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1 Introduction 

APAL (Advanced PTS Analysis for LTO) is a project funded by the EU within HORIZON 2020 programme. 
One of the most limiting safety assessments for the 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 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 ς State-of-the-art for 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 

The interaction between these 7 WPs is shown in Figure 1.1. 

 

Figure 1.1: Structure of WPs within APAL 

¢Ƙƛǎ ǊŜǇƻǊǘ ǎǳƳƳŀǊƛǎŜǎ ǘƘŜ ǿƻǊƪΣ Ƴŀƛƴ ǊŜǎǳƭǘǎΣ ŎƻƴŎƭǳǎƛƻƴǎ ŀƴŘ ƭŜǎǎƻƴǎ ƭŜŀǊƴŜŘ ƻŦ ²tо ά5ŜǘŜǊƳƛƴƛǎǘƛŎ 
ƳŀǊƎƛƴ ŀǎǎŜǎǎƳŜƴǘέΦ The main objective of the WP3 was to perform benchmarks to harmonize 
calculation tools and avoid errors as well as to determine the impact of LTO improvements and 
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uncertainties in thermal hydraulic (TH) data on the results of PTS analysis using deterministic 
assessment. 

The WP3 (Deterministic margin assessment) consists of five tasks: 

¶ Task 3.1: Structural assessment 

¶ Task 3.2: Definition of deterministic benchmark 

¶ Task 3.3: Baseline deterministic benchmark 

¶ Task 3.4: Margin assessment related to LTO improvements 

¶ Task 3.5: Margin assessment related to TH uncertainties 

In Task3.1 άStructural assessmentέ the structural calculations for the determination of strains, stresses 
and temperatures in the RPV wall were carried out for a selected ICAS transient APAL-ICAS T2 (base 
case), and for the selected LTO improvements. The TH data were obtained from WP2. To have a better 
understanding of the results, sensitivity cases were also generated. 

Lƴ ¢ŀǎƪ оΦн ά5ŜŦƛƴƛǘƛƻƴ ƻŦ ŘŜǘŜǊƳƛƴƛǎǘƛŎ ōŜƴŎƘƳŀǊƪέ ŀ ōŜƴŎƘƳŀǊƪ ŦƻǊ ǘƘŜ ŘŜǘŜǊƳƛƴƛǎǘƛŎ ŦǊŀŎǘǳǊŜ 
mechanics assessment was defined, which also was the basis for the benchmark for the probabilistic 
PTS analysis carried out in WP4. The benchmark definition is based on a sound technical basis and 
allows verification of results. The benchmark has mandatory (determination of crack initiation) and 
non-mandatory parts (e.g. determination of RPV failure including crack arrest analysis, investigations 
of statistical data set to identify the most conservative loading conditions). 

Lƴ ¢ŀǎƪ оΦо ά.ŀǎŜƭƛƴŜ ŘŜǘŜǊƳƛƴƛǎǘƛŎ ōŜƴŎƘƳŀǊƪέ ŀ ŦƛǊǎǘ ŘŜǘŜǊƳƛƴƛǎǘƛŎ ŦǊŀŎǘǳǊŜ ƳŜŎƘŀƴƛŎǎ ōŜƴŎƘƳŀǊƪ 
performance was carried out based on the base case TH data set. The first benchmark performance 
was done stepwise, starting with input data and methods given to identify critical steps within the 
defined benchmark. The results from the first deterministic benchmark performance were compared 
and analysed. Secondly, participants may have used their own calculation methods and input data. 

In Tasks 3.4 άaŀǊƎƛƴ ŀǎǎŜǎǎƳŜƴǘ ǊŜƭŀǘŜŘ ǘƻ [¢h ƛƳǇǊƻǾŜƳŜƴǘǎέ and 3.5 άaŀǊƎƛƴ ŀǎǎŜǎǎƳŜƴǘ ǊŜƭŀǘŜŘ ǘƻ 
¢I ǳƴŎŜǊǘŀƛƴǘƛŜǎέ the impact of selected LTO improvements and TH uncertainties on deterministic 
margin assessment was evaluated, as illustrated in Table 1.1. 

Table 1.1: Quantification of impact of LTO improvements and TH uncertainties on margin 
assessment 

 

 

1.1 Definition of terms used in the assessments 

This Section provides definitions that were used for the assessments within the APAL project: 

- Baseline case = benchmark case with methods, models and set of parameters to be 
investigated by all partners (mandatory) 
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- Base case TH data set = new conservative transient (in the meaning to be conservative for the 
safety assessment) for transient T2 from the ICAS project (among others, accumulator tank 
was newly included into the TH model), named now APAL-ICAS T2, this is the reference 
transient 

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

- 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 

- Statistical TH data sets = set of all transients with randomly sampled input TH parameters (i.e., 
coming from Wilks method) resulting from task 2.3. They were evaluated in Task 3.5 (margin 
assessment related to TH uncertainties) 

- Long term operation (LTO) improvements = set of transients concerning NPP improvements 
(potentially beneficial for PTS) for long term operation resulting from Task 2.1, which were 
assessed in Tasks 3.4 and 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 either max. all. RTNDT or max. all. T0, depending on the adopted 
concept (RTNDT or Master Curve) 

- margin όƛƴΧŀƎŀƛƴǎǘ Χ ōŜǘǿŜŜƴ Χ ŀƴŘ ΧŘǳŜ ǘƻ ΦΦΦύ Ґ ǘƘŜ ǘŜǊƳ άmarginέ alone does not mean 
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 the 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 initiation and 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). 

1.2 Alignment/interface between WP3 and WP4 

Within APAL, WP3 and WP4 have a strong interaction as the deterministic and probabilistic benchmark 
definition are both based on the same technical basis and inputs from structural assessment (i.e. stress 
and temperature fields) are identical.  

Both benchmarks have common input data that are treated deterministically and use the same 
methods, like 

¶ RPV geometry 

¶ Material properties (mechanical and physical) 

¶ Residual stresses 

¶ Stresses from PTS transient 

¶ SIF solution 
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¶ Limit conditions (tangent approach, WPS) 

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

Within the probabilistic fracture mechanics benchmark some input data were 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 due to type of probabilistic margin assessment (see [5]). Concerning 
the determination of max. all. ART within the probabilistic margin assessment, a connection to the 
deterministic assessment was ensured, as the appropriate quantiles (i.e. pre-defined lower bounds) of 
the fracture toughness (and crack arrest curves) distribution were used in the deterministic 
assessment: 

¶ Fracture toughness: 
o RTNDT concept: Use ASME KIC curve as Mean ς 2x Standard deviation (i.e. 2.5% lower 

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

deterministic benchmark 

¶ Crack Arrest: 
o RTNDT concept: Use ASME crack arrest curve as Mean ς 2x Standard deviation (i.e. 2.5% 

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

deterministic benchmark 

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 was determined by assessing all of the Wilks data sets (see  [5]). As the 
goal of APAL was to determine the impact of TH uncertainties on a margin, 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 base case TH data 
set. But it turned out, that the identification of the most conservative 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 Structural assessment (Task 3.1 + Task 4.1) 

In Tasks 3.1 and 4.1 άStructural assessmentέ [1], [5] the structural calculations for the determination 
of temperature, strains and stresses in the RPV wall are carried out for the selected transient (base 
case), for the selected LTO improvements (task 3.1), and for TH uncertainties (task 4.1). As the 
structural assessment is a common basis for both, deterministic and probabilistic benchmark, the 
corresponding chapter is part of both public summary reports. 

To have a better understanding of the results, sensitivity cases were also generated. To have more 
knowledge not only about the TH data influence but also about the geometric effects, the 1D, 2D and 
3D models were created. One of the most sensitive parts of the RPV from the point of the PTS integrity 
assessment are the welds. The chosen reactor pressure vessel contains two circumferential welds in 
the beltline region, namely the core weld and the flange weld. The core weld is relatively far away from 
the conical part of the RPV, close to the RPV nozzles, so it is not notably affected by the difference in 
the geometry, however the conical part can have a significant effect on the flange weld stress. Thus, 
the comparison of the two welds is also important. In these calculations cold leg and ambient (outside 
plume) positions were investigated as the circumferential angle. The effect of the cladding thickness 
was also investigated as it can vary during the manufacturing of the RPV. Another investigated case 
was related to the used size of time steps of the TH data. The results of the TH calculations were 
available up to 10 000 s of the transient, where the time step was 1 s or 4 s depending on the partner. 
For 1D simulations, a small-time step does not cause a major problem, but it greatly increases the run 
time of a 3D simulation, so the effect of the time step size and simplification of the data was also 
checked. Other effects investigated were the uniformity of the TH data and the mesh density. 

The following work was performed: 

¶ Numerical (e.g., Finite Elements) calculations to determine the temperature and stress 
distributions in the RPV wall for the subsequent fracture-mechanics assessment 

¶ Evaluation of temperature and stress distributions through the RPV wall, in the location(s) of 
the postulated flaws as specified in the benchmark definition 

¶ Determination of temperature and stress distributions for the sensitivity cases. 

2.1  Input data 

2.1.1 RPV geometry 

The investigated reactor was 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 the following 
dimensions: 

- internal diameter of 4870 mm in the downcomer, 

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

- 6 mm cladding thickness. 

Details of the relevant RPV geometry (core region and nozzles) are shown in Figure 2.1. 
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Figure 2.1: Geometry of the KWU reactor pressure vessel and its nozzles 

2.1.2 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 
ŀǇǇƭƛŜŘΦ Lƴ ǘƘƛǎ ŎŀǎŜ ŦƻǊ ǘƘŜ ƳŜŎƘŀƴƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ ǘƘŜ ƪƴƻǿƭŜŘƎŜ ƻŦ ǘƘŜ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ŀƴŘ ǘƘŜ 
PoiǎǎƻƴΩǎ Ǌŀǘƛƻ ƛǎ ǎǳŦŦƛŎƛŜƴǘΦ ¢ƘŜ ŘŜƴǎƛǘȅ ƻŦ ǘƘŜ ōŀǎŜκǿŜƭŘ ƳŜǘŀƭ ŀƴŘ ǘƘŜ ŎƭŀŘŘƛƴƎ ǿŀǎ ǎŜǘ ŀǎ тулл ƪƎκƳ3. 

Furthermore, the relevant temperature dependent material properties of the RPV are presented in 
Table 2.1 and  

Table 2.2. 

 

Table 2.1: 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 
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Table 2.2: 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 

 

In the tables, the reference temperature for thermal expansion Tm 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.  

2.1.3 Boundary conditions 

The following boundary conditions were applied for the simulations: 

- Thermal inside:  
o Liquid temperature (from TH analysis) 
o HTC (from TH analysis) 

- Thermal outside: 
o Adiabatic or 
o ὌὝὅρ W/m2 K and Ὕ τπ°C  

- Mechanical: 
o Inner pressure at the cladding wet surface (from TH analysis) 
o Outer pressure: ὴ π MPa 
o End cap pressure for axial stress applied to end cross-section of a RPV model 
o Fixed displacement at the other side of the RPV  

The stress-free state in RPV is set at initial transient temperature (291.042°C). For the consideration of 
stress-free state in RPV at initial transient temperature (291.042°C), a conversion of thermal expansion 
coefficient h  could be required depending on the used code. 

2.2 Sensitivity analyses 

2.2.1 TH input from RELAP 

The input data for the benchmark task were received from WP2, where for the generation of thermal 
hydraulic (TH) data the RELAP5 code was applied. However, due to the geometric limitation of a 1D 
FEM structural analysis 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 2.3 
contains the RELAP5 data cases with their explanations. 
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Table 2.3: 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 flange weld elevation is 1350 mm, however, the RELAP5 nodalisation has only evaluated 1130mm 

 

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 2.3Σ w9[!tр άŘƛǾƛŘŜǎέ ǘƘŜ 
downcomer height into 11 parts (named as V01 to V11 as stated in Table 2.5, where the elevations are 
given in the middle of these volumes). Along the circumference the downcomer is divided into 8 parts 
(named as DC channels 091-098), where the azimuthal angle (as it is shown in Table 2.4) 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 were averaged 
along the circumference and are time dependent. 

- 2D simulations: the TH inputs were 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 2.4: Azimuthal positions of inlet/outlet 
nozzles 

Table 2.5: 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 
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Figure 2.2: Azimuthal position of hot and cold legs 

 

Figure 2.3: RELAP5 Nodalization of reactor 

 

The aim was to compare the averaging effects and to 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 position for comparing the results is the 
position of the crack tip, this was chosen to be in the depth of 16 mm from the inner surface, therefore 
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Figure 2.4 shows the temperature distribution as a function of time, while Figure 2.5 illustrates the 
stress profiles at this value for the 7 cases.  

 

Figure 2.4: Comparison of temperature time evolution for the 7 cases 

 

Figure 2.5: 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 predefined time steps were also compared, which are shown in MPa and in 
percentages in Figure 2.6, where the comparison was based on Case 3 and therefore its values are 
zero. 
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tip)
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¢ ώϲ/ϐ 
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¢ ώϲ/ϐ 

t=300 s

¢ ώϲ/ϐ 
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¢ ώϲ/ϐ 
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¢ ώϲ/ϐ 

t=2400 s

¢ ώϲ/ϐ 

t=3600 s

¢ ώϲ/ϐ 

t=4800 s

¢ ώϲ/ϐ 

t= 6000 s

T

t=6 s

T

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%

16 mm 
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stress 

[MPa] 
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stress 
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Hoop 

stress 

[MPa] 

t=2400 s

Hoop 

stress 
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t=3600 s

Hoop 

stress 

[MPa] 

t=4800 s

Hoop 

stress 

[MPa] 

t=6000 s

Hoop 

stress

t=6 s

Hoop 

stress 

t=30 s

Hoop 

stress 

t=300 s

Hoop 

stress] 

t=600 s

Hoop 

stress  

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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Figure 2.6: 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 higher (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. 

2.2.2 Comparison between ǘƘŜ ǇŀǊǘƴŜǊǎΩ ǊŜǎǳƭǘǎ 

As described in the previous section, Case 3 was chosen as the focus of Task 3.1, and the comparison 
of the partners' results is presented for this case. 

The software or in-house codes used by the partners for the simulations were FAVOR, PROST, ABAQUS, 
ANSYS, MSC.Marc Mentat, Pre-PASCAL, SIF-Master, Systus and Verload. 

Comparison of partnersΩ results for temperatures, hoop and axial stresses as a function of time for the 
crack tip position is shown in Figure 2.7 to Figure 2.9. 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 
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, see section 2.2.4.1 

 

Figure 2.7: /ƻƳǇŀǊƛǎƻƴ ƻŦ ǇŀǊǘƴŜǊǎΩ ǊŜǎǳƭǘǎ ƻŦ ǘŜƳǇŜǊŀǘǳǊŜ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ǘƛƳŜ ό/ŀǎŜ оύ 

 

Figure 2.8: /ƻƳǇŀǊƛǎƻƴ ƻŦ ǇŀǊǘƴŜǊǎΩ ǊŜǎǳƭǘǎ ƻŦ ƘƻƻǇ ǎǘǊŜǎǎ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ǘƛƳŜ ό/ŀǎŜ оύ 
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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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Figure 2.9: /ƻƳǇŀǊƛǎƻƴ ƻŦ ǇŀǊǘƴŜǊǎΩ ǊŜǎǳƭǘǎ ƻŦ ŀȄƛŀƭ ǎǘǊŜǎǎ ŀǎ ŀ function of time (Case 3) 

2.2.3 3D Simulations 

Beside the 1D simulations of RPV 3D calculations were also generated by different partners. In the 
followings the models created by them, the boundary conditions used and some of the results are 
briefly introduced. 

All of the following results were taken out from the core weld (2638 mm) and cold leg (202.5°) 
positions. 

The first comparison was done with the same RELAP TH input data used by all partners. The 
comparisons of temperature and hoop stress distribution as function of time at the crack tip are shown 
in Figure 2.10. 

 

Figure 2.10: Temperature [°C] and hoop stress [MPa] 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 distributions as function of time at the crack tip are shown in Figure 2.11. Even in case of the 
temperature large differences can be seen, which resulted of 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 occur at the elevation of the core weld (2638 mm), which is the position of 
the merging cold plumes. In the case of the other TH data this analysed circumferential angle position 
was 202.5° (in-plume position). 
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Figure 2.11: Temperature [°C] and hoop stress [MPa] distribution as a function of time with 
different TH input data 

2.2.4 Other locations  

2.2.4.1 Flange weld location 

As mentioned previously, besides the investigation of the core weld the flange weld was also 
considered. The core weld is located at the elevation of 2638 mm where the thickness of the reactor 
pressure vessel wall is uniform. The flange weld is located at the elevation of 1350 mm which is already 
very close to the nozzle area. Furthermore, the thickness of the vessel starts increasing above the 
flange weld, which can influence the stress distribution in the location of the flange weld. 

Several partners investigated the effect of the flange weld location with either 1D or 3D FE method 
and with either input from a system code (e.g. RELAP) or from a system code in combination with a 
mixing code. All the investigations showed the same trend, but with different quantities. The impact 
of flange weld location is illustratively shown in Figure 2.12 and Figure 2.13 (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 section 8.1. 

 

Figure 2.12: Temperature variation at crack tip of the RPV wall for the core weld and the flange 
weld below the cold leg 
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Figure 2.13: 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 

2.2.4.2 Outside cold plume location 

The location outside plume was chosen to be below CL4 at the azimuth 337.5° (far away from the cold 
injection legs CL2 and CL3), see section 2.2.1. Several partners investigated the effect of the outside 
plume location with either 1D or 3D FE method and with input either from a system code (e.g. RELAP) 
or from a system code in combination with a mixing code. 

The results and the 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 cold 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 section 8.1.1 and 8.1.3. 

Figure 2.14 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 centreline 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 2.14-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 2.14-left presents 
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 
concluded in D3.1 [1], FAVOR clearly delivers 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. 
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Figure 2.14: 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) 

2.2.4.3 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 section 8.1.1 and 8.1.4. 

2.2.5 Mesh refinement 

Several partners investigated the effect of mesh refinement. Different variants of mesh refinement in 
combination with linear or quadratic elements were selected and analysed. Details about all results 
from all partners are given in [1]. 

Illustratively the results on mesh refinement in case of the 3D simulation are presented, where the FE 
models listed in Table 2.6 were used. Two types of global model were 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 modelled. Thereafter from the first version refined local models were also 
generated where the number of elements were increased as shown in the table. 

Table 2.6: Properties of the investigated mesh types 

Name Model version Order of refinement Elements in the 
cladding 

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 
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The temperature distribution for all 4 mesh versions were in excellent agreement, however in case of 
the hoop and axial stress small deviations could be noted as it is also illustrated in Figure 2.15 and 
Figure 2.16. 

 
Figure 2.15: Influence of the mesh refinement on the hoop stress 

 
Figure 2.16: Influence of the mesh refinement on the axial stress 

2.2.6 Time steps 

The effect of the size of the time steps was investigated to see how the simplification of longer 
timesteps 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 input 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 2.17 and Figure 2.18 shows the difference between solution 
with 2 s, 5 s and 10 s time steps and solution with 1 s time steps of the hoop stress at the inner surface 
of the RPV and at the 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 obtained with the 2 s time step are in fairly good agreement with 
the original version, but the number of time steps seems to be too large in this case too. 
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Figure 2.17: Absolute and relative difference of the hoop stress as a function of time step at the 
inner surface of the RPV 

 

Figure 2.18: Absolute and relative difference of the hoop stress as a function of time step at the 
crack tip (16 mm) 

2.3 LTO improvements 

In WP2 nine types of long-term operation improvements and human actions were simulated which are 
listed in Table 2.7. The thermohydraulic simulations for the LTO improvements of Task 2.1 were 
performed with different system codes and mixing codes, namely ATHLET (including submodule ECC-
MIX), RELAP5, TRACE and KWU-MIX. Further information is given in D2.1 [9]. 

Table 2.7: Investigated LTO improvements and human factors 

Index 

Code 

Naming in 

table 
 

1 LTO1 Heating of water in the HPIS tanks (T = 45°C) 

2 LTO2 Heating of water in the ACCs (T = 50°C) 

3 LTO3 Heating of water in the LPIS tanks (T = 45°C) 

4 LTO4 Decreasing the HPSI head (75%) 

5 LTO5 Decreasing the HPSI capacity (75%) 

6 LTO6 Reduction of HPIS flow (operator action) at 1800 s 

7 LTO7 Decreasing of ACC pressure (20 bar) 

8 LTO8 Change of cooldown rate (operator action) to 200 K/h 

9 LTO9 Isolation of ACCs (operator action) at 500 s 
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2.3.1 Results from 1D FE 

For every LTO improvement included in Table 2.7 1D simulations were performed by different 
partners. In every 1D simulation the TH data were generated the same way as in Case 3 (see Table 2.3). 
In the following subsections the results from one partner are shown for exemplarily. More details 
about all results are given in [1]. 

2.3.1.1 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. The 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 preliminarily concluded in WP2, based on the TH results 
only, that the LTO improvement could potentially be beneficial for PTS. 

The obtained hoop stress and temperature and the comparison with the base case result to see the 
impact of LTO improvement No. 1 are shown in Figure 2.19 (TH input from RELAP) and in Figure 2.20 
(TH input from TRACE). The structural analysis results confirmed the expectations from TH calculations 
on beneficial effect of LTO improvement No. 1. 

 

 

Figure 2.19: LTO1 results of JAEA interpolated to the 16 mm of RPV wall thickness, with RELAP 
(WUT) TH input data 

 
Figure 2.20: LTO1 results of TEC interpolated to the 16 mm of RPV wall thickness, with TRACE (PSI) 

TH input data 

2.3.1.2 LTO2 ɀ Heating of water in the ACCs (T = 50°C) 

In case of the thermal hydraulic calculations the heating of water in the accumulator tanks (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 
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from ACCs. Therefore, from TH analyses in WP2 it was preliminarily concluded that this 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 No. 2 are shown in Figure 2.21 (TH input from RELAP), in Figure 2.22 (TH input 
from TRACE) and in Figure 2.23 (TH input from ECC-MIX, plotted only up to 6000 sec.). 

 
Figure 2.21: LTO2 results of JSI interpolated to the 16 mm of RPV wall thickness, with RELAP (WUT) 

TH input data 

 
Figure 2.22: LTO2 results of PSI interpolated to the 16 mm of RPV wall thickness, with TRACE (PSI) 

TH input data 

 
Figure 2.23: LTO2 results of GRS interpolated to the 16 mm of RPV wall thickness, with ECC-MIX 

(GRS) TH input data 

2.3.1.3 LTO3 ɀ Heating of water in the LPIS tanks (T = 45°C) 

The heating of 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 the transient. 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 will probably not provide benefit from a PTS perspective. 
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The obtained hoop stress and temperature and the comparison with the base case result to see the 
impact of LTO improvement No. 3 are shown in Figure 2.24 (TH input from RELAP) and in Figure 2.25 
(TH input from KWU-MIX). 

 
Figure 2.24: LTO3 results of BZN at the 16 mm of RPV wall thickness, with RELAP (WUT) TH input 

data 

 

Figure 2.25: LTO3 results of IPP at 16 mm of RPV wall thickness, with KWU-MIX (FRA-G) TH input 
data 

2.3.1.4 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 its reference value. 

The obtained hoop stress and temperature and the comparison with the base case result to see the 
impact of LTO improvement No. 4 are shown in Figure 2.26 (TH input from RELAP) and in Figure 2.27 
(TH input from ECC-MIX). 

 

 

 
Figure 2.26: LTO4 results of KIWA at 16 mm of RPV wall thickness, with RELAP (SSTC) TH input data 
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Figure 2.27: LTO4 results of TEC interpolated to the 16 mm of RPV wall thickness, with ECC-MIX 

(GRS) TH input data 

2.3.1.5 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 the rate of 
cooling (via HPI pumps) the coolant temperatures can be reduced to some extent as well. Based on 
the results the TH experts in WP2 assumed that the analysed LTO improvement may potentially affect 
the results of RPV integrity 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 the base case result to see the 
impact of LTO improvement No. 5 are shown in Figure 2.28 (TH input from RELAP) and in Figure 2.29 
(TH input from TRACE). The structural analyses results confirmed the expectations from the TH 
calculations that LTO improvement No. 5 has a beneficial effect. 

 
Figure 2.28: LTO5 results of JAEA interpolated to the 16 mm of RPV wall thickness, with RELAP 

(WUT) TH input data 

 
Figure 2.29: LTO5 results of PSI interpolated to the 16 mm of RPV wall thickness, with TRACE (PSI) 

TH input data 
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2.3.1.6 LTO6 ɀ Reduction of HPIS flow (operator action) at 1800s 

In the TH calculations the reduction of the HPIS flow by the 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 WP2 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 the base case result to see the 
impact of LTO improvement No. 6 are shown in Figure 2.30 (TH input from RELAP) and in Figure 2.31 
(TH input from KWU-MIX). The structural analyses results could not fully confirm the expectations from 
TH calculations on beneficial effect of LTO improvement No. 6, as the global maximum of stress 
(reached approximately at the time 1800 s ς the time of operator action) did not change and the 
reduction of stress at the late phase of transient is not significant. Therefore, fracture mechanics 
calculations are necessary for the evaluation of LTO improvement No. 6 effect. 

 

Figure 2.30: LTO6 results of UJV at 16 mm of RPV wall thickness, with RELAP (WUT) TH input data 

 
Figure 2.31: 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 

 

2.3.1.7 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 the TH experts in WP2 concluded that the 
studied LTO improvement provides no significant benefit from a PTS perspective. 

The obtained hoop stress and temperature and the comparison with the base case result to see the 
impact of LTO improvement No. 7 are shown in Figure 2.32 (TH input from RELAP) and in Figure 2.33 
(TH input from TRACE). 
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Figure 2.32: LTO7 results of WUT interpolated to the 16 mm of RPV wall thickness, with RELAP 

(WUT) TH input data 

 
Figure 2.33: LTO7 results of TEC interpolated to the 16 mm of RPV wall thickness, with TRACE (PSI) 

TH input data 

2.3.1.8 LTO8 ɀ Change of cooldown rate (operator action) to 200K/h 

During the TH calculation the increase of the secondary side cooldown rate by the 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 No. 8 are shown in Figure 2.34 (TH input from RELAP) and in Figure 2.35 (TH input 
from KWU-MIX). The structural analyses results could partially confirm the expectations from TH 
calculations on beneficial effect of LTO improvement No. 8, as the temperature increased, and the 
global maximum of stress decreased. Nevertheless, based on RELAP TH calculations, the stresses at 
the late phase of the transient slightly increased. Therefore, fracture mechanics calculations are 
necessary for evaluation of LTO improvement No. 8 effect. 
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Figure 2.34: LTO8 results of JSI interpolated to the 16 mm of RPV wall thickness, with RELAP (WUT) 

TH input data 

 

Figure 2.35: LTO8 results of IPP at 16 mm of RPV wall thickness, with KWU-MIX (FRA-G) TH input 
data 

2.3.1.9 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. 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 the base case result to see the 
impact of LTO improvement No. 9 are shown in Figure 2.36 (TH input from RELAP) 

 

Figure 2.36: LTO9 results of IPP interpolated to the 16 mm of RPV wall thickness, with RELAP (WUT) TH 

input data 

2.3.2 Results from 3D FE 

Besides the 1D calculations, 3D simulations were also performed for the LTO cases. In the following 
subsections, 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 [1]. In general, the results are similar 
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and show the same trend than those from 1D simulations shown in Section 2.3.1 The stresses and 
temperature profiles given are for core weld elevation under the cold leg position. 

2.3.2.1 LTO1 ɀ Heating of water in the HPIS tanks (T = 45°C) 

The results at core weld elevation under the cold leg position from 3D calculations are given in Figure 
2.37 (TH input from KWU-MIX), in Figure 2.38 (TH input from RELAP) and in Figure 2.39 (TH input from 
TRACE).  

 

Figure 2.37: LTO1 results of FRA-G at 16 mm of RPV wall thickness, with KWU-MIX (FRA-G) TH input data  

 

Figure 2.38: LTO1 of IPP at 16 mm of RPV wall thickness, with RELAP (WUT) TH input data. 
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Figure 2.39: LTO1 results of PSI extrapolated to the 16 mm of RPV wall thickness, with TRACE (PSI) TH input 
data 

2.3.2.2 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 
2.40 (TH input from RELAP) and in Figure 2.41 (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. 
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Figure 2.40: LTO4 results of BZN at 16 mm of RPV wall thickness, with RELAP (SSTC) TH input data. 

 

 

Figure 2.41: LTO4 results of PSI extrapolated to the 16 mm of RPV wall thickness, with TRACE (PSI) TH input 
data. 

2.3.2.3 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 
2.42 (TH input from RELAP). 

 

Figure 2.42: LTO5 results of BZN at 16 mm of RPV wall thickness, with RELAP (SSTC) TH input data. 
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2.3.2.4 LTO6 ɀ Reduction of HPIS flow (operator action) at 1800s 

The results at core weld elevation under the cold leg position from 3D calculations are given in Figure 
2.43 (TH input from RELAP) and in Figure 2.44 (TH input from KWU-MIX).  

 

Figure 2.43: LTO6 results of BZN at 16 mm of RPV wall thickness, with RELAP (WUT) TH input data. 

 

Figure 2.44: 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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2.3.2.5 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 
2.45 (TH input from RELAP) and in Figure 2.46 (TH input from KWU-MIX). 

 

Figure 2.45: LTO8 results of JSI interpolated to the 16 mm of RPV wall thickness, with RELAP (WUT) TH input 
data 

 

Figure 2.46: LTO8 results of FRA-G at 16 mm of RPV wall thickness, with KWU-MIX (FRA-G) TH input data 
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2.4 TH uncertainties 

2.4.1 Uncertainties in TH data analyses for Wilks 

Evaluation of TH uncertainties and their distributions have been performed in WP2 covering the model 
and computer-code uncertainties, plant uncertainties related to initial conditions, boundary conditions 
and parameters of the NPP systems. 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 2.8. 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 2.8 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. 

2.4.2 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: 
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¶ Base Case: The conservative reference case based on the conservative input data for the TH 
analyses in Task 2.1 as reported in the APAL Deliverable D2.1 [8] and also summarised in WP2 
Public Summary [11]. 

¶ Best Estimate: The best estimate case based on the best-estimate input data (i.e. for all TH 
input parameters treated as statistically distributed the mean values were used) for the TH 
analyses in Task 2.3 as reported in the APAL Deliverable D2.3 [10] and also summarised in WP2 
Public Summary [11]. 

¶ Wilks: The TH data set with random sampling of distributed selected plant parameters and 
boundary conditions. The random parameters and sampling methodology are described in 
D2.3 [10] and [11]. 

Fluid temperature, RPV pressure and heat transfer coefficient (HTC) time histories are shown for the 
Wilks sets with 59 and 130 samples in Figure 2.47-Figure 2.49. 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 2.47: Fluid temperature as a function of time for (a) Wilks-59 and (b) Wilks 130 data sets. 

  

(a)       (b) 

Figure 2.48: Pressure in RPV as a function of time for (a) Wilks-59 and (b) Wilks 130 data sets. 
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(a)       (b) 

Figure 2.49: Heat transfer coefficient (HTC) as a function of time for (a) Wilks-59 and (b) Wilks 130 data sets. 

 

2.4.3 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. This task is part of WP4, see also [5]. The analyses have been 
performed by partners using the TH input data as given in Table 2.8. 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. 

2.4.3.1 Results for Wilks set with 59 samples 

The RPV wall temperature, hoop and axial stresses at the inner (wet) surface of RPV as a function of 
time are presented in Figure 2.50 - Figure 2.52. 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 2.53 - Figure 2.55. The hoop and axial stresses at the crack tip as a function of crack 
tip temperature are shown Figure 2.56 and Figure 2.57. 
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Figure 2.50: Inner surface temperature as a function of time for Wilks-59. 

 

Figure 2.51: Hoop stresses at inner surface as a function of time for Wilks-59 with WRS. 
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Figure 2.52: Axial stresses at inner surface as a function of time for Wilks-59 with WRS. 

 

Figure 2.53: Temperature at the crack tip location as a function of time for Wilks-59. 
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Figure 2.54: Hoop stresses at the crack tip location as a function of time for Wilks-59 with WRS. 

 

Figure 2.55: Axial stresses at the crack tip location as a function of time for Wilks-59 with WRS. 
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Figure 2.56: Hoop stresses at the crack tip as a function of crack tip temperature for Wilks-59 with WRS. 

 

Figure 2.57: Axial stresses at the crack tip as a function of crack tip temperature for Wilks-59 with WRS. 

 

2.4.3.2 Results for Wilks set with 130 samples 

The RPV wall temperature, hoop and axial stresses at the inner (wet) surface of RPV as a function of 
time are presented in Figure 2.58 - Figure 2.60. 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 2.61 - Figure 2.63. The hoop and axial stresses at the crack tip as a function of crack 
tip temperature are shown Figure 2.64 and Figure 2.65. 
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Figure 2.58: Inner surface temperature as a function of time for Wilks-130. 

 

Figure 2.59: Hoop stresses at inner surface as a function of time for Wilks-130 with WRS. 
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Figure 2.60: Axial stresses at inner surface as a function of time for Wilks-130 with WRS. 

 

 

Figure 2.61: Temperature at the crack tip location as a function of time for Wilks-130. 
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Figure 2.62: Hoop stresses at the crack tip location as a function of time for Wilks-130 with WRS. 

 

Figure 2.63: Axial stresses at the crack tip location as a function of time for Wilks-130 with WRS. 
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Figure 2.64: Hoop stresses at the crack tip as a function of crack tip temperature for Wilks-130 with WRS. 

 

Figure 2.65: Axial stresses at the crack tip as a function of crack tip temperature for Wilks-130 with WRS. 

 

2.5 Conclusions from structural assessment 

2.5.1 General conclusions on structural assessment 

In APAL Task 3.1 - Stress and temperature distributions for benchmark performance, structural 
assessments for the base case (SBLOCA with 50 cm2 break in HL and with loss of offsite power) and for 
selected LTO improvements and operator actions were performed with different analysis methods. 
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The temperature and stress fields generated within Task 3.1 were delivered to Task 3.3, Task 3.4, Task 
4.3 and Task 4.4 for benchmark performance and margin assessment. 

The commercial software or in-house codes used by the partners for the simulations were FAVOR, 
PROST, ABAQUS, ANSYS, MSC.Marc Mentat, Pre-PASCAL, SIF-Master, Systus and Verload. 

As a first step a round robin task was generated to determine how the TH data can be used in case of 
1D finite element simulations. 7 cases were chosen where the TH data were averaged or, in some 
cases, taken from an exact location, thus leading to 0D, 1D and 2D TH data. The agreement of resulting 
temperatures and stresses among partners was good. It was also concluded that the 2D TH data 
version (TH data from a given location e.g., at core weld under the cold plume) gives the most 
conservative results. Therefore, in the later parts of the task this version was chosen for the further 
calculations. Any averaging of TH data leads to non-conservative solution.  

In the case of the flange weld the effect of the geometry had to be checked as the position of this weld 
is close to the nozzle region with higher wall thickness. The results showed that in this case the 1D 
finite element simulations with 2D TH data do not deliver the correct results as compared to the 2D or 
3D simulations, and they underestimate the stress fields. Due to this reason, it is recommended that 
future work is dedicated to generating new formulae to determine the stress values in the flange weld 
with consideration of this geometrical effect. Alternatively, a 2D FEM simulation can be recommended. 
Moreover, effect of the nozzle vicinity can be studied in the future. 

Several sensitivity cases were analysed, and the effect of these cases will be mainly evaluated in Task 
3.3. Nevertheless, in case of the stress distributions some conclusions can already be made. The results 
of location investigations showed that the stress values depend highly on where the stress values are 
taken from. As expected, the out of plume position resulted in lower stress values, while the flange 
weld and nozzle corner positions generated higher stresses. Beside the locations the thickness of the 
cladding, the mesh and the time step were also varied, which showed lower impact on the temperature 
and stress results. 

2.5.2 Assessment of LTO improvements 

The LTO improvements determined in WP2 were investigated with 1D and 3D finite element 
simulations. The structural assessment calculations were done for 9 LTO cases, 3 of them being 
operator actions (LTO6, LTO8 and LTO9). 

Table 2.9 shows the evaluation of impact of the LTO improvements on the temperature and stress 
field. It should be noted that the evaluation was made based on the results of the temperature and 
stress field at the crack tip location (16 mm from the wet surface), therefore the final assessment of 
the effect of different LTO improvements was done in Task 3.4 (see chapter 5) and Task 4.4 (see [5]) of 
the APAL project based on deterministic and probabilistic fracture-mechanical assessment. It should 
be also noted that the evaluation of impact of LTO improvement is valid for the assessed PTS regime 
and can be different for different regimes. 

Table 2.9: Evaluation of impact of LTO improvements on the temperature and stress fields 
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2.5.3 Structural Assessment for TH uncertainties 

2.5.3.1 TH input data 

TH input data for structural analyses was obtained from TH uncertainty analyses based on the Wilks 
method as described in Section 2.4.1. 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. 

The TH analysis results used as input data for structural assessments (see also Task 4.1  [5]) are 
summarised for each partner in Table 2.8. A detailed review and comparison of the TH results from 
uncertainty analyses between different partners have been carried out in APAL Deliverable 2.3 [10]. 
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 2.66 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 2.66: 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) 
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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 2.66, 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 
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 2.67. 

  

a)     b) 

 

c) 

Figure 2.67: 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. 
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2.5.3.2 Structural results 

It is somewhat cumbersome to make comparative plots containing results from all or several partners 
due to large amount of data curves. Therefore, only some qualitative comparisons and observed 
deviations in the structural results are provided herein. 

Temperature at the RPV inner surface for the Best Estimate case analysed by PSI (TH code TRACE) 
exhibits a local peak with temperature increase at about 2600 s. This temperature peak results in local 
abrupt decrease in calculated stresses at the inner surface. Thus, hoop stresses exhibit a decrease by 
about 200 MPa as shown in Figure 2.68. Similar trends for the Best Estimate case can also be found in 
the results from TECNATOM who used the TH data from PSI for the structural analyses. 

 

 

Figure 2.68: RPV inner-surface temperature and hoop stresses at the inner surface as a function of time. PSI 
vs Tecnatom results for Wilks 59 data samples. 

In the previous section it was described that one of the KIWA Wilks TH data samples demonstrated a 
clear deviation in the temperature trend when the fluid temperature increased in the time range 
between 1800 to 4000 s, see Figure 2.66(c). This deviation in the TH data affects also the structural 
results leading to decrease of calculated stresses in the given time range. An example of this behaviour 
is presented in Figure 2.69.  
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Figure 2.69: Hoop stresses at the crack tip location as a function of time and as a function of crack tip 
temperature. KIWA results for Wilks 59 data samples. 
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3 Benchmark Definition 

A sound technical basis including experiences and conclusions from past projects with pre-requisite 
verification sub-tasks were defined to avoid misunderstanding and ensure a limited bias propagation 
into the final assessment of the max. all. ART for safety margin assessment. The realisation also 
supports exchange and knowledge transfer to engineers interested in RPV brittle fracture safety 
assessment. 

The benchmark proposed in DEFI-PROSAFE3 (see [14]) is the basis of the APAL benchmark definition. It 
was adapted to APAL while retaining its spirit with recommendations from former benchmarks 
(FALSIRE, ICAS, PROSIR, IAEA CRP9) on RPV fracture-mechanics assessment: a necessary pre-requisite 
for successful benchmarking is to have a well-defined problem based on which a consensus solution 
could be achieved. 

3.1 Basic data for RPV fracture mechanics safety assessment 

The main data required for the RPV fracture-mechanics safety assessment for the benchmark and for 
the margin assessments related to LTO improvements and TH uncertainties are summarized in Table 
3.1. 

Table 3.1 Overview of the input data required for the deterministic benchmark - Overview data 
sheet ς deterministic  

  Required for RPV fracture 
mechanics safety assessment 

(comparison of the 
max.all.ART with RPV specific 
predicted/measured ARTxEFPY) 

Required for determination of 
maximum allowable ART 

 
Scope APAL 

RPV geometry PWR 4-loop type Ҟ Ҟ 

Properties of base 
metal, weld and 
cladding 

Thermal Ҟ Ҟ 

Tensile Ҟ Ҟ 

Toughness: 
KIC , JIC versus temperature 

Ҟ Ҟ 

Chemical composition  Ҟ  

Irradiation effects Fluence vs. EFPY Ҟ  

Initial RTNDT or T0 and 
Irradiation shift formula 

Ҟ  

Irradiation decrease through 
the RPV wall 

Ҟ  

Consequences on tensile 
properties 

όҞύ4  

Defect  Position in RPV, Orientation Ҟ Ҟ 

Type: surface, underclad or 
embedded 

Ҟ Ҟ 

Size: depth, length, shapes Ҟ Ҟ 

Transient loads selected transient Ҟ Ҟ 

Other loads residual stresses Ҟ Ҟ 

Fracture-mechanics 
model 

K or J evaluation  Ҟ Ҟ 

RPV fracture-
mechanics 
assessment 

Crack initiation (brittle, 
ductile) 
Crack arrest  

Ҟ Ҟ 

 

3 DEFI-PROSAFE was a project under NUGENIA-t[¦{ ŦǳƴŘŜŘ ōȅ 9ǳǊƻǇŜŀƴ !ǘƻƳƛŎ 9ƴŜǊƎȅ /ƻƳƳǳƴƛǘȅΩǎ ό9ǳǊŀǘƻƳύ 
Seventh Framework Programme FP7/2007-2013 under grant agreement No. 604965 

4 tensile properties variations with fluence and fluence effect on RPV brittle fracture assessment have been 
investigated in COVER project  
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limit condition for 
crack initiation and 
arrest and associated 
maximum allowable 
ART 

Condition on KI, KIC, KIA for 
initiation and arrest  
limit on maximum allowed 
crack depth (75%) 

Ҟ Ҟ 

3.1.1 RPV Geometry 

 

 

Figure 3.1 APAL RPV drawing with location of welds 

The wall thickness given in Figure 3.1 includes the cladding (i.e., t = 249 mm = 243 mm ferritic part + 6 
mm cladding). The location of welds (below nozzle center line ς elevation 0 mm) are:  

flange weld 

core weld 


























































































































































































































































































