.6 [6]. 

Task 4.5 Probabilistic benchmark related to uncertainties in the TH data, addresses the probabilistic 
fracture mechanics calculations of max. allowable ART-values and allowable RPV age related to 
uncertainties in the TH data. Similarly to Task 4.4, the Task 4.5 is primarily focused on performing and 
summarising the probabilistic calculations for the TH uncertainties. A detailed interpretation of the 
results and probabilistic margin assessments are performed as a part of Task 4.6 in the report D4.6 [6]. 

Task 4.6 Probabilistic margin assessment, investigates different probabilistic margin assessments for 
PTS analyses. Besides the baseline cases, probabilistic margins are quantified and discussed for the LTO 
improvements and the TH uncertainties. 

1.1 Structure of report 

Section 2 provides a fundamental basis for all Tasks within WP4 presenting a definition of probabilistic 
benchmark in APAL along with the main concepts and terminology. This Section also describes the 
approach for probabilistic fracture mechanics assessment of RPV including necessary input data, 
conditions, and equations for probabilistic margin assessment. 

Section 3 describes the 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 assessments. Within WP4, the structural 
analyses of stress and temperature distributions through the RPV wall thickness are focused on 
evaluating the influence of uncertainties in TH analyses and TH data. The structural analyses for 
investigating the effect of different LTO improvements on stress and temperature distributions 
through the RPV wall thickness are also covered briefly in Section 3 as they are presented in detail in 
the Public Summary report for WP3. 

Section 4 summarises the work with baseline probabilistic benchmark performed within Task 4.3. 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 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 in APAL. 

Sections 5 and 6 describe the probabilistic assessments for LTO improvements and TH uncertainties 
performed within Tasks 4.4 and 4.5 respectively. These sections present a summary of probabilistic 
results obtained by different partners along with performed plausibility checks. 

Section 7 provides a detailed interpretation of all probabilistic results along with quantification and 
comparison of margins. 

Sections 8 and 9 provide summarizing remarks (lessons learned) and general conclusions for WP4 in 
APAL. 

1.2 Definition of terms used in probabilistic assessments 

This Section provides definitions that have been used for probabilistic assessments within the APAL 
project: 
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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 set = new conservative transient (in the meaning to be conservative for the 
safety assessment) for T2 from ICAS including accumulator, named now APAL-ICAS T2, this is 
the reference transient 

- Best estimate TH data set = transient results from Task 2.3 άbest estimate solutionέ from 
άWilks setέ is a solution of TH calculations for the APAL-ICAS T2 transient with all input 
parameters (both plant parameters and model parameters, as well as human-factor 
parameters) set to their best estimates if they are available. (Otherwise, the conservative value 
is applied.) 

- Average transient data set = transient results from task 2.3 from ά²ƛƭƪǎ ǎŜǘέΣ ǘƘŜ ǘŜǊƳ ά²ƛƭƪǎ 
ǎŜǘέ ƛƳǇƭƛŜǎ random ǎŜƭŜŎǘƛƻƴ ƻŦ ǇŀǊŀƳŜǘŜǊǎΦ ¢Ƙƛǎ ƛǎ ƛƴ ŎƻƴǘǊŀŘƛŎǘƛƻƴ άŀƭƭ ƛƴǇǳǘ ǇŀǊŀƳŜǘŜǊǎ set 
ǘƻ ǘƘŜƛǊ ōŜǎǘ ŜǎǘƛƳŀǘŜǎέΣ ƘŜƴŎŜ ǿŜ ǎŜƭŜŎǘ άǎƻƳŜ ŀǾŜǊŀƎŜέ ǘǊŀƴǎƛŜƴǘ ŦǊƻƳ ǘƘŜ ²ƛƭƪǎ ǎŜǘ 

- 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 

- 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) improvements = set 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 the ὑ  curve (RTNDT concept, indirect) as well as for the index from the 
Master Curve (direct measurement of T0 + margin = RT0).  

- max. all. ART = This 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 max. all. ART can be max. all. RTNDT or max. all. RT0, depending on the adopted concept 
(RTNDT or Master Curve) 

- margin όƛƴΧŀƎŀƛƴǎǘ Χ ōŜǘǿŜŜƴ Χ ŀƴŘ ΧŘǳŜ ǘƻ ΦΦΦύ Ґ ǘƘŜ ǘŜǊƳ ƳŀǊƎƛƴ ŀƭƻƴŜ ŘƻŜǎ ƴƻǘ ƳŜŀƴ 
anything, the relation leading to a margin must be always specified. Specifically, in the APAL 
project the definition of the margin is given by: margin in maximum allowable reference 
temperature (max. all. ART) against RPV failure (situation leading to crack initiation or non-
arresting crack), this is given by the comparison (difference) of maximum allowable ARTs 
between situation A and situation B due to the change of a given 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 proportion of RPV 
thickness (e.g. 75%) under given combination of loading and aging (aging is non-mandatory 
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 (non-arresting) 
crack growth (or too deep crack, i.e., plastic collapse). 

 

1.3 Alignment/interface 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. 
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Both benchmarks have the following common input data: 

¶ RPV geometry 

¶ Material properties (mechanical and physical) 

¶ Residual stresses 

¶ Stresses from PTS transient 

¶ SIF solution 

¶ Limit conditions (tangent approach, WPS) 

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

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

¶ Fracture toughness: 
o RTNDT concept: Use ASME Curve as Mean ς 2xStandard deviation (i.e. 2.5% lower 

bound) for deterministic benchmark 
o Master Curve (T0) concept: Use 5% lower bound of crack initiation distribution for 

deterministic benchmark 

¶ Crack Arrest: 
o RTNDT concept: Use ASME Curve as Mean ς 2xStandard deviation (i.e. 2.5% lower 

bound) for deterministic benchmark 
o Master Curve (T0) 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 above-mentioned 
use of quantiles for the deterministic benchmark led to the artificial effect, that the probabilistic 
assessment gives more conservative max. all. ART. In such case, the probabilistic margin assessment 
with a pre-defined allowable cpi of 2.22E-04 can be treated as equivalent to a deterministic margin 
assessment taking into account a 2.22E-04 (i.e. 0.22%) lower bound fracture toughness, which is more 
conservative than Mean Value ς 2 x standard deviation for ASME KIC or 5% lower-bound Master-Curve 
KIC. 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 probability. 

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 by assessing 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 was to determine lower bound TH data sets by Wilks analysis and compare it with the base 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 was required 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. 
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2 Definition of probabilistic benchmark 

This Section provides an overview and definition of the benchmark for probabilistic fracture mechanics 
PTS assessment developed in Task 4.2 within WP4. This benchmark has been defined in parallel with 
the deterministic fracture mechanics assessment benchmark within the WP3 [7] for ensuring a solid 
basis for comparison between deterministic and probabilistic analyses. 
The probabilistic benchmark is based on the work performed in DEFI-PROSAFE [20] and further 
extended in APAL, embracing the following aspects:  

¶ different types of flaws (underclad and through-clad cracks, embedded cracks),  

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

¶ fracture toughness concepts (ASME RTNDT, Master Curve T0), 

¶ 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 4. 

2.1 General overview and description of main concepts 

2.1.1 FAVOR terminology adopted in APAL 

The terminology used for probabilistic assessments in the previous projects, e.g. PROSIR [22], differs 
from the FAVOR [23] terminology adopted in APAL. This Section provides definitions for important 
terms and quantities in the APAL project. 

In the FAVOR manual [23] a pressurized-thermal 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 plane-strain cleavage 
fracture initiation 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. 

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

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

C!±hw ƳŀƴǳŀƭΥ ά¢ƘŜ ǘŜǊƳ ŎƻƴŘƛǘƛƻƴŀƭ ǊŜŦŜǊǎ ƘŜǊŜ ǘƻ ǘƘŜ ŀǎǎǳƳǇǘƛƻƴ ǘƘŀǘ ǘƘŜ ǎǇŜŎƛŦƛŎ t¢{ ŜǾŜƴǘ ǳƴŘŜǊ 
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 be calcǳƭŀǘŜŘΦέ 

¶ 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 

¢ƘŜ ǘŜǊƳǎ άŎǊƛǘƛŎŀƭ ǎǘǊŜǎǎ ƛƴǘŜƴǎƛǘȅέΣ άŎǊŀŎƪ ǊŜǎƛǎǘŀƴŎŜέ ŀƴŘ άŦǊŀŎǘǳǊŜ ǘƻǳƎƘƴŜǎǎέ ŀǊŜ ǎȅƴƻƴȅƳǎ. 

2.1.2 RPV failure frequency acceptance criterion for APAL 

One of the fundamental topics for probabilistic assessments is related to the computation of failure 
initiation or failure frequency (per year) for an RPV. Foremost, it is important to recognise what is 
considered as a RPV failure from several possible events. The frequency of initiation (FI) is the event 
frequency causing initiation of one crack. The frequency of failure (FF) is the frequency of a propagation 
of a non-arresting crack (i.e. crack arrest is taken into account and an initiated but arrested crack does 
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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: 

Base line = ρϽρπ  

The primary PTS acceptance criterion according to Regulatory Guide 1.230 [21] stipulates the 
acceptable TWCF ρϽρπ  vessel failures per reactor-operating year. 

For a correlation of FI or FF with conditional probability of initiation (CPI) or conditional probability of 
failure (CPF), the yearly occurrence of the base case transient is needed. In DEFI-PROSAFE [20] the 
yearly occurrence is defined as given in Table 2.1. 

Table 2.1 Occurrence of base case transient (from DEFI-PROSAFE) 

Group of scenarios 
Representative 

scenario 

mean value 

of frequency  

5%  

quantile 

50% 

quantile  

95% 

quantile  

[1/year] [1/year] [1/year] [1/year] 

Medium LOCA ICAS T2 τȢσωϽρπ  υȢςψϽρπ  ςȢτσϽρπ  ρȢτσϽρπ  

The allowable CPI and CPF of ςȢςψϽρπ  has been defined in APAL based on the ρπacceptance limit 
according to the NRC Regulatory Guide 1.230 [21] in combination with the mean value of probability 
of occurrence of the selected transient. 

2.1.3 Margin definition for PFM assessments 

This Section provides a general definition of margins and margin assessments used in PTS analyses. 
Foremost, the fundamental distinction between two types of margins should be addressed: 

¶ 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 expected operation lifetime). 

¶ Implicit margin: Margin that implicitly exists due to used conservative assumptions or 
conditions (e.g. flaw postulate, loads, boundary conditions, SIF solution). Quantification of an 
implicit margin can be performed through a comparison of results obtained by using different 
approaches (e.g. different SIF solutions) or through a comparison of results based on different 
input data (e.g. conservative versus best-estimate 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 quantifications 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 DEFI-PROSAFE [20] 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 margin. The 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 defined and discussed in detail 
in Section 2.3.11. Different PMA assessments are presented in Section 7 summarizing the Task 4.6 in 
APAL [6]. 
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2.2 Computational chain for PTS assessment 

2.2.1 Deterministic assessment 

A general computational chain for the PTS safety assessment of RPVs is shown in Figure 2.1. A detailed 
overview of deterministic PTS safety analyses along with main results and findings is presented in WP3 
Public Summary report [7]. 

 

Figure 2.1: Flow chart of the calculation chain for RPV PTS deterministic safety assessment. 

2.2.2 Probabilistic assessment 

Examples of principal computational chains for the calculation of CPI and CPF are shown in Figure 2.2 
and Figure 2.3. Different steps of probabilistic PTS safety assessment will be described in detail in 
further section of this report.  
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Figure 2.2: Flow chart for CPI and CPF calculation within FAVPFM Module. 
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Figure 2.3: Flow chart of CPI and CPF calculation with MC method, FRA-G in-house tool. 

 

2.3 Basic data for RPV probabilistic fracture mechanics assessment 

The main data required for a probabilistic PTS assessment is summarised in Table 2.2. The Table also 
includes an overview of the parameters for several PMAs indicating whether they are treated as 

 

KIc and KIa = f(ART, T) at deepest and surface point of flaw 

KI < KIc ?  

Determine KI a/c=0,  
KIa= f(ART, Tdeep) 

yes: crack arrest; t++ 
go to 2 

no 

Initiation counter = 0 and Failure counter = 0 

Input data:  

Flaw type and distribution (a, a/c, d), ART,  
KI Matrix (for UCC und TCC(a/c=0)), stress and temperature 

distribution (loading condition), Number of MC simulations (nMC) 

Monte-Carlo Simulation loop 
n = 1 to nMC 

Sampling of fracture toughness KIC and crack arrest KIA 
Sampling of flaw geometry for selected flaws type 

Transient time loop 
t = tBegin to tEnd 

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

WPS ? 

Crack growth loop 

no 

Only for first initiation: Initiation counter ++ 
Flaw becomes infinite (a/c=0) TCC:  

Determine stress intensity factor for infinite TCC KI a/c=0 

KI a/c=0< KIa ?  

2a Ó 75% wall thickness ? 

no 

yes : no initiation, t++ 
go to 2 

Crack growth: 

2a = 2a + D2a 

yes : failure, 

t < tEnd ? 

Failure counter++ 

Next time step 

End of transient time loop (2) 

1 

2 

No: end of transient 
time loop 

End of Monte-Carlo Simulation loop (1) 

Simulation of next flaw: 
go to 1 

n < nMC ? 
no: end of MC loop 

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 

yes 

yes 

yes : no initiation, t++ 

go to 2 

n++ 
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distributed parameters within the APAL benchmark. The following subsections provide a detailed 
description of input data and associated uncertainties required for probabilistic assessments. 

Table 2.2 Overview of input data 1. 

Data 

Type of 
uncertainty 
(epistemic/ 
aleatory) 

Distributed 
in APAL 

benchmark 
(otherwise 
fixed value) 

Required 
for PMA1 

Required 
for 

PMA2/4 

RPV geometry PWR 4-loop type Epistemic    

Properties of base 
metal, weld and 
cladding 

Thermal Aleatory  Ҟ  

Tensile Aleatory  Ҟ  

Toughness: KIC, KIa, JIC Both Ҟ Ҟ  

Chemical composition  Aleatory Ҟ  Ҟ 

Irradiation effects Fluence vs. EFPY Both Ҟ  Ҟ 

Irradiation shift 
formula 

Both Ҟ  Ҟ 

Irradiation decrease 
through the RPV wall 

Both   Ҟ 

Defect  Position in RPV, 
Orientation 

Epistemic  Ҟ  

Type: surface, 
underclad or 
embedded 

Epistemic  Ҟ Ҟ 

Size: depth, length, 
shapes 

Epistemic Ҟ Ҟ Ҟ 

Transient loads Stresses and 
temperature 

Both όҞύ Ҟ Ҟ 

Other loads residual stresses Epistemic  Ҟ  

Fracture mechanic 
model 

K or J evaluation  Epistemic  Ҟ Ҟ 

RPV Fracture 
mechanic 
assessment 

Crack initiation (brittle, 
ductile) 

Crack arrest  

Both Ҟ Ҟ Ҟ 

Limit states for crack 
initiation and arrest 

Condition on KI, KIC, KIA 
for initiation and arrest  

Epistemic Ҟ Ҟ Ҟ 

 
 

2.3.1 RPV design and geometry 

The investigated RPV in APAL is a 4-loop, 1300 MWe PWR of the type built by Siemens/KWU. A detailed 
RPV description is given in [7]. In APAL, the geometrical RPV dimensions are considered as 
deterministic having the following dimensions in the near-core region: 

¶ wall thickness of 243 mm in the base/weld material, 
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¶ cladding thickness of 6 mm, 

¶ outer surface radius of 2684 mm. 

 

2.3.2 Flaw type, location and orientation 

All cracks for the benchmark were located in the core weld at the vertical distance of -2.638 m from 
the centerline of the cold-leg nozzle. Cracks oriented in both the axial and circumferential directions 
of the RPV were considered in the analyses. 

Three crack types are studied within APAL: through-clad cracks (TCC), underclad cracks (UCC), and 
embedded cracks. These cracks are briefly described in the following sections. Details regarding the  
stress intensity factor (SIF) solutions are provided in [7]. 

2.3.2.1 Through -Clad Crack (TCC) 
The TCC is defined according to Figure 2.4 where r is the cladding thickness, a is the crack depth within 
the base metal and 2c is the crack length. Two positions on the crack front to be assessed are defined, 
where A is the deepest point of the crack while C is the point at the cladding/weld interface. 
 

 

Figure 2.4: Definition of the Through-Clad Crack (TCC). 

 
If other dimensions were not specified, the crack depth and length were ὥ ὶ ρφ mm and ςὧ
φπ mm, respectively. 
 
Two alternative TCC-shapes are used within APAL, shown in Figure 2.5. Shape 1, sometimes denoted 
TCC1, is used by most partners. The alternative shape 2, denoted TCC2, is used in the FAVOR code [23]. 
When simply written as TCC within the deliverable, the shape 1 is implied. 
 

 

Figure 2.5: Definition of the Through-Clad Crack (TCC). 

2.3.2.2 Underclad Crack (UCC) 
The UCC is defined according to Figure 2.6 using the same definitions as the TCC in Section 2.3.2.1 with 
the addition of the third position on the crack front to be assessed ς point B in the cladding. The 
position B is included as a non-mandatory position when presenting results but is important when 
correcting for plasticity. Plastic correction should be considered in all analyses for UCC. 
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Figure 2.6: Definition of the Underclad Crack (UCC). 

 
If other dimensions were not specified, the crack depth and length were assumed to be  
ὥ ρπ mm and ςὧ φπ mm, respectively. 

2.3.2.3 Embedded Crack 
The embedded crack is shown in Figure 2.7 where ςὥ is the crack depth, ςὧ is the crack length, ὶ is the 
cladding thickness and Ὠ is the distance to the clad/base interface. Within APAL, embedded cracks are 
analysed only using the FAVOR code [23] which exposes some limitations for the original definition of 
embedded cracks (prescribed in the planning phase of the project). These limitations are described 
below: 

¶ The original distance to clad/base interface was prescribed as Ὠ υ ÍÍ or Ὠ ὶ ρρ ÍÍ. 
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 
a crack with Ὠ ὶ ρςȢτυ ÍÍ. 

¶ Crack depth ςὥ 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 = 20 mm. The FAVOR users selected values close to this. 

¶ Flaw shape is defined in FAVOR as ςὧȾςὥ φ. 
 

 

Figure 2.7: 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 
Section 4. A recommended discrete UCC crack depth distribution is presented in Table 2.3. 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 UCC distribution by adding 6 mm cladding thickness to the crack 
depth values. 
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Table 2.3  Crack depth distribution 

Crack 
Depth 
[mm] 

CDF 
Crack 
Depth 
[mm] 

CDF 
Crack 
Depth 
[mm] 

CDF 
Crack 
Depth 
[mm] 

CDF 

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 5.4 0.99968 

1.3 0.569497 2.7 0.948 4.1 0.995772 5.5 0.999756 

1.4 0.628318 2.8 0.955784 4.2 0.996472 5.6 0.99982 

1.5 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 ratio ςὧȾὥ φ  for distributed cracks was assumed for facilitating 
comparisons with the deterministic analyses within WP3 [7]. Note that the length/depth ratio excludes 
the part of the crack depth that is within the cladding for the TCC (see Figure 2.6). 

2.3.3 Loads 

The base case transient, presented in detail in [8], was considered in the probabilistic baseline 
benchmark. The same transient was also used in the deterministic baseline analyses [7]. 

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 cracks, as described in detail in [7]. 

FAVOR users used the WRS distribution implemented in the FAVOR code [23]. It was 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 concepts were evaluated in the probabilistic benchmark 
assessments and summarised in the following subsections. 

2.3.4.1 RTNDT Concept 
The RTNDT Concept within APAL is based on the ASME Section XI Appendix A definition of the transition 
region for lower bound (LB) crack initiation fracture toughness curve, KIc, and crack arrest curve, KIa, 
according to: 
 

ὑ σφȢυ σȢρὩȢ Ȣ  
 

ὑ ςωȢτ ρȢτὩȢ Ȣ  
 
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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ὑ ὑ πȢχϳ  
 

ὑ πȢρυὑ  
 
The corresponding quantities for crack arrest are defined as: 
 

ὑ ὑ πȢψϳ  
 

ὑ πȢρὑ  
 
It means, that the LB curves according to ASME are supposed to be ὓὠɀςϽὛὈ. 
 
The reference temperature RTNDT is defined as the initial reference temperature, RT0

NDT, combined with 
ǘƘŜ ǊŜŦŜǊŜƴŎŜ ǘŜƳǇŜǊŀǘǳǊŜ ǎƘƛŦǘΣ ɲRTNDT: 
 

ὙὝ ὙὝ ɲὙὝ  
 
T and all forms of RTNDT are in °C. 

All forms of KIc and KIa are in MPaЍÍ 
 

2.3.4.2 T0 Concept 
The T0 Concept within APAL is based on the Master Curve approach which is defined as a Weibull 
distribution. 
 

ὑ ςπ ὰὲ
ρ

ρ ὴ

ϳ

ϽρρχχὩὼὴπȢπρωὝ Ὕ  

 
where p 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 length, B, in the base metal is longer than 
25 mm according to  

ὑ ςπ ὑ ςπϽ
ςυ ÍÍ

ὄ

Ⱦ

 

 
Adjusting of KJc for the crack front length is only included as non-mandatory additional work and is 
disregarded in the mandatory work in the probabilistic baseline benchmark. 
 
For crack arrest the mean value is defined as 
 

ὑ σπχπὩȢ  
 
where  

Ὕ Ὕ ττȢωχὩ Ȣ  
 
while the upper and lower bound curves are defined as 
 

ὑ
ὑ ρ πȢρψὓ [ƻǿŜǊ ōƻǳƴŘ

ὑ ρ πȢρψὓ ¦ǇǇŜǊ ōƻǳƴŘ
 

 
where Mp is the inverse standard normal distributed value for p. 
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The reference temperature, T0, is defined as the initial reference temperature, T0
0, combined with the 

reference temperature shift. No specific shift functions are defined for the T0 Concept and the RTNDT 
Concept shift functions are assumed within APAL to be valid for the T0 Concept as well: 
 

Ὕ Ὕ ɲὙὝ  
 
T, TKIa and all forms of T0 are in °C. 

All forms of KJc and KIa are in MPaЍÍ. 
B is in mm. 
 

2.3.4.3 FAVOR Concept 
The FAVOR Concept within APAL is included for FAVOR users and is based on RTNDT using a Weibull 
distribution. This is described in more detail in the FAVOR theory manual [23]. 
 

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 given in Table 2.4. 
 

Table 2.4  Values for normally distributed initial reference temperature 

Concept Value 
Initial Reference Temperature [°C] 

MV SD 

RTNDT RT0
NDT -30 9 

T0 T0
0 -80 9 

Truncation: None 
 

2.3.6 Reference Temperature Shift 

Reference temperature shift functions used in APAL are summarised below. The base shift functions 
are defined for base metal as: 
 

ЎὙὝ  ρχȢσ ρυσχϽ0 πȢππψςσψϽ#ÕπȢπψ ρωρϽ.É#ÕϽ
Ὂ

ρπ

Ȣ

Ὢ  

and for welds as: 

ЎὙὝ  ρψψςσϽ0 πȢππψρτψϽ#Õ πȢπψ ρυχϽ.É#ÕϽ
Ὂ

ρπ

Ȣ

Ὢ  

 

where P, Cu, and Ni represent the percentage of the chemical elements phosphorous, copper and 
nickel as defined in Section 2.3.7, while the neutron fluence F, is given in Section 2.3.8. Note that in 
some cases the fluence can be denoted as • using the conversion •  ὊȾρπόύ. The shift functions 
are supplemented by an error function, ferr, which is normally distributed with a mean value (MV) and 
standard deviation (SD) according to Table 2.5. 

Table 2.5 Values for normally distributed error function 

Material 
Error function, ferr [°C] 

MV SD 

Base Metal 0 10 

Welds 0 6 

Truncation: ±3SD 
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As the error function ferr is independent of the rest of the function, it may cause a negative shift for 
ɲw¢NDT when 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 effect. It may 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 non-mandatory sensitivity analyses are 
presented in the following equations. Alternative shift formula for RTNDT and corresponding 
uncertainties according to RSE-M code, the FIM formula: 

ɝ24 ρυȢψϽρ συȢχϽ0 πȢππψφȢφϽ#Õ πȢπψ υȢψϽ.É#ÕϽ
Ὂ

ρπ

Ȣ

  

 
Alternative shift formula for RTNDT and corresponding uncertainties according to 10CFR50.61a: 
 

ɝ24 ρȢτρχϽρπ Ͻρ πȢππρχρψϽ4 Ͻρ φȢρσϽ0Ͻ-ÎȢ ϽהÔȢ  
ρυυȢπϽρ σȢχχϽ.ÉȢ ϽÆ#Õȟ0ϽÇ#Õȟ.ÉȟהÔ  

 
ЎὙὝ  in °F. 
Ὕ in °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/cm²/sec. 
t is the time that the reactor has been in full power operation in sec. 
Mn represents the percentage of chemical element manganese. 
 

&#Õȟ0  #Õ πȢπχςρȢσυωϽ0 πȢππψȢ   
 
Ç#Õȟ.ÉȟהÔ  πȢυ πȢυϽÔÁÎÈÌÏÇהÔ ρȢρσωπϽ#Õ πȢττψϽ.É ρψȢρςπȾπȢφςω 

 

2.3.7 Chemical Composition 

The mean values and standard deviations for chemical elements in the RPV ferritic steel are specified 
in Table 2.6. All chemical elements are assumed to be normally distributed with a truncation of ±3SD 
to avoid non-physical negative values. Note that the standard deviation values in the Table are given 
as 2SD.  
 

Table 2.6 Values for normally distributed chemical composition [1] 

Material 
% Copper (Cu) % Phosphorus (P) % Nickel (Ni) 

% Manganese 
(Mn)* 

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 0.12 0.02 0.018 0.002 0.17 0.1 1.63 0.8 
*) 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 mechanism as it contributes to a shift in reference temperature and reduces the fracture 
toughness with operation time. 

Neutron fluence values, F, at the inner surface of the RPV are assumed as being normally distributed 
with a one-sided truncation as F җ 0 to avoid non-physical values and presented in Table 2.7. 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 of 1ϊ10²³ for fluence after 1 year of operation. It was also decided that linear 
extrapolation should be used beyond 80 years of operation, see Figure 2.8. 

Table 2.7 Values for normally distributed neutron fluence. 

Years of Operation 
Maximum Neutron Fluence at inner surface [neutron/m²] 

MV SD 

1 1ϊ10²³ 10% of MV 

10 3ϊ10²³ 10% of MV 

20 5ϊ10²³ 10% of MV 

40 7.5ϊ10²³ 10% of MV 

60 10ϊ10²³ 10% of MV 

80 12.5ϊ10²³ 10% of MV 

Truncation: җ 0 

 

 

Figure 2.8: Mean neutron fluence as a function of years of operation. 

 
Fluence attenuation through the RPV wall thickness was also considered using the following equation: 

Ὂ ὊϽὩ Ȣ  

where x [cm] represents the distance from the cladding/weld interface and F0 is the fluence at the 
cladding/weld interface. 

It was decided within the project not to consider any attenuation through the cladding, which results 
in F0 being equivalent with values at the inner surface presented in Table 2.7. 

2.3.9 Limit Conditions 

Two limit conditions, namely the Tangent approach and the maximum Warm Pre-Stressing (WPS) 
approach were defined as mandatory: 

1. The Tangent approach. 
Initiation is assumed to occur when KI exceeds the fracture toughness, KIc. 

2. The maximum WPS (Baseline WPS) approach. 
The WPS effect is assumed to prevent initiation, provided that KI remains 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 manual [23] were used in non-mandatory 
sensitivity studies. These non-mandatory 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 curve KIc shifted horizontally up to the point where it intersects at a certain point relative to 
the maximum value of KI during the PTS event if warm pre-stressing (WPS) approach is applied. 

According to the FAVOR manual [23]: 

άa flaw is assumed to be in a state of WPS when the following condition is met: 

¶ a falling applied-KI field ς the time-rate-of-change of the applied-KI is non-positive (<= 0). 

If a flaw is in a state of WPS, it is not eligible for initiation (or re-initiation 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 WPS and, thereby, to be eligible for 
initiation. These three conditions are: 

Condition (1): the applied-KI is greater than KIc(min), where KIc(min) is defined by the fracture 
toughness model for the temperature at the flaw tip; 

Condition (2): a rising applied-KI field ς the time-rate-of-change of the applied-KI is positive 
(dKI/dt > 0); 

Condition (3): in a rising applied-KI field, the driving force at the flaw tip must exceed some 
portion of the previously-established maximum applied-KI (designated as KI(max)) 
experienced by the flaw during the transient up to the current point in time under 

consideration ς applied- KI(t ) ² a KI(max) (t ) άΦ 

Three WPS approaches implemented in FAVOR refer to the different values of the parameter ‌ in the 
WPS condition 3 above and presented in Table 2.8. More details regarding all three WPS approaches 
can be found in the FAVOR manual [23] and in [9]. 

Table 2.8 WPS approaches used in APAL 

WPS Approach Conditions required for initiation (CPI>0) 
Mandatory/ 

non-mandatory 

Baseline WPS (Max WPS) Conditions 1, 2 and 3 ‌ ρ Mandatory 

Conservative Principle WPS Conditions 1 and 2 ‌ π Non-mandatory 

Best Estimate WPS Conditions 1, 2 and 3 (‌ is sampled from 
distribution) 

Non-mandatory 

 

2.3.10 Crack Initiation and Crack Arrest 

Different probability quantities are calculated in APAL. The main analyses consider the probability of 
initiation of unstable crack growth, while additional non-mandatory analyses also consider the 
probability of a crack arrest to occur during the transient. 

Different probability definitions that have been evaluated in the project are summarised below: 

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

 

¶ Instantaneous Conditional Probability of Initiation (cpi(t)): 
The probability that initiation of unstable crack growth occurs as a function of time through 
the transient. 
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¶ 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. 

 

¶ Conditional Probability for Non-Arrest (CPNA): 
The probability that no crack arrest occurs after first initiation. 
CPNA can be determined as: 
 

ὅὖὔὃ
ὛὭάόὰὥὸὭέὲί ύὭὸὬ ὭὲὭὸὭὥὸὭέὲ ὥὲὨ ύὭὸὬέόὸ ὥὲώ ὥὶὶὩίὸ ὥὪὸὩὶ ὪὭὶίὸ ὭὲὭὸὭὥὸὭέὲ

Ὕέὸὥὰ ὲόάὦὩὶ έὪ ίὭάόὰὥὸὭέὲί
 

 

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

ὅὖὛὃ
ὛὭάόὰὥὸὭέὲί ύὭὸὬ ὭὲὭὸὭὥὸὭέὲ ὥὲὨ ίόὦίὩήόὩὲὸ ίὸὥὦὰὩ ὥὶὶὩίὸ ὦὩὪέὶὩ χυϷ ύȢὸȢ

Ὕέὸὥὰ ὲόάὦὩὶ έὪ ίὭάόὰὥὸὭέὲί
 

 

The procedure of calculating a crack arrest can be summarised in 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 re-initiation is checked for the remaining transient time. 

 
4. If crack-reinitiates, 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 and concluded between the APAL partners that the cladding thickness should not be 
included and considered in the 75% limit defined in point 5. 

Another important aspect that was also considered during the work is re-sampling of the fracture 
toughness during the transient. Re-sampling should not be performed as it is important to keep the 
same probability level throughout each transient analysis. If re-sampling is done for each crack depth 
or time step, a crack arrest can be overestimated 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 (MV = 0, SD = 1) that is scaled 

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

As a non-mandatory sensitivity analysis, re-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 definition adopted in APAL involves calculations of the conditional probability of 
initiation for each time step through the transient regardless of history. Using this definition, the 
maximum value of cpi(t) represents the final CPI. IRSN suggested alternative definitions where one of 
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the mainly discussed definitions is to consider the transient history. Initiation is assumed to occur only 
once during each transient run and once the initiation criterion has been met, initiation cannot occur 
again. Using this definition, the sum of all cpi(t)-values provides the final CPI. Both approaches present 
different ways for evaluating the probability of initiation during the transient. 
 

2.3.11 Margin Assessment 

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

The approaches can be summarised as: 

¶ PMA1 (Margin definition in terms of maximum allowable ART, also used within DEFI-
PROSAFE [20]): 
Determine a maximum allowable ART for a given defined allowable CPI = 2.28ϊ10-4 
considering the fracture toughness as a statistically distributed parameter and ART as a 
deterministic parameter. 
 

¶ PMA2 (Margin definition in terms of lifetime): 
Determine a maximum allowable RPV lifetime for a given defined allowable CPI = 2.28ϊ10-4 

considering both the fracture toughness and ART as a statistically distributed 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 
statistically distributed within the PFM. 
 

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

The limit of CPI = 2.28ϊ10-4, as discussed in Section 2.1.2, was defined from the acceptance limit of ρπ  
according to the NRC Regulatory Guide 1.230 [21] in combination with the mean value of frequency of 
occurrence of the selected transient. 

PMA 1 has the disadvantage of losing some uncertainty treatment in relation to RPV specific material 
behaviour (embrittlement), whereas PMA 2 and PMA 4 are 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. 
PMA 1 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 improvements. 

2.3.12 FAVOR/CAPAL limitations and used assumptions 

JSI, PSI and Tecnatom are using the FAVOR code [23] to perform many of the analyses within APAL. A 
project specific version of the code, entitled CAPAL [24][27], was provided by OCI (international 
partner of APAL) which includes features needed in APAL that are not included in FAVOR. These 
features include the Master Curve (T0) concept, fluence attenuation formula and base shift formulas 
for RTNDT. 

However, the FAVOR/CAPAL code has some limitations for performing the analyses which are 
presented further in this report. These limitations are given below: 

¶ Fracture toughness: FAVOR uses a Weibull distribution for RTNDT concept, not a normal 
distribution. 

¶ TCC cracks: 
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o TCC axial cracks cannot be evaluated with FAVOR because the program only considers 
surface defects with circumferential orientation due to the cladding application. 

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

o Crack Depth: it is defined as % of thickness in integers. The APAL normalised crack 
depth as implemented in FAVOR is (a + r)/ t = 16/249 = 0.064, i.e. 6th or 7th percentiles. 
Where t is the total wall thickness including cladding. 

o Crack Length: the available crack length-to-depth ratios are only 2, 6, 10 and infinite. 
o Flaw Shape: FAVOR uses the flaw shape TCC2, see Section 2.3.2.1, with the centre of 

the ellipse placed on the inner surface of the RPV as opposed to TCC1 where the centre 
of the ellipse is on the clad/base interface. The TCC2 crack includes the cladding 
thickness, r, and cannot be fixed as:2c/(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 value of RTNDT. 

¶ Embedded cracks: 
o Depth: it is defined as a % of wall 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/RR3-PMA1/PMA2 

¶ TCC2 cracks: 
o Depth: it is defined as a % of thickness. Values used: 7% of thickness is used 

(a + r = 17.43 mm). 
o Flaw shape: 2c/(a + r) = 60/16 = 3.75. It cannot be fixed to 3.75. Value used: 

2c/(a + r) = 6 (more conservative). 

¶ Embedded cracks: 
o Depth: it is defined as a % of thickness. Value used: 8% of thickness (ςὥ ρωȢως ÍÍ). 
o Flaw shape: in FAVOR defined as ςὧȾςὥ ρςπȾςπ φ. This is the value used. 
o Distance of point 1 to the surface: d = 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 with d = 12.45 mm. 

o For PMA2: In this case, as a distribution of RTNDT is needed, in FAVOR it is necessary to 
consider different cracks and the embedded cracks are distributed through the 
thickness. 

RR4/RR5-PMA1/PMA2: 

¶ TCC2 cracks: 
o Depth: it is 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%t Ą 0.294 in Ą 7.47 mm Ą 653 cracks (65.3%) 
4%t Ą 0.392 in Ą 9.96 mm Ą 341 cracks (34.1 %) 
5%t Ą 0.490 in Ą 12.45 mm Ą 6 cracks (0.6%) 
These are also presented in Table 2.9 and Figure 2.13. 
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Table 2.9 Discrete crack size distribution in CAPAL/FAVOR used by Tecnatom and PSI for TCC2 

a + r (a + r)/t 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 

 

 

Figure 2.9: CAPAL/FAVOR crack depth distribution used by Tecnatom and PSI for TCC2. 

 
 

o Flaw shape: In FAVOR the cladding is included, so the flaw shape is ςὧȾὥ ὶ. For 
the distribution given flaw shapes between 0.46 and 3 are obtained. Value used: fixed 
flaw shape ςὧȾὥ ὶ ς. 
 

o For 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 value of RTNDT. 

 
 

o Embedded cracks: 
o PSI used the following distribution for embedded cracks is presented in Table 2.1 and 

Figure 2.10. 
 

Table 2.10 Discrete crack size distribution in CAPAL/FAVOR used by PSI for embedded cracks 

2a + r +ligament (2a + r + ligament)/t 2c = 6(2a) 

[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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Figure 2.10: CAPAL/FAVOR crack depth distribution used by PSI for embedded cracks. 

 

o Tecnatom treated this in a different manner where depth (2a) is defined as a % of 
thickness according to UCC distribution (Embedded depth (2a) is the double of UCC 
depth (a)). 

o Flaw shape: in FAVOR defined as 2c/2a = 120/20 = 6. 
o Distance of point A to the surface: d Ґ мм ƳƳΦ Lǘ ŎŀƴΩǘ ōŜ ŦƛȄŜŘ ƛƴ C!±hw ōŜŎŀǳǎŜ ǘƘŜ 

program distributes the embedded cracks in different locations in the thickness. 
o The distribution used by Tecnatom is shown in Table 2.11 and Figure 2.11. 

 

Table 2.11 Discrete crack size distribution in CAPAL/FAVOR used by Tecnatom for embedded cracks 

2a 2a/ t 2c = 6(2a) 

[in] [mm] [-] [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 

 

 

Figure 2.11: CAPAL/FAVOR crack depth distribution used by Tecnatom for embedded cracks. 
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2.3.12.2 Assumptions made by JSI 

JSI initially performed RR2 tasks with a circumferential TCC1 at deepest point (single APAL crack size) 
using the CEA SIF solutions and an in-house code with the ASME-RTNDT, MC-T0 and FAVOR-RTNDT 
concepts as well as tangent and Max 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 & RR3 circumferential TCC2 size in CAPAL (single) 
The chosen dimensions of the crack are: 
 
ü 2c/(a + r) = 6 and a/ t = 0.06 

These were chosen based on Figure 2.12 , where it can be seen that the CAPAL SIFs for the crack 
(ath6_2ca6) are the closest to CEA SIFs with the APAL crack size (CEA TCC). 
 

 

Figure 2.12: 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 distribution (Figure 4.11, Section 4.2.3.3), one can obtain 
the median depth (a + r) of 7.2 mm, which corresponds to a length (2c) of 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: 
 
ü 2c/(a + r) = 2 

Full lines in Figure 2.13 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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Figure 2.13: Comparison of APAL vs CAPAL crack sizes from available distributions. 

 

 

Figure 2.14: 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 of normalised wall-thickness. The APAL crack size distribution is therefore transformed to 
the CAPAL/FAVOR discrete distribution shown in Figure 2.14, the crack size of which are also given in 
Table 2.12 for completeness. The dots over the FAVOR line in Figure 2.13 represent the discrete crack 
sizes used in CAPAL/FAVOR that, with the distribution in Figure 2.14, were used to perform tasks in 
RR4 and RR5. 

Table 2.12 Discrete crack size distribution in CAPAL/FAVOR used by JSI for TCC2 

a + r (a + r)/t 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 
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3 Stress and temperature distributions for benchmark performance 

This Section summarises the 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 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 structural analyses of the RPV have been carried out and discussed in 
detail within WP3 [7]. Foremost, a round-robin benchmark was performed in order to compare and 
verify finite element (FE) solutions based on 1D, 2D and 3D formulations. The round-robin benchmark 
also included the analyses of seven different locations in the RPV with specific underlying thermal-
hydraulic (TH) data in order to identify a location with most conservative results for PTS assessments. 

Further, the structural analyses based on the TH data representing different LTO improvements and 
human factors have been conducted for analysing the 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 computer-code 
uncertainties, plant uncertainties related to initial conditions, boundary conditions and parameters of 
the NPP systems, and uncertainties connected with human interactions. 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. More detailed description regarding the 
construction of statistical TH data sets can be found in WP2 Public Summary report [8] and it is also 
described in Section 3.4 below. 
 

3.1 Input data 

3.1.1 RPV geometry 

The investigated reactor is a four-loop, 1300 MWe PWR of the type built by Siemens/KWU, such as the 
PWR at Grafenrheinfeld. In the near-core region, the proposed four-loop RPV has: 

¶ an internal diameter of 4870 mm in the downcomer, 

¶ a wall thickness of 243 mm in the base/weld material and  

¶ a 6 mm cladding thickness. 

Details of the relevant RPV geometry (core region and nozzles) are shown in Figure 3.1. 
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Figure 3.1: Geometry of the RPV and nozzles. 

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 linear-elastic material model was 
applied. In this case for the mechanical properties the knƻǿƭŜŘƎŜ ƻŦ ǘƘŜ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ŀƴŘ ǘƘŜ 
tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ƛǎ ǎǳŦŦƛŎƛŜƴǘΦ ¢ƘŜ ŘŜƴǎƛǘȅ ƻŦ ǘƘŜ ōŀǎŜκǿŜƭŘ ƳŜǘŀƭ ŀƴŘ ǘƘŜ ŎƭŀŘŘƛƴƎ ǿŀǎ ǎŜǘ ŀǎ 
7800 kg/m3. 

Furthermore, the relevant temperature dependent material properties of the RPV are presented in 
Table 3.1 and Table 3.2. 

Table 3.1 Material properties of the base metal (22NiMoCr37) and the weld metal 

Ὕ [°C] 20 (Ὕ ) 100 200 300 350 

Ὁ [MPa] 206000 199000 190000 181000 172000 

’ [-] 0.3 0.3 0.3 0.3 0.3 

‗ ώ²κόƳϊYύϐ 44.4 44.4 43.2 41.8 39.4 

ὅ ώWκόƎϊYύϐ 0.45 0.49 0.52 0.56 0.61 

‌ [10-6/K] 10.3 11.1 12.1 12.9 13.5 

 

Table 3.2 Material properties of the austenitic cladding 

Ὕ [°C] 20 (Ὕ ) 100 200 300 400 

Ὁ [MPa] 200000 194000 186000 179000 172000 

’ [-] 0.3 0.3 0.3 0.3 0.3 

‗ ώ²κόƳϊYύϐ 16 16 17 17 18 

ὅ ώWκόƎϊYύϐ 0.5 0.5 0.54 0.54 0.59 

‌ [10-6/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 coefficient ‌), however 
for the consideration of stress-free 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: 

¶ Thermal conditions at the internal surface of the RPV:  
o Fluid temperature 
o Heat transfer coefficient 
o or RPV inner-surface temperature with ὌὝὅρπ 7ȾÍ+ 

¶ Thermal conditions at the external surface of the RPV: 
o Adiabatic or 
o ὌὝὅρ 7ȾÍ+ and Ὕ τπ ᴈ 

¶ Mechanical conditions: 
o Inner pressure at the cladding wet surface 
o Outer pressure: ὴ π -0Á 
o Free end or end cap pressure for axial stress applied to end cross-section of RPV model 
o Necessary and sufficient boundary conditions to prevent a free-body motion. 

Stress-free state in RPV was assumed at the initial transient temperature (ςωρȢπτςЈὅ). 

 

3.2 Structural analyses of base cases and sensitivity study 

3.2.1 TH input data from RELAP 

The input data for the benchmark task were received from WP2 [8] where 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 related to the TH data simplification and has no relationship to the 1D/2D/3D 
symbols related to the FEM model for structural analyses. Table 3.3 contains the RELAP5 data cases 
with their explanations. 

Table 3.3 RELAP5 TH data variations 

Number 
of Case 

Description of the Case Evaluation of RELAP5 data 

Elevation (height) Azimuth (circumference) 

Case 1 0D ς average  average average 

Case 2 1D ς core weld 2638 mm (V05) average 

Case 3 2D ς core weld/cold plume 2638 mm (V05) 202.5° (A-095 below HP 
injection) 

Case 4 2D ς core weld/ambient 2638 mm (V05) 337.5° (A-098 ambient) 

Case 5 1D ς flange weld 1130 mm* (V03) Average 

Case 6 2D ς flange weld/cold plume 1130 mm* (V03) 202.5° (A-095 below HP 
injection) 

Case 7 2D ς flange weld/ambient 1130 mm* (V03) 337.5° (A-098 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 from Figure 3.3Σ w9[!tр άŘƛǾƛŘŜǎέ ǘƘŜ 
geometry height into 11 parts (named from V01 to V11 as is stated in Table 3.5, 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 091-098), where the azimuthal angle (as it is shown in Figure 3.2 and Table 3.4) 
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: 

¶ 0D simulation: In the whole geometry the TH inputs were averaged and are time dependent. 

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

¶ 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) 

Table 3.4 Azimuthal positions of inlet/outlet 
nozzles 

Table 3.5 Elevation of DC volumes 

Nozzle No of DC channel 
in R5 model 

Azimuthal 
angle 

CL1 A-091 22.5° 

HL1 A-092 67.5° 

HL2 A-093 112.5° 

CL2 A-094 157.5° 

CL3 A-095 202.5° 

HL3 A-096 247.5° 

HL4 A-097 292.5° 

CL4 A-098 337.5° 
 

Volume Elevation [m] 

V01 +0.5725 

V02 0.0 

V03 -1.13 

V04 -2.083 

V05 -2.638 

V06 -3.3215 

V07 -3.9745 

V08 -4.6275 

V09 -5.2809 

V10 -5.9335 

V11 -6.5155 
 

 

Figure 3.2: Azimuthal position of hot and cold legs. 
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Figure 3.3: 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 thickness for the later parts of WP3 is where the 
crack tip is located, this was chosen to be 16 mm, therefore Figure 3.4 shows the temperature 
distribution as a function of time, while Figure 3.5 illustrates the stress profiles at this value for the 7 
cases. 

 

Figure 3.4: Comparison of temperature profiles for the 7 cases 
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Figure 3.5: 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 Figure 3.6, where the comparison was based on Case 3 and therefore its values are zero. 

 

 

 

 

Figure 3.6: 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, where the 
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 circumferential 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. 

/ƻƳǇŀǊƛǎƻƴ ƻŦ ǇŀǊǘƴŜǊǎΩ ǊŜǎǳƭǘǎ ŦƻǊ ǘŜƳǇŜǊŀǘǳǊŜǎΣ ƘƻƻǇ ŀƴŘ ŀȄƛŀƭ ǎǘǊŜǎǎŜǎ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ǘƛƳŜ ŦƻǊ ǘƘŜ 
crack tip position is shown in Figure 3.7 to Figure 3.9. 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 

16 mm 
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¢ ώϲ/ϐ 

t=6 s

¢ ώϲ/ϐ 
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¢ ώϲ/ϐ 
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t=3600 s

¢ ώϲ/ϐ 

t=4800 s

¢ ώϲ/ϐ 

t= 6000 s

T

t=6 s
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t=30 s

T

t=300 s

T

t=600 s

T

t=1200 s

T

t=2400 s

T

t=3600 s

T

t=4800 s

T

t= 6000 s

Case1 291.0246 290.9865 291.0717 283.0639 227.4962 163.4227 124.0889 94.29672 75.30929 0.00% 0.00% 1.24% 1.66% 6.34% 7.67% 11.90% 13.69% 8.09%

Case2 291.0243 290.9927 291.4319 283.1341 221.5777 159.2739 118.3109 89.47096 70.61129 0.00% 0.00% 1.36% 1.68% 3.58% 4.94% 6.69% 7.87% 1.35%

Case3 291.0361 290.9845 287.5198 278.4552 213.9295 151.7742 110.8964 82.9418 69.67016 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Case4 291.0249 291.0525 293.2582 284.9182 224.9799 162.678 121.2822 92.4583 71.75906 0.00% 0.02% 2.00% 2.32% 5.17% 7.18% 9.37% 11.47% 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% 1.23% 2.60% 4.21% 5.40% 7.49% 8.10% 1.31%

Case6 291.0315 290.9794 286.3009 278.1714 211.3127 150.1316 109.9942 83.03464 69.19745 0.00% 0.00% -0.42% -0.10% -1.22% -1.08% -0.81% 0.11% -0.68%

Case7 291.0197 291.0484 293.6068 288.4346 227.5466 164.217 122.7935 92.78156 71.89132 -0.01% 0.02% 2.12% 3.58% 6.37% 8.20% 10.73% 11.86% 3.19%
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t=4800 s

Hoop 

stress 

[MPa] 

t=6000 s

Hoop 

stress

t=6 s

Hoop 

stress 

t=30 s

Hoop 
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t=1200 s

Hoop 

stress 

t=2400 s

Hoop 

stress 

t=3600 s

Hoop 

stress 

t=4800 s

Hoop 

stress 

t=6000 s

Case1 157.0024 146.0549 82.13977 96.8638 220.588 257.451 220.8348 178.9129 132.431 -0.18% -1.21% -11.68% -10.84% -12.19% -2.46% -2.07% 2.64% 9.93%

Case2 157.3789 147.9731 81.27159 97.14193 235.7219 255.5607 223.1331 176.0638 130.7793 0.06% 0.09% -12.61% -10.59% -6.16% -3.18% -1.05% 1.00% 8.56%

Case3 157.292 147.8386 92.99978 108.6439 251.2081 263.9491 225.5073 174.3122 120.4667 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Case4 157.3784 147.7765 75.81684 92.94787 228.4437 251.2199 222.4994 175.7758 133.8294 0.05% -0.04% -18.48% -14.45% -9.06% -4.82% -1.33% 0.84% 11.09%

Case5 157.3789 147.9727 82.41297 89.05106 233.3767 255.862 222.9251 177.9154 132.1585 0.06% 0.09% -11.38% -18.03% -7.10% -3.06% -1.15% 2.07% 9.71%

Case6 157.3795 148.0361 96.7818 108.9777 256.8088 264.8204 224.1822 170.977 119.6174 0.06% 0.13% 4.07% 0.31% 2.23% 0.33% -0.59% -1.91% -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% -19.58% -24.44% -10.89% -4.90% -1.31% 2.74% 12.88%
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t=30 s

Axial 

stress 

[MPa] 

t=300 s

Axial 

stress 

[MPa] 

t=600 s

Axial 

stress 

[MPa] 

t=1200 s

Axial 

stress 

[MPa] 

t=2400 s

Axial 

stress 

[MPa] 

t=3600 s

Axial 

stress 

[MPa] 

t=4800 s

Axial 

stress 

[MPa] 

t=6000 s

Axial 

stress 

t=6 s

Axial 

stress 

t=30 s

Axial 

stress 

t=300 s

Axial 

stress  

t=600 s

Axial 

stress 

t=1200 s
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stress 
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stress 
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Case1 71.37985 66.47135 37.57105 57.43013 191.7026 240.7786 212.8636 175.4427 128.0677 -0.22% -1.27% -22.34% -17.12% -13.90% -2.69% -2.23% 2.63% 10.36%

Case2 71.56521 67.3502 36.57778 57.74446 207.0251 238.9794 215.2879 172.7048 126.4278 0.04% 0.03% -24.39% -16.67% -7.02% -3.42% -1.11% 1.03% 8.95%

Case3 71.53604 67.3276 48.37658 69.29703 222.6589 247.4465 217.7105 170.9406 116.0406 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 129.4882 0.04% -0.25% -35.72% -22.74% -10.31% -5.19% -1.41% 0.86% 11.59%

Case5 71.56524 67.34988 37.72331 49.60236 204.6727 239.289 215.0924 174.5636 127.8128 0.04% 0.03% -22.02% -28.42% -8.08% -3.30% -1.20% 2.12% 10.14%

Case6 71.56578 67.41356 52.1566 69.58723 228.2818 248.3164 216.3701 167.5776 115.1932 0.04% 0.13% 7.81% 0.42% 2.53% 0.35% -0.62% -1.97% -0.73%

Case7 71.56457 67.14756 30.06696 42.62489 195.0737 234.3907 214.6956 175.7414 131.6603 0.04% -0.27% -37.85% -38.49% -12.39% -5.28% -1.38% 2.81% 13.46%
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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 effect on the flange weld stress, this will be introduced in 
more detail further. 

 

Figure 3.7Υ /ƻƳǇŀǊƛǎƻƴ ƻŦ ǇŀǊǘƴŜǊǎΩ ǊŜǎǳƭǘǎ ƻŦ ǘŜƳǇŜǊŀǘǳǊŜ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ǘƛƳŜ ό/ŀǎŜ оύ 

 

Figure 3.8Υ /ƻƳǇŀǊƛǎƻƴ ƻŦ ǇŀǊǘƴŜǊǎΩ results of hoop stress as a function of time (Case 3) 

 

Figure 3.9Υ /ƻƳǇŀǊƛǎƻƴ ƻŦ ǇŀǊǘƴŜǊǎΩ ǊŜǎǳƭǘǎ ƻŦ ŀȄƛŀƭ ǎǘǊŜǎǎ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ǘƛƳŜ ό/ŀǎŜ оύ 

 

3.2.3 3D Simulations 

Beside the 1D simulations of RPV, 3D calculations were also performed by several partners. In the 
following text the 3D FE models, the boundary conditions and some of the results are briefly 
introduced. The following results were 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 shown in Figure 3.10. 
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Figure 3.10: 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, KWU-MIX and TRACE. The comparisons of temperature and hoop 
stress distribution as function of time at the crack tip is shown in Figure 3.11. 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 wall thickness 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 curve. Also, in case of 
the KWU-MIX 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°. 

 

Figure 3.11: 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 weld is located 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 partners 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 different quantities. The impact 
of flange weld location is exemplary shown in Figure 3.12 and Figure 3.13 (results considering RELAP 
input at relevant locations). The results for the flange weld location from 3D FE with input from RELAP 
in combination with mixing code are given in Annex Section 8.1 in [7]. 
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Figure 3.12: Temperature variation at crack tip of the RPV wall for the core weld and the flange weld below 
the cold leg 

 

 

Figure 3.13: 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 section 3.1.1. Several partners have 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 094-05 and 095-05) where the ECC water is injected and the plume is formed, 
are lower than the temperatures below other nozzles during most of 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 Annex Sections 8.1.1 and 8.1.13 in [7]. 

Figure 3.14 shows the comparison between 3D (ABAQUS) and 1D (FAVOR) results at the core and 
flange weld elevations, and both at the outside plume location below CL4 centerline and with the 
addition of the ABAQUS results for the alternative outside plume location below HL2. The results at 
the core weld elevation are presented in Figure 3.14 (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 FAVOR. Figure 3.14 (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 section 3.2.4, 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 axial stresses are 
practically the same as can be seen in the figure inset. 

 

 

Figure 3.14: RPV inner-surface temperatures (top), hoop (bottom) and axial (bottom-inset) stresses at the 
core weld (right) and flange weld (left) elevations, both at the outside plume location below CL4 (FAVOR and 

ABAQUS) and 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 in Annex Sections 8.1.1 and 8.1.4 in [7]. 

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 selected and analysed. Details 
about all results from all partners are given in [13]. 

Exemplary the results on mesh refinement in case of the 3D simulation is presented, where the FE 
models listed in Table 3.6 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 were also generated 
where the number of elements were increased as shown in the table. 
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Table 3.6: Properties of the investigated mesh types 

Name Model version Order of refinement Number of 
elements in the 

cladding 

Number of 
elements in the 

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 illustrated in Figure 3.15 and 
Figure 3.16. 

 

Figure 3.15: Influence of the mesh size on the hoop stress 

 

Figure 3.16: 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 data ς results of TH calculations - had a duration of 10 000 s, where the time step was 1 s. 
This is not a major problem for 1D simulations, but 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 considered: 1 s, 2 s, 5 s and 10 s. With these 
values the number of time steps can be reduced from 10000 to 5000, 2000 and 1000. Figure 3.17 and 
Figure 3.18 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 relative difference of about 5%. The results 



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

45 
 

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. 

 

Figure 3.17: Absolute and relative difference of the hoop stress as a function of time step 
at the inner surface of the RPV 

 

Figure 3.18: 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 LTO improvements 

In WP2 nine types of long-term operation improvements and human actions were simulated which are 
listed in Table 3.7. The thermohydraulic simulations for Task 2.1 were performed with different system 
codes and mixing codes, namely ATHLET, RELAP5, TRACE, KWU-MIX, ECC-MIX and Ansys fluent. 
 

Table 3.7: Investigated LTO improvements and human factors 

Index Code Naming in Table    

1 LTO1 Heating of water 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 flow (operator action) at 1800s 

7 LTO7 Decreasing of ACC pressure (20 bar) 

8 LTO8 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 FE analyses 

For every LTO improvement included in Table 3.7 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 LTO1 ɀ Heating of water in the HPIS tanks (T = 45°C) 

In case of the TH data 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 temperature in the 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 shown in Figure 3.19 (TH input from RELAP) and in Figure 3.20 (TH input from 
TRACE). 

 

Figure 3.19: LTO1 results of JAEA interpolated to the 16 mm of RPV wall thickness, with RELAP (WUT) TH 
input data 

 

Figure 3.20: LTO1 results of TEC interpolated to the 16 mm of RPV wall thickness, with TRACE (PSI) TH input 
data 

3.3.1.2 LTO2 ɀ 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 DC after the 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 in Figure 3.21 (TH input from RELAP), in Figure 3.22 (TH input from 
TRACE) and in Figure 3.23 (TH input from ECC-MIX, plot only up to 6000 sec.). 

 

 

Figure 3.21: LTO2 results of JSI interpolated to the 16 mm of RPV wall thickness, with RELAP (WUT) TH input 
data 

 

Figure 3.22: LTO2 results of PSI interpolated to the 16 mm of RPV wall thickness, with TRACE (PSI) TH input 
data 

 

Figure 3.23: LTO2 results of GRS interpolated to the 16 mm of RPV wall thickness, with ECC-MIX (GRS) TH 
input data 

3.3.1.3 LTO3 ɀ 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 DC till the 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 shown in Figure 3.24 (TH input from RELAP) and in Figure 3.25 (TH input from 
KWU-MIX). 

 

Figure 3.24: LTO3 results of BZN at the 16 mm of RPV wall thickness, with RELAP (WUT) TH input data 

 

Figure 3.25: LTO3 results of IPP at 16 mm of RPV wall thickness, with KWU-MIX (FRA-G) TH input data 

3.3.1.4 LTO4 ɀ 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 shown in Figure 3.26 (TH input from RELAP) and in Figure 3.27 (TH input from 
ECC-MIX). 

 

 

Figure 3.26: LTO4 results of KIWA at 16 mm of RPV wall thickness, with RELAP (SSTC) TH input data 
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Figure 3.27: LTO4 results of TEC interpolated to the 16 mm of RPV wall thickness, with ECC-MIX (GRS) TH 
input data 

3.3.1.5 LTO5 ɀ Decreasing 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 coolant temperatures 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 thermo-mechanical and fracture 
mechanics simulations. 

The obtained hoop stress and temperature and the comparison with base case result to see the impact 
of LTO improvement are shown in Figure 3.28 (TH input from RELAP) and in Figure 3.29 (TH input from 
TRACE). 

 

Figure 3.28: LTO5 results of JAEA interpolated to the 16 mm of RPV wall thickness, with RELAP (WUT) TH 
input data 

 

Figure 3.29: LTO5 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 LTO6 ɀ Reduction of HPSI flow (operator action) at 1800s  

In the TH calculations the reduction of HPSI flow 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. Additionally, the 
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 shown in Figure 3.30 (TH input from RELAP) and in Figure 3.31 (TH input from 
KWU-MIX). 

 

Figure 3.30: LTO6 results of UJV at 16 mm of RPV wall thickness, with RELAP (WUT) TH input data 

 

Figure 3.31: LTO6 results of BZN at 16 mm of RPV wall thickness, with KWU-MIX (FRA-G) TH input data in the 
middle of the plume 

 

3.3.1.7 LTO7 ɀ Decreasing 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 that the decrease 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 shown in Figure 3.32 (TH input from RELAP) and in Figure 3.33 (TH input from 
TRACE). 
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Figure 3.32: LTO7 results of WUT interpolated to the 16 mm of RPV wall thickness, with RELAP (WUT) TH 
input data 

 

Figure 3.33: LTO7 results of TEC interpolated to the 16 mm of RPV wall thickness, with TRACE (PSI) TH input 
data 

3.3.1.8 LTO8 ɀ 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 temperature in the 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 pressure 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 shown in Figure 3.34 (TH input from RELAP) and in Figure 3.35 (TH input from 
KWU-MIX). 

 

Figure 3.34: LTO8 results of JSI interpolated to the 16 mm of RPV wall thickness, with RELAP (WUT) TH input 
data 
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Figure 3.35: LTO8 results of IPP at 16 mm of RPV wall thickness, with KWU-MIX (FRA-G) TH input data 

3.3.1.9 LTO9 ɀ Isolation of ACCs (operator action) at 500s  

In case of LTO9 the results from the 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. The result was 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 in Figure 3.36 (TH input from RELAP). 

 

Figure 3.36: 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 can be found in [13]. In general, the results are 
similar and show the same trend than those from 1D simulations shown in Section 3.3.1 The stresses 
and temperature profiles given are for core weld elevation under the cold leg position. 

3.3.2.1 LTO1 ɀ Heating of water in the HPSI tanks (T = 45°C) 

The results at core weld elevation under the cold leg position from 3D calculations are given in Figure 
3.37 (TH input from KWU-MIX), in Figure 3.38 (TH input from RELAP) and in Figure 3.39 (TH input from 
TRACE). 
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Figure 3.37: LTO1 results of FRA-G at 16 mm of RPV wall thickness, with KWU-MIX (FRA-G) TH input data  

 

Figure 3.38: LTO1 of IPP at 16 mm of RPV wall thickness, with RELAP (WUT) TH input data. 
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Figure 3.39: LTO1 results of PSI extrapolated to the 16 mm of RPV wall thickness, with TRACE (PSI) TH input 
data 

3.3.2.2 LTO4 ɀ Decreasing the HPSI head (75%) 

The results at core weld elevation under the cold leg position from 3D calculations are given in Figure 
3.40 (TH input from RELAP) and in Figure 3.41 (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 TRACE input data. 

 

Figure 3.40: LTO4 results of BZN at 16 mm of RPV wall thickness, with RELAP (SSTC) TH input data. 
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Figure 3.41: LTO4 results of PSI extrapolated to the 16 mm of RPV wall thickness, with TRACE (PSI) TH input 
data. 

3.3.2.3 LTO5 ɀ Decreasing the HPSI capacity (75%) 

The results at core weld elevation under the cold leg position from 3D calculations are given in Figure 
3.42 (TH input from RELAP). 

 

Figure 3.42: LTO5 results of BZN at 16 mm of RPV wall thickness, with RELAP (SSTC) TH input data. 
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3.3.2.4 LTO6 ɀ Reduction of HPSI flow (operator action) at 1800s  

The results at core weld elevation under the cold leg position from 3D calculations are given in Figure 
3.43 (TH input from RELAP) and in Figure 3.44 (TH input from KWU-MIX). 

 

Figure 3.43: LTO6 results of BZN at 16 mm of RPV wall thickness, with RELAP (WUT) TH input data. 

 

Figure 3.44: LTO6 results of SSTC interpolated to the 16 mm of RPV wall thickness, with KWU-MIX (FRA-G) TH 
input data. 
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3.3.2.5 LTO8 ɀ Change of cooldown rate (operator action) to 200K/h  

The results at core weld elevation under the cold leg position from 3D calculations are given in Figure 
3.45 (TH input from RELAP) and in Figure 3.46 (TH input from KWU-MIX). 

 

Figure 3.45: LTO8 results of JSI interpolated to the 16 mm of RPV wall thickness, with RELAP (WUT) TH input 
data 

 

 

Figure 3.46: LTO8 results of FRA-G at 16 mm of RPV wall thickness, with KWU-MIX (FRA-G) TH input data 
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3.4 Structural analyses for TH uncertainties (Wilks analyses) 

This Section describes the structural analyses of TH uncertainties. The position below the injection 
nozzle CL3 at the beltline weld at the elevation of -2.638 m was selected as the prioritized location for 
analyses, see Figure 3.1. 

3.4.1 Uncertainties in TH data analyses for Wilks 

Evaluation of TH uncertainties and their distributions have been performed in WP2 [8] covering the 
model and computer-code uncertainties, plant uncertainties related to initial conditions, boundary 
conditions and parameters of the NPP systems, and uncertainties connected with human interactions. 
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 achieve a one-sided 
tolerance interval with the tolerance limit of ὖ=0.95, and the confidence level of ρ ‌=0.95. For 
achieving a double-sided tolerance interval for the same tolerance limit (ὖ πȢωυ) and the confidence 
levels of πȢωυ or πȢωω, Wilks simulations of 93 and 130 samples are required, respectively. 

Several system TH codes (RELAP, ATHLET, TRACE) and one mixing TH calculation code (KWU-MIX) were 
used for TH analyses for best-estimate TH input parameters supplemented with statistically defined 
TH input data sets with propagated uncertainties according to the Wilks method. A summary of 
performed Wilks TH analyses by the APAL partners is presented in Table 3.8. The grey cells in the 
presented summary indicate which Wilks data sets have been used as the TH input data for structural 
analyses by different partners. 

Table 3.8 Summary of TH data sets used for Wilks analyses (per partner). 

TH code and 
partner 

ATHLET 
from GRS 

KWU-MIX 
from 
FRA-G 

RELAP 
from 
JSI 

RELAP 
from 
KIWA 

RELAP 
from 
SSTC 

RELAP 
from 
UJV 

TRACE 
from 
PSI 

RELAP 
from 
WUT 

Wilks sets 59 93* 59 130 59 59 59 93 59 130 93 

UJV       x x    

FRA-G  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 TH input data for structural analyses 

In general, all TH results from the Wilks analyses have a similar appearance but certain quantitative 
differences in the calculated results were 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 all TH results 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 example in this Section. 

The TH results presented in this report demonstrate the following TH cases: 

¶ Base Case: The conservative reference case based on the adjusted ICAS T2 transient in Task 
2.1 in the APAL Deliverable D2.1 [10] and also summarised in WP2 Public Summary [8]. 
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Additionally, the conservative case (CC) was analysed by some partners, where all statistically 
distributed TH input parameters were taken with their conservative values (described in mor 
detail in WP3 Public Summary[7]). 

¶ Best Estimate: The best estimate case based on the best-estimate input data for the TH 
analyses in Task 2.3 as reported in the APAL Deliverable D2.3 [12] and also summarised in WP2 
Public Summary [8]. 

¶ Wilks: The TH data set based on the best-estimate case with random sampling of distributed 
selected plant parameters and boundary conditions. The random parameters and sampling 
methodology are described in D2.3 [12] and [8]. 

Examples of fluid temperature, RPV pressure and heat transfer coefficient (HTC) time histories are 
shown for the Wilks sets with 59 and 130 samples in Figure 3.47-Figure 3.49 using the PSI data obtained 
from the TH code TRACE. The 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. 

 

  
(a)       (b) 

Figure 3.47: Fluid temperature as a function of time for (a) Wilks-59 and (b) Wilks 130 data sets. PSI results 
based on the TH code TRACE. 

  
(a)       (b) 

Figure 3.48: Pressure in RPV as a function of time for (a) Wilks-59 and (b) Wilks 130 data sets. PSI results 
based on the TH code TRACE. 
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(a)       (b) 

Figure 3.49: Heat transfer coefficient (HTC) as a function of time for (a) Wilks-59 and (b) Wilks 130 data sets. 
PSI results based on the TH code TRACE. 

 

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

This Section presents the structural analysis results in terms of transient stress and temperature 
distributions through the RPV wall. The analyses have been performed by partners using the TH input 
data as given in Table 3.8. 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 results due to large amount of data. Only typical results 
are shown in the following subsections based on the analyses for two 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 results between different partners, the following result plots were 
requested from each partner; 

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

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

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

¶ 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 assumed. The obtained stress distributions include weld residual stresses. 

 

3.4.3.1 Results for Wilks set with 59 samples 

Typical plots from the structural analyses of 59 Wilks samples are summarised below using the PSI 
results obtained by FAVOR. The RPV wall temperature, hoop and axial stresses at the inner (wet) 
surface of RPV as a function of time are presented in Figure 3.50 - Figure 3.52. 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 presented in Figure 3.53 - Figure 3.55. The hoop and axial stresses at the crack 
tip as a function of crack tip temperature are shown Figure 3.56 and Figure 3.57. 
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Figure 3.50: Inner surface temperature as a function of time for Wilks-59. 

 

Figure 3.51: Hoop stresses at inner surface as a function of time for Wilks-59 with WRS. 
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Figure 3.52: Axial stresses at inner surface as a function of time for Wilks-59 with WRS. 

 

Figure 3.53: Temperature at the crack tip location as a function of time for Wilks-59. 
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Figure 3.54: Hoop stresses at the crack tip location as a function of time for Wilks-59 with WRS. 

 

Figure 3.55: Axial stresses at the crack tip location as a function of time for Wilks-59 with WRS. 
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Figure 3.56: Hoop stresses at the crack tip as a function of crack tip temperature for Wilks-59 with WRS. 

 

Figure 3.57: Axial stresses at the crack tip as a function of crack tip temperature for Wilks-59 with 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 FAVOR. The RPV wall temperature, hoop and axial stresses at the inner (wet) 
surface of RPV as a function of time are presented in Figure 3.58 - Figure 3.60. 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 presented in Figure 3.61 - Figure 3.63. The hoop and axial stresses at the crack 
tip as a function of crack tip temperature are shown Figure 3.64 and Figure 3.65. 
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Figure 3.58: Inner surface temperature as a function of time for Wilks-130. 

 

Figure 3.59: Hoop stresses at inner surface as a function of time for Wilks-130 with WRS. 
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Figure 3.60: Axial stresses at inner surface as a function of time for Wilks-130 with WRS. 

 

 

Figure 3.61: Temperature at the crack tip location as a function of time for Wilks-130. 
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Figure 3.62: Hoop stresses at the crack tip location as a function of time for Wilks-130 with WRS. 

 

Figure 3.63: Axial stresses at the crack tip location as a function of time for Wilks-130 with WRS. 
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Figure 3.64: Hoop stresses at the crack tip as a function of crack tip temperature for Wilks-130 with WRS. 

 

Figure 3.65: Axial stresses at the crack tip as a function of crack tip temperature for Wilks-130 with WRS. 

 

3.4.4 Discussion of structural 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 Section 3.4.1. For the TH analyses, different TH codes were used such as 
RELAP5, ATHLET, TRACE and KWU-MIX (for mixing calculations) together with several tools for 
uncertainty evaluation, e.g. DAKOTA, SUSA, etc. TH uncertainty analyses were performed for 59, 93 
and 130 Wilks data sets. 
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The TH analysis results used as the TH input data for structural assessments are summarised for each 
partner in Table 3.8. A detailed review and comparison of the TH results from uncertainty analyses 
between different partners have been carried out in APAL Deliverable 2.3 [12]. However, 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. 

Figure 3.66 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 Wilks data sets using RELAP5 in 
combination with the uncertainty evaluation software SUSA. 

 
a) 

 
b)     c) 

Figure 3.66: 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 the temperature trend when the fluid temperature 
increases in the time range between 1800 to 4000 s. Similar trend has also been observed in KIWA 
results from TH analyses for LTO improvements, namely LTO 05 for high pressure injection flow (HPSI) 
reduction. KIWA performed the TH analyses by reducing HPSI flow from 100% down to 75% with 5% 
increments. The characteristic rise of temperature, similar to the one in Figure 3.66, was observed in 
the results for HPSI reduction to 75%. For higher HPSI levels (80%-100%) 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 substantially. The void fraction in volume 9101 for HPSI 75% 
at 1500-3000 s is much larger than that for HPSI 80% which would support this assumption (void 
fraction values in HPSI cases 100%-80% at around 1500-3000 sec do not change much actually). It 
means that there is 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 inflow is so low 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 FRA-G, UJV and WUT as shown in Figure 3.67. 

  
a)     b) 

 
c) 

Figure 3.67: Comparison of fluid temperature as a function of time used 
 for structural analyses by a) FRA-G, b) UJV and c) WUT. Wilks 93 data samples. 

  












































































































































































































































































































































































































































































