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1 Introduction 

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

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

The Pressurized Thermal Shock (PTS) analysis is a part of RPV integrity assessment. PTS is characterized 
by rapid cooling of the downcomer and internal RPV surface (i.e., thermal shock), followed sometimes 
by re-pressurization of the RPV. Thus, a PTS event poses a potentially significant challenge to the 
structural integrity of the RPV in pressurized water reactors (PWRs) and water-cooled water-
moderated energy reactors (VVERs). 

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

To address that challenge, the APAL project (Advanced PTS Analyses for LTO) was launched in October 
2020 with funding from EURATOM Work Programme 2019-2020 and with a duration of four years.  

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

¶ WP1 ς LTO improvements relevant for PTS event, 

¶ WP2 ς Improvement of TH analysis, 

¶ WP3 ς Deterministic margin assessment, 

¶ WP4 ς Probabilistic margin assessment, 

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

¶ WP6 ς Training, Communication, Dissemination and Exploitation, 

¶ WP7 ς Scientific coordination and project management. 

NPP improvements after Fukushima and LTO improvements to cope with the PTS analysis were 
investigated and assessed in the frame of WP1. The WP1 consisted of a collection of experience to 
identify the state-of-the-art in topics such as residual stresses, Warm Pre-stress (WPS), Thermal-
hydraulic (TH) analysis including the human factor and/or operator actions, probabilistic PTS analysis 
and relevant statistical tools, and LTO improvements (hardware and software) that may have an impact 
on the results of PTS analysis. This includes the identification of technology gaps and the definition of 
ǇƻǎǎƛōƭŜ ƛƳǇǊƻǾŜƳŜƴǘǎΦ ¢ƘŜ ²tмΩǎ ǎǳƳƳŀǊȅ ǊŜǇƻǊǘ ƛǎ ǇǳōƭƛŎƭȅ ŀǾŀƛƭŀōƭŜ ƻƴ ǘƘŜ !t![ ǿŜb site (website: 
https://apal-project.eu/ [5]).  

After establishing the LTO improvements, thermal-hydraulic (TH) calculations were performed 
including also uncertainty quantification relevant to the PTS assessment (WP2). The impact of both 
LTO improvements and human factor and/or operator actions on the results of thermal-hydraulic 

https://apal-project.eu/
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analysis were quantified and later assessed by subsequent structural and fracture-mechanics 
ōŜƴŎƘƳŀǊƪǎ ǿƛǘƘƛƴ ²tо ŀƴŘ ²tпΦ ¢ƘŜ ²tнΩǎ ǎǳƳƳŀǊȅ ǊŜǇƻǊǘ ƛǎ ǇǳōƭƛŎƭȅ ŀǾŀƛƭŀōƭŜ ƻƴ ǘƘŜ !t![ ǿŜō 
site (website: https://apal-project.eu/ [35]). 

The third work package (WP3) consists in performing deterministic structural and fracture-mechanics 
analyses to quantify the safety margins related to both LTO improvements and uncertainties in TH 
analysis. The analyses to be used for deterministic margin assessment were carried out based on a 
ŎƻƳƳƻƴ ŘŜǘŜǊƳƛƴƛǎǘƛŎ ōŜƴŎƘƳŀǊƪΦ ¢ƘŜ ²tоΩǎ ǎǳƳƳŀǊȅ ǊŜǇƻǊǘ ƛǎ ǇǳōƭƛŎƭȅ ŀǾŀƛƭŀōƭŜ ƻƴ ǘƘŜ !t![ ǿŜō 
site (website: https://apal-project.eu/ [36]). 

In the fourth work package (WP4), probabilistic margin assessment based on probabilistic fracture 
mechanics analysis was performed. The assessment allowed the quantification of safety margins in 
terms of risk of RPV failure. An advanced probabilistic PTS assessment was performed by considering 
the TH uncertainties in the subsequent structural-mechanics and probabilistic fracture-mechanics 
analyses. An appropriate benchmark for the probabilistic fracture-mechanics analysis was defined in 
accordance with the benchmark performed for deterministic margin assessment. ¢ƘŜ ²tпΩǎ ǎǳƳƳŀǊȅ 
report is publicly available on the APAL web site (website: https://apal-project.eu/ [37]). 

The fifth work package (WP5) gathered recommendations and conclusions from performed work to 
define the best-practices for an advanced PTS analysis for LTO, which is addressed in this report. Close 
cooperation with Advisory Board (AB), regulatory bodies and end-users (NPP owners, suppliers, etc.) 
during the project helped to increase the acceptance of the best-practice guidance. For that purpose, 
several workshops were organized (WP6) to discuss this best-practice guidance with regulatory bodies 
and main end-users in order to analyse potential barriers, integrate feedback and obtain broad 
acceptance of the best-practice guidance for an advanced PTS analysis for LTO within the nuclear 
community. 

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

 

Figure 1. APAL structure and Work packages 

https://apal-project.eu/
https://apal-project.eu/
https://apal-project.eu/
https://apal-project.eu/
https://apal-project.eu/
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2 Objective and structure of the deliverable 

The main objective of ²tр ά5ŜŦƛƴƛǘƛƻƴ ƻŦ ōŜǎǘ ǇǊŀŎǘƛŎŜ ŦƻǊ ŀŘǾŀƴŎŜŘ t¢{ ŀƴŀƭȅǎƛǎέ is to  

¶ gather conclusions and recommendations from performed work (WP1 ς WP4), 

¶ formulate best-practice guidance for deterministic and probabilistic RPV integrity assessment 
considering improved methodologies and recommendations for the assessment of LTO 
improvements (as the main outcome of WP5),  

¶ also taking into account feedback during the project from Advisory Board and end-users.         

Based on D5.1 document (Prefinal report on guidance...), which is based on the outcomes and 
conclusions from each phase of the project, the D5.2 - final report was prepared. To achieve this goal, 
three subtasks were preliminarily defined, resulting in the following subtasks in WP5: 

¶ Compilation of best practices from WP1, WP2, WP3 and WP4 (Task 5.1) 
o Recommendations on best practices and outcomes from WP1, WP2, WP3 and WP4 

are gathered and summarized. 

¶ Gather feedback on best-practice guidance (Task 5.2) 
o Feedback from several sources is gathered to optimize and improve the guidance and 

to enhance acceptance. 

¶ Integration of feedback and review (Task 5.3)  
o Feedback and perspectives gained from task 5.2 as well as from review of the Advisory 

Board members were analysed and integrated in this final report to optimize and 
improve the guidance on best practices for RPV integrity assessment. 

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

Regarding this D5.2 report, Section 3 of this deliverable describes the general steps for performing a 
PTS analysis and summarizes the approaches taken for considering the residual stresses (both welding 
and cladding residual stresses) and LTO improvements in the analysis. Section 4 summarizes the best 
practices for the selection of the overcooling transients and accidents to be considered in PTS analyses. 
Section 5 summarizes the best practices in performing thermal-hydraulic calculations for PTS analyses. 
Section 6 and 7 summarizes the best practices, based on the results of WP3, in performing 
deterministic PTS analyses. Section 8 summarizes the best practices, based on the results of WP4, in 
performing probabilistic PTS analyses. Finally, Section 9 presents the main conclusions of the 
deliverable. 
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3 Overview of PTS Assessment Methodologies 

3.1 Background 

Pressurized thermal shock scenario can occur when some initiating event occurs ƛƴ ǘƘŜ ǇƭŀƴǘΩǎ ƘŜŀǘ 
transport system that causes injection of (cold) emergency core cooling water into the RPV, while the 
pressure may remain high, or the pressure may decrease, or there may be a drop in the pressure 
followed by its re-increase.  Such incidents and coincidences are very unlikely to happen, but some PTS 
scenarios have occurred in PWRs (see for example [3]). During such events, the rapid cooling of the 
wt±Ωǎ ƛƴner surface results in thermally induced tensile stresses which vary through the vessel wall, 
vary with time, and are added to the stresses due to pressure. The magnitude of the thermal stresses 
also depends on the temperature gradient across the RPV wall. The PTS challenge to RPV integrity 
usually requires, in addition to the transient cooling and pressure loads, the coincidence of embrittled 
material because of neutron irradiation, and the presence of defect(s) of sufficiently large size and 
appropriate shape in the region of high stress. 

Consequently, when RPVs are exposed to credible PTS scenarios, a principal focus of PTS analyses is on 
determining the potential of flaws on the RPV inner surface, or on the RPV outer surface (in the case 
of accidents resulting in cooling of the RPV from outside), or embedded within the RPV wall, to become 
critical and propagate. Those analyses must compute the changes in the through-the-wall stress and 
temperature distributions with time as the thermal and pressure transients take place. The result of 
the complete PTS assessment process is the evaluation of the state and acceptability of margins of RPV 
integrity.  Implementation of the process requires the following steps (Figure 2): 

¶ select appropriate PTS event sequences,  

¶ conduct thermal-hydraulic analyses (to establish the coolant pressure, coolant temperature, 
and heat transfer coefficient time-histories between coolant and RPV wall),  

¶ conduct structural (or thermo-mechanical) analyses (to compute temperatures and stresses as 
functions of time and location),  

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

¶ establish and apply fracture-mechanics models and fracture criteria, 

¶ establish material properties (as functions of vessel material, temperature, and neutron 
exposure, etc.).   
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Figure 2. Simplified flow chart of the calculation chain for deterministic RPV PTS safety assessment 

Other factors to be considered within PTS assessment include, but are not limited to, residual stresses, 
modelling of weld regions, effects of RPV cladding, the role of crack arrest, and warm pre-stress (WPS). 
The analysis results are then compared with criteria to provide an overall integrity assessment. Some 
aspects of the analyses are complex and multidisciplinary (especially if they consider mutual influence 
of the factors, for instance how RS affects WPS and vice versa), and they require the availability of 
experienced personnel to implement appropriate advanced computer codes in a coordinated manner. 
 
In Section 3.2, the two main approaches to structural integrity assessment, i.e., the deterministic and 
probabilistic approach, are generally described including differences between them.  

In Section 3.3 - 3.5, some specific issues concerning PTS assessment, which were selected within APAL 
project to be thoroughly studied, are presented. 
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3.2 Deterministic vs. Probabilistic Analytical Approaches 

A simplified Structural integrity assessment based on exclusion of crack initiation only (without 
crediting crack arrest) involves generally the comparison of the magnitude of the driving force (DF) for 
structural failure produced by loading events with the resistance (R) of the structure to failure. Both 
the driving force and the resistance depend on combination of large number of factors and, as 
illustrated in the left-most column of Figure 3, both are inherently distributed quantities. To provide 
an example, the driving force produced by PTS will not always be the same because the loading 
transients will not always be the same, because the flaws in the vessel material can be of different 
sizes and locations, etc. Similarly, the resistance of the vessel material to PTS is also variable because 
different vessel materials will have different fracture toughness, different degrees of sensitivity to 
neutron irradiation embrittlement, etc.   

 

Figure 3. Illustration of how deterministic and probabilistic modelling approaches represent the actual 
distributions of driving force (DF) and structural resistance (R), and how these representations influence the 

estimate of structural performance that is the outcome of the analysis  
(PFAIL means the probability of RPV failure) [51] 

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

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

¶ Deterministic analyses represent the uncertainties in both the driving force and the resistance 
distributions acting on a component by a number of means (e.g., conservative bounding values 
or margins) that permit estimation of the distributed driving force and resistance quantities as 
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single (conservative) values. These analyses use combinations of postulated transients, load 
history, postulated defect characteristics (sizes, orientations, positions), material property 
models, fracture models, and structural factors (e.g., cladding, welds, and residual stresses) 
together with criteria and safety factors to ensure a sufficient margin against failure. This is 
usually done with realistic models but by conservatively assuming that the most vulnerable 
(size and orientation) postulated defect is subjected to the worst-case postulated transient 
(thermal and pressure) and is located usually in weld regions or in the most loaded position of 
the RPV or in those locations of the RPV where the material undergoes the highest radiation 
(and therefore has the most degraded properties). Consequently, the results are generally 
regarded as being envelope. 

¶ Probabilistic analyses represent the uncertainties in both the driving force and the resistance 
distributions by two means: 
o As distributed quantities that seek to represent the distributions of the most detrimental 

parameters as accurately as possible, or  
o For some parameters by using conservative bounding values, conservative sub-models, or 

margins to permit the distributed driving force and resistance quantities to be treated as 
single values. 

This type of PTS analysis is a common practice in the USA to account for uncertainties (models 
and data) by performing analyses based on Monte Carlo or advanced simulation methods in 
which many deterministic fracture-mechanics analyses are performed on a large number of 
randomly generated RPVs. The input variables (such as the number, size, location of flaws, 
embrittlement, and fracture properties) for each deterministic analysis are sampled from given 
statistical distributions. For each PTS transient, the Monte Carlo process (or advanced 
simulation method) propagates the uncertainties and their interactions through the model(s) 
such that the solution is not a discrete number, but rather a statistical distribution, which 
provides a measure of the uncertainty in the solution. The product of this distribution, known 
as the conditional probability of vessel failure (or conditional probability of crack initiation), 
and the statistical distribution of the frequency of occurrence of each transient, integrated 
over all postulated PTS transients, provides a statistical distribution of the frequency of failure 
or frequency of crack initiation (failures/initiations per reactor operating year), some fractile 
of which (such as the mean value or the 95th percentile) must be below a certain limiting value. 

The new feature of APAL is the combination of deterministic and probabilistic approach in TH, 
structural and fracture-mechanics analyses [18]. Deterministic analyses are currently fundamental in 
Europe. Nevertheless, probabilistic TH analyses (considering uncertainties in TH input data describing 
NPP parameters and uncertainties in model parameters) are routinely performed for safety analyses 
focussed on core melting but not for pressure vessel failure due to thermal mechanical event like PTS. 
But for PTS analyses only deterministic TH analyses are performed. On the other hand, probabilistic 
fracture-mechanics analyses are performed as basic ones in the USA and as supplementary worldwide, 
but in all cases based on deterministic TH analyses. The current approach is schematically drawn in 
Figure 4. 
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Figure 4. Current approach to deterministic and probabilistic TH and structural/fracture-mechanics PTS analyses [18] 

The new feature and challenge of APAL project is performing probabilistic TH analyses (considering 
uncertainties in TH input data) and using their results in both deterministic and probabilistic structural 
and fracture-mechanics PTS analyses. The new approach developed within APAL is shown in Figure 5. 

 

Figure 5. APAL approach (yellow arrows) to deterministic and probabilistic TH and structural/fracture-mechanics PTS 
analyses [18] 

 

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

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

In PTS analyses using linear elastic fracture mechanics, residual stress can be treated separately from 
the stresses resulting from PTS loads. In advanced nonlinear FEM analyses, WRS are included into the 
model together with the loads resulting from PTS. For this purpose, strains corresponding to WRS are 
generally input in the model. In this case, checking of resulting stresses (calculated before application 
ƻŦ ƭƻŀŘǎ ǊŜǎǳƭǘƛƴƎ ŦǊƻƳ t¢{ ƻƴ C9a ƳƻŘŜƭ ǿƛǘƘ άŎƭƻǎŜŘέ ŎǊŀŎƪύ ǎƘŀƭƭ ōŜ ǇŜǊŦƻǊƳŜŘΦ  

RS due to cladding are generally introduced by using different thermal expansion coefficients of 
base/weld material and cladding and by selection of the appropriate stress-free-temperature Ὕ . 

The value of stress-free temperature depends on material properties, the manufacturing procedure 
and the influence of the hydro test. This approximation results in a piece-wise linear function, which is 
determined from the different values of thermal expansion coefficients and the thicknesses of the 
cladding and base metal. This description does not account for any variation of the residual stresses in 
the cladding transverse and longitudinal directions, although different stress states are expected at, 
for instance, mid-width of beads, and in the bead overlap region. 

In practice, the stress-free-temperature Ὕ  is different from the reference temperature Ὕ  

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

the CTE at the temperature Ὕ based on the stress-free temperature Ὕ , can be calculated using the 

method described in Section 6.1 of this report. 

3.3.1 Methodologies to determine RS 

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

¶ Take RS from standards (or other literature), 

¶ Calculate RS using a detailed FEM analysis, 

¶ Determine RS based on measurements. 

The description of RS distributions used by APAL participants is contained in Section 3.3.1.1. The other 
two methods are briefly presented in Sections 3.3.1.2 and 3.3.1.3 respectively. 

3.3.1.1 RS taken from standards (or other literature) 

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

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

Czech Republic 

RS for assessment of RPV resistance against fast (brittle) fracture are taken from the Czech standard 
NTD-AME Section IV [8]. Its approach to RS is based on Russian standard MRKRςSKhRς2004 [9]. The 
paper by V. I. Kostylev and B. Z. Margolin [11] contains the technical basis for this RS distribution. 

RS magnitude in cladding is taken as 390 MPa (at room temperature). Weld residual stress profile 
through the RPV wall thickness is considered as a cosine with an adjustment for heat affected zone 
(HAZ). RS profile through the RPV wall thickness in base metal is considered as stepwise with 
adjustment for HAZ (see Figure 6).  
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a) b) 

Figure 6. RS profile through the RPV wall thickness in a) weld, b) base metal 

The magnitude of RS in HAZ due to cladding and in weld is taken based on diagrams in the standard in 
dependency on duration and temperature of tempering (see Figure 7). 

 

 

Figure 7. Dependency of RS magnitude on duration and temperature of tempering 

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

Germany 

According to the German KTA standard [12] the weld residual stress shall be considered by applying a 
constant value of υφ ὓὖὥ across the wall thickness in the direction parallel to the weld if no other 
value can be determined. The irregular distribution transversal to the weld may be considered by 
means of the following cosine equation: 

„ ȟ υφ ὓὖὥzÃÏÓ ς“ὼὸϳ  

with ὼ being the current coordinate along the path through the wall and ὸ being the wall thickness 
without cladding. This distribution is based on work published by D.A. Ferrill, P.B. Juhl and D.R. Miller 
in 1966 [14]. 
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The consideration of residual stresses resulting from the cladding procedure is not explicitly described 
in the KTA. For residual stresses in the cladding itself, it is common practice in Germany to consider 
the operating temperature as a stress-free temperature for the cladding in the FEA if no detailed 
information is available. Therefore, the stresses due to different thermal expansion coefficients of base 
and clad material lead to a conservative stress generation during the thermal transients. Residual 
sǘǊŜǎǎ ƛƴ ǘƘŜ I!½ ƛǎ ŎƻƴǎƛŘŜǊŜŘ ƛƴ ǘƘŜ ŀƴŀƭȅǎƛǎ ƛŦ ǘƘŜ ƳŀǘŜǊƛŀƭ ǇǊƻǇŜǊǘƛŜǎ ŀǊŜ ŀǾŀƛƭŀōƭŜ ό¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎΣ 
strain-stress curve, ὙὝ ). 

Switzerland 

The WRS is determined as „ υφϽÃÏÓς“ὼὸϳ  ὓὖὥȟ based on the IAEA-TECDOC-1627 [1], and 
when using FAVOR code as „ ττϽÃÏÓ ς“ὼὸϳ  ὓὖὥ. This value is prescribed in a finite element 
simulation based on the radial and circumferential coordinates of the point of analysis. During the 
calculations, RS are assumed deterministic and correspond to the values in FAVOR code according to 
the reference [16]. 

For cladding, in FAVOR, it is assumed that the residual stress at room temperature is ρτφȢω ὓὖὥ. 
Stress-free temperature is set to ςψπȢσ Јὅ. Temperature dependent material properties are used. 

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

The residual stresses implemented in FAVOR [17] were obtained experimentally and with numerical 
analyses of a RPV shell segment with a structural weld from a cancelled pressurized water reactor plant 
in the US. 

The RS profile through the RPV wall thickness in welds available in FAVOR is shown in Figure 8. At the 
inner surface, a φȢυ ὯίὭ ͯ τυ ὓὖὥ tensile stress is observed. This stress profile, which does not 
include the cladding RS described above, is re-scaled in the wall-thickness direction to adapt the profile 
to the studied RPV wall thickness. 

 

Figure 8. Welding residual stresses in FAVOR 16.1 [17] 

In the FAVOR code, the specification of a selected stress-free temperature (Ὕ ) allows the user to 

include the effects of difference in thermal expansion coefficients between the cladding and base 
materials (i.e., cladding RS). Thus, the cladding RS are introduced by thermal strains mismatch between 
the cladding and base materials. With a Ὕ  equal to τψψ ЈὊ ( ςͯυσ Јὅ), a reference temperature 

(Ὕ ) equal to χπЈὊ ( ςͯρЈὅ) and temperature dependent material properties, the through-cladding 

average tensile stress of about ςρȢσ ὯίὭ ( ρͯτχ ὓὖὥ) is obtained. Because Ὕ  and Ὕ  usually 

differ, the thermal expansion coefficient is re-scaled within FAVOR using the formula shown below to 
assure the strain free condition at Ὕ .  
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‌ ȟ   

ȟ    Ͻ  
ȟ   

Ͻ 

ȟ   ẗ
, 

where, 

‌ ȟ    is the coefficient of thermal expansion at the temperature Ὕ based on the reference 

temperature Ὕ . 

‌ ȟ    is the coefficient of thermal expansion at the temperature Ὕ based on the reference 

temperature Ὕ . 

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

Ukraine 

RS for assessment of RPV resistance against brittle fracture are taken from Ukrainian standard PM-
T.0.03.415-16 [19] which refers to the IAEA recommendation [6] „ φπϽÃÏÓς“ὼὸϳ  ὓὖὥ. In the 
other hand, according to clause G.3 of Annex G of SOY NAEK 177:2019 [20] RS distribution is allowed 
to be defined as result of a simulation. 

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

RS redistribution due to pressure test and/or operational load: 
Only the stress-free temperature is adjusted. In case of FEM calculation of RS the redistribution due to 
hydrotest is calculated. 

Sweden 

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

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

Hungary 
The residual stress distribution in welds was taken as follows [21]: 

„ „ ϽÃÏÓ ς“ὼὸϳ , 
where „ φπ ὓὖὥ, ὼ is the coordinate in weld thickness direction starting from the 
cladding/weld metal interface, and ὸ is weld thickness (without cladding).  
The cladding residual stresses were taken into account, applying a stress-free temperature (Ὕ ), which 

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

France 

Predefined residual stress profiles were proposed by industrials (see Figure 9) based on a literature 
study including engineering, R&D measurements and international standards. The proposed RS 
profiles were verified by FEM analysis using Code_Aster. Measurements will further be performed by 
industrials to validate the FEM analysis and to confirm the conservativeness of the proposed RS 
profiles. 
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Figure 9. RS profiles as a function of distance from the inner surface 

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

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

3.3.1.2 RS calculations 

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

¶ Material (stress-strain curves, creep curves, mechanical and thermal properties in a wide range 
of temperatures, phase transformation). 

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

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

¶ Hydro-pressure test (pressure and time duration). 

As a rule of thumb, commercial FEA codes (like ABAQUS and ANSYS) or specific codes focussed on 
welding simulations (like SYSWELD) are usually used. General simplified workflow for RS evaluation is 
presented in Figure 10. 

2-D modelling is often preferred and may be used where it can be regarded as a reasonable 
approximation, e.g., for some axisymmetric problems. This approximation, however, eliminates 
process characteristics in the welding direction from the analysis and it is important to acknowledge 
the possible deviation from the actual heat transfer and mechanical boundary conditions. 3-D 
modelling eliminates potential uncertainties introduced by 2-D approximations but is much more 
resource and time consuming. 

Simplifications are needed in RS simulations, as long as these simplifications do not alter the margin, 
due to the long computational times required, the lack of detailed input data on the involved 
parameters and the complex (material) phenomena occurring during welding, often simplified or 
omitted. The applied material models and their influence on the obtained WRS may require further 
investigations for the analysis of cyclic (welding) thermo-mechanical transients with a subsequent PTS 
(cool down) transient. 
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Figure 10. General scheme for RS calculation using FEM [5] 

3.3.1.3 RS determination based on measurements 

Reliable information regarding magnitude and distribution of residual stresses in both, welds and 
cladding, is important for RPV integrity assessment and decisions concerning continued safe operation. 
One valuable method for characterization of the residual stresses is to carry out measurements on a 
reference component to collect empirical data for application on similar components. Measurements 
are also used to validate numerical models used for predicting the residual strain and stress states for 
specific components and welding conditions, including effects of pressure tests and operational loads. 

The reference component may be a cut-out piece from an actual pressure vessel (never operated or 
decommissioned) or a representative mock-up. Aspects such as whether an actual cut-out piece was 
in service or not, post-weld heat treatment, pressure test, and operational conditions could potentially 
imply a significant difference. Mock-ups will most likely correspond to cut-out pieces if the welding 
process is performed in the same way as during manufacturing the real RPV and the realistic boundary 
conditions are successfully imposed during the mock-up manufacturing. Conditions from events after 
the as-welded state and post-weld heat treatment will always be difficult to include. There may also 
be a deviation in actual material properties unless archived original material is available. Inadequate 
documentation may constitute uncertainty concerning the actual procedures during manufacturing 
decades ago.  

There are several different residual stress measurement techniques available (see Figure 11) which are 
generally classified into destructive, semi-destructive and non-destructive. Destructive techniques 
result in large and irreparable structural change to the specimen, meaning that either the specimen 
cannot be returned to service, or a mock-up or cut-out piece must be used. These techniques use a 
"strain release" principle. These methods include the contour method and the slitting (crack 
compliance) among others. The semi-destructive techniques also use the "strain release" principle. 
However, they remove only a small amount of material, leaving the overall integrity of the structure 
intact. These techniques include the deep hole drilling, the centre hole drilling and the ring core 
methods. Despite the fact of removing only small amount of material, they can hardly be used on 
operating RPVs. Finally, the non-destructive techniques measure the effects of relationships between 
the residual stresses and their action of crystallographic properties of the measured material. Some of 
these techniques work by measuring the high frequency electromagnetic radiation through the atomic 
lattice spacing (which has been deformed due to the stress) relative to a stress-free sample. These 

https://en.wikipedia.org/wiki/Electromagnetic_radiation
https://en.wikipedia.org/wiki/Crystal_structure
https://en.wikipedia.org/wiki/Crystal_structure
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techniques include neutron diffraction, synchrotron diffraction, and X-Ray diffraction. The ultrasonic 
and magnetic techniques exploit the acoustic and ferromagnetic properties of materials to perform 
relative measurements of residual stress. All these techniques have both practical limitations and 
physical characteristics requiring considerations of, for instance, geometry, location of the specimen, 
resolution, uncertainty, penetration depth, stress triaxiality, gradients, sampling volume and stress-
free samples. Transportability and size of the specimen may reduce the number of available 
measurement techniques depending on the portability and size of the device. 

  

Figure 11. Scheme of RS measurements techniques [52]  

Scatter of weld RS measurements has been reduced over the years by constant improvement of the 
techniques available, participation in round robin exercises and validation efforts with improved 
computational modelling. On the other hand, PTS integrity assessments could benefit from additional 
and more accurate RS measurements on decommissioned RPV. This seems to be the goal particularly 
of the completed and planned projects in several countries. 

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

3.3.2 Axisymmetry of RS distributions 

The WRS and CRS distributions are assumed constant in the azimuthal direction. This is considered a 
reasonable approximation, although it ignores the effects of areas that may have suffered more 
thermomechanical cycles, such as areas with intersecting welds (in case of rolled-plate vessels) and, 
where appropriate, weld repairs. 

3.3.3 Uncertainty distributions 

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

The warm pre-stress (WPS) effect can be generally defined as follows: A warm pre-stress is an initial 
preloading applied to a ferritic steel containing a pre-existing flaw which is carried out at a temperature 
above the ductile-brittle transition temperature. The phenomenon is well known in regard to the risk 
of RPV brittle failure for ferritic steels during possible overcooling PTS transient (Figure 12). 

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

¶ Failure can be excluded during monotonic unloading (decreasing of the stress intensity factor). 

¶ In case of a reloading of the vessel at lower temperature, there is an additional margin against 
brittle failure compared with the nominal material fracture toughness at that temperature. 

 

Figure 12: Schematic diagram illustrating how the WPS effect could be active during a PTS depending on the 
transient [53]  

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

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

This section based on questionnaire filled by APAL partners provides an overview of the different 
approaches and models used in the national standards to determine the effect of warm pre-stress. 
Usually, such an implementation of the WPS effect into national standards and the decision which 
approach to use is based on experimental investigations that have been carried out. This paragraph 
ǇǊŜǎŜƴǘǎ ǘƘŜ ŎǳǊǊŜƴǘ ŀǇǇǊƻŀŎƘ ǘƻ ²t{ ǳǎŜŘ ƛƴ !t![ ǇŀǊǘƴŜǊǎΩ ŎƻǳƴǘǊƛŜǎ ōǳǘ ŘƻŜǎ ƴƻǘ ǊŜŎƻƳƳŜƴŘ ŀƴȅ 
of them. Discussion and recommendations are given in the subsequent chapters. 

Czech Republic 

In the Czech Republic according to the NTD AME  [8] WPS is acceptable for both monotonical and non-
monotonical unloading (no need for distinguishing). Level of 90% (which is applied as safety margin) 
of the global maximum of ὑ (denoted as ὑ ) is the basis for the integrity assessment (see the point 
ŘŜƴƻǘŜŘ ŀǎ ά!έ ƛƴ Figure 13) which is the point corresponding to the lowest temperature on the level 
πȢωϽὑ ). Below 90% of ὑ  the increased fracture toughness curve (so called Case 1) is used 
according to the modified Wallin approach as follows: 

Establish  ὑ ͺ ὑ ϽπȢωϽὑ ὑ  ὑ , 

where 

ὑ ͺ is the temperature dependence of fracture toughness affected by WPS for Case 1. 
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ὑ  ƛǎ ǘƘŜ άŎƻƴǾŜƴǘƛƻƴŀƭέ ǘŜƳǇŜǊŀǘǳǊŜ ŘŜǇŜƴŘŜƴŎŜ ƻŦ ŦǊŀŎǘǳǊŜ ǘƻǳƎƘƴŜǎǎ όǿƛǘƘƻǳǘ ŎƻƴǎƛŘŜǊƛƴƎ ²t{Σ 
based either on critical temperature of brittleness or on Master Curve reference temperature). 

ὑ  is the global maximum of ὑ trajectory during the PTS transient (WPS approach can be applied 
only after reaching the global maximum ὑ ). 

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

The condition   

ὑ ὑ ͺ
  

 
 

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

The WPS approach according to the Czech standard NTD AME [1] is illustrated in Figure 13. Since the 
WPS approach implemented in NTD AME is based on the modified Wallin model, complemented with 
an additional safety factor πȢω, it may be described by the following equations: 

If ὑ  πȢωϽὑ  ɀ ὑ, then 

KFRACpred = ὑ ϽπȢωϽὑ ὑ ὑ (Case 1). 

If ὑ  πȢωϽὑ ὑ  ὑ, then 

KFRACpred = πȢωϽὑ     (Case 2). 

If ὑ  πȢωϽὑ , then 

KFRACpred = ὑ      (Case 3), 

where ὑ ƛǎ ǘƘŜ άǳƴƭƻŀŘƛƴƎέ ǾŀƭǳŜΣ ƛΦŜΦΣ ὑ  ὑ  as far as condition for Case 1 (with ὑ  ὑ ) is 
being fulfilled, and if this condition is no longer fulfilled, then ὑ  πȢωϽὑ  (Case 2 occurs). KFRACpred 
means here the predicted value of fracture toughness (at re-load). 

 

Figure 13. Illustration of the procedure for WPS approach application according to NTD AME 
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Germany 

In Germany the WPS approach in KTA 3201.2 [12] is divided in the effect on the loading side (crack tip 
loading) and the effect on the material side. ά¦Ǉƻƴ ǿŀǊƳ ǇǊŜ-stressing of the crack front and in the 
case of a monotonously decreasing stress intensity factor (specimen cooling under sustained load), i.e., 
at ὨὑȾὨὸ  πΣ ŎǊŀŎƪ ƛƴƛǘƛŀǘƛƻƴ ƛǎ ǘƻ ōŜ ŜȄŎƭǳŘŜŘέ. This statement holds even if the load reaches the 
ƳŀǘŜǊƛŀƭΩǎ ŦǊŀŎǘǳǊŜ ǘƻǳƎƘƴŜǎǎ ŘǳǊƛƴƎ ǳƴƭƻŀŘƛƴƎ ŀƴŘ ŎƻƻƭƛƴƎΦ  

 

Figure 14. Principle sketch to show the determination of the fracture toughness KFRAC upon warm pre-stressing 

The KTA also allows taking the increase of the apparent fracture toughness into account to exclude 
crack initiation in case of a sudden increase of the stress intensity factor (reloading at lower 
temperature). In such cases, it is advised to determine the apparent fracture toughness ὑ  after a 
warm pre-loading that is also depending on the unloading before the rise of the stress intensity factor. 
Figure 14 shows the determination of the fracture toughness ὑ  upon warm pre-stressing for the 
unloading range of a fictious transient. Different levels of unloading are shown in Figure 14. 

The approach described within the KTA is basically the approach proposed in 1980 by G. G. Chell [13]. 
German R&D results were used to verify its application.  

It is important to note that besides the described approach the KTA also allows using other models to 
determine the fracture toughness upon warm pre-stressing. In this context it refers to the method 
used in the British Standard BS 7910 [22] as an example. 

Ukraine 

The National general approach [19] to determination of RPV brittle fracture margin using WPS 
approach is described below. 

The calculated fracture-mechanics parameter (for example stress intensity factor (SIF)) and maximum 
allowable critical temperature of brittleness (CTB, Ὕ ) are defined for postulated defects and for any 
transient with PTS. 

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

Maximum allowable critical temperature of brittleness (Ὕ ) for given accident corresponds to 
minimum of obtained values of allowable CTB for all calculated variants (scenarios) of the accidents. 
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Difference between Ὕ  and critical temperature of brittleness (Ὕ) of RPV metal defines margin of 
brittle fracture ЎὝ . 

In case that SIF curve decreases monotonically after reaching its global maximum ὑ , it is allowed 
to determine Ὕ  based on approach of warm pre-stressing with using tangent point method in the SIF 
range ὑ πȢωϽὑ Ƞὑ . 

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

- repeated loading occurs at lower temperature Ὕ than is the temperature of pre-load Ὕ , 
i.e., Ὕ  Ὕ ; 

- maximum SIF over the repeated loading ὑ  must not exceed πȢωϽὑ Σ ƛΦ͔Φ ὑ  πȢωϽ
ὑ . 

If these two conditions are met, Ὕ  may also be determined using the tangent point method in the 
range ὑ πȢωϽὑ Ƞὑ . 

In cases where at least one of these two conditions is not met (see examples on Figure 15), the WPS 
approach is prohibited, and the tangent point approach must be used for the part of SIF curve following 
the ὑ  value. 

         

Figure 15. PTS examples for which WPS is not applicable according to the Ukrainian rules [19] (TP denotes 
tangent point method) 

WPS approach in FAVOR PFM Code (used in the US, Slovenia, Spain and Switzerland3) 

In FAVOR, a fundamental requirement for the WPS model is that the flaw is not propagating into the 
RPV wall. This requirement is satisfied for two states: 1) the pre-existing flaw has not experienced its 
first initiation or 2) the flaw is in a state of crack arrest after propagating to some depth within the RPV 
wall. 

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

Note 2: When the crack is in a state of arrest, the temperature and applied crack driving force, ὑ, at 
the crack tip continue to evolve over time. The starting time for the WPS model is the elapsed time for 
ǘƘŜ ǘǊŀƴǎƛŜƴǘ ŀǘ ǘƘŜ ǘƛƳŜ ƻŦ ŜƴǘŜǊƛƴƎ ŎǊŀŎƪ ŀǊǊŜǎǘΦ ¢ƘŜ ǘǊŀƴǎƛŜƴǘ άŎƭƻŎƪέ ƛǎ ǘǳǊƴŜŘ άƻŦŦέ ŀǘ ǘƘŜ Ǉƻƛƴǘ ƻŦ 
initiation or re-initiation and turned bacƪ άƻƴέ όōǳǘ ƴƻǘ ǊŜǎŜǘ ǘƻ лύ ǿƘŜƴ ǘƘŜ ŎǊŀŎƪ ŀǊǊŜǎǘǎΦ 

Requirements for Entering into a WPS State 

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

Enter Condition 1: ὑ † ὑ ὥ ; the crack is within the ὑ  probability space 

(see below). 

 
3 FAVOR is used in Switzerland only for research purposes. 



APAL (945253)  D5.2 ς Final report on guidance on best-practice for 
deterministic and probabilistic RPV integrity assessment 

 

30 
 

Enter Condition 2: Ὠὑ † Ὠ†ϳ π; a falling ὑ field with respect to time †Ȣ 

Requirements for Exiting a WPS State 

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

Exit Condition 1. ὑ † ὑ ὥ ; the crack is within the ὑ  probability space. 

Exit Condition 2. Ὠὑ † Ὠ†ϳ π; a rising ὑ field with respect to time †. 

Exit Condition 3. ὑ † ‌Ͻὑ Ȣ 

To satisfy Exit Condition 3, the ὑ at the flaw tip must exceed some fraction, ‌, of the previously 
established maximum, ὑ , experienced by the flaw up to the point in time under consideration. 

The value for ‌ is sampled from a prescribed distribution within the range of π ‌ ρȢυ (See Figure 
16). 

In FAVOR, the randomness of ὑ  is based on a Weibull distribution and the probability for crack 
initiation at certain ὑ is: 

ὖὑ ὑ
π ὑ ὥ

ρ ÅØÐ ὑ ὥ
 , 

with 

ὥ ςρȢςχωȢρψÅØÐπȢπτρὝ ὙὝ , 

ὦ ρχȢρφυυȢρπÅØÐπȢπρτὝ ὙὝ , 

ὧ τ. 

Table 1 lists the three WPS models currently implemented in the FAVOR code4. All three models require 
the conventional LEFM condition, where Enter Condition 1 is a necessary, but not sufficient, condition 
for crack initiation. Thus, the three WPS models in Table 1 adopt the additional condition that the 
driving force must also increase with time for cleavage crack re-initiation to be possible (Exit Condition 
2). Where the WPS models differ is in how the crack exits the WPS state and then re-initiates, i.e., the 
treatment of the flaw when ὑ is increasing with time Ὠὑ Ὠ†ϳ π after there has been some 
previous time when Ὠὑ Ὠ†ϳ π. Table 1 summarizes the conditions required for crack re-initiation 
for the three WPS models. In addition to the Conventional LEFM model, all three WPS models in  
Table 1 are available to the FAVOR user. 

 
4 Note that the FAVOR analysis results generated for the USNRC PTS Reevaluation Project (leading to the 
!ƭǘŜǊƴŀǘƛǾŜ t¢{ wǳƭŜύ ǿŜǊŜ ōŀǎŜŘ ƻƴ ǳǎŜ ƻŦ ǘƘŜ ά/ƻƴǎŜǊǾŀǘƛǾŜ tǊƛƴŎƛǇƭŜ ²t{έ ƛƴ Table 1; however, the FAVOR 
code has implemented all WPS models in Table 1. 
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Figure 16: Example of warm pre-stressing: log-logistic distribution fitted to data obtained from Moinereau et al. 
[23] for a parameter in Best-Estimate Model for warm-pre-stress model implemented in FAVOR [17] 

Reference [24] describes a study comparing the effects of conventional LEFM and the three WPS 
models summarized in Table 1 on the computed RPV failure risks that are calculated by the FAVOR 
ŎƻŘŜΦ !ƴŀƭȅǎŜǎ ƻŦ ǘƘŜ ά.Ŝǎǘ 9ǎǘƛƳŀǘŜ ²t{έ ƳƻŘŜƭ ǳǘƛƭƛȊŜ Řŀǘŀ ǇǊƻŘǳŎŜŘ ōȅ ǘƘŜ 9ǳǊƻǇŜŀƴ /ƻƳƳƛǎǎƛƻƴ 
NESC-±LL ά{aL[9έ ǇǊƻƧŜŎǘ ŀƴŘ ǇǳōƭƛǎƘŜŘ ōȅ aƻƛƴŜǊŜŀǳ ŀƴŘ ŎƻƭƭŜŀƎǳŜǎ ƛƴ нллт [23]. 

Table 1: Summary of Criteria for Crack Re-Initiation Imposed by Different Models 

 

Figure 17 through Figure 19 represent an example of PTS. Figure 17 represent the loading history. 
Figure 18 and Figure 19 represent the ὑ history.  

At Point 1 in Figure 18 and Figure 19 the load path for the flaw enters in the finite ὑ  probability space, 
and, shortly thereafter, Ὠὑ Ὠὸϳ  becomes negative. The flaw is in a state of WPS from Point 1 to Point 
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2b. At Point 2b, the applied-ὑ at the crack tip exceeds the current ὑ  (established at Point 1). For 

the Baseline option, the parameter ‌ is set to 1.0,  Along the load path between Points 2b and 3 in 
Figure 18, the flaw is no longer in a state of WPS and has a finite probability of crack initiation (ὧὴὭὸ 
π). At Point 3, a new ὑ  is established, and, since Ὠὑ Ὠὸπϳ  or ὑ ὑ  for the remainder 

of the load path, the flaw returns to and remains in a state of WPS. While the WPS condition is in effect, 
the instantaneous conditional probability of initiation, ὧὴὭὸ, for the flaw is set to zero, even though 
the applied ὑ of the flaw is within the finite ὑ  probability space (ὑ ὑ ). 

 

 

Figure 17. Example of warm pre-stressing: loading history with pressure applied to the inner surface and the 
temperature at the crack tip [17] 

 

Figure 18. Example of warm pre-stressing: load path for a flaw showing two WPS regions (cpi is the 
instantaneous conditional probability of initiation [17]) 
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Figure 19. Example of warm pre-stressing: three options implemented in FAVOR for a flaw leaving the warm 
pre-stress state allowing re-initiation (cpi is the instantaneous conditional probability of initiation) [17] 

Hungary  

In Hungary the effect of Warm Pre-Stress (WPS) can be taken into account for transients in which the 
vessel is not re-pressurized. When using WPS approach, the 90% value of the stress intensity factor at 
the local maximum point just before the reloading (understood in the ὑ-time diagram) is used instead 
of the value at the given time as ὑ  [21]. This method might be used also for irradiated materials 
(without further limitations). 

Japan 

In Japan for deterministic evaluations prescribed in JEAC4206-2016 [27], crack initiation cannot occur 
during Ὠὑ Ὠ†ϳ π, here ὑ and † represent the stress intensity factor and time, respectively. On the 
other hand, WPS-ACE model (see above), is prescribed in JEAG4640-2018 [28] for probabilistic 
calculations.  

Russian Federation 

According to the Russian standard [9] the strength condition is considered as satisfied if at any time 
point during the PTS event the following condition is satisfied for any point of the postulated defect 
front located in base and/or weld metal: 

ὑ ὲϽὑ ὑ , 

where for accident conditions (Ὥ τ the safety factor ὲ ρȢρ. 

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

ὑ  πȢωϽɮ . 

ɮ  is function of time. For the time point †, ɮ † is equal to the maximum ὑ  value for the time 

period from π to † (see Figure 20), herein within the time range from π to † , ˡ † π; where 

†  is the time point corresponding to the first maximum of ὑ  dependence on †. 
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As evident from Figure 20, within the range π † † ȟ  άὥὼὑ ὑ . Therefore, within the 

range † † † ȟl † ὑ . Within the range π † † ȟάὥὼὑ ὑ . 

Therefore, within the range † † † , l † ὑ . 

 

Figure 20. Scheme illustrating the l░Ⱳ function determination  
based on a known ╚╘░ dependence on time Ⱳ [9] 

 
France 

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

A probational rule was introduced in 2016 in the RSE-M code (French code ς Rules for monitoring and 

maintenance of mechanical equipment of pressurized water reactor in operation) for the study of 

reactor vessel fast fracture. 

The French Operators may use the WPS approach and the RSE-M appendix to justify the mechanical 

resistance of the reactor pressure vessel for the upcoming fifth periodic safety reviews (PSR), starting 

with the 5th 900 MWe reactor PSR. 

Accounting for the WPS effect according to RSE-M consists in determining an apparent toughness of 

the material as a function of the conventional toughness of the material (KIC) and special values of the 

stress intensity factor (KCP) reached at the crack tip during the transient (KCP, WPS and K2). The 

analyses are based on the application of the ACE model developed by AREVA-F, CEA and EDF. 

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

 
With:  

KCP : stress intensity factor,  
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KIC: conventional toughness of the material, 

KCP,WPS: maximum value of KCP reached during the transient, 

K2 : minimum value of KCP reached during the transient (cooling phase). 

The inequality is substantiated by numerous tests presented in the paper: S. Chapuliot and others, 
WPS criterion proposition based on experimental data base interpretation, paper n°A0141 Fontevraud 
7, September 2010. These tests consider many different configurations as: specimen geometry, loading 
conditions and state of the material (irradiated or not). They were carried out on welded joint and 
vessel materials. 

3.4.2 Discussion on WPS applicability 

3.4.2.1 Application of the WPS to irradiated zones of RPV 

Larger number of experimental studies of the WPS effect was carried-out on unirradiated materials 
than on the irradiated ones. However, the applicability of WPS and its validity domain is expected to 
be the same for both materials. 

3.4.2.2 WPS and constraint effect 

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

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

Shallow crack effect is only included in the Russian standard MRKRςSKhR ς2004 [9]. The technical basis 
of this methodology is contained in the references [31] and [32]. The shallow crack effect can be 
applied in combination with the WPS model of MRKRςSKhR ς2004 standard. 

3.4.2.3 WPS and crack arrest 

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

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

The German safety standards do not exclude explicitly consideration of WPS in combination with crack 
arrest. If a crack initiates brittle fracture even after taking WPS into account, the same mechanism 
ǎƘƻǳƭŘ ŀǇǇƭȅ ŀǎ ƛƴ ŎŀǎŜ ǿƛǘƘƻǳǘ ²t{Φ Lǘ ƛǎ Ƨǳǎǘ ǎǘŀǘŜŘ άIf the stress intensity ὑ †ȟὝ is less than the 
crack arrest toughness ὑ †ȟὝ an unstable crack is arrestedέΦ !ƴ ƛǎǎǳŜ Ƴŀȅ ōŜ ǘƘŜ ŦŀŎǘ ǘƘŀǘ ǘƘŜ 
energy stored in the structure and released could be significantly higher since WPS effect altered the 
fracture toughness to higher values. This leads to potentially higher crack speeds and may therefore 
not be assessable with the static ὑ  concept. This issue should be investigated and clarified. 

In the FAVOR code, the crack arrest and WPS models are applied independently. There is a possibility 
for crack initiation/arrest/re-initiation to occur with or without consideration of WPS. With WPS turned 
off, the crack initiation/arrest/re-initiation event sequence is also available, where the criterion for re-
initiation is that the local applied ὑ exceeds the local fracture toughness, ὑ . WPS is not considered 
during the cleavage crack propagation phase, but only for crack initiation or re-initiation. In the case 
of the assessment of crack re-initiation (after the crack has arrested), WPS is considered separately 
only for re-initiation phase. 
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3.4.3 Gaps in the application of WPS in PTS analyses 

Open issues in the consideration of WPS in PTS assessments are summarized below: 

¶ The possible non-conservative estimation of the WPS effect when the most severe load is 
estimated with the TH analyses. The reasoning behind this is that the magnitude of the WPS 
effect is directly connected with the magnitude of the pre-load, a higher pre-load gives a larger 
WPS effect. Hence, overpredicting the pre-load would lead to over predicting the WPS effect 
leading to a possible non-conservative result. This should be considered in the selection of 
transients for PTS analysis. It is recommended during thermal-hydraulic (TH) analysis to take 
into account conservative consideration of maximum loading and maximum unloading during 
the PTS. 

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

¶ The lack of experimental results on realistically pre-loaded irradiated material. The majority of 
the published experimental results demonstrating the WPS effect are on non-irradiated 
material where low temperatures are used to mimic the effect of the irradiation on the 
fracture toughness curve. 

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

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

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

3.5 LTO improvements relevant for PTS analysis 

3.5.1 Thermal-hydraulic (TH) Simulation of LTO improvements 

Information on the already applied or further potential LTO improvements with an impact on the plant 
resistance against PTS and RPV brittle fracture were collected in the WP1 Public Summary Report [5].  
Most of the modifications are related to the parameters of the Emergency Core Cooling System (ECCS) 
since its actuation has a major impact on PTS. Some LTO improvements concentrate on aging 
management of RPVs and other systems, structures, and components. In some plants, modifications 
of Emergency Operation Procedures (EOPs) were implemented to reduce the risk of PTS. 

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

The potential benefits of those LTO improvements are quantified by comparing the results with those 
of the analysis of a base case. This is a SB-LOCA (50 cm2) with break in the core outlet region in a 
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German design four-loop PWR of 1300 MW, and with loss of offsite power. As an example, the 
sequence of main events in RELAP5 simulations is summarized in Table 2.  

Table 2: Sequence of Events for the Reference SB-LOCA in RELAP5 Simulations 

Cause Event Time (s) 

Primary pressure < 132 bars  

Reactor trip  
Turbine trip  
Emergency signal  
Signal sec.-side cooldown (100 K/hr auto.)  
Main coolant pumps (MCPs) trip  

44 

Analysis assumption  Loss of offsite power  44 

Emergency signal + 12 s  
Signal ECC system to start Diesel 
Generators (DGs)  

56 

Primary pressure < 110 bars  Emergency cooling signal for HPI pumps  79 

HPI pumps running  HP injection  85 

Primary pressure < 26 bars  Accumulator (ACC) injection  2780 

Primary pressure < 10 bars  Emergency coolant signal for LPI pumps 4550 

LPI pumps running  LP injection  4555 

ECCS injection stronger than break flow PRZ level recovery 4700 

End of calculation   4900 

 

Table 3 presents the LTO improvement cases chosen to be calculated in WP2. The table also shows 
which computer codes were used in each simulated case.  

Table 3: LTO improvements and human actions simulated in WP2 

LTO improvement / Human action System Code  MIX Code / Partner 

1. Heating of water in the HPIS tanks  RELAP5  
TRACE  

Fluent/UJV  

2. Heating of water in the ACCs  RELAP5  
TRACE  
ATHLET  

ECC-MIX/GRS  
KWU-MIX/Fra-G  

3. Heating of water in the LPIS tanks  RELAP5  
TRACE  
ATHLET  

ECC-MIX/GRS  
KWU-MIX/Fra-G  

4. Decreasing the HPSI head  RELAP5  
TRACE  
ATHLET  

ECC-MIX/GRS  
 

5. Decreasing the HPSI capacity  RELAP5  
TRACE  

- 

6. Reduction of HPIS flow (operator action)  RELAP5/WUT  KWU-MIX/Fra-G  

7. Decreasing of accumulator pressure  RELAP5  
TRACE  

- 

8. Change of cooldown rate (operator action)  RELAP5  KWU-MIX/Fra-G  

9. Isolation of accumulators (operator action)  RELAP5  KWU-MIX/Fra-G  
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Table 4 shows the specifications used in each simulated case. The results for each simulated case were 
compared with the base case defined above. 

Table 4: Specifications used in simulations of LTO improvements and human actions 

LTO improvement / Human action Simulated Change 

1. Heating of water in the HPIS tanks  Heated from 15 °C to 45 °C  
2. Heating of water in the ACCs  Heated from 20 °C to 50 °C  
3. Heating of water in the LPIS tanks  Heated from 15 °C to 45 °C  
4. Decreasing the HPSI head  Decreased down to 75% (in 5% decrements)  
5. Decreasing the HPSI capacity  Decreased down to 75% (in 5% decrements)  
6. Reduction of HPIS flow (operator action)  Reduced at 1800 s to one pump  
7. Decreasing of accumulator pressure  Decreased from 26 bar to 20 bar  
8. Change of cooldown rate (operator action)  Changed from 100 K/h to 200 K/h  
9. Isolation of accumulators (operator action)  Isolated at 500 s  

 

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

4.1 General consideration   

During normal operation, the RPV is very hot because of the high temperature of the water it contains 
(inlet temperature between 270 °C and 290 °C and outlet temperature between 300 °C and 320°C). 
Several types of malfunctions or accidents can cause a rapid decrease of the reactor coolant 
temperature. The cooling conditions in the RPV downcomer are characterized by complex thermal 
hydraulic phenomena including mixing effects. Depending on the plant specific injection conditions of 
the emergency core cooling system, the cooling can be approximated either by axisymmetric or plume-
like asymmetric thermal shock loading of the vessel wall. In most cases, the RPV is simultaneously 
subjected to high pressure. The phenomenon is called pressurized thermal shock (PTS). This term is 
conventionally used even in the case that the pressure in the RPV is low (e.g. in the case of large break 
LOCA). Course of PTS event depends strongly on the actual plant status, plant configuration, systems 
operation, and operator actions. The thermal and mechanical loads arisen during PTS shall be 
considered in the reactor pressure vessel integrity assessment. 

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

The selection of PTS events (transients) should be performed in a comprehensive way taking into 
account various accident sequences including the impact of equipment malfunctions and/or operator 
actions. The main goal is to select initiating events that are PTS events by themselves or along with 
other consequences can lead to a PTS event. The events to be considered in the PTS analysis are unit 
specific and all relevant and meaningful plant features should be taken into account. 

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

 

4.2 Factors determining thermal and mechanical loading 

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

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

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

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

¶ Non-uniform cooling of the RPV, characterized by the cold plumes and their interaction, and 
by the non-uniformity of the coolant-to-wall heat transfer coefficient in the downcomer (a 
higher non-uniformity is more unfavourable); 

¶ Width of the cold plume in case of asymmetric cooldown (a narrower plume is more 
unfavourable); 

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

¶ Stratification or stagnation of flow in the cold leg (a lower flow rate in cold leg or total flow 
stagnation is more unfavourable). 

The conventional approach to selection of PTS transients based on the factors listed above is focussed 
on obtaining maximum loading in the beginning of the transient, namely due to the fastest possible 
cooldown. As it was shown in APAL when considering uncertainties in thermal-hydraulic input 
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parameters using Wilks approach ([36]), the above-mentioned approach in combination with 
ǎƛƳǇƭƛŦƛŜŘ άƳŀȄƛƳǳƳέ ǿŀǊƳ ǇǊŜ-stressing (WPS) approach can lead to a non-conservative solution. 
This phenomenon may be more significant in cases of re-loading5. Thus, the above-mentioned factors 
have to be considered carefully and, in case of doubts, treatment of some TH input parameters as 
statistical distributions using the Wilks approach ([36]) is recommended.  

 

Figure 21. Breakdown of TH phenomena leading to PTS 

 

4.3 Selection of the transients for deterministic PTS analyses  

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

A possible approach for the selection of transients is the probabilistic event tree methodology. This 
methodology can help in identifying those specific transient scenarios that contribute significantly to 
the total PTS risk. It should be mentioned that thŜ ǘƻƻƭǎ ŀƴŘ ƳƻŘŜƭǎ ŘŜǾŜƭƻǇŜŘ ŦƻǊ άŎƭŀǎǎƛŎŀƭέ 
probabilistic safety assessment (PSA), focussed on establishing core damage frequency (CDF), or on 
large early release frequency (LERF), can be used for selection of PTS transients only very carefully, as 
the criteria are opposite. For CDF/LERF the high temperature is unfavourable, while for PTS it is low 

 
5 Moreover, when applying specific WPS models (e.g., Wallin or Modified Wallin model), it is necessary to 
conservatively determine the maximum possible unloading during the transient (e.g., due to temporary switch-
off or switch-over of high pressure ECCS, temporary opening of pressurizer safety or relief valve, for both 
intended and non-intended operator actions). This should be considered within TH analyses and definition of the 
scenario.  
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temperature. Cooperation of TH and PSA experts is strongly recommended in this phase of PTS 
evaluation - to achieve a comprehensive list of PTS relevant initiating events and scenarios to be 
analysed in frame of PTS evaluation. 

It should be noted that for deterministic PTS analyses the frequency of occurrence of the selected 
event is not important. All relevant events leading to PTS should be analysed. The categorisation 
according to Section 4.5 shall be considered, as for different categories are usually used different safety 
factors, based on national regulations. Some events with very low frequency (e.g., the design extension 
condition) can be screened out if allowed by national regulations. 

 

4.4 Selection of the transients for probabilistic PTS analyses  

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

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

Within PSA, the event trees are developed for all initiating events potentially occurring in NPP that 
may lead to PTS according to precisely defined criteria. It is necessary that the events included into 
these event trees cover at least the groups of scenarios summarized in Section 4.6.  

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

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

4.4.2 General approach to probabilistic PTS analyses 

For all representatives selected, the conditional probabilities of fast fracture initiation, CPIj, are 
determined. For less conservative evaluation, conditional probabilities of RPV failure, CPFj, may be 
determined (i.e., conditional probabilities of crack propagation through RPV wall), provided that 
through-wall crack propagation after crack initiation as well as possible arrest of the crack are 
considered. The conditional probability of fast fracture initiation and RPV failure is understood as the 
probability under the condition that the particular scenario occurred. Requirements for determination 
of CPIj and CPFj, respectively, are summarized in Section 7. 
Combining the frequencies of groups frj with corresponding conditional probabilities CPIj or CPFj, we 
obtain (unconditional) frequencies of fast fracture initiation or RPV failure, respectively, for particular 
scenario groups FIj and FFj, respectively. Summing them up, we obtain the final frequencies of fast 
fracture initiation FI or RPV failure, FF, respectively. Both the group occurrence frequencies frj and the 
conditional probabilities CPIj and CPFj, respectively, are statistical distributions, therefore the final 
frequencies of fast fracture initiation or RPV failure, respectively, are statistical distributions as well. 
For the final evaluation, i.e., the comparison with acceptance criterion, their mean value or a quantile 
prescribed by national standard should be used. 
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4.4.3 Thermal-hydraulic analyses for probabilistic PTS analyses 

The conventional approach to the thermal-hydraulic analyses producing results that serve as input for 
probabilistic structural and fracture-mechanics PTS analyses is to treat them as fully deterministic. The 
new approach developed within APAL project considers uncertainties in TH input parameters as 
statistical distributions, which means that also the TH analyses are treated as probabilistic. For this 
purpose, the Wilks approach is used. It means that some number of sets of input parameters are 
sampled (e.g. 59 samples are required for 5% lower bound with 95% reliability) and the corresponding 
TH analyses (e.g. 59) are performed. This approach is explained in detail in [36][37]. This approach with 
considering uncertainties in TH input parameters can be subsequently used for both probabilistic and 
deterministic structural and fracture-mechanics parts of PTS analyses. 
Thermal-hydraulic analyses for selected scenariosτrepresentatives of the groupsτare performed in 
compliance with Section 5. In most cases, results of TH calculations performed for deterministic 
evaluation of RPV resistance against fast fracture may be used, provided that the evaluation was 
performed and that its results are available. For certain groups that were not included into the 
deterministic analyses, or if they had to be represented by a too conservative scenario analysed in the 
deterministic analyses, it is necessary to select a scenario not yet analysed and perform new TH 
calculations for it.  
In compliance with Section 5, system TH analyses for the whole NPP are performed first, and then 
detailed mixing analyses for cold leg and reactor downcomer are conducted. For the purpose of 
probabilistic PTS analyses, it is possible to perform, as a simplified approach, the system thermal-
hydraulic analyses only, without the subsequent mixing analyses, i.e., without detailed modelling of 
cold plumes. 
 

4.5 Categorization of initiating events and corresponding criteria 

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

4.5.1 Anticipated transients 

Anticipated transients (or anticipated operational occurrences) are defined as relatively frequent 
deviations (frequency of occurrence higher than 10-2 per reactor year) from normal operating 
conditions, which are caused by malfunction of a component or operator error. These transients 
should not have safety related consequences to RPV integrity, which would prevent continued plant 
operation. 

4.5.2 Design basis accidents 

Design basis accidents are defined as rare deviations from normal operation which are not expected 
to occur (frequency of occurrence less than 10-2 per reactor year globally) but are considered in the 
original design, in the design of plant upgrading, or are based on plant safety reassessment. For these 
events, immediate resumption of operation may not be possible. For events from this category the PTS 
analyses are usually performed. 

4.5.3 Design extension conditions 

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

The complexity of many interacting systems and operator actions makes it sometimes very difficult to 
select the limiting transients. In most cases, both the full and hot zero reactor power should be 
analysed as the initial conditions. Also, the variant analyses with different numbers of working ECCS 
trains should be considered. 
At least the following groups of initiating events should be considered: 

4.6.1 Loss of coolant accidents 

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

4.6.2 Primary to secondary leakage accidents 

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

4.6.3 Large secondary leaks 

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

ü Steam line break; 

ü Main steam header break; 

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

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

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

There could be two different asymmetrical cooldown issues in the main steam large break (MSLB) 
event. The first one is a rapid cooldown from the loop with the affected and depressurized SG. It is 
ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǎǘǊƻƴƎ ŎƛǊŎǳƭŀǘƛƻƴ ƛƴ ǘƘƛǎ ƭƻƻǇΣ ŀƴŘ ƛǘ ƛǎ ǇƻǘŜƴǘƛŀƭƭȅ άǎǳǇǇƻǊǘŜŘέ ōȅ ƛƴƧŜction of safety 
system into this loop. With respect to strong circulation in the affected loop, there is no thermal 
stratification in the cold leg, which results in the formation of cold sector in reactor downcomer (see 
the deŦƛƴƛǘƛƻƴ ƻŦ άŎƻƭŘ ǎŜŎǘƻǊέ ƛƴ Section 5.2.1.1). The second one is injection of cold ECCS water into 
an intact loop with flow stagnation, which leads to thermal stratification in the cold leg and cold plume 
formation in the relevant part of reactor downcomer. 
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4.6.4 Other events 

4.6.4.1 Stuck open pressurizer safety or relief valve 

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

4.6.4.2 Feed&bleed 

Lƴ ŀŘŘƛǘƛƻƴΣ ǘƘŜ άŦŜŜŘϧōƭŜŜŘέ ƳŜǘƘƻŘ όƛΦŜΦΣ ŎƻƻƭƛƴƎ ǘƘŜ primary circuit by ECCS while pressurizer relief 
valve is opened by the operator) of mitigation for loss of feedwater should be assessed. 

4.6.4.3 Inadvertent actuation of the high-pressure safety injection or make-up systems 

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

4.6.4.4 Accidents resulting in cooling of the RPV from outside 

In some NPPs, there are several possible sources capable to flood the whole reactor cavity, e.g., loss 
of coolant from primary or secondary circuit, break of piping of essential service water or fire water or 
other piping in hermetic zone, break of the biological shield tank, accompanied by ECCS or containment 
spray system actuation. In the case of WWER-440/213 (which is equipped with a pressure suppression 
system), in some accident scenarios cold water from barbotage trays is spilled onto the floor of the SG 
boxes and hence, after reaching overflow level, the reactor cavity can be flooded. Similarly, in some 
NPPs equipped with an ice condenser containment, the reactor cavity can be flooded after melting the 
ice condenser in some scenarios with high energy coolant release into the containment. 

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

Moreover, if a primary circuit leak (LOCA) is assumed close to the RPV nozzle, the water flowing out of 
the leak can fill the reactor cavity (direct water injection in case of near-RPV break). All these events 
(in dependency on possibilities relevant for assessed NPP) should be considered in this group of 
accidents.  

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

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

In order to meet the requirements of different types of NPP safety assessment, various methods of TH 
analyses have been developed and are applied ς simple realistic analyses, conservative combined 
analyses, best-estimate plus uncertainty evaluation analyses (BEPU) etc. [7]. 

 

5.1 Introduction to thermal-hydraulic analysis for PTS evaluation 

There are two main objectives of thermal-hydraulic analyses for PTS: to support the transient selection 
process (see Section 4) and to provide the necessary input data for structural analyses. 

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

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

There are two types of TH analyses for PTS evaluation - the system TH analysis and the local mixing 
analysis - for details see Section 5.3. 

 

5.2 State of the art for thermal-hydraulic analysis 

5.2.1 Thermal-hydraulic phenomena relevant for PTS 

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

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

The thermal-hydraulic phenomena important for PTS should be identified with regards to the most 
important deteriorating TH factors for PTS. These factors were already briefly described in Section 4.2. 
A more detailed discussion is given here: 

¶ Fast and deep temperature decrease in reactor downcomer: 
o Maximal initial temperature in the downcomer; 
o Flat temperature profile in the RPV wall (initial state), result of assuming adiabatic 

RPV outer surface boundary conditions); 
o Low final temperature in the downcomer; 
o Fast temperature decrease rate. 

¶ High primary pressure in the course of accident (a specific case is the repressurization due to 
break or leak isolation). 

¶ Low flow rate or flow stagnation in reactor coolant loops with ECCS injection 
(enables thermal stratification and creation of cold plumes). 
Note: It is important to correctly predict potential partitioning of SI cold water flow to reactor 
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and to RCP and further to loop seal. The entrance of cold and heavy water into loop seal could 
create plug of heavy cold water that can block any further flow in the loop and leads to flow 
stagnation. 

¶ Non-uniform temperature field in reactor downcomer (cold plumes, cold stripes, cold sectors), 
when the most adverse is maximal temperature difference between ambient and cold region. 

¶ Non-uniform HTC field in reactor downcomer, when the most adverse is high HTC in cold 
region and low HTC in ambient region. 

¶ Form and width of cold plume (stripe, sector), when the most adverse is narrow cold region. 

¶ Stability of cold plume, when the most adverse is stable cold plume (without side-movements). 

¶ Merging of neighbouring cold plumes into one stronger plume. 

¶ Position of isolated cold plumes ς in case of isolated (not merging) cold plumes the most 
adverse position is with the cold plumes on the opposite sides of reactor vessel. Moreover, 
coincidence of cold plume with area of maximum fluence in circumferential direction is 
adverse. 

See also the schematic breakdown of the TH phenomena leading to PTS given above in Figure 4.20. 
Further the main TH mechanisms of non-uniform cooling of RPV are discussed. 

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

The cold sector is typically the result of MSLB (asymmetric increase of heat transfer to secondary side) 
and intensive cooldown of one main coolant loop. The cold water flows from the affected SG through 
the entire cross-section of the loop (no thermal stratification) and the reactor inlet nozzle. The flow is 
strong - either in forced circulation or strong natural circulation after RCP trip. In the case of all RCPs 
operating, the cold water flows through the relevant section of the downcomer. A similar flow pattern 
in DC occurs when all RCPs are tripped and there is strong natural circulation in the affected loop and 
weak natural circulation or later stagnation in the other loops. There is supposed uniform temperature 
in radial direction through the downcomer thickness (both in the cold sector and in the ambient). 

The cold stripe is created by injecting cold water into the steam containing downcomer. The source of 
cold water can be ECCS injection into the cold leg or direct ECCS injection into the reactor downcomer 
(e.g. accumulator injection into the DC in VVER-1000 or APR-1400). The cold stripe(s) regime is 
characterized by extreme difference in temperature and HTC in the reactor downcomer. 

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

The following groups of initiating events shall be considered for PTS assessments for RPV inner surface 
(see also Section 4): 

¶ Loss of coolant accidents (small, medium, large break LOCA), 

¶ Stuck open pressurizer safety or relief valve (risk of reclosure), 

¶ Primary to secondary leakage accidents (PRISE), 

¶ Interfacing LOCA (potential of break isolation), 

¶ Inadvertent actuation of SI, 

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

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

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

¶ LBLOCA: 
very fast total cooldown + cold stripes + cold plumes (merging), 

¶ Inadvertent opening of PRZSV: 
high primary pressure (in case of reclosure) + total cooldown + cold plumes, 

¶ PRISE: 
high primary pressure + total cooldown + cold plumes, 

¶ IFLOCA: 
high primary pressure (in case of break isolation) + total cooldown + cold plumes, 

¶ Inadvertent actuation of SI: 
cold overpressurisation + cold plumes, 

¶ Malfunction of CVCS (esp. make-up): 
cold overpressurisation, 

¶ MSLB (incl. inadvertent steam dump and FWLB): 
high primary pressure + total cooldown + cold sectors + cold plumes. 

5.2.1.3 Effect of analysis assumptions on the dominating TH phenomena  

Analysis assumptions can have a major impact on the phenomena that are predicted to occur, which 
in turn can lead to conservative or non-conservative analysis results. The following should be 
considered when defining PTS scenarios for analysis: 

¶ ¢ƘŜ ŀǎǎǳƳǇǘƛƻƴ ƻŦ άƳŀȄƛƳǳƳ ŀǾŀƛƭŀōƛƭƛǘȅ ƻŦ 9//{έ ŀƴŘ άƳƛƴƛƳǳƳ ŀǾŀƛƭŀōƛƭƛǘȅ ƻŦ 9//{έ 
should be evaluated in analysis of LOCA, MSLB and other relevant accidents: 

o maximum availability of ECCS leads to the fastest overall cooldown plus maximum 
primary pressure, 

o minimum availability of ECCS leads to higher injection from 1 safety injection train 
and higher asymmetry in reactor downcomer cooldown. 

¶ In MSLB analysis the combination of affected SG and injecting HPSI can lead to different 
phenomena and results (in case of RCP trip): 

o Injection of HPSI into affected loop (with strong cooldown and natural circulation 
ŘǳŜ ǘƻ a{[.ύ ƭŜŀŘǎ ǘƻ ƳƛȄƛƴƎ ƻŦ ŎƻƭŘ ǿŀǘŜǊ ƛƴ ŎƻƭŘ ƭŜƎ ŀƴŘ άƻƴƭȅέ ƛƴǘŜƴǎƛŦƛŜǎ ŎƻƭŘ 
sector type of DC cooldown. 

o Injection of HPSI into intact loop (with weak circulation and later flow stagnation) 
leads to thermal stratification and cold plumes formation in DC. 

5.2.2 Experimental activities and validation 

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

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

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

The available experimental investigations can be subdivided into separate-effect tests and combined-
effect/integral system tests. The separate-effect tests deal only with a single aspect of PTS, like free 
surface flow or generic condensation. The integral system tests are performed in realistic reactor 
configurations and examine the interaction of all relevant effects. An overview of experiments focused 
on PTS can be found in [5]. 
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Computer code validation is necessary requirement for code application to plant analysis. The main 
requirement for code validation is that the phenomena of interest are described with sufficient 
accuracy. Usually, the choice of mechanisms to be described and the method of combining them are 
based on various assumptions. The validation process must therefore address the modelling of 
individual mechanisms, the way they are combined, the simplifying assumptions and the possible 
omission of some important mechanisms. 

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

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

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

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

An overview of computer codes validation relevant for PTS can be found in [5].   

A specific validation of the KWU-1300 models used in the APAL project had been performed in 
preceding project DEFI-PROSAFE, where the data from the UPTF facility were used [57][58][59]. 

Besides the code-experiment validation, also the code-to-code validation can be performed [55][61]. 

5.2.3 Thermal-hydraulic analyses methodologies 

The methodology of TH analyses for PTS evaluation consists of several steps/parts: 

- General methodological approach of the PTS evaluation (deterministic or probabilistic). 

- System TH analysis and mixing TH analysis plus relevant computer codes. 

- Support in selection of PTS events and initial operational modes (see Section 4). 

- Assumptions of the TH analysis to cover all uncertainties (see Section 5.4): 

o Computer code uncertainties, 

o Plant parameters range and uncertainty (including initial operating mode), 

o Human factor. 

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

The deterministic PTS analysis consists of the following steps: 

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

2. System TH analysis (including containment/sump/ECCS-HX model if needed).  

3. Mixing TH analysis (coupled or iterative with system TH analysis if needed). 

4. Calculation of temperature and stress fields in RPV. 

5. Fracture mechanics calculation for postulated cracks (calculation of stress intensity 
factors). 
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6. Integrity assessment (establishing maximum allowable brittle-to-ductile transition 
temperature, e.g. RTNDT

a). 

7. Prediction of brittle-to-ductile transition temperature, e.g. RTNDT
a, in dependency on 

time of operation (based on fluence calculations, embrittlement trend curves etc.).  

8. Establishing RPV lifetime based on the condition e.g. RTNDT
a > RTNDT.  

The probabilistic PTS analysis consists of the following steps (using e.g. the shown tools): 

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

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

3. System TH analysis (including containment/sump/ECCS-HX model if needed). Until 
APAL mostly treated in deterministic way (expert-based set of conservative 
assumptions is used). Within APAL some parameters (both NPP parameters and TH 
code internal parameters) were treated as statistical distributions using Wilks method 
(this approach was also used for some analyses in France before APAL).  

4. In some cases mixing TH analysis (usually for probabilistic PTS assessment, only results 
from system TH analyses are used, but it is only the simplified solution). Within APAL 
some partners performed also mixing TH calculations for probabilistic assessment. 

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

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

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

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

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

Independent failures beyond the application of the single failure criterion need not be considered to 
occur simultaneously. Where individual initiating events could credibly lead to consequential failures, 
they should be considered in the analysis (for instance, a main steam line break with a failure of the 
main steam isolation valves on the neighbouring main steam line because of the lack of fixed points or 
separation walls in the steam line layout). The impact of the application of the single failure criteria in 
PTS analysis is not straightforward and should be carefully evaluated. Attention should be paid mainly 
to differences as compared to the accident analysis performed with respect to the core cooling. 

 

5.3 Computer codes and models 

From the point of view of the computer codes used, there are two types of TH analyses for PTS 
evaluation ς the system TH analysis and local mixing analysis. 
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The system TH analysis typically models the reactor, primary circuit, pressuriser, steam generators, 
relevant part of the secondary circuit and safety injection systems. In specific cases, other parts of the 
NPP may be modelled - containment, ECCS heat exchanger, make-up system, etc. The results of the 
system TH analysis alone are sufficient only for PTS cases without thermal stratification in the cold leg 
and asymmetric cooling of the reactor downcomer. 

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

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

A specific category of events are strongly two-phase events with asymmetric reactor downcomer 
cooling, such as medium-break and large-break LOCA accidents. Here, the most suitable computational 
tool is a system TH code with a 2D/3D model of the reactor downcomer. 

5.3.1 System thermal-hydraulic codes 

The thermal-hydraulic behaviour of the primary system and portions of the secondary systems of light 
water reactors is traditionally modelled by so-called thermal-hydraulics systems analysis codes. System 
codes use a one-ŘƛƳŜƴǎƛƻƴŀƭ ƴƻŘŀƭƛȊŀǘƛƻƴ ƻŦ ǘƘŜ ǾŀǊƛƻǳǎ ŎƻƳǇƻƴŜƴǘǎ ƻŦ ǘƘŜ ǊŜŀŎǘƻǊΩǎ ǇǊƛƳŀǊȅ ŀƴŘ 
secondary cooling circuits. Examples in the European context are CATHARE, ATHLET, APROS and the 
US-NRC codes RELAP5 and TRACE. The most recent generation of systems analysis codes implement 
six equations for the mass, momentum and energy balance for the liquid and vapour phases of the 
water coolant. The exchange of mass, momentum and energy between the two phases and the solid 
structures of the reactor are modelled through empirical closure models. The appropriate closure 
models for different geometries and flow conditions are selected through flow regime and heat 
transfer mode maps. These maps estimate the flow regime based on the local phase velocities, void 
ŦǊŀŎǘƛƻƴ ŀƴŘ ƻǘƘŜǊ ǇŀǊŀƳŜǘŜǊǎΦ ¢ƘŜ ŎƻŘŜǎΩ ŎŀǇŀōƛƭƛǘƛŜǎ are complemented by dedicated models for 
specialized hydraulic components such as valves and steam separators, as well as basic models for one 
or two-dimensional heat conduction through the solid structures, e.g. fuel rods and pipe walls. 
Comprehensive control system and dynamic system modelling capabilities allow the user to mimic the 
plant and operator responses for complex transients. 

The ability of system codes to adapt to different local flow conditions and yet model the entire primary 
side and large proportion of the secondary side of light water reactors (LWRs) means that they are 
appropriate for modelling a large variety of transient scenarios, including PTS-relevant scenarios such 
as loss of coolant accident (LOCA) and main steam line break (MSLB). System codes have been used 
extensively in the past to perform screening analyses and obtain system response and boundary 
conditions for PTS-relevant scenarios; boundary conditions from these analyses have then been used 
in combination with thermal-hydraulic mixing codes to obtain more resolved distributions in the 
downcomer. In more recent years, these boundary conditions have been used for downstream CFD 
analyses. 

Due to their design, system codes have traditionally had limited success in predicting local flow 
behaviour where three-dimensional effects are important. In particular, 1D system codes are unable 
to predict the temperature stratification that occurs in the cold leg during safety injection. 
Furthermore, the 3D nature of the flow in the downcomer region cannot be captured using 1D 
components. Code users chose to model multiple parallel 1D channels connected by cross-flow 
junctions for the downcomer region to capture the asymmetry in downcomer flow. However, by 
design, these 1D components are unable to capture the lateral momentum with any accuracy. 
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In an effort to address these limitations, codes such as CATHARE, ATHLET, RELAP5-3D and TRACE now 
include dedicated three-dimensional components. This extended capability should not be confused 
with modern computational fluid dynamics codes. The 3D components in system codes are based on 
many of the same simplifying assumptions and flow regime maps used for 1D components. An 
important limitation is the modelling of turbulent mixing and dispersion. ATHLET, TRACE and CATHARE 
do not explicitly model turbulence, suggesting that their ability to accurately capture the complex 
dynamic behaviour of cold plumes in the downcomer is limited. The 3D module of CATHARE includes 
a k-epsilon turbulence model that can be used with both CATHARE-2 and CATHARE-3. This potentially 
provides better predictions of PTS in the downcomer region of PWRs. However, specific PTS analysis 
results using CATHARE have not yet been published. A further limitation of 1D system codes is that, 
for smaller break sizes, their inability to predict the temperature stratification in the cold leg may lead 
to an overprediction of the mixing in the cold leg and downcomer region and therefore an 
underprediction of the severity of PTS. ATHLET includes an integrated mixing code submodule (ECC-
MIX), equivalent to the stand-alone mixing code GRS-MIX, which addresses many of the limitations of 
traditional system codes for PTS analysis. 

5.3.2 Regional mixing codes 

Mechanistic-model programs simplify the conservation equations by the use of boundary-layer 
approximations or integral methods for solving the differential equations. They rely partly on 
correlations for closure of the conservation equations. Numerous mechanistic-model programs exist 
for performing mixing analyses for application to PTS. Some of the early codes were REMIX, GRS-MIX, 
KWU-MIX, COMMIX, TEMPEST and SOLA-PTS. The first three of these programs divide the 
computational domain into regions or zones where a particular set of the most important phenomena 
occur. KWU-MIX, for example, considers four mixing regions, i.e. the ECCS injection point, the cold leg, 
the RPV inlet and the downcomer. GRS-MIX has been implemented in ATHLET as ECC-MIX option. An 
advantage of the mechanistic-model programs is the speed at which the mixing analyses are 
performed. The ability to perform hundreds of analyses in a time span in the order of minutes makes 
it possible to perform best-estimate plus uncertainty analyses. 

5.3.3 CFD mixing codes 

Detailed prediction of volumetric temperature fields in the reactor pressure vessel is possible using 
computational fluid dynamics (CFD) modelling. CFD codes solve the conservation equations for mass, 
momentum, energy and other flow variables by the Finite Volume Method (FVM) or by the Finite 
Element Method (FEM). Mechanistic-model programs (as described in Chap. 5.3.2) simplify the 
conservation equations using boundary-layer approximations or integral methods for solving the 
differential equations. Both types of programs rely partly on correlations for closure of the 
conservation equations. 

5.3.4 Supporting computer codes 

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

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

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

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

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

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

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

 

5.4 Dealing with uncertainties in PTS analysis 

5.4.1 Types of uncertainties 

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

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

5.4.1.1 Computer code uncertainties  

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

¶ Uncertainties associated with break modelling: 
o discharge coefficient of the choked flow,  
o thermal-nonequilibrium coefficient for choked flow,  
o form loss coefficient at break. 

¶ Uncertainties associated with heat transfer in the modelled system: 
o single phase liquid to wall heat transfer coefficient, 
o single phase vapour to wall heat transfer coefficient, 
o interfacial heat transfer, 
o RPV wall heat conduction, specific heat, density, 
o correction factor for direct condensation. 

¶ Uncertainties associated with modelling of hydraulics: 
o single-phase friction factor, 
o two-phase friction factor, 
o wall drag coefficient, 
o form loss coefficient. 

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

5.4.1.2 Plant parameters  

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

¶ reactor core assumptions, 

¶ primary circuit assumptions, 

¶ secondary circuit assumptions, 

¶ ECCS and containment assumptions. 
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The following are the main conservative assumptions for modelling the reactor core: 
o reactor power (zero power for IE with dominant fast total cooldown and full reactor power for 

the scenarios with asymmetric cooldown), 
o assumption of immediate, maximum efficient and fast reactor SCRAM, 
o decay heat (minimum value is usually conservative for PTS as it accelerates cooldown), 
o maximum value of fuel temperature reactivity coefficient, 
o maximum value of moderator temperature reactivity coefficient, 
o minimum value of core void reactivity coefficient. 

The following are the main conservative assumptions for modelling the primary circuit:  
o maximum initial pressure in primary circuit, 
o assumption of uncertainties in primary pressure measurement for the PRZ SVs, RV, PRZ heaters 

and spray, 
o conservative status of make-up system, 
o maximum or minimum initial reactor flow (depending on the type of PTS event), 
o immediate trip of all RCPs from loss-of-offsite power (LOOP) assumption in most scenarios, 
o maximum initial temperature in the reactor downcomer. 

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

The following are the main conservative assumptions for modelling the ECCS and containment:  
o number of ECCS systems available (maximum configuration of ECCS in analysis of fast total 

cooldown / minimum ECCS configuration in analysis focused on asymmetric cooldown), 
o maximum characteristics of SI pumps (HHPIS, HPIS, LPIS), 
o minimum startup time of diesel-generators in cases with LOOP, 
o minimum startup time of SI pumps, 
o minimum temperatures in SI tanks, sump, HA, and ECCS piping, 
o minimum initial temperature in containment, 
o maximum boron acid concentration in all parts of the ECCS system. 

5.4.1.3 Human factor / Operator action 

In many cases, the effect of operator actions must be included in PTS analyses. These are typically at 
fixed times (either assuming realistic timing of operator actions or assuming conservative timing of 
actions). The effects of the operator's failure to successfully complete an action, or the time taken to 
complete the action, are relatively unexplored. 

There are several ways of assessing human factors in PTS analyses, including the modelling of all 
operator actions according to EOPs with variants for slow-realistic-fast actions (possibly with feedback 
from the plant simulator), modelling of only the most important operator actions from the PTS point 
of view, modelling of only inadvertent actions adverse for PTS, etc. The actions of the operating 
personnel prior to the initiating event should also be considered. 

Among the general assumptions for modelling of operator actions (fast or slow passing through the 
EOP steps), there are specific operator actions important from the point of view of PTS: 

o Timing of reduction of HPSI flow by operator, 
o Timing of secondary side cooldown, 
o Trend of secondary side cooldown,  
o Timing of isolation of ACCs, 
o Reclosure of inadvertent open PRZ RV, 
o Isolation of leak path in an interfacing LOCA. 
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5.4.1.4 Phenomena identification and ranking table (PIRT) 

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

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

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

More details on this subject can be found in [35]. 

5.4.2 Conservative approach  

In the current PTS studies, the best-estimate computer codes along with conservative initial and 
ōƻǳƴŘŀǊȅ ŎƻƴŘƛǘƛƻƴǎ ŀǊŜ ǳǎŜŘ όǘƘŜ ǎƻ ŎŀƭƭŜŘ άŎƻƳōƛƴŜŘέ ŀǇǇǊƻŀŎƘ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ L!9! {{D-2 [7]). 
Conservative input values of initial and boundary conditions are usually the limiting values of the 
variables obtained from regulator-ŀǇǇǊƻǾŜŘ ƻǇŜǊŀǘƛƴƎ Ƴŀƴǳŀƭǎ ƻǊ ŦǊƻƳ ƳŀƴǳŦŀŎǘǳǊŜǊǎΩ ŜȄǇŜǊƛƳŜƴǘŀƭ 
data. See the examples of conservative assumptions in Section 5.5.2. 

5.4.3 Best-estimate plus uncertainty evaluation (BEPU) approach  

The best estimate plus uncertainty approach is characterized by the use of best estimate computer 
codes together with more realistic assumptions in initial and boundary conditions, supplemented by 
probability distribution. The values in the uncertainty distributions cover a range of values that are 
located around the best-estimate value. This benefit comes at the cost of needing to perform multiple 
simulations in a quantity that is sufficient for demonstrating statistically what the likelihood and 
confidence level of the results are. Only after establishing an acceptable likelihood and confidence 
level with regulatory approval can the severity of the transient in the safety analyses be established. 
As the BEPU approach contains a certain level of conservatism, it is currently accepted for some design 
basis accidents and for conservative analyses of anticipated operational occurrences [7]. 
 

5.5 Example of conservative TH analysis for PTS 

5.5.1 Specification of reactor design and analysed event 

As an example of conservative TH analysis for PTS, the analysis of SBLOCA in VVER-1000 was selected. 
A break with an equivalent diameter of D32 mm in the cold leg was modelled. The variant starting from 
hot zero power (HZP) and with minimal ECCS configuration - i.e. focusing on asymmetric cooling - is 
described. Operator actions were modelled in the analysis. 
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Figure 22. Schematic view of VVER-1000 reactor coolant system  

 

 

Figure 23. Cross-section of VVER-1000 reactor  

https://www.google.cz/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiumKTi2I3UAhXDMBoKHTe4ARcQjRwIBw&url=https://www.researchgate.net/publication/292139138_Pressure_distribution_in_the_containment_of_VVER-1000_during_the_first_seconds_of_large_break_LOCA&psig=AFQjCNGlWnxcaANRo09RH6HgGHgn4nD41A&ust=1495892696234792
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5.5.2 Conservative assumptions  

The following are the main conservative assumptions for modelling the reactor core of VVER-1000: 
o zero reactor power,  
o minimum decay heat [BOL, factor 0.8x]. 

The following are the main conservative assumptions for modelling the primary circuit of VVER-1000:  
o maximum initial pressure in primary circuit,  
o minimum initial PRZ level, 
o maximum initial temperature in the reactor downcomer,  
o minimum initial reactor flow,  
o immediate trip of all RCPs due to LOOP assumption in most scenarios, 
o make-up system non-available. 

The following are the main conservative assumptions for modelling the secondary circuit of VVER-
1000:  

o maximum initial secondary pressure for relevant (corresponding to the maximum reactor inlet 
temperature), 

o minimum initial SG level, 
o minimum FW temperature. 

The main conservative assumptions for modelling the ECCS and the containment of the VVER-1000 
are as follows: 

o maximum characteristics of SI pumps (HHPIS, HPIS, LPIS),  
o minimum startup time of diesel-generators in the cases of LOOP, 
o minimum startup time of SI pumps, 
o minimum temperatures in SI tanks, sump, HA, and ECCS piping, 
o maximum boron acid concentration in all parts of the ECCS system, 
o minimum initial temperature in containment. 

5.5.3 Modelling of operator actions 

The operator actions in the analysed SBLOCA were modelled according to Emergency Operating 
tǊƻŎŜŘǳǊŜǎ ό9htύ ƻŦ ²ŜǎǘƛƴƎƘƻǳǎŜ άǎȅƳǇǘƻƳ-ƻǊƛŜƴǘŜŘέ ǘȅǇŜ [50]. 

An important moment is the operator entry to function restoration procedure "Response to imminent 
PTS condition" (FR-tΦмύΣ ǿƘƛŎƘ ƛǎ ōŀǎŜŘ ƻƴ ŎƻƭŘ ƭŜƎ ǘŜƳǇŜǊŀǘǳǊŜǎΦ CƻǊ ǇǊŜŘƛŎǘƛƻƴ ƻŦ άƳŜŀǎǳǊŜŘέ 
temperature in exact measuring point the CFD was used. 

5.5.4 Computer codes and models applied 

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

To improve prediction of measured temperature in cold leg and consequent timing of operator entry 
to FR-P.1 procedure an iterative computing scheme RELAP5-FLUENT was applied: 

1. RELAP5 calculation without operator entry to FR-P.1 
2. FLUENT calculation up to decrease of CL temperature under value for entry to FR-P.1 
3. RELAP5 calculation of whole transient and all operator actions 
4. FLUENT calculation of whole transient  
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Figure 24. Nodalization of the VVER-1000 reactor coolant system (RELAP5) 

 
 

 

Figure 25. Nodalization of 1/3 divisions of VVER-1000 safety injection system (RELAP5) 
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Figure 26. Computational domain and mesh for the mixing simulation in Fluent  
(only fluid cells are displayed) 

5.5.5 Analysis results 

The main results of the system TH and mixing analyses are presented in following figures. 

 

Figure 27. Primary and secondary pressure (RELAP5) 
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Figure 28. Injection of ECCS systems (RELAP5) 

 

 

Figure 29. Temperature at reactor inlet (RELAP5) 
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Figure 30. Data transferred from system TH to CFD calculation 

 

 

Figure 31. Evolution of the temperature of the wetted wall surfaces calculated by Fluent 
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Figure 32. Temperatures of wetted surface on the RPV weld no.4 calculated in Fluent and in RELAP5 

 

5.6 Example of BEPU for PTS 

5.6.1 Specification of reactor design and analysed event 

The assumed plant type used in the analysis presented in this report and APAL project was a German 
design 1300 MW four-loop PWR. The same reactor design was used earlier in the International 
Comparative Assessment Study of Pressurized-Thermal-Shock in Reactor Pressure Vessels (ICAS/RPV-
PTS) under the Organization for Economic Co-operation and Development (OECD) [10]. The ICAS 
Project brought together an international group of experts from research, utility and regulatory 
organizations to perform a comparative evaluation of analysis methodologies employed in the 
assessment of RPV integrity under PTS loading conditions. 

The internal dimensions of the fictitious RPV and the cold legs (CLs) to be used in the analysis in the 
APAL project correspond to those of the Upper Plenum Test Facility (UPTF) in Mannheim, Germany. In 
order to harmonize the calculation models used in the TH analysis and structural mechanics, a CAD 
model of the RPV was developed by PSI and provided to all participants. The model was based on the 
geometry of the RPV used in the ICAS project but had a larger wall thickness and modified inlet and 
outlet nozzles. Figure 33 and Figure 34 show the geometry of the RPV used in the TH and structural 
analysis in the APAL project. 
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Figure 33. KWU reactor and core 

 

 
 

Figure 34. Top view showing the layout of the hot and cold legs  

 
Simulated case 

The transient assumed in the calculations presented in the following chapters is an asymmetric (plume 
cooling) loading condition due to a HL break of 50 cm² and loss of offsite power. The break was in the 
HL of loop No.1. One of the four high-pressure safety injection (HPSI) trains was assumed to be down 
for maintenance (Loop 1). A second train was assumed to fail at the start of the transient (Loop 4). 
Therefore, only two of the four loops (Loop 2 and Loop 3) received emergency core cooling water from 
the high-pressure safety injection pumps. All four loops received injection from the low-pressure safety 
injection (LPSI) pumps. Only the four accumulators (ACCs) connected to CLs were active. The four ACCs 
connected to HLs were deactivated. The transient results approximated the thermal-hydraulic data 
used in the ICAS project for the T2 transient [10]. 
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Main specifications of the analysed SBLOCA with asymmetric RPV cooldown: 

Ç SBLOCA in KWU 1300, 

Ç Nominal power in initial state, 

Ç Break 50 cm2 in hot leg, 

Ç Loss of offsite power (LOOP), 

Ç 2/4 HPIS available (1st train down for maintenance, 2nd train assumed to fail), 

Ç 4/4 LPSI available, 

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

Specifications used in the simulation 

The key reactor design specifications used in the simulations are listed below. The values listed are 
those used in the base case calculations, and they are taken from the RELAP5 input deck. Values used 
in the simulations with other codes may differ slightly from those listed below. 
 

¶ Reactor thermal power 
 3.765e9 W 
 Plus pump power from main coolant pumps: 2.005e7 W 
 

¶ Primary loop flow rates and temperatures 
 5150 kg/s per loop 
 325 °C in HL 

293 °C in CL 
 

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

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

¶ Total primary side volume 
 462.5 m3 
 363 m3 without pressurizer 
 

¶ Pressuriser volume and initial level 
 Water volume above surge line: 35.9 m3 
 Steam volume above surge line: 23.6 m3 (total volume 59.5 m3) 
 Water level above surge line: 6.78 m  
 

¶ ACC volume, pressure and fill level 
 Total height: 11.3078 m 

Volume water: 34 m3, level: 8.5428 m 
Volume nitrogen blanket: 11 m3  
Nitrogen pressure: 26 bar 
 

¶ Setpoints for HPI, ACCs and LPI 
Maximum HPI pressure: 110 bar (abs.)  
Maximum LPI pressure: 10 bar (abs.) 
ACC pressure: 26 bar 
LPI water temperature: 15 °C 
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HPI water temperature: 15 °C 
ACC water temperature: 20 °C 
 

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

5.6.2 Phenomena identification and ranking table (PIRT) 

The identification and ranking of the phenomena depend strongly on the design of the NPP and the 
transient to be investigated. For example, the phenomena that occur during a loss-of-coolant accident 
(LOCA) are different from those that occur during a main steam line break. 

The most important phenomena depend not only on the transient, but also on the particular region of 
the NPP. For example, the most important phenomena in the cold leg are not the same as those in the 
downcomer. Each location in the cold leg and downcomer is labelled as a modelling region (MR). The 
cold water from the ECC system is injected into the primary-side coolant at MR1. The cold water flows 
from the injection location along the bottom of the cold leg (MR2) to the cold-leg nozzle (MR3) and 
into the downcomer of the RPV (MR4). 

 

 

Figure 35. Schematic of flows in the cold leg and DC during ECC injection 

The PIRT given in Table 5 and Table 6 applies to a small-break (SB) LOCA in the hot leg of KWU-1300. A 
loss of off-site power (LOOP) is assumed to occur at the same time as the break occurrence. Therefore, 
the main coolant pumps trip immediately. The results of the PIRT were obtained by expert judgement 
within the APAL project after considering the PIRTs developed for other transients. Table I shows the 
ranking of the initial and boundary conditions, and Table II shows the ranking for the phenomena for 
each of the modelling regions.  

Table 5: PIRT for thermal-hydraulic PTS analyses of four-loop PWR (initial and boundary conditions) 

Lƴƛǘƛŀƭ ϧ ōƻǳƴŘŀǊȅ 
ŎƻƴŘƛǘƛƻƴǎ 

wŀƴƪƛƴƎ ƛƴ ƳƻŘŜƭƭƛƴƎ ǊŜƎƛƻƴǎ 
όмлҐƳƻǎǘ ƛƴŦƭǳŜƴǘƛŀƭΣ мҐƭŜŀǎǘ ƛƴŦƭǳŜƴŎŜύ 

/ƻƳƳŜƴǘ LƴƧŜŎǘΦ 
Ǉƻƛƴǘ  
όawмύ 

/ƻƭŘ 
ƭŜƎ 
όawнύ 

wŜŀŎǘƻǊ 
ƛƴƭŜǘ  
όawоύ 

wŜŀŎǘƻǊ 
ŘƻǿƴŎƻƳŜǊ 
όawпύ 

tƭŀƴǘ ƛƴƛǘƛŀƭ ǎǘŀǘŜ 
όǊŜŀŎǘƻǊ ǇƻǿŜǊΣ ŦƭƻǿΣ 
ǇǊŜǎǎǳǊŜ ŜǘŎΦύ 

о о о п   

.ǊŜŀƪ ǎƛȊŜ ŀƴŘ 
ƻǊƛŜƴǘŀǘƛƻƴ 

bκ! bκ! bκ! bκ! рл ŎƳн  

.ǊŜŀƪ ƭƻŎŀǘƛƻƴ  bκ! bκ! bκ! bκ! ƛƴ Ƙƻǘ ƭŜƎ 

¢ƛƳŜ ƻŦ ǊŜŀŎǘƻǊ ǘǊƛǇ  bκ! bκ! bκ! bκ! [hht ŀǎǎǳƳǇǘƛƻƴ 
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Lƴƛǘƛŀƭ ϧ ōƻǳƴŘŀǊȅ 
ŎƻƴŘƛǘƛƻƴǎ 

wŀƴƪƛƴƎ ƛƴ ƳƻŘŜƭƭƛƴƎ ǊŜƎƛƻƴǎ 
όмлҐƳƻǎǘ ƛƴŦƭǳŜƴǘƛŀƭΣ мҐƭŜŀǎǘ ƛƴŦƭǳŜƴŎŜύ 

/ƻƳƳŜƴǘ LƴƧŜŎǘΦ 
Ǉƻƛƴǘ  
όawмύ 

/ƻƭŘ 
ƭŜƎ 
όawнύ 

wŜŀŎǘƻǊ 
ƛƴƭŜǘ  
όawоύ 

wŜŀŎǘƻǊ 
ŘƻǿƴŎƻƳŜǊ 
όawпύ 

5ŜŎŀȅ ƘŜŀǘ с с т у   

¢ƛƳƛƴƎ ƻŦ ǊŜŀŎǘƻǊ 
Ŏƻƻƭŀƴǘ ǇǳƳǇ ǘǊƛǇ  

bκ! bκ! bκ! bκ! [hht ŀǎǎǳƳǇǘƛƻƴ 

¢ƛƳƛƴƎ ƻŦ {L{ϝ ŀŎǘǳŀǘƛƻƴ с с с с   

{L{ ŀǾŀƛƭŀōƛƭƛǘȅ όƳƛƴπ
ƳŀȄύ ŀƴŘ ŀǎȅƳƳŜǘǊȅ   

у у ф ф м It{L ǇǳƳǇ ƛƴ ǊŜǇŀƛǊ ŀƴŘ м It{L 
ǇǳƳǇ ŦŀƛƭǳǊŜ  

{L{ ǇǳƳǇ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ мл мл мл мл  

!//ϝ ƛƴƧŜŎǘƛƻƴ 
ǘŜƳǇŜǊŀǘǳǊŜ  

с с с с   

ACC initial pressure т т т т   

ACC initial level п п п п   

Timing of HPSIϝ 
initiation 

с с с с  

HPSI and LPSIϝ 
temperature  

мл мл мл мл   

RPV wall heat 
conduction 

н н т у   

Reactivity coefficients 
(boron etc.) 

о о о о   

Secondary depress. & 
cooldown timing and 
rate 

у у у у /ƻǳǇƭŜŘ ǇǊƛƳŀǊȅ ŀƴŘ ǎŜŎƻƴŘŀǊȅ 
ǎƛŘŜǎ ŦƻǊ рл ŎƳн 

* HPSI, LPSI, SIS and ACC are high-pressure safety injection, low-pressure safety injection, safety injection system 
and accumulator, respectively. 

Table 6: PIRT for thermal-hydraulic PTS analyses of four-loop PWR (phenomena) 

tƘŜƴƻƳŜƴŀ 

wŀƴƪƛƴƎ ƛƴ ƳƻŘŜƭƭƛƴƎ ǊŜƎƛƻƴǎ 
όмлҐƳƻǎǘ ƛƴŦƭǳŜƴǘƛŀƭΣ мҐƭŜŀǎǘ ƛƴŦƭǳŜƴŎŜύ 

/ƻƳƳŜƴǘ LƴƧŜŎǘƛƻƴ 
Ǉƻƛƴǘ  
όawмύ 

/ƻƭŘ ƭŜƎ 
όawнύ 

wŜŀŎǘƻǊ 
ƛƴƭŜǘ  
όawоύ 

5ƻǿƴŎƻƳŜǊ  
όawпύ 

.ǊŜŀƪ Ŧƭƻǿ ǊŀǘŜ р р с т 
 

5/πǘƻπ¦Iϝ ōȅǇŀǎǎ Ŧƭƻǿ п п о о  

IŜŀǘ ǘǊŀƴǎŦŜǊ ŦǊƻƳ wt± ǘƻ 
ŎƻƴǘŀƛƴƳŜƴǘ 

н н н н  

¢ƛƳŜ ƻŦ ƭƻƻǇ Ŧƭƻǿ ǎǘŀƎƴŀǘƛƻƴ  т у т т  

{L{ Ŧƭƻǿ ǊŀǘŜ όƴƻǘ ƛƴŎƭΦ ǇǳƳǇ 
ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎύ 

мл мл мл мл  

¢ƛƳƛƴƎ ƻŦ It{L ƛƴƛǘƛŀǘƛƻƴ с с с с  

!// ƛƴƧŜŎǘƛƻƴ ǊŀǘŜ у у у у 
 

WŜǘ ōŜƘŀǾƛƻǊ ŀƴŘ ƳƛȄƛƴƎ ƛƴ 
ƛƴƧŜŎǘƛƻƴ ǊŜƎƛƻƴ 

мл у с с 
 

Cƭƻǿ ǇŀǘǘŜǊƴ ŀǘ ǊŜŀŎǘƻǊ ƛƴƭŜǘ м м мл у 
 

/ƻƭŘ ǇƭǳƳŜ ōŜƘŀǾƛƻǊ ŀƴŘ 
όƛƴύǎǘŀōƛƭƛǘȅ 

м м т мл 
 

LƴǘŜǊǇƘŀǎŜ ŎƻƴŘŜƴǎŀǘƛƻƴ ϧ ƴƻƴπ
ŎƻƴŘŜƴǎŀōƭŜǎ 

р р р р [ƛƳƛǘŜŘ 
ŎƻƴŘŜƴǎŀǘƛƻƴ ƛƴ 
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tƘŜƴƻƳŜƴŀ 

wŀƴƪƛƴƎ ƛƴ ƳƻŘŜƭƭƛƴƎ ǊŜƎƛƻƴǎ 
όмлҐƳƻǎǘ ƛƴŦƭǳŜƴǘƛŀƭΣ мҐƭŜŀǎǘ ƛƴŦƭǳŜƴŎŜύ 

/ƻƳƳŜƴǘ LƴƧŜŎǘƛƻƴ 
Ǉƻƛƴǘ  
όawмύ 

/ƻƭŘ ƭŜƎ 
όawнύ 

wŜŀŎǘƻǊ 
ƛƴƭŜǘ  
όawоύ 

5ƻǿƴŎƻƳŜǊ  
όawпύ 

ŎƻƭŘ ƭŜƎ ŦƻǊ рл ŎƳн 
ōǊŜŀƪ 

²ŀƭƭπǘƻπŦƭǳƛŘ ƘŜŀǘπǘǊŀƴǎŦŜǊ 
ǇƘŜƴƻƳŜƴŀ  

р р с с 
 

[ƛǉǳƛŘκǾŀǇƻǊ ƛƴǘŜǊŦŀŎŜ ƛƴ 5/  о у у у 
 

{ǘŜŀƳπƎŜƴŜǊŀǘƻǊ ƘŜŀǘ ǘǊŀƴǎŦŜǊ  н н н н /ƻǳǇƭŜŘ ǇǊƛƳŀǊȅ 
ŀƴŘ ǎŜŎƻƴŘŀǊȅ ǎƛŘŜǎ 
ŦƻǊ рл ŎƳн 

wt± ƛƴƭŜǘ ǘŜƳǇŜǊŀǘǳǊŜ  с с с с  

 

The variables with rankings of five or greater were treated as important variables, and so they were 
either assigned an uncertainty distribution or they were treated conservatively. An uncertainty 
distribution is the preferred treatment (within the APAL project), but it is sometimes not practical to 
quantify the distribution. In this case, the variable is treated conservatively, which indicates that the 
variable is set at its unfavourable value or sampled over a penalizing range. 

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

5.6.3 Justification of selected BEPU method 

The Wilks method [1][2] was used for the best-estimate-plus-uncertainty (BEPU) analysis of SBLOCA in 
KWU-1300 presented here. 

The BEPU evaluation methods have mainly focused on the performance characteristics associated with 
reactor core cooling. To date, there has been no application of a BEPU method to the evaluation of the 
pressurised thermal shock (PTS) of the reactor pressure vessel. Such an application is complicated by 
the fact that PTS assessment is a multidisciplinary and multi-physics task involving a number of 
sequential analyses. The APAL project focuses on the development of a BEPU method for PTS analyses.  

Two categories of methods for finding the tolerance limit are the parametric methods and non-
parametric methods. Parametric methods require that the population of the figures of merit follows a 
known or an assumed probability distribution function. Non-parametric methods require only that the 
population be continuous. The non-parametric methods decouple the association between the 
number of uncertainty parameters and the required number of simulations. The tolerance limits of the 
population can be estimated when sufficient number of simulations are performed, regardless of the 
number of uncertainty parameters. Wilks [1] proposed a method for finding the necessary sample size 
for two-sided tolerance limits with given confidence level. He later extended the method to one-sided 
tolerance limits [2]. A one-sided tolerance limit is applicable when the figure of merit is not allowed to 
exceed one limit, for example, a lower limit on a minimum requirement. If the figure of merit is not 
allowed to exceed both an upper limit and a lower limit, then a two-sided tolerance limit is applicable. 
²ƛƭƪǎΩ ŦƻǊƳǳƭŀ ƛƴŎƻǊǇƻǊŀǘŜǎ ōƻǘƘ ŀ ǘƻƭŜǊŀƴŎŜ ƭƛƳƛǘ ŀƴŘ ŀ ŎƻƴŦƛŘŜƴŎŜ ƛƴ ƛǘǎ ǇǊŜŘƛŎǘƛƻƴΦ 

If ὔ simulations are performed, and the values of the figure of merit are arranged from smallest to 

largest, then the Ὧ  order statistic is equal to the Ὧ -smallest value. The rank, ὶ, is either the ὶ -

smallest value with an order statistic of ί ὶ, or it is the ὶ -largest value with an order statistic of 
ὸ ὔ ὶ ρ. 
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The upper one-sided tolerance bound is a  estimate if Ὅ ὔ ὸ ρȟὸ ρ ‌, where 

Ὅ ὔ ὸ ρȟὸ is the regularized incomplete Beta function equal to 
 ɛρ ὖȠ ὔ ὸ ρȟὸ  ɛ ὔ ὸ ρȟὸϳ  and where ɛ ὔ ὸ ρȟὸ is the complete Beta function. 

Conversely, the lower one-sided tolerance bound is a  estimate if Ὅ ίȟὔ ί ρ ρ ‌. If 

the output distribution is assumed to be symmetric, then the sample size for the lower and upper limits 
are the same, and the one-sided tolerance limit is obtained from the following equations: 

 Ὅ ὶȟὔ ὶ ρ ρ ‌.  

For a rank of ὶ, a tolerance limit of ὖ, and a confidence level of ρ ‌, the desired one-sided tolerance 
can be achieved with the smallest sample size ὔ satisfying Eq. (1). For example, for ὶ ρ, Ὅ ρȟὔ  
simplifies to  ρ ρ ρ ὖ , and the first-order tolerance bound is obtained from ὖ ‌. For 
a tolerance limit of ὖ πȢωυ and a confidence level of ρ ‌ πȢωυȟ the smallest whole number is 59. 
This value is shown in Table 7 in the left-hand columns under the heading ὖ πȢωυ in the row for ὶ
ρ. If a higher confidence level of ρ ‌ πȢωω is required, then the columns under the right-hand 
heading ὖ πȢωυ show the smallest whole numbers for ὔ. Table 7 shows that for ὶ ρ, ὔ ωπ 
results in the confidence level of ρ ‌ πȢωω. The columns under the two headings ὖ  πȢωω show 
the smallest whole numbers for ὔ that produce confidence levels of 0.95, in the left-hand columns, 
and 0.99, in the right-hand columns.  

Table 7: Confidence levels for one-sided tolerance limits  

ὶ 
ὖ  πȢωυ ὖ  πȢωυ ὖ  πȢωω ὖ  πȢωω 

ὔ ρ ‌ ὔ ρ ‌ ὔ ρ ‌ ὔ ρ ‌ 

1 59 0.951505 90 0.990112 299 0.950464 459 0.990079 

2 93 0.950024 130 0.990034 473 0.950202 662 0.990086 

3 124 0.95047 165 0.990046 628 0.95021 838 0.990049 

4 153 0.950555 198 0.990243 773 0.950005 1001 0.990001 

5 181 0.950837 229 0.990261 913 0.950071 1157 0.990024 

6 208 0.950775 259 0.990306 1049 0.950134 1307 0.990014 

7 234 0.950145 288 0.990289 1182 0.95019 1453 0.990015 

8 260 0.950192 316 0.990166 1312 0.950071 1596 0.990031 

9 286 0.950715 344 0.990204 1441 0.950192 1736 0.990026 

10 311 0.95035 371 0.99008 1568 0.950203 1874 0.990033 

 
The columns under the right-hand heading ὖ πȢωω show that the number of simulations is much larger than 
for ὖ πȢωυȢ Even for a rank or ὶ ρ, a confidence level of 0.99 requires that the number of simulations is 459. 
However, regulatory agencies have accepted values for both the tolerance limit and the confidence level of 0.95. 
Therefore, 59 simulations were performed. 

5.6.4 Computer code and model applied 

The computer code RELAP5/MOD3.3 was used for the system TH calculation. A medium-detailed 
model of KWU-молл ǿŀǎ ǇǊŜǇŀǊŜŘ ƛƴ ŦǊŀƳŜ ƻŦ ǘƘŜ !t![ ōȅ CǊŀƳŀǘƻƳŜ DŜǊƳŀƴȅ ŀƴŘ ¨W± yŜȌΣ ŀΦǎΦ όǎŜŜ 
the nodalization in Figure 36). Consequently, the model was transferred in the SNAP pre- and post-
processor [59] - for purpose of performing uncertainty analysis with DAKOTA and postprocessing 
animation of results. The reactor DC is modelled by 8 parallel channels (ANNULUS) connected by cross-
flow junctions. All 4 loops modelled individually (only loops No.1 and No.4 shown on next figure). 
Number of hydraulic volumes is 470. 
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Figure 36. Nodalization of KWU-1300 for RELAP5 (2 of 4 modelled loops depicted) 

 

The DAKOTA plugin for SNAP was used for running the BEPU calculation with RELAP5 and evaluation of 
results (Figure 37, Figure 38).  

The computer code KWU-MIX was used for the calculation of mixing in the reactor downcomer and 
cold leg region (more details in Section 5.6.8). 

 

 

Figure 37 RELAP5 model of KWU-1300 in SNAP 
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Figure 38. SNAP animation mask of RELAP5 model of KWU-1300  

5.6.5 Set of uncertainties and distributions 

The variables that are associated with the main plant parameters (initial and boundary conditions) 
depend on how the variables are modelled in the computer code. The parameters for the main initial 
and boundary conditions are given in Table 8. The treatment of each parameter for this particular 
transient is given in Table 9.  

Table 8: Parameters in system-analysis codes for important initial and boundary conditions  

Initial & boundary conditions Parameters 

Initial reactor inlet temperature initial core power, secondary-side pressure, 
pressurizer pressure 

Break size break-valve component 

Break location nodalization  

Time of reactor trip control variable 

Decay heat decay-heat correlation or table 

Timing of SIS actuation valve trip (depends on pressure) 

SIS availability and asymmetry  analysis assumptions and nodalization 

ACC injection temperature  component initial conditions 

ACC initial pressure component initial conditions 

Timing of HPSI initiation valve trip (depends on pressure) 

HPSI temperature  component initial conditions 

LPSI temperature storage tank temperature 
heat-transfer rate in RHR system  
type of flow model at break 
pressure-loss coefficient at break 
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Table 9: Uncertainty distributions for plant parameters  

Plant parameter 
Best-

estimate 
value 

Type of 
distribution 

distribution 
characterization #1 
(e.g., mean, lower 

bound) 

distribution 
characterization 

#2 
(e.g. standard 

deviation, upper 
bound) 

Initial reactor inlet 
temperature: 
Core power 

100% 
nominal 

Gaussian Mean:100% nominal  sdt.dev.:1%  

Initial reactor inlet 
temperature: 
secondary-side 
pressure 

60.2 bar  Uniform  60.2 bar  68.2 bar 

Initial reactor inlet 
temperature: 
Pressurizer pressure 

100% 
nominal 

Gaussian Mean:100% nominal  sdt.dev.:1%  

Break size 50 cm2  No uncertainty 

Break location hot leg Conservative  hot leg  

Time of reactor trip at 132 bar Conservative at 132 bar  

Decay heat ANS79-1 + 
10% 

Uniform ANS79-1 ς 0% ANS79-1 + 20% 

Timing of SIS 
actuation 

at 110 bar + 
10 s delay 

Uniform  at 110 bar + 0 s 
delay 

at 110 bar + 20 s 
delay 

SIS availability and 
asymmetry   

HP 
injection in 
two 
neighboring 
cold legs 

Conservative) HP injection in two neighboring cold legs 

ACC injection 
temperature  

30 °C Uniform min:20 °C max:40 °C 

ACC initial pressure 26 bar Uniform min:24 bar max:28 bar 

Initial nitrogen 
volume 

23.6 m
3
 Gaussian 23.6 m

3
 mean 2.36 m

3
 std. dev. 

Timing of HPSI 
initiation 

at 110 bar + 
10 s delay 

Uniform at 110 bar + 0 s 
delay 

at 110 bar + 20 s 
delay 

HPSI temperature  30 °C Uniform min:15 °C max:45 °C 

HP and LP pump 
pressure/flow curves 

As defined 
in T2 with a 
multiplier. 

Gaussian mean:100% of 
nominal 

std.dev.:10% of 
nominal 

 
Many of the uncertainty distributions in Table 9 are uniform with a lower bound and an upper bound. 
This treatment of the uncertainty was chosen because insufficient data were available to establish a 
Gaussian distribution or other type of uncertainty distribution. Some parameters are described by 
conservative values instead of uncertainty distributions.  
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Table 10 and Table 11 contain the most important code and model uncertainties. 

Table 10: Parameters in system-analysis codes for important phenomena  

Phenomena Parameters 

Break flow type of flow model at break 
pressure-loss coefficient at break 
thermal-nonequilibrium coefficient at break 

Reactor inlet temperature models for core power (incl. the RCS, RLS, 
and RTS), secondary-side pressure, 
pressurizer pressure 

Time of loop flow stagnation type of flow model at break 
pressure-loss coefficient at break 

SIS flow rate (incl. pump characteristics) HP and LP pump curves 
type of flow model at break 
pressure-loss coefficient at break 

ACC injection rate initial ACC pressure  
initial nitrogen volume 
type of flow model at break 
pressure-loss coefficient at break 

RPV wall heat conduction material property tables 

Interphase condensation & non-condensables ACC isolation  
type of flow model at break 
pressure-loss coefficient at break 

Wall-to-fluid heat-transfer phenomena (excl. heat-
transfer-coefficient correlation)  

velocity, water properties 

Liquid/vapour interface in DC type of flow model at break 
pressure loss coefficient at break 

 
Many of the phenomena in Table 10 have parameters in common with each other. For example, most 
of the phenomena depend on the pressure, which is dependent on the break flow and the injection 
flow, among other phenomena. The break flow, in turn, depends on the type of flow model at break 
and on the pressure-loss coefficient at break. Therefore, the important parameters for many of the 
phenomena in Table 10 are the type of flow model at the break and the pressure-loss coefficient at 
the break. The development of the uncertainty distribution for the thermal-nonequilibrium coefficient 
in the Henry-Fauske choked-flow model used in RELAP5 is using data from the Marviken CFT no. 24. 
The treatment for each parameter is given in Table 11.  
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Table 11: Uncertainty distributions for model parameters in RELAP5 

Model parameter Best-
estimate 

value 

Type of 
distribution 

Distribution 
characterization 

#1 
(e.g., mean, lower 

bound) 

Distribution 
characterization 

#2 
(e.g. standard 

deviation, upper 
bound) 

Thermal-
nonequilibrium 
coefficient for 
Henry-Fauske model 

0.14  Weibull for CDF 
from 0.1 to 0.85;  
0.0 for CDF<0.1; 
0.775+0.075*CDF 
for CDF>0.85 

{ŎŀƭŜ ˂ ƛǎ м  shape factor k is 7 

Wall-to-fluid heat-
transfer phenomena 

Single-
phase 
liquid to 
wall HTC 

Log-uniform 0.5 2.0 

Wall-to-fluid heat-
transfer phenomena 

Single-
phase 
vapour to 
wall HTC 

Log-uniform 0.5 2.0 

Single-phase friction 
factor 

Wall-drag 
coefficient 

Log-uniform 0.5 2.0 

Single-phase friction 
factor 

Form-loss 
coefficient 

Log-uniform 0.5 2.0 

Interfacial heat 
transfer 

As for base 
case  

Conservative as for base case as for base case 

RPV wall heat 
conduction, specific 
heat, density 

Material-
properties 
tables 

Gaussian as for best-
estimate case 

5% std. dev. 

Note that the heat-transfer coefficient is a figure of merit, and that the important phenomena, such 
as velocity distribution, do not have parameters associated with them that can be varied according to 
their uncertainty. Therefore, the uncertainty in those parameters cannot be propagated forward. 
Instead, the uncertainty distribution is applied in a post-processing step.  

5.6.6 Reference best-estimate calculation 

The following tables show the steady-state parameters of the model and the timing of the main events 
in the reference calculation. 
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Table 12: Parameters at the end of steady-state of reference best-estimate calculation 

Specification 
Parameters of the reference 
best-estimate case 

Reactor thermal power 3.765e9 W 

Loop flow rates 5004 kg/s 

Cold legs temperature 293 °C 

Hot legs temperature 326 °C 

DC to UH bypass flow rate 197.6 kg/s 

Primary side pressure 155.9 bar 

PRZ level 7.125 m 

ACC volume, pressure and fill level, temperature 34 m³ 
26 bar 
8.5428 m 
20°C 

Secondary pressure (SG1) 64.2 bar 

SG level (SG1 riser/downcomer) 6.45/11.9 m 

 

Table 13: Timing of main events in the reference best-estimate calculation 

Cause Event Timing (s) 

Initiating event HL break of 50 cm2  0 

Analysis assumption Loss of offsite power 0 

Primary pressure < 132 bars Reactor trip 
Turbine trip 
Emergency signal 
Signal sec.-side cooldown (100K/hr auto.) 
MCPs trip 

45 

Analysis assumption Loss of offsite power 45 

Emergency signal + 12 s Signal ECC system to start DG 57 

Primary pressure < 110 bars Emergency cooling signal for HPI pumps 72 

HPI pumps running HP injection 75 

Primary pressure < 26 bars ACC injection 2620 

Primary pressure < 10 bars Emergency coolant signal for LPI pumps 4575 

LPI pumps running  LP injection 4580 

ECCS injection stronger than 
break flow (after 2700 s), 
leading to refiling of RCS 

PRZ level recovery 4625 

End of calculation   10000 

 
The following figures show the evolution of the main parameters as calculated in the reference 
calculation. 
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(a)       (b) 

Figure 39. (a) System Pressures and (b) Break and ECCS Flow Rate 

 

 
(a)       (b) 

Figure 40. (a) HPIS Injection and (b) LPIS Injection 

 

 
(a)       (b) 

Figure 41. (a) ACC Injection and (b) Integrated Break and ECCS Flow 
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(a)       (b) 

Figure 42. (a) Reactor LP Flow and (b) Reactor Inlet Flows (detail) 

 

 

 
(a)       (b) 

Figure 43. (a) Collapsed Liquid Levels in Reactor and (b) Pressurizer 

 
 

 
(a)       (b) 

Figure 44. (a) Collapsed Liquid Levels in HLs and (b) in CLs by SG 
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(a)       (b) 

Figure 45. (a) Collapsed Liquid Levels in SG tubing Upward and (b) in SG tubing Downward Part 

 

 
(a)       (b) 

Figure 46. (a) Void Fraction in Reactor Inlet Nozzles and (b) in Reactor Outlet Nozzles 

 

 

 
(a)       (b) 

Figure 47. (a) Coolant Temperatures in Reactor and (b) Coolant Temperatures in HLs 
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(a)       (b) 

Figure 48. (a) Coolant Temperatures in CLs Loop Seal and (b) Reactor Inlet Nozzles 

 
 

 
(a)       (b) 

Figure 49. (a) Circumferential Coolant Temperatures in DC Control Volumes in Layer 3 at Elevation 1.13 m and 
(b) in Layer 5 at Elevation 2.638 m 

 

 
(a)       (b) 

Figure 50. (a) HTC at RPV Inner Surface around DC at 2.638 m and (b) Reactor and SGs Power 

 

5.6.7 Results of BEPU system TH analysis (incl. sensitivity anal.) 

The Wilks method was used for the best-estimate-plus-uncertainty (BEPU) analysis of SBLOCA in KWU-
1300 presented here. The DAKOTA plugin for SNAP and RELAP5/MOD3.3p5(lj) with extended model 
parameters were used to prepare and perform the uncertainty analysis. 59 samples of input decks 
were generated using Monte-Carlo sampling method (variant BEPU analysis with 93 samples was also 
performed, [35]). The results of the 59 sampled calculations to obtain 95%/95% one-sided tolerance 
bounds are shown in the figures below.  
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Figure 51. Break flow (59 samples) 

 

 

Figure 52. Primary pressure (59 samples) 
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Figure 53. Integral of ECCS flow (59 samples) 

 

 

Figure 54. Coolant (liquid) temperatures at reactor inlet from CL1 (59 samples) 
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Figure 55. Downcomer coolant temperatures at 1.35 m under CL1 (59 samples) 

 

Figure 56. Average coolant temperatures in reactor downcomer (59 samples) 
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Figure 57. RPV inner wall temperatures at 1.35 m under CL1 (59 samples) 

 

DAKOTA sensitivity study 

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

Table 14: Response correlations 

 Simple Partial Simple Rank Partial Rank 

Core_Power -0.0385386 -0.079672 -0.111514 -0.212796 

PRZ_p 0.0921198 0.267037 -0.0105202 0.114432 

HP_LP_flow -0.170508 -0.342707 -0.185389 -0.475859 

mat_cond -0.00318756 0.149302 0.055114 0.15481 

mat_cap 0.0758097 0.315189 0.00222092 -0.0379675 

SIS_timing -0.0136808 -0.160199 -0.0125658 -0.0624892 

ACC_Temp -0.0455422 -0.17649 0.0124489 -0.0504867 

ACC_press 0.00197696 -0.0120272 0.0223846 0.00824023 

HPSI_T 0.335426 0.79857 0.363238 0.750301 

Decay_heat 0.0575788 0.305335 0.0601987 0.203206 

PRZ_lvl -0.0111982 -0.155583 -0.0825833 -0.222831 

NvolACC -0.117673 -0.0999911 -0.0263004 -0.0640907 
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 Simple Partial Simple Rank Partial Rank 

SGpress -0.054942 -0.119155 -0.0673875 -0.160222 

HTC_coeff -0.135997 -0.441143 -0.18498 -0.518977 

walldrag -0.102093 -0.234944 -0.101286 -0.239916 

formloss 0.878885 0.959998 0.822501 0.932107 

HF_noneq_coeff -0.122224 -0.206767 -0.103741 -0.21087 

 

5.6.8 Results of BEPU mixing analysis 

The RELAP5 results described in Sections 5.6.6 and 5.6.7 were used as input to BEPU mixing calculation 
with KWU-MIX. Figure 58 and Figure 59 show the results of the reference best-estimate calculation 
using KWU-MIX. 
 

 

Figure 58. Centreline temperature of plume at various distances below the axis of Cold Leg 2 
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Figure 59. Centreline heat-transfer coefficient of plume at various distances below the axis of Cold Leg 2 

 

The values of the uncertainty parameters were randomly selected for each of the 59 simulations of the 
transient described in Section 5.6.1-5.6.3. The values of the three uncertainty parameters for each of 
the 59 simulations are shown in Figure 60. The centreline temperatures at a distance 1.35 m below the 
axis of Cold Leg 2 (with HPI) are shown in Figure 61. 
 

  

Figure 60. Uncertainty parameters for 59 simulations with KWUMIX 
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Figure 61. Centerline temperatures for 59 simulations with KWUMIX at 1.35 m below the axis of Cold Leg 2 

 

The centreline temperatures at a distance 1.35 m below the axis of Cold Leg 1 (without HPI) are shown 
in Figure 62. The heat-transfer coefficients at the centreline of the plume were also calculated by 
KWUMIX, and the results are shown in Figure 63 for a distance of 2.35 m below the axis of Cold Leg 2. 

 

.  

Figure 62. Centerline temperatures for 59 simulations with KWUMIX at 1.35 m below the axis of Cold Leg 1 
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Figure 63. Centerline heat-transfer coefficients for 59 simulations with KWUMIX at 1.35 m below  
the axis of Cold Leg 2 

 

Statistical analysis of KWU-MIX results using Wilks method 

A Spearman correlation coefficient was calculated for each of the uncertainty parameters as a function 
of time. The Spearman correlation coefficient is a nonparametric measure of the statistical 
dependence between the rankings of two variables. In this case, it assesses how well the relationship 
between the temperature and a particular uncertainty parameter can be described using a monotonic 
function. The Spearman correlation between two variables approaches unity when pairs of 
temperature and uncertainty multiplier have a similar rank. A value of -1 is approached when the pairs 
have opposing ranks. Figure 64 shows that the largest Spearman correlation coefficients are for the 
Haefner and CCFL. The largest Spearman correlation coefficients for Haefner multipliers occur at 
approximately 1000 s and during the time span from 3900 s to 4200 s, when the water level in the 
downcomer is high. The largest Spearman correlation coefficients for CCFL multipliers occur during the 
time span from 2000 s to 2300 s, when the water level in the downcomer is at its minimum. Large 
multipliers for CCFL limit the entrainment at the injection location and, therefore, limit the effect of 
the Haefner multiplier. Figure 64 shows that there is nearly no trend between the CCFL multiplier and 
the temperature for times greater than 4000 s. The temperature has a trend closer to the Haefner 
multiplier. There is a negative Spearman correlation coefficient for the Fox multiplier for times greater 
than 1000 s, and so the temperatures are influenced more by the other parameters.  
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Figure 64. Spearman correlation coefficients for the temperature at 1.35 m below the axis of Cold Leg 2 

  



APAL (945253)  D5.2 ς Final report on guidance on best-practice for 
deterministic and probabilistic RPV integrity assessment 

 

87 
 

6 Temperature and stress field calculations 

Temperature and stress field calculations are required for a PTS analysis to get the input needed for 
the final fracture-mechanics assessment. A general guideline for temperature and stress field 
calculations is given in [4] and is briefly summarized in Section 6.1. Additional information and guidance 
from APAL project are summarized in Section 6.2. 

6.1 General guideline as described in IAEA TecDoc 1627 

Material properties 

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

¶ Elastic Modulus 

¶ Thermal expansion coefficient 

¶ Thermal conductivity 

¶ Thermal diffusivity 

¶ Yield strength 

The thermal expansion coefficient is related to a reference temperature Tref for zero-displacement 
state. In addition to that, the stress-free temperature Tsf represents the zero-stress state between 
ferritic base metal and cladding, which is not necessarily equal to Tref (see also description given in 
Section 6.2.1). 

Generally, the material properties values are provided in the construction codes (e.g. ASME II, RCC-M, 
KTA). General accepted values for required material properties for PWR and WWER are given in [4]. 

Heat transfer analysis 

The first step is the assessment of thermal loads and the determination of temperature fields in the 
RPV wall. Generally, an uncoupled heat transfer analysis is carried out to assess the temperature 
distribution in RPV wall taking into account boundary conditions from thermal hydraulic analysis and 
the temperature dependency of material properties. Boundary conditions are generally nonlinear, for 
ŜȄŀƳǇƭŜΣ ǘƘŜ ŦƛƭƳ ŎƻŜŦŦƛŎƛŜƴǘ όƘŜŀǘ ǘǊŀƴǎŦŜǊ ŎƻŜŦŦƛŎƛŜƴǘ ʰ ƻǊ Ƙύ Ŏŀƴ ōŜ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ǎǳǊŦŀŎŜ ǘŜƳǇŜǊŀǘǳǊŜ 
and so the heat transfer analysis is also nonlinear. The distribution of cold plumes around the 
circumference of RPV should be taken into account when boundary conditions (symmetry of loading) 
and extend of the model in circumferential direction are defined. For the heat transfer analysis by FEM, 
a boundary without any prescribed boundary conditions corresponds to an insulated surface. 

Most FEM use an iterative procedure to solve the nonlinear heat transfer analysis. The time increment 
is either fixed or automatic (especially for highly nonlinear cases). Provision of choosing an adequate 
time increment to achieve convergence is given in [4] (depending on density, specific heat, thermal 
conductivity and mesh size). 

Stress and strain analysis 

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

The additional stresses from formation of cold plume should also be taken into account. This is either 
possible with a 3D FEM with appropriate plume modelling by TH analysis (e.g. results from mixing code 
or CFD) or with simplified analytical solutions. Such simplified analytical solution is provided in [4]. 
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Weld residual stresses 

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

The main factors that affect the level of the weld residual stress are: 

¶ Welding technology; 

¶ Welding sequence and the location of the weld root; 

¶ Stress relieving temperature and time. 

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

More recommendations and best practice for treatment of weld residual stresses are given in Section 
3.3. 

Cladding residual stresses 

Besides the weld residual stresses, the cladding residual stresses should be taken into account. This is 
in general done, by assuming a stress-free temperature Tsf  (producing zero stress between ferritic base 
metal and cladding), such that it provides an appropriate level of residual stress at room temperature 
(in any case not above the yield stress of the cladding). 

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

6.2 Information and guidance from APAL 

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

¶ Impact of averaging TH data from system code analysis. 

¶ Effect of appropriate plume modelling with mixing code analysis. 

¶ Influence and comparison of 1D, 2D or 3D FEA on the stress and temperature fields at core 
weld or flange weld position. 

Moreover, for a better understanding and verification of the results, sensitivity cases were also 
generated. 

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

¶ Impact of used time steps of the TH data (TH data are provided with 1 s time steps). 

¶ Other effects investigated were the uniformity of the TH data and the mesh density. 

6.2.1 Material properties 

The material properties needed for temperature and stress field calculations in the linear-elastic 
regime are shown on the example from APAL benchmark in Table 15 and Table 16 for the two materials 
investigated in APAL (ferritic base metal 22NiCrMo37 and austenitic cladding 1.4551). In PTS 
assessment of specific RPV, their own values of these material properties must be used. 
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Table 15: Material properties needed for temperature and stress field calculations (ferritic 22NiCrMo37) 

T [°C] 20 100 200 300 350 

E [MPa] 206000 199000 190000 181000 172000 

tƻƛǎǎƻƴΨǎ Ǌŀǘƛƻ n [-] 0.3 0.3 0.3 0.3 0.3 

¢ƘŜǊƳŀƭ ŎƻƴŘΦ ώ²κόƳϊYύϐ 44.4 44.4 43.2 41.8 39.4 

Spec. Heat. Cap. Cp ώWκόƎϊYύϐ 0.45 0.49 0.52 0.56 0.61 

Mean thermal exp. a [10-6/K] 
With Tref = 20 °C 

10.3 11.1 12.1 12.9 13.5 

Rp0.2 [MPa] 450 431 412 392 -- 

ET [MPa] 2000 2000 2000 2000 2000 

density [kg/m³] 7800 7800 7800 7800 7800 

Table 16: Material properties needed for temperature and stress field calculations (cladding 1.4551) 

T [°C] 20 100 200 300 400 

E [MPa] 200000 194000 186000 179000 172000 

tƻƛǎǎƻƴΨǎ Ǌŀǘƛƻ n [-] 0.3 0.3 0.3 0.3 0.3 

Thermal cond. ώ²κόƳϊYύϐ 16 16 17 17 18 

Spec. Heat. Cap. Cp ώWκόƎϊYύϐ 0.5 0.5 0.54 0.54 0.59 

Mean thermal exp. a [10-6/K] 
With Tref = 20 °C 15 16 17 19 21 

Rp0.2 [MPa] 320 320 320 320 -- 

ET [MPa] 2000 2000 2000 2000 2000 

density [kg/m³] 7800 7800 7800 7800 7800 

 

The initial temperature (starting temperature) of the analysed PTS transient is usually not related to 
the reference temperature Tref required by any particular FEM software. The initial temperature is 
related to the stress-free temperature in some FEM software (such as Marc, Abaqus), but not in all 
commercial software. The manual of any relevant FEM software should be consulted on what regards 
reference temperature Tref and stress-free temperature Tsf, because the implementation of thermal 
stresses differs among various FEM codes. 

Attention must be paid to the definition of the mean (linear) thermal expansion coefficient (TEC) 
especially if the starting temperature of PTS transient is different than the reference temperature used 
for measurement of mean linear CTE (which is usually the room temperature). This conversion shall be 
used in the case where the FEM code used for elastic and elastic-plastic stress analysis calculations 
does not correct it automatically to stress-free temperature Tsf (this may be different from reference 
temperature Tref used for thermal expansion coefficient measurement). The formula for converting the 
TEC (usually given with a reference temperature of 20 °C) to a new Tref is given by: 

 

‌ Ὕ
ẗ

ẗ
, 

 
with  

¶ ‌ά = the thermal expansion coefficient for a given Ὕά temperature (in this case 20°C)  

¶ ‌ὶὩὪ = thermal expansion coefficient for the reference temperature of interest ὝὶὩὪ 
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Taking into account the starting temperature of base case transient of 291°C as reference temperature 
to be used for thermal expansion, the conversion from Table 15 and Table 16 is given is shown in Table 
17 and Table 18. 

Table 17: Thermal expansion coefficient converted to Tref = 291°C (ferritic 22NiCrMo37) 

T [°C] 20 100 200 300 350 

Mean thermal exp. a [10-6/K] 
with Tref = 20 °C 

10.3 11.1 12.1 12.9 13.5 

Mean thermal exp. a [10-6/K] 
with Tref = 291°C 

12.79 13.51 14.22 15.02 16.53 

 

Table 18: Thermal expansion coefficient converted to Tref = 291°C (cladding 1.4551) 

T [°C] 20 100 200 300 400 

Mean thermal exp. a [10-6/K] 
with Tref = 20 °C 

15 16 17 19 21 

Mean thermal exp. a [10-6/K] 
with Tref = 291°C 

18.73 19.90 22.31 24.30 26.29 

 
Another way to deal with the appropriate treatment of thermal expansion is the use of instantaneous 
thermal expansion coefficient (the gradient of the thermal strain curve). The definition of the different 

approaches for thermal expansion coefficient is illustrated in Figure 65, where ‌Ὥὲίὸ is the 

instantaneous thermal expansion coefficient compared to ‌ίὩὧ which is the mean average (secant) 
thermal expansion coefficient. 

 

Figure 65. Mean average (secant) and instantaneous thermal expansion coefficient 

It should be noted that a correct definition of either instantaneous thermal expansion coefficient or 

mean average (secant) thermal expansion coefficient requires the corresponding e-T curve. The 
conversion of tabulated data from one to the other type of thermal expansion coefficient is only valid 

for a linear e-T curve. In other cases, the conversion from tabulated data will include an unknown 

ŀǇǇǊƻȄƛƳŀǘƛƻƴ ŜǊǊƻǊΣ ōŜŎŀǳǎŜ ǘƘŜ άŦǳƭƭέ e-T curve is not known. 

6.2.2 Weld residual stresses 

For an assessment of cracks in a RPV weld, it is requested by most standards to consider residual 
stresses. Several recommended stress profiles are present in the literature and normative 
documentation (KTA 3201.2 [12]) for the residual stresses in RPV circumferential welds (connecting 
two forgings) with a cosine shape, only their maximum levels may differ (56 to 70 N/mm²) for a 
circumferential crack (axial stress component). The situation is different for an axial crack 
(circumferential stress), where a constant stress may be considered. Details about the weld residual 
stresses are already given in Section 3.3. 
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The residual stresses need to be added to the stresses from thermal and mechanical loads in the ferritic 
part of the weld for final brittle fracture-mechanics assessment. 

6.2.3 Cladding residual stresses 

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

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

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

Residual stresses in the HAZ (under the cladding) are usually not considered in the analysis, as these 
may be slight compressive stresses and can be neglected. An explicit consideration of the residual 
ǎǘǊŜǎǎŜǎ ƛƴ ǘƘŜ I!½ ǊŜǉǳƛǊŜǎ ƪƴƻǿƭŜŘƎŜ ƻŦ ŀŘŘƛǘƛƻƴŀƭ ƳŀǘŜǊƛŀƭ ǇǊƻǇŜǊǘƛŜǎ ƻŦ ǘƘŜ I!½ ό¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎΣ 
strain-stress curve, ὙὝ ). 

6.2.4 Selection of TH data 

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

The thermal-hydraulic models of the fluid flow within the RPV evolved during the last decades. In the 
past, the RPV downcomer was not nodalized in detail (only one volume was used for the downcomer) 
and the TH loading conditions passed to the structural assessment were averaged (height, azimuth) 
and smoothed over time. 

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

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

6.2.4.1 TH data from system code for 1D SA 

Within APAL, the influence of type of TH data from system code for a 1D structural assessment was 
investigated. TH data from system code RELAP5 for the base case PTS transient were assessed. Due to 
the geometric limitation of the 1D structural assessment it had to be simplified. Therefore, so called 
variants of TH data were generated, see Table 19. Here the denotation 0D/1D/2D is related to the TH 
data simplification and has no relationship to the 1D/2D/3D symbols related to the FEM model for 
structural analyses. 
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Table 19: Variants of RELAP TH data used for 1D SA 

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 

 

For better understanding of the generated TH inputs and the distribution of the DC channels and 
elevations, Figure 66 shows the RELAP5 names and positions of the four loops and illustrates the 
nodalisation of the reactor. 

 

 
 

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 
 

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° 
 

Figure 66. Overview of RELAP DC Channels and elevations 
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The comparisons of stress and temperature fields for the 7 cases derived with a 1D structural 
assessment are given in [36] and are briefly summarized in Figure 67 and Figure 68 for the deepest 
crack tip of the postulated crack within APAL benchmark (i.e. 16 mm depth). It was shown that case 3 
and case 6 give the most penalizing stresses and temperatures for core weld and flange weld. 
Therefore, an averaging of TH data from system code should be avoided, especially for a postulated 
flaw below the injection legs. 

 

Figure 67. Temperature profiles from 1D SA (at crack tip 16 mm) for different variants of RELAP TH data 

 

 

Figure 68. Stress profiles from 1D SA (at crack tip 16 mm) for different variants of RELAP TH data (left: Hoop 
stress, right: axial stress) 

Moreover, from the 1D structural assessment benchmark results for case 3, the relative deviation in 
results (either temperature or stresses) between the partners was less than 5%. Therefore, only a small 
bias in stress and temperature fields is expected due to different software tools and methods. Details 
can be found in [36]. 

6.2.4.2 TH data from system code for 3D SA 

When performing a 3D structural assessment, full mapping of 2D TH data from system code analysis is 
possible. The effect of the kind of mapping and used FE method was investigated in APAL for the 2D 
TH data from RELAP for the base case transient. The resulting stress and temperature fields at core 
weld below CL3 obtained from five different partners were compared, see Figure 69 and for more 
details [36]. 
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Figure 69. Temperature and stress profiles from 3D SA (at crack tip 16 mm) for full mapping of 2D RELAP TH 
data (left: temperature, right: hoop stress) 

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

6.2.4.3 TH data from mixing analysis 

In addition to the system code analysis, mixing analyses were sometimes performed to get more 
detailed information of the loading in the downcomer. The most frequently used mixing codes are 
KWU-MIX, GRS-MIX or ECC-MIX and most detailed analysis is recently performed by a CFD code. All 
these predictions have different levels of detail and confidence compared to the reality (experiment 
or plant).  

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

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

Within APAL, comparisons were performed between results from 3D structural assessments with a) 
2D non-uniform input from system codes, and b) 2D non-uniform input from mixing codes. The 
comparison for the leading azimuth location at core weld is briefly shown in Figure 70 and in more 
detail in [36]. It can be concluded that structural assessment based on TH data from mixing code gives 
higher stresses and colder temperatures due to more appropriate modelling of the cold plume formation. 

       

Figure 70. Temperature and stress profiles from 3D SA (at crack tip 16 mm) for full mapping of 2D TH data from 
RELAP, TRACE and KWU-MIX (left: temperature, right: hoop stress) 
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Besides the use of mixing analyses, analytical solutions exist to predict the effect of cold plume on 
stresses using temperature and stress results from 1D structural assessment based on TH data from 
system codes. Usually, if these analytical solutions are applied correctly with the appropriate data from 
the 1D structural assessment, the effect of cold plume on stresses and temperature fields is predicted 
conservatively. An overview of such analytical solutions, their appropriate use and their level of 
conservatism can be found in [36]. 

6.2.5 Sensitivity analyses 

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

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

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

¶ Other effects investigated were the uniformity of the TH data and the mesh density. 

6.2.5.1 Cladding thickness 

The impact of cladding thickness was investigated with 1D structural assessment, and the cladding 
thickness was varied between 4 and 8 mm. The achieved results from different partners are shown in 
Figure 71, which illustrates the hoop stress variation as a function of time at the crack tip (16 mm from 
the inner surface), and in Figure 72 giving the temperature variation over time and thickness. From the 
results, it can be concluded that the thickness of the cladding has no large effect on the stress and 
temperature results and smaller cladding thickness is slightly penalizing.1

 

  

Figure 71. Hoop stress at crack tip 16 mm for different cladding thickness (left: RELAP TH input, right: TRACE TH 
input) 

 

Figure 72. Temperature profiles for different cladding thickness (left: at crack tip 16 mm,  
right: through RPV wall at t = 2400s) 

 

1However,   it should be noted that when assessing underclad crack, the effect of cladding thickness is more significant 
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6.2.5.2 Time steps of TH data 

The influence of simplification of TH data due to reduced time steps was investigated within APAL. The 
TH data for the base case were given with time step of 1 s for the time interval of 10000 s. For the 
sensitivity analysis, time step of the TH data of 2 s, 5 s and 10 s were investigated considering the 
results from a 1D structural assessment. The comparison of the results in terms of the hoop stress at 
inner surface and crack tip (16 mm) is shown in Figure 73. The maximum deviation from usage of 
original TH data (with time step of 1 s) is approximately 40 MPa (Ғ 15%) for hoop stress at 0 mm, and 
approximately 13 MPa (Ғ 13%) for hoop stress at 16 mm, both obtained for the maximum time step of 
10 s. A reasonably good result is obtained for a time step of 2 s.  

 
Figure 73. Hoop stress differences for various TH data time steps (left: at inner surface, right: at crack tip 16 mm) 

Based on the results, it can be concluded that original time step or only small increase should be kept 
around the maximum stress region. Time steps of TH data can be increased for later times in the 
transient with smaller variations in TH data. 

6.2.5.3 Mesh refinement 

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

¶ 2 to 10 elements in the cladding, 

¶ 10 to 76 elements in the ferritic part. 

Based on the results with different mesh densities and with either linear or quadratic elements, it was 
concluded that for a linear model the minimum number of required elements to achieve an acceptable 
error is 3-4 elements in cladding and 30-40 elements in the ferritic part. By using quadratic model, the 
minimum number of required elements is approximately half of the linear model. More details on the 
influence of mesh refinement are given in [36]. 

6.2.5.4 Axial location 

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

The variations that were considered for core weld are summarized in Table 20.  

Table 20: Variations of 1D, 2D or 3D SA for core weld location 
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From Section 6.2.4 it was already concluded that averaging of TH data should be avoided, therefore 
the focus for the influence of type of structural assessment (1D, 2D or 3D) is focusing on Case 3 results 
and non-uniform TH data. The comparison for hoop and axial stresses are shown in Figure 74 and 
Figure 75. It can be concluded that besides the effect of non-uniform compared to uniform (i.e., case 
3) TH data, the type of structural assessment (1D, 2D or 3D) had negligible effect on axial stress and a 
small effect on hoop stress. 

 

Figure 74. Axial stress from 1D, 2D and 3D SA for core weld location (left: up to 4000 s, right: from 4000 s on) 

 

Figure 75. Hoop stress from 1D, 2D and 3D SA for core weld location (left: up to 4000 s, right: from 4000 s on) 

 

The variations that were considered for flange weld are summarized in Table 21.  

Table 21: Variations of 1D, 2D or 3D SA for flange weld location 

 

The comparisons for hoop and axial stresses are shown in Figure 76 and Figure 77. It can be concluded 
that besides the effect of non-uniform compared to uniform (i.e. case 6) TH data, a 1D structural 
assessment does not produce appropriate stress results due to the geometrical constraints of the 
flange weld close to the nozzle ring region (conical transition in its vicinity). 
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Figure 76. Axial stress from 1D, 2D and 3D SA for flange weld location (left: at crack tip 16 mm, right: at outer 
surface) 

 

Figure 77. Hoop stress from 1D, 2D and 3D SA for flange weld location (left: at crack tip 16 mm, right: at outer 
surface) 

6.2.6 Temperature and stress field calculations for LTO improvements 

Within APAL several possible LTO improvements were identified (see Section 3.5). The impact of these 
LTO improvements on the PTS analysis was investigated, obviously including the impact on 
temperature and stress field calculations. Although a final decision on the impact on PTS analysis is 
only possible with regard to the final fracture-mechanics results, the influence of defined LTO 
improvements can first be qualitatively estimated based on the resulting temperatures and stresses. 
For example, LTO1 (Heating of water in HPSI tank) has a clear beneficial influence on a PTS analysis, 
see Figure 78. 
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Figure 78. Temperature and stress time variations for LTO1 

 
Other LTO improvements lead to some variation of benefit during the transient time, for example LTO6 
(Reduction of HPIS flow at 1800 s) as shown in Figure 79. Here, the influence of LTO improvements on 
PTS analysis cannot be determined based on temperature and stress calculations. 

 
Figure 79. Temperature and stress time variations for LTO6 




































































































































































