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1. Introduction 

In accordance with Chapter 7a of the Finnish Nuclear Energy Act, the objective of the 
National Nuclear Power Plant Safety Research programme 2019-2022 SAFIR2022 is to 
ensure that should new matters related to the safe use of nuclear power plants arise, the 
authorities possess sufficient technical expertise and other competence required for rapidly 
determining the significance of the matters. High scientific quality is required of the research 
projects in the programme and the results must be available for publication. 

The SAFIR2022 programme’s planning group, nominated by the Ministry of Economic Affairs 
and Employment in November 2017, defined the following mission for national nuclear safety 
programmes: 

National nuclear safety research aims at high national nuclear safety 
assessment capability. It develops and creates expertise, experimental facilities 
as well as computational and assessment methods for solving future safety 
issues in close cooperation with competent international partners. 

The vision of SAFIR2022 was defined as follows: 

The SAFIR2022 research community is a vigilant, internationally recognised 
and strongly networked competence pool that carries out research on topics 
relevant to the safety of Finnish nuclear power plants on a high scientific level 
and with modern methods and experimental facilities. 

The Framework Plan [1] describes the research to be carried out in SAFIR2022. The new 
programme essentially covers the themes of the preceding SAFIR2018 and SAFIR2014 
programmes [2], [3]. 

SAFIR2022 Management Board was nominated in August 2018. It consists of 
representatives of the Radiation and Nuclear Safety Authority (STUK), the Ministry of 
Economic Affairs and Employment (MEAE), Fennovoima Oy, Fortum, Teollisuuden Voima 
Oyj (TVO), Technical Research Centre of Finland Ltd (VTT), Lappeenranta-Lahti University 
of Technology (LUT) and Aalto University (Aalto). In 2019 the management board was 
completed with a representative of Swedish Radiation Safety Authority (SSM). 

A public call for research proposals for 2020 was announced on the 16th of August 2019. 
After the closure of the call on the 11th of October 2020, SAFIR2022 Management Board, 
taking into account the evaluations made by the steering groups, prepared a proposal for the 
MEAE regarding the projects to be funded in 2020. The funding decisions were made by the 
Finnish State Nuclear Waste Management Fund (VYR) in March 2020. In 2020, the 
programme consisted of 35 research projects and a project for programme administration. 

VYR funding is collected from the Finnish utilities Fennovoima Oy, Fortum and Teollisuuden 
Voima Oyj based on their MWth shares in Finnish nuclear power plants (units in operation, 
under construction, and in planning phase according to the decisions-in-principle). In addition 
to VYR, other key organisations operating in the area of nuclear safety also fund the 
programme.  

The planned [4] and actual volumes of the SAFIR2022 programme in 2020 were 6,3 M€ and 
6,4 M€, and 40 and 44 person-years, respectively. 
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This annual report summarises the results of the individual projects (Chapter 2) and provides 
financial and statistical information on research programme (Chapter 3). Administrative 
issues are summarised in Chapter 4. 

Project publications are listed in Appendix 1, information on international co-operation in 
Appendix 2, list of the academic degrees obtained in Appendix 3 and the list of international 
travels and remote meetings in the projects in Appendix 4.  

This report has been prepared by the programme director and project co-ordinator in 
cooperation with the managers and staff of the individual research projects. 
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2. Goals and main results of the research projects in 2020 

The SAFIR2022 research programme is divided into four major research areas: 

1. Overall safety and systemic approach to safety 

2. Reactor safety 

3. Structural safety and materials 

4. Research infrastructure. 

The research areas are presented with more detailed descriptions of their research needs 
during the programme period 2019-2022 in the SAFIR2022 Framework Plan [1]. The 
research areas and research needs are based on the knowledge at the time of making the 
framework plan. The Framework Plan will be updated during the programme period, if 
necessary. 

In 2020, the research was performed in altogether 35 research projects. The total volume of 
the programme was 6,4 M€ and 44 person years. The research projects in the various 
research areas with their planned and actual volumes are given in Table 2.1. 

Summaries of research project results are given in the following subsections. 

Table 2.1. SAFIR2022 projects in 2020. 

Research 
area 

Project Acronym Organi-
sation(s) 

Planned 
costs 
(k€) 

Actual 
costs 
(k€) 

Planned 
volume 
(person 
months) 

Actual 
volume 
(person 
months) 

1. Overall safety and systemic approach to safety 

 Building operational 
readiness of control 
room crews: preparing 
for the unexpected 

BORS 
Excellence 
project 
2020-2022 

VTT, 
Finnish 
Institute 
of 
Occupatio
nal Health 
(FIOH) 

136,0 137,2 11,8 12,7 

 Co-simulation model 
for safety and reliability 
of electric systems in 
flexible environment of 
NPP 

COSI VTT, 
Aalto 

177,0 151,1 15,3 11,4 

 New developments and 
applications of PRA 

NAPRA VTT 
198,7 201,4 12,1 13,7 

 Development of 
framework for 
justification of overall 
safety 

OSAFE VTT, Risk 
Pilot, LUT 

81,9 97,6 9,7 8,5 

 Participative 
development for 
supporting human 
factors in safety 

PARSA FIOH, 
VTT 

85,8 87,5 6,2 6,8 

 Predicting extreme 
weather, sea level and 
atmospheric dispersion 

PREDICT Finnish 
Meteorolo
gical 

171,4 204,6 15,8 19,2 
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for nuclear power plant 
safety 

Institute 
(FMI) 

 Safety and security 
assessment of overall 
I&C architectures 

SEARCH 
Excellence 
project 
2019-2022 

VTT, 
Aalto 

370,0 369,5 32,2 35,5 

 Uncertainty 
management in fire risk 
analyses 

URAN 
Excellence 
project 
2019-2022 

VTT, 
Aalto 

220,0 219,3 17,7 20,3 

 Effective improvement 
of leadership and 
safety culture 

EPIC 
 

VTT 
57,0 57,0 3,8 4,5 

2. Reactor safety 

 Analytical severe 
accident research 

ANSA VTT 
209,0 209,1 11,0 13,4 

 Coupled analysis of 
transient scenarios 

CATS VTT 
163,0 163,2 10,4 12,7 

 CFD methods for 
reactor safety 
assessment 

CFD4RSA VTT 
194,0 196,7 12,1 13,1 

 Interdisciplinary fuels 
and materials 

INFLAME VTT 
181,6 183,0 12,3 12,9 

 Developing the working 
arms of Kraken, the 
next generation 
computational 
framework for reactor 
design and licensing 
analyses 

LONKERO 
Excellence 
project 
2019-2022 

VTT  

254,3 254,8 22,5 25,0 

 Mitigation and analysis 
of fission products 
transport 

MANTRA VTT 
121,4 122,9 7,7 6,6 

 Passive heat 
exchanger experiments 

PAHE LUT 
118,0 125,6 10,0 10,9 

 PWR PACTEL tests PATE LUT 190,0 205,3 16,5 15,7 
 Radiation shielding and 

criticality safety 
analyses 

RACSA VTT 
170,0 170,0 11,4 13,5 

 Sparger separate effect 
tests 

SPASET LUT 
111,0 127,7 9,5 10,6 

 Safety through thermal-
hydraulic analyses and 
co-operation 

THACO VTT 
220,6 220,4 12,9 15,6 

 Enhanced multi-
physics calculation 
capabilities for fuel 
behaviour and reactor 
analyses 

EMBER LUT 

28,6 28,7 3,0 3,2 

 Fuel microstructure and 
radium solubility 

PORA* VTT 
97,5 100,3 7,1 7,9 

3. Structural safety and materials 

 Additive manufacturing 
in nuclear power plants 

AM-NPP VTT, 
Aalto, 
LUT 

71,0 72,4 5,0 4,6 

 Advanced materials 
characterisation for 
structural integrity 
assessment 

AMOS VTT 

165,5 166,8 9,9 10,8 

 Critical studies in 
support of the ageing 

CONAGE VTT, 
Aalto 

142,9 142,9 8,7 10,9 
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management of NPP 
concrete infrastructure 

 Modelling of aged 
reinforced concrete 
structures for design 
extension conditions 

CONFIT VTT, 
Tampere 
University 
of 
Technolo
gy (TUT) 

86,0 85,8 4,0 4,2 

 Effect of long-term 
operation on aging and 
environmentally 
assisted cracking of 
nuclear power plant 
component materials 

ELIAS VTT, 
Aalto, 
TUT 

71,9 75,3 6,0 6,3 

 Extended lifetime of 
structural materials 
through improved water 
chemistry 

ELMO 
Excellence 
project 
2019-2022 

VTT 

193,0 194,4 11,0 12,5 

 Fatigue and evolving 
assessment of integrity 

FEWAS VTT, 
Aalto 

143,1 147,4 9,5 11,1 

 Non-destructive 
examination of NPP 
primary circuit 
components, machine 
learning and reliability 
of inspection 

RACOON VTT, 
Aalto 

185,7 188,8 13,2 16,6 

 Safety criteria and 
improved ageing 
management research 
for polymer 
components exposed 
to thermal-radiative 
environments 

SAMPO 
Excellence 
project 
2019-2020 

VTT, 
RISE 
Research 
Institutes 
of 
Sweden 

189,0 189,8 10,0 11,1 

 Fatigue management 
for LTO 

FATIMA VTT 
116,0 116,4 5,5 6,3 

4. Research infrastructure 

 Barsebäck RPV 
material used for true 
evaluation of 
embrittlement 

BRUTE 
Excellence 
project 
2019-2022 

VTT 

366,0 381,5 22,0 26,1 

 Infrastructure 
development at LUT 
safety research 
laboratory 

IDEAL LUT 

429,0 465,7 25,0 23,3 

 Participation in Jules 
Horowitz Reactor 
project - towards first 
criticality in 2022 

JHR2022 VTT 

129,0 129,0 6,7 7,2 

Programme administration 

 SAFIR2022 
administration 

ADMIRE VTT 436,8 436,8 11,2 12,3 

The costs of ADMIRE are for period 1.1.2020-31.3.2021. The costs include the small projects 
and value-added tax 24%. 
*) PORA project reports to KYT2022 programme (see http://kyt2022.vtt.fi/ ). 

http://kyt2022.vtt.fi/
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2.1 Overall safety and systemic approach to safety 

In 2020 the research area “Overall safety and systemic approach to safety” consisted of nine 
projects:  
 

1. Building operational readiness of control room crews: preparing for the unexpected 
(BORS) 

2. Co-simulation model for safety and reliability of electric systems in flexible 
environment of NPP (COSI) 

3. New developments and applications of PRA (NAPRA) 
4. Development of framework for justification of overall safety (OSAFE) 
5. Participative development for supporting human factors in safety (PARSA) 
6. Predicting extreme weather, sea level and atmospheric dispersion for nuclear power 

plant safety (PREDICT) 
7. Safety and security assessment of overall I&C architectures (SEARCH) 
8. Uncertainty management in fire risk analyses (URAN) 
9. Effective improvement of leadership and safety culture (EPIC). 

2.1.1 BORS – Building operational readiness of control room crews 

The BORS project investigates the Joint Cognitive System (JCS) between an operator and 
nuclear power plant (NPP) process systems from the perspective of human-system 
interfaces (HSIs), procedures, operators’ resources for action and skills training. First, our 
aim is to advance and deepen our understanding of resilience skills and develop specific 
tools and methods for the analysis of simulator data and/or promotion of resilience skills 
assessment and skills training. Second, our aim is to further our understanding of operator 
practices and cognitive processes in complex incidents and severe accidents. To that aim, 
we will conduct simulator tests that are unique in a sense that they are either performed in a 
new kind of environment (i.e., virtual control room or a novel digital control room) or that they 
address topics that have not been widely studied (e.g., stress management and procedure 
use in complex incidents). Third, our aim is to better understand how the JCS is shaped and 
evolved, and how cognitive readiness and resilience skills are acquired. To that aim, we 
develop a training program for the advancement of cognitive readiness and resilience skills in 
operator work. 

Specific goals 

Next, we present the specific goals and research activities of the ongoing work packages, 
WP1, WP2, WP3 and WP5 in 2020. WP4 will start in 2021. 
 
In WP1 of BORS, tools and practices are developed for promotion of operator resilience 
skills and cognitive readiness in complex incidents carried out in a virtual reality control room 
(VR CR). We have analysed the simulator test results from different perspectives, e.g.: 
 

● Build-up of situation awareness in complex accident and incident situations; and 
● Complex troubleshooting in incident situations. 

 
In 2020, we conducted a study in a VR CR consisting of some brief incidents and one longer 
accident situation (Figure 1). Three operator crews participated in this study. In brief 
incidents operators detected malfunctions that are quite difficult to detect and identify, 
diagnosed the malfunction and started to repair it. We also developed a concept for a 
retrospective video-based think- and reason-aloud process tracing method for operator 
training purposes. In this method, video showing both gaze direction and 
psychophysiological recordings are presented to the operator, and his/her task is to verbalise 
what he/she was doing and thinking as he/she conducted the task.   
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Figure 1. Example image from the physical (left) and virtual (right) simulator environment. 

In WP2 of BORS, our aim is to examine the use of virtual reality applications for stress 
management training, training of cognitive and teamwork skills, and training of maintenance 
and visual inspection procedures. The work focuses on collaboration between the CR crew 
and field operators, and maintenance work. 

In 2020, an extensive literature review on field operator training and teamwork between the 
field and control room was prepared. The literature review covers topics such as VR 
solutions for operator training, applications of VR in field operator training an evaluation of 
VR training environments for field operator training. Interviews were also conducted, in which 
field operators and personnel responsible of field operator training were interviewed in one 
Finnish NPP. The aim was to acquire a better understanding of field operator training, needs 
for improvement and the applicability of VR/AR technologies in training. Finally, data has 
been collected in a simulator study, in which the CR operators collaborated with the field 
operator. The aim is to examine the processes that support building a common 
understanding of a fault among CR operators and field operators.   

In WP3 of BORS the aim is to investigate the effect of procedure format and level of 
procedural guidance on operator cognitive processes and mental workload. We will 
investigate the development of the proficient use of procedures and characteristics of 
procedure-based markers of resilience in incident situations. 

In 2020, we analysed and reported the results of the simulator study conducted in 2019. 
According to our findings, most of the crews acted in a quite consistent way, and 
performance was high in both simulator runs. A considerable variation in performance times 
was, however, observed. For most of the crews, communication and collaboration between 
operators was fluent. However, the amount and quality of communication varied quite much 
between crews, and some communication breakdowns were identified. Clear and systematic 
differences were also found in the workload and stressfulness between two scenarios and 
between their different phases (Figure 2). In addition, there was quite much variation in 
procedure use practices between crews. On the other hand, procedures were applied quite 
fluently, indicating that usage practices are quite stable in each crew. According to operator 
interviews, they are satisfied with the present procedures, irrespective of the format. When 
one option has to be chosen among several alternatives, flowchart solution is better, but 
when there is no need to decide between options, prose format is found to be the most 
suitable. 

In WP5 of BORS, the aim is to develop resilience skills training including the implementation 
of the training activities, for simulator trainers, operators and operator support personnel. In 
2020, lecture material on resilience skills training has been prepared and presented in annual 
training days at TVO. 
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Figure 2. Interaction plot depicting skin conductance response (SCR) during baseline, and 
Scenario 1 and 2. BL1 = baseline 1; 1 = Scenario 1; 2 = Scenario 2. SS = Shift supervisor; 
RO = Reactor operator; TO = Turbine operator; AUX = Auxiliary operator. 

Deliverables 

• Satu Pakarinen gave a presentation entitled ”Promoting Operational Readiness of 
Control Room Crews Through Biosignal Measurements” in AHFE 2020 virtual 
conference. 

• Jari Laarni gave a presentation entitled “Promoting operational readiness through 
procedures in nuclear domain” in HCI International 2020 virtual conference. 

• A conference article on building situation understanding in a hybrid CR entitled “Building 
Cognitive Readiness and Resilience Skills for Situation Assessment and Diagnostic 
Reasoning in a VR CR” by J. Laarni, M. Liinasuo, S. Pakarinen, K. Lukander, T. Passi, V. 
Pitkänen, & L. Salo was published, and a poster was presented in HCI International 2020 
virtual conference. 

• A conference article on control room operators’ cognitive strategies in troubleshooting 
entitled “Control room operators’ cognitive strategies in complex troubleshooting” by J. 
Laarni, M. Liinasuo, S. Pakarinen, K. Lukander, & T. Passi was submitted to AHFE 2021. 

• A slide set on the video-based process-tracing method entitled “Development of video 
based process tracing methodology - conceptual description” by M. Liinasuo & S. 
Pakarinen was completed. 

• A literature review on teamwork between the field and the control room entitled “Virtual-
reality based nuclear power plant field operator training” by S. Pakarinen, J. Laarni, H. 
Koskinen, T. Passi, M. Liinasuo, & T.-T. Salonen was completed. 

• A test plan was outlined for the simulator test conducted in November 2020 at Fortum 
Loviisa NPP. 

• A research report on the simulator test results entitled “Promoting operational readiness 
through procedures - Final report of the 2019 simulator study” by J. Laarni, S. Pakarinen, 
T. Passi, K. Lukander, M. Liinasuo, & T.-T. Salonen was completed. 

• A slide set on the effect of procedure format entitled “A comparison of prose and 
flowchart format for presenting procedures in nuclear domain. Literature review” by J. 
Laarni was completed. 
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• Lecture material on resilience skills training was prepared by S. Pakarinen and T.-T. 
Salonen. 

• A master’s thesis entitled “FRAM-menetelmän soveltaminen ydinvoimalaitoksen ohjeiden 
suunnitteluun” was completed by J. Tomminen. 

• A conference abstract entitled ”Augmenting field operator training through virtual reality” 
by H. Koskinen et al. was submitted to ANS NPIC&HMIT 2021. 

A simulator test was conducted in a virtual control room at Fortum on November, 2020. 

 

2.1.2 COSI - Co-simulation model for safety and reliability of electric systems in flexible 
environment of NPP 

General objective 

The project studies safety design principles of electrical systems focusing on selected topics 
considered most relevant for the stakeholders on the three levels of design: 1) plant level 
safety design, 2) systems safety design, and 3) component safety design.  

COSI project aims to develop a multi-physic simulation model which interfaces the internal 
electric power system of NPP and the external high voltage power system to the thermal, 
reactor physical and automation models, for example, Apros. This holistic model covers the 
whole chain of electrical systems enabling a structured approach for evaluation of possible 
common cause failures and design principles of electrical systems in the existing and future 
nuclear power plants (NPP) and small modular reactors including flexible operation. The 
simulation platform will be utilized for evaluating the adequacy and balance of safety 
requirements of the electrical systems in NPP in the cases of faults and disturbances.  

Specific goals  

Electrical systems perform various functions in an NPP, and they are required for the 
operation of many safety systems. In normal operation, all electrical systems are connected 
at the high voltage level, which creates the potential for common cause failures due to faults 
in the plant internal or external power system. In fact, several such incidents have been 
reported. 

An overvoltage is a condition where the voltage applied to a component exceeds what it is 
designed for. Overvoltages are classified into two types depending on the length of the 
condition. Shorter events are known as transient overvoltages while longer events are power 
frequency overvoltages. NPPs are generally considered to be well protected against 
transient overvoltages. However, the same is not true for power frequency overvoltages. 
Common causes of power frequency overvoltages are ground faults, reactive power 
imbalances and voltage control issues. In the Forsmark event in 2006, the generator voltage 
controller compensated for low voltage during a prolonged short circuit condition, and caused 
an overvoltage when the fault was disconnected. According to literature, electrical transients 
may not have been adequately considered in the original design or later modifications of 

plants. However, no existing several such incidents have been reported. 

An open phase condition (OPC) occurs when one or two of the three phases are 
disconnected. Typical reasons are mechanical failures of conductors or breakers. An OPC 
may cause significant phase imbalance downstream of the fault, and the level of imbalance 
is strongly affected by any downstream transformers and different load types. Many OPC 
analyses found in the literature focus on analysing or simulating the electrical behaviour of a 
single component or the entire electrical system of a plant. Typical components analysed are 
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transformers and induction motors. Theoretical calculations, computer simulations and 
laboratory measurements have been found to agree reasonably well. However, analyses of 
entire electrical systems appear to be limited concerning three aspects. First, most 
simulations use very simple models of the loads, where small loads are aggregated into 
larger units and all loads are modelled as constant or using a simple mathematical 
relationship. Second, the simulations only consider electrical effects, ignoring any potential 
dynamics or feedback from electrical protection or thermomechanical system. Finally, even 
time-domain simulation studies appear to be most interested in steady-state behaviour rather 
than transient effects. In OPC analysis, time dynamic effects are important, because the key 
question is whether motors trip, overheat or keep running until the fault is cleared.  

Subsynchronous oscillations (SSO) are several related conditions where components in the 
electrical system interact in an oscillatory manner. They are divided into two traditional types 
and one more recently discovered type depending on which devices participate in the 
interaction. In the subsynchronous resonance (SSR), the oscillation occurs between a 
synchronous generator and a series compensated power line, while in SSTI, a synchronous 
generator interacts with an actively controlled device in the grid. In SSCI, an actively 
controlled generator (wind turbine) interacts with a series compensated power line. 
Subsynchronous oscillations cause significant stresses on electrical and mechanical parts of 
the system because the amplitude of the oscillation will increase until something gives way. 
The turbine generator shaft is usually the weakest link in an interaction that involves a 
synchronous generator. Generator shaft damage is expensive to repair, and missiles 
resulting from shaft failure could hypothetically affect safety systems in an NPP. SSR first 
occurred at Mohave coal power plant in 1970. Since then, it has been researched 
extensively, and SSO analyses are a routine part of HVDC, series compensation and power 
plant projects. Typical studies include mathematical analyses and electrical simulations. 
Simulations in particular are a more useful tool than before due to increased computational 
resources. SSO has been studied in nuclear power plant generators, as NPPs typically have 
large turbine generators that are susceptible to SSO. However, it does not appear to have 
been considered from a nuclear safety perspective before. Its potential effects on 
Thermomechanical system have also not been analysed. Three particularly relevant 
conditions (power frequency overvoltages, open phase conditions and subsynchronous 
oscillations) were selected for in-depth analysis. Based on the literature review and analyses, 
these three conditions were recommended for simulation in the COSI project.  

The existing electrical simulation studies have not considered the thermomechanical system 
feedback effects and other transient dynamics in much detail. Most of the NPP in Finland use 
Apros as the main simulation tool for thermomechanical and automation process. However, 
since Apros cannot simulate the detailed electrical system events, e.g. unsymmetrical faults 
like one phase fault of the electric system, the detailed electrical power system models are 
simulated in different simulation tools. In these circumstances, the interaction of the electrical 
system and the thermomechanical system is neglected. 

In this regard, the aim of WP1 in the COSI project is to design the architecture of the co-
simulation platform for NPP. The co-simulation platform provides the opportunity to simulate 
the interaction between detailed models implemented in different simulation tools. In this 
platform, the master program is developing using the Matlab (or Python). Apros will be the 
Open Platform Communications (OPC) server and the master program is the OPC client for 
connecting to Apros. The master program connects to other power system simulators using 
the appropriate protocol, which depends on the simulator’s features. In this architecture, the 
master program, MATLAB, delivers the mechanical model of APROS to the power system 
simulators. In the same way, the master program delivers the electrical model of power 
system simulators to APROS. The power system simulators can consist of different tools 
used for simulations like PowerFactory, Simulink, etc. The challenge of building the 
architecture of the COSI co-simulation platform covers the data exchange layout among 
simulators, data exchange Intervals, time step handling, the protocol of data exchange 
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between simulators and the initialising of simulators. The proposed co-simulation architecture 
for the COSI platform is in Figure 1. 

Following the architecture design in 2019, WP1 develops the first version of the co-simulation 
platform in 2020. This co-simulation platform includes a master program, which can 
coordinate the co-simulation of different domains using domain-specific simulation tools. This 
Master Program connects to the Apros using Open Platform Communications (OPC) data 
connection. The connecting protocol could be different for other simulation tools that are 
connected to this co-simulation platform. For example, for connecting PSCAD, the FMI-
Compliant Interface developed based on TCP/IP protocol can be used. In this section, the 
implementation of the chosen architecture will be described.  

 

 

Figure 1. The proposed co-simulation architecture for the COSI platform. 

To verify the co-simulation platform, small thermomechanical and electrical models have 
been used. The electrical model includes a Generator that through a unit transformer is 
connected to the high voltage grids and through an auxiliary transformer provides energy for 
three large motors. The generator coupled to a turbine shaft and motors coupled to the basic 
pump, motor pump, and common pump in Apros. The simulation results show that co-
simulation works well. All involved tools have their normal usage environment available that 
can be used to see simulation results and allow the user to edit and change the settings in all 
simulators simultaneously. This way, the model and tools that are developed in each domain-
specific simulator, can be used directly by their domain expert, while the co-simulation 
platform can analyse the interaction of these different domains without simplifying the models 
of any of the domains. 

WP2 implemented a real NPP model using the developed co-simulation platform. Although 
the co-simulation in the small model works well, the co-simulation in a complete NPP faced 
some challenges to integrate generator from electrical simulator to turbine/shaft from Apros. 
There is a conflict; when there are more than one generator Apros calculate the frequency of 
the electrical system and rewrite what written from the electrical simulator. This conflict will 
be solved in the next year plan.  

Currently, the internal electrical grids and thermomechanical model of the NPP is merged 
and co-simulated without any challenge. The results highlighted that the existing 
simplification assumptions and neglecting the interaction between the electrical system and 
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thermomechanical system can misrepresent the electrical and thermomechanical behaviour 
during an electrical fault. 

Deliverables 

• Description of the co-simulation platform for NPP 

• Electrical and Thermomechanical Co-simulation Platform for NPP. 

• Baseline simulation results 

 

2.1.3 NAPRA - New developments and applications of PRA 

The general objective of NAPRA (2019-2022) is to develop methods and analyses for 
probabilistic risk assessment (PRA) of nuclear facilities. It encompasses most PRA research 
carried out in SAFIR2022. Despite decades of development, there still exist room for 
improvement in PRA methods and methodology. A case in point is the need to account for 
the dynamicity of accident scenarios and human involvement in them. New developments 
such as the need to take long accident progression time windows into account pose 
challenges to PRA. Emerging technologies, such as small modular reactors, bring modelling 
and analysis issues that must be addressed for credible PRAs. The key challenge of NAPRA 
is to address - and within resource constraints, to contribute to - a wide-ranging and topical 
mix of PRA research themes that are relevant and interesting from the Finnish nuclear safety 
point of view.  

Specific goals 

WP1 of NAPRA studies PRA of external and internal hazards. In 2020, we have focused on 
fire PRA. The overall goal has been to increase the realism of fire PRA by simulation-based 
event tree modelling. We have developed a simulation-based event tree for a cable room fire 
scenario. The main components of the model are Monte Carlo fire simulations and a 
stochastic operation time model for firefighting. In 2020, we have identified a large number of 
uncertainties in the case study. The most significant uncertainties are related to some fire 
simulation parameters (particularly time of maximum heat release rate), reliability of the 
automatic suppression system and some central firefighting actions. In addition to the case 
study, we have also considered other modelling issues from the point of view of simulation-
based event tree modelling. Modelling of multiple consequences, such as multiple cable 
failures, is relatively straightforward. Multiple fire brigades could also well be incorporated to 
the operation time model given that sufficient information about time delays exist. Fire 
spreading outside the room could be included in the analysis, though it would require some 
more research to develop the detailed modelling approach. 

We have studied reliability analysis of sprinkler systems by reviewing previous analyses 
found in the literature and conducting a simplified fault tree analysis for a generic wet pipe 
system. Such reliability analyses have been quite rare or at least not published. Collection of 
sufficient amount of failure data for sprinkler system components is necessary for credible 
reliability analysis. 

WP3 of NAPRA aims to improve PRA methods concerning human reliability analysis (HRA) 
and time window modelling. An important part of this WP has been to participate in an NKS 
and NPSAG project “Prolonged available time and safe states” (PROSAFE). The PROSAFE 
project has particularly focused on spent fuel pool accidents. The time windows of spent fuel 
pool accidents are typically much longer than in reactor accidents so that there is much more 
time to perform manual actions and repairs. Existing HRA methods have mainly been 
developed for shorter time windows, and repair modelling in PRA has been at quite immature 
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level. Modelling of mission times of safety functions has also been very simplified in PRA. 
The mission times should be determined based on how long it takes to reach the safe state, 
but this is usually not the case. 

We have developed a simulation-based event tree modelling approach for spent fuel pool. It 
integrates deterministic spent fuel pool behaviour and probabilistic analysis. The spent fuel 
pool water level and temperature are calculated in the simulations at every time point of 
interest, e.g. when a make-up system is started or fails. The time windows for probabilistic 
analysis are dynamically calculated based on the current spent fuel pool conditions. For 
example, the mission time of a make-up system is calculated based on how long it takes to 
reach the safe state, i.e. the water level is normal and the spent fuel pool cooling system is 
back in operation. Durations of manual actions, repair times and failure times are drawn from 
probability distributions to determine accident progression timings on each simulation cycle. 

We have analysed two spent fuel pool accident scenarios, transient and loss of offsite power 
(LOOP), using the simulation-based event tree approach. The analysis has been performed 
based on a fictive and simplified static PRA model created for the PROSAFE project. The 
simulation-based event trees have been used quantify top minimal cut sets of the static PRA 
model more realistically. The simulation-based event tree for LOOP is presented in Figure. 
Repair modelling decreased the fuel damage frequency quite a lot compared with the static 
model. The importance of human failure events increased in the results. The importance of 
components and failure modes with long repair times decreased in the results. Dynamic 
treatment of mission times had also some impact on the results, which is seen as decreased 
importance of failure to run events in the LOOP case. The results were more or less 
consistent with the results calculated using other methods, I&AB and enhances event/fault 
tree method, used by PROSAFE partners, even though there were some differences in the 
assumptions and inputs. 

 

Figure 1. Simulation-based event tree for loss of offsite power scenario of a spent fuel pool. 
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The second part of WP3 concentrated on dynamic HRA that considers the changing situation 

that affects human errors. Two studies were carried out on dynamic HRA. The first study was 

a survey to find out how familiar Nordic HRA professionals are with the dynamic HRA 

concept; what are their opinions and experiences on it; and what further research on it would 

be interesting or important. Six Finnish and Swedish human reliability analysis experts from 

five different organizations replied to the query. In general, the respondents’ view is that the 

greatest potential benefit of dynamic HRA is increased realism. On the other hand, they 

emphasized that deployment of dynamic HRA methods should not lead to increased 

complexity of models and workload in analysis, because resources available for HRA are 

limited and the models are already complex. Dynamicity is involved in long time windows and 

annual maintenance break scenarios, among others. The respondents identified also several 

interesting future research topics. 

The second study was an interview of main control-room operators to shed light on dynamic 
HRA related phenomena qualitatively, in the form of asking operators’ opinions on error 
possibility in various operational, possibly error-prone situations in the main control room. 
There was only a small number of interviewees, limiting the conclusions to be made. 
However, even this small sample provided a lot of information and variation, which can also 
reflect the true variation, possibly realised also with a larger sample. The results appear 
possible and true. Whether this is the case, calls for a new study with more interviewees. 

WP4 of NAPRA studies PRA modelling of digital I&C systems. Despite of significant research 
efforts, there is still no international consensus on modelling methods. Therefore, digital I&C 
has been modelled in overly simplified and conservative manner in most PRAs currently. 
Challenges include particularly modelling and quantification of software failures, modelling of 
fault-tolerant features, postulation of common cause failures and common cause failure 
parameter estimation. It should be noted that these issues are not only relevant for PRA but 
also in the deterministic safety demonstration, which includes e.g. fault tolerance analyses. 
Failure tolerance analysis has been therefore chosen as one of the topics that require further 
development due to its common importance both for deterministic and probabilistic safety 
assessment. 

An important part of this WP has to participate an international benchmark study, OECD/NEA 
WGRISK task DIGMAP. In DIGMAP, six participants have prepared PRA models for a fictive 
reactor protection system, and the modelling approaches and results have been compared. 
The project particularly has demonstrated the importance of understanding the diversity of 
the reactor protection systems (or lack of it) and the identification of common cause failure 
(CCF) groups. Both high level and low level modelling approaches were used among 
DIGMAP participants, but the level of modelling detail did not really have impact on the 
overall results. Both approaches have their benefits and drawbacks, and the most suitable 
approach can also depend on the application. It has to be noticed that the development of a 
compact PRA model for digital I&C requires quite detailed background calculations and good 
modelling skills, i.e. there is no easy shortcut. Large CCF groups were technically the most 
challenging modelling issue of the project that caused some differences in the results. It was 
seen that one has to be very careful when using simplifying workarounds. 

In the failure tolerance analysis (FTA) work, a simplified example scenario for a FTA was 
developed and examples of methods for different phases of the FTA were listed. Some 
example computations for the different phases for a fictive boiling water reactor model were 
performed. In the computations, the focus was on an approach (model checking) that could 
support and complement analyses performed with more traditional methods, such as failure 
modes and effects analysis and common cause failure analyses. Based on the example 
computations model checking could be used to support and complement different analyses 
in FTA. 
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Deliverables 

• A research report on a cable room fire PRA study and simulation-based event tree 
method for fire PRA 

• A research report on PRA and HRA of accident scenarios with long time windows 

• A research report on dynamic HRA describing two empirical studies: a stakeholder 
survey and a series of operator interviews. 

• Summary of DIGMAP online meetings. 

• A research report on DIGMAP, the international benchmark study on PRA modelling of 
digital I&C 

• A research report on failure tolerance analysis, a simple failure tolerance analysis case 
study for a fictive boiling water reactor. 

 

2.1.4 OSAFE - Development of framework for justification of overall safety 

The objective of OSAFE (2019-2022) The general objective of the OSAFE project is to 
advance (the understanding of) nuclear power plant safety and security, i.e., overall safety by 
applying a set of methods (risk-informed, graded approach, safety justification, safety culture, 
institutional strength-in-depth, system modelling) and improving of these methods for the 
purposes of safety assessment and safety justifications in the context of operating plant’s 
electric systems and the new technologies, such as SMRs. Thus, the project focuses on both 
the current challenges in the operating plans and the projections to the futures in terms of 
SMRs and non-baseload operation of nuclear power plant and integrated management of 
safety, security and safeguard. 

OSAFE project focused in 2020 on two different tasks: Small Modular Reactors (SMRs) from 
the perspective of design, and semantic modelling in the context of non-baseload operations. 

Specific goal 1 

The objective of the WP 3, Task 3.2 of OSAFE is to carry on the modelling work started in 
2019 aiming at creating a semantic model on overall safety, extending the already created 
OSAFE models, and utilizing the modelling concept in real nuclear-related case studies. The 
context is non-baseload operation.  

Introduction   

Baseload operation refers to operation at steady full rated electrical output. Whereas, non-
baseload operation refers to any change from baseload operation in interfacing with the grid 
(to meet the requirements of the electricity system in balancing generation and demand) 
(IAEA 2018).  The primary consideration for flexible operation (non-baseload operation) is 
matching the flexibility need of the grid system and the capabilities of plants for flexible 
operation.  

Boost in non-baseload operation in nuclear power plants derive from energy markets and 
growing international and national pressures to reduce greenhouse gases and to increase 
the use of renewable energy. Non-baseload operation has not yet been realized in Finland 
on a large scale (apart from couple of times in Olkiluoto). However, operators and regulators 
need to be prepared for it.  
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Semantic modelling 

In semantic modelling it is a question of creation of knowledge model(s) in order to obtain a 
deep understanding of a chosen phenomenon. Different knowledge models can be added in 
the semantic model to complement each other. The benefits of semantic modelling include 
e.g. obtaining multidisciplinary and holistic understanding of non-baseload operation and 
finding new links that would be difficult to realise otherwise due to large amount of data. 

In our study the definition of overall safety refers to outcome of safe, sustainable and 
successful functioning of nuclear power plant (NPP) as a technical system and as an 
organizational system i.e. sociotechnical entity, on which also external actors and factors 
have effects. Overall safety definition is a one knowledge model. The other knowledge 
models include NPP as a technical system, NPP as an organizational system, stakeholders, 
studies on non-baseload (safety impacts).  

Regarding the possible impacts of non-baseload operation on safety of NPP, we looked at 
the maintenance, operation and safety (see Table 1). These aspects are closely connected 
to each other and overall safety. Regarding the maintenance, non-baseload operating 
increases the risk of equipment degradation, and the need for additional monitoring and 
surveillance of maintenance, as well as the need of calibration of measuring equipment. 
From an organizational perspective, maintenance requires additional resources and experts 
in calibration.  

From the operation perspective, non-baseload operation has impacts on reactivity, neutron 
flux changes and these create challenges to reactivity management. Furthermore, the grid-
driven operation requires from NPP organization, review and revision of procedures as well 
as collaboration, communication and interfaces with the grid operator. Regarding the safety, 
non-baseload operation can affect e.g. ageing of components. Therefore, in the PRA and 
safety analysis, attention needs to be paid on the non-baseload operation. In addition, 
evaluation of safety culture, and training regarding non-baseload operation is needed to 
ensure e.g. better understanding of and preparedness for possible effects of non-baseload 
operation. Moreover, non-baseload operation requires also from the regulatory body better 
understanding of challenges related to non-baseload operation, from technical and 
organizational point of view.  

Table 1. Possible impacts of non-baseload operation on safety of NPP 
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Conclusions regarding semantic modelling in the context of non-baseload operation 

Our objective was to create a multidisciplinary view regarding the overall safety in the context 
of non-baseload operation. However, this work would have required a lot of resources. With 
the cut budget we were able to start modelling, but we could not add many knowledge 
models to complement each other. Therefore, the results are only suggestive, indicative 
results. However, we found semantic modelling a promising approach to overall safety in the 
sense that it can find relevant, even invisible links within technical domain, and between 
technical and organizational aspects (e.g. regarding I&C, wear and tear and ageing, and 
maintenance), which could otherwise remain unnoticed. Due to scarce resources we could 
not exploit or show the full potential of semantic modelling. In order to obtain the level where 
the semantic modelling software can independently find links, lot of data needs to be fed in 
the system.    

Regarding the benefits of semantic modelling, first, it enables modelling the same topic from 
several, different viewpoints. Second, it enables detection of new relationships between 
elements with and among different knowledge models. Third , semantic modelling is 
relatively easy to learn. Regarding the limitations of semantic modelling, it is hard to master 
in the sense that it connects several knowledge models with different ontologies and 
assumptions. Making information from different sources commensurable can be challenging. 
Modelling requires collaboration between experts from different fields, and proper 
understanding of ontologies. 

Deliverables 
 

• A slide set summarising the content of semantic modelling and lessons learned. 

• Overall safety seminar on SMRs, on 28th of August 2020. Online seminar, organized by 
the LUT University. Presentations of OSAFE regarding semantic modelling and SMRs 
from a perspective of design. 

• Gotcheva,N., Oedewald, P. and Ylönen, M. 2020. Systems thinking applied to safety 
culture approach in Finland. In Teperi, A.M. and Gotcheva, N. (Eds.) Human Factors in 
Nuclear Industry. London: Elsevier. (extra deliverable) 

• Ylönen, M. 2020. Assessing the Goodness of the Concept of Institutional Strength-in-
depth. In Teperi, A.M., and Gotcheva, N. (Eds.) Human Factors in Nuclear Industry. 
London: Elsevier. (extra deliverable) 

 

Specific goal 2 

WP 4, Task 4.2 SMRs from the perspective of design. The OSAFE project  (Work package 
4.2) concentrated on Small Modular Reactors (SMRs) from the perspective of design. 

The goal was to examine the SMRs and related requirements and challenges for nuclear 
safety justification. Emphasis was on assessment of design features. Impact of SMR safety 
features to the demonstration of compliance of plant safety requirements. SMRs are 
considered as an interesting option for electricity and heat production. They are expected to 
be easier to build and to operate under certain site conditions. The smaller size of the reactor 
offers interesting safety features, notably in terms of residual heat removal and size of 
containment structure. In addition, passive systems for heat removal are introduced to most 
of the SMR designs right from the beginning. 
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The differences in the safety features between normal Light Water Reactor and Light Water 
SMR may have an impact on the demonstration of compliance of plant safety requirements 
for SMR. Analysis on how easily SMR can fulfil the current safety requirements and its 
effects to the licensing process was an important topic worth investigating. Suitable SMR 
concept is investigated, applying ORSAC methodology, and find on what safety functions 
natural and inherent processes can be or are being credited to implement safety functions, 
instead of dedicated safety systems. 

 
The master’s thesis by Mikko Turunen consists of a study of the safety systems of U.S. EPR 
and NuScale SMR design, and comparison of these safety systems with each other by 
researching their Design Control Documents. The objective was to create a comprehensive 
framework for the overall safety of SMRs from a functional Defence-in-Depth (DiD) point of 
view. 

The starting point of this assessment was the proposal of overall safety concept based on 
the functional Defence-in-Depth principle developed by International Atomic Energy Agency 
(IAEA). This concept contains Normal Operation (NO) and Anticipated Operational 
Occurrences (AOOs) are defined as Operational States, while Design Basis Accidents 
(DBAs) and Design Extension Conditions (DECs) without significant fuel degradation and 
with core melting are defined as Accident Conditions (Figure 1). 

 

 

Figure 1. Functional Defence-in-Depth concept developed by IAEA. 

The overall safety concept was developed further by combining the main safety functions 
and the functional DiD concept developed by IAEA (Figure 2). The front-line safety systems 
were attached to the DiD frame by adding the three main safety functions: 1) subcriticality, 2) 
heat removal and 3) containment functions. The subcriticality refers to control of reactor 
power containing the capability to shut down the reactor. The heat removal refers to fuel heat 
removal and cooling that is proportionate to the reactor power.  The containment refers to 
confinement of radioactive materials inside closed systems, or capability to isolate the 
containment, maintain it leak-tight, and also prevent leakages from process systems carrying 
radioactive materials. To the new presentation of the overall safety concept two main support 
functions were attached: power supply and HVAC. Power supply refers to emergency power 
supply, to power safety features of the plant including control room. The HVAC refers to 
heating, ventilation and cooling to maintain operating conditions in safety equipment rooms. 
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Figure 2. Main safety and support functions and functional Defence-in-Depth concept by 
IAEA combined. 

The developed concept was then used by analysing the front-line safety systems of two 
different nuclear power plants and comparing them to get a better understanding of the 
overall safety for Small Modular Reactors. The first facility representing large power reactor 
was an Evolutionary Pressurized Reactor (EPR) originally designed by Areva NP. The actual 
EPR concept had been modified and implemented to a U.S. EPR design. The second facility 
representing SMR concept was NuScale, which is a Pressurized Water Reactor (PWR) with 
an integrated primary circuit designed by NuScale Power. The main reason to end up to the 
comparison of these designs was because U.S. NRC is the governing authority for both 
NuScale and U.S. EPR. They are designed through the same set of regulatory requirements. 
In addition, the majority of the technical details are public and available online from 
Agencywide Documents Access and Management System (ADAMS). 

The systematic analysis and going through the documentation material concluded first the 
creation of large template of 5 x 5 matrix, where front-line safety systems and support 
systems were placed to their respective positions for both studied designs separately. The 
observations were made that there were certain interdependencies between safety systems, 
which were credited in more than one DiD levels. Example of resulting NuScale template is 
presented in Figure 3. In NuScale design, some systems are shared between modules and 
these systems are indicated by a blue font in Figure 3. Decay Heat Removal System (DHRS) 
is designed to remove decay and residual heat from the reactor core and to retain RCS 
inventory in the RPV. DHRS provides residual heat removal and decay heat removal during 
AOOs, DBAs and DECs, and especially during non-LOCAs when the normal secondary side 
cooling is unavailable or otherwise not used. DHRS has safety-related functions during both 
Operational States and Accident Conditions. 
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Figure 3. The major operating systems as well as front-line safety systems implemented in 
NuScale placed on the functional Defence-in-Depth template. 

The results of this assessment show that U.S. EPR implements more safety systems as 
compared to a simple and compact NuScale design. NuScale Power Module design 
implements an integrated primary circuit, which utilizes natural circulation to cool the reactor 
core. U.S. EPR design requires forced circulation with Main Coolant Pumps to create 
sufficient coolant flow to remove heat from the reactor core. Additionally, emergency heat 
removal systems are passive in NuScale design as opposed to more complex active heat 
removal systems in U.S. EPR design. Table 1 shows the gathered information of how many 
safety systems combinations and support systems have safety-related functions between 
different levels of defence in both facilities. 

Table 1. The number of safety system combinations and support systems that have safety-
related functions between different levels of defence. 

Number of safety system combinations 
and support systems  

AOOs    
 

DBAs DECs 

U.S. EPR  17 21 15 

NuScale  12 9 8 
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Deliverables 

Master’s thesis on Overall safety of small modular reactors, Mikko Turunen, (LUT 
University). https://lutpub.lut.fi/handle/10024/161945 

 

2.1.5 PARSA - Participative development for supporting human factors in safety 

General objective 

High reliability field of nuclear power industry is critically reliant on human element. 
Especially, assuring efficient work processes by constant facilitation of work process 
knowledge, competence development and learning at work are crucial to maintain and 
develop safety and system performance. Ageing of personnel, new technologies and new 
ways of organizing work at nuclear plants sets tensions in maintaining and developing 
adequate competencies as well as efficiency of work processes. In nuclear power plants, 
technology becomes older and new generation are recruited to positions of operators and 
other experts. The multiple goals of production, safety, system performance and wellbeing 
challenge the ways that nuclear power plants may form an accurate situational awareness of 
the current state and development needs at work and safety. Especially the ways to 
collaboratively solve the potential tensions faced at everyday work processes becomes a 
crucial skill in the organization.  

The experts themselves are essential in enabling transition and development of knowledge 
and researchers can be of assistance in this knowledge sharing by providing a context for 
learning and by modelling work assignments, which allows communication of features of 
expertise in written and pictorial form. Researchers may facilitate the capability of the nuclear 
power plants in modelling the current competence and tacit knowledge of personnel as well 
as development needs at work processes and workplace learning practices. Evaluation of 
current work processes and workplace learning practices with the skills and orientation of 
participative development (PD) is an essential prerequisite, to generate good working 
practices in future.  

PARSA project focuses its case studies in nuclear maintenance personnel, while it has an 
essential role together with the control room operations, to maintain the basic process of 
nuclear power production. Due to changing nature of maintenance work and nuclear power 
industry in general, our aim is to consider the current state and development needs at 
maintenance work. Particularly, we focus on potential of participative development for 
supporting nuclear safety. We are targeting on improving new ways of action, guidance, 
operational practices and other practical solutions that promote competence development, 
organizational learning and mastery of nuclear maintenance operations, to improve nuclear 
safety. 

 

Goals 

The PARSA project aims to increase knowledge of PD as a way to improve nuclear safety, 
develop and evaluate methods and tools for PD at maintenance of nuclear power plants and 
disseminate these findings to operations and management in the nuclear industry as well as 
at scientific audience.  

The specific goals of the PARSA are first, to create a video based developmental training 
method for new learning and verbalizing embodied knowledge, including task analysis of 
selected maintenance task (heavy lifting) and benchmarking training practices at Électricé de 

https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Flutpub.lut.fi%2Fhandle%2F10024%2F161945&data=04%7C01%7CMarja.Ylonen%40vtt.fi%7C9d2ac5d6ca714964c5c108d8b94987d3%7C68d6b592500843b59b0423bec4e86cf7%7C0%7C0%7C637463072753503104%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=32BJhONGfHv%2FFzKgP3t5TNHz6TJJfmG8TFoEdLDqmCY%3D&reserved=0
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France (WP2). Second, to conduct work process analysis at selected maintenance tasks 
(recurring disturbances, modifications), to find our critical development needs and to promote 
collaborative implementation of corrective actions at nuclear power maintenance. (WP3). 
Third, we reflect the underlying assumptions, limits and possibilities of human performance 
programs and facilitate their development as well as develop and test novel human 
performance tools (WP4). Fourth, we aim to build up a shared view of the needs, measures 
and prerequisites of PD in the context of nuclear maintenance work and safety. (WP1). 

The four work packages of PARSA represent different aspects and themes of PD for 
supporting nuclear safety. The work packages (1-4) and their relation to each other are 
described at the following (Figure 1): 

 

 

Figure 1. Four work packages and their basic aims at the PARSA-project. 

WP2 continued with training concept development in 2020. The training video 
development team at the plant collected appropriate video data of the heavy lifting activities 
that took place during the yearly maintenance. The next step was arranging and facilitating 
the sessions in which the workers themselves discussed the events and the work practices 
that took place. This is called self-confrontation training session testing with the lifting 
operators – the operators will view their own activities and learn from these sessions. 

 
WP3 had two-day work process analysis with five groups of operative personnel and a 

half-a-day workshop accompanied with other experts and organizational levels related to 
maintenance work process in spring 2020. Four different disturbance cases were analyzed 
as examples of maintenance work and collaboration between different actors, and 
development needs were identified. The second set of work process analysis was conducted 
on autumn 2020. Focus was on collaboration between Engineering, Operations and 
Maintenance departments to form a unified view of modification processes. First draft of the 
booklet to guide conduction of work process analysis in NPPs was written, including lessons 
learned from the method utilization with NPP1.  

 
WP4 prepared case studies at NPP1 and NPP2 for 2020, involving examination of pre-job 

briefings and post-job reviews. Planned data collection in NPP1 during 2020 outage 
(observations and interviews) was cancelled due to COVID-19 situation. Due to cancellation 
of data collection in NPP1, focus of 2020 activities was changed. NPP2 case study was 
advanced. Joint workshop with WP3 and WP4 was held on 3 June 2020 to discuss relations 
between HU-tools and work process analysis. 
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In WP1, the main result in 2020 was workshop with professor Eric Hollnagel, in 19 Aug 
2020, successfully conducted at the less critical phase of covid19. Lessons learnt were 
before, during and after the workshop, while preparing joint view of participative development 
(PD) in the nuclear industry and finding out the reciprocity and links between PARSA work 
packages. PARSA sub-studies represent socio-cultural- and socio-technical research 
traditions, combined with frameworks of organisational learning, work at dynamic, complex 
systems as well as the new era of ‘HF in safety’ research. 

 
 
Deliverables  
 

• Preparation and organizing workshop with professor E. Hollnagel, Denmark. 
Presentations of each WP, joint data analysis and discussion; improving PARSA 
outputs and reasoning. 

• PARSA teams further drafted shared view of needs, measures and prerequisites of 
participative development (PD) in the nuclear industry, maintenance work as a 
context, to be further processed as a research report in 2021. 

• extra-deliverable, a book was published: Teperi, AM. & Gotcheva, N. Human 
factors in the nuclear industry. A systemic approach to safety.(mainly conducted 
without PARSA resources, but utilizing SAFIR-network and earlier findings, as well 
as HF research network) 

• A-M Teperi collaborated with other nuclear researchers in Aalto university, 
University of Basel, University of Valencia and Vattenfall, at drafting a scientific 
paper in; Schöbel, M., Silla, I., Teperi, A-M., Gustafsson, R., Piirto, A., 
Rollenhagen, C., Wahlström, B.: Contribution of Human and Organizational Factors 
to Nuclear Safety in a fifty-year perspective: lessons learnt and way forward. Few 
directors and managers in NPP1 and NPP2 were interviewed for the paper 
preparation. 

• Mikael Wahlström and Timo Kuula concretized and re-formulated the training 
method, based on co-creation with power plant. They finalized a slideset 
deliverable with 25 slides as a guideline for NPPs: ‘Video self-confrontation for 
safety development within NPP operations – case of heavy lifting and step-by-step 
guidelines’ 

• Arja Ala-Laurinaho, Vuokko Puro and Ilkka Asikainen conducted several work 
process analysis sessions of selected work processes in NPP1, with personnel 
from different operative units, and with management and experts. Summary of 
findings as slide sets were presented by researchers at RG meetings.  

• Arja Ala-Laurinaho, Vuokko Puro and Ilkka Asikainen drafted a booklet, introducing 
the work process analysis method, to be utilized by nuclear actors. 

• Kaupo Viitanen proceeded case study plans in NPP2. He also drafted a manuscript 
for journal article in co-operation with Nordic nuclear partners (Viitanen, K., Skjerve, 
A.B., Axelsson, C. ‘Human performance tools as a means of formalizing 
maintenance work’ (final draft). 

 

2.1.6 PREDICT - Predicting extreme weather, sea level and atmospheric dispersion for 
nuclear power plant safety 

The general objective of PREDICT is to develop and maintain research expertise and 
methods needed for assessing probabilities of occurrence of safety-relevant single and 
compound extreme weather and sea level events, both in the range of a few days ahead and 
in decadal time scales of recent past and future climatic changes. An important goal is also 
to strengthen expertise on statistical and physical models, analysis steps and processes 
involved when assessing frequencies of external events. The project involves both modelling 
data and observations. 

The project focuses on hazard curves, predictions, and climate change impacts on weather 
and sea-level phenomena that affect the design principles of nuclear power plants (NPPs), 
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potentially pose external threats to existing plants or may hamper the normal operation of the 
Finnish NPPs. The aim is to provide information that can be applied for the determination of 
the design basis for new NPP units, for probabilistic risk assessments of new and existing 
NPPs, and for periodic safety reviews of existing NPPs.  

In 2020, we studied statistics of sea-effect coastal snowfall, and characteristics of joint heavy 
rain and high sea level events in WP1 (extreme weather events in changing climate);  
uncertainty in the exceptional sea level estimates, and influences of properties of low-
pressure systems (cyclones) on sea levels in WP2 (extreme sea level); and probabilistic 
weather forecasts in WP3 (short-range forecasts of extreme weather and sea level events).   

Specific goals 

WP1 of PREDICT focuses on extreme weather, targeting to improve reliability of estimates 
about the likelihood of exceptional single and co-occurring events in the surroundings of the 
NPP sites. In 2020, the topics studied were statistics of intense coastal snowfall during the 
period 1979-2018 and co-occurrence of intense precipitation with high sea level in 1961-
2019.  

 

Figure 1. Annual (September to May) number of favourable days to produce sea-effect 
snowfall in western and southern coastal areas in 1979–2018 according to ERA5. The daily 
mean number of snow band days in 1979–2018 is shown in the red line and the linear trend 
in the blue line.  

In 2020, the climatology of intense coastal snowfall (snow band) in Finland was studied. A 
set of criteria for the detection of days with favourable atmospheric conditions for convective 
snow bands was applied to ERA5 reanalysis data for 1979-2018. These criteria were 
previously tested with regional climate model (RCA4) data for the Finnish coastal areas 
(Olsson et al., 2020) and were modified from a study presented by Jeworrek et al. (2017) for 
the Swedish east coast. Based on the criteria and a 40-year long ERA5 data set, two to eight 
snow band days, on average, were found around Finnish coastal areas annually. Coastal 
precipitation and snow depth changes over land were identified from the daily gridded 
climate dataset for Finland (FMIClimGrid, Aalto et al. 2016, Luomaranta et al. 2019) during 
the detected snow band days. The annual number of favourable days for coastal sea-effect 
snowfall to occur was highest in western coast of Finland (Fig. 1). Also the largest daily 
increase (67 cm) in snow depth was found in that area. Otherwise the largest daily increases 
in snow depth were between 25 cm and 36 cm. The most favourable months for sea-effect 
snowfall were November, December and January but inter-annual variations were large. No 
statistically significant trends in the annual frequency were found during 1979-2018. 

The study of joint heavy precipitation and high sea level events (hereafter compound events) 
in the Finnish coast continued in 2020. As a methodological revision to the earlier study by 
Räihä et al. (2020), we used gridded precipitation data and defined the compound events 
using percentiles of local climatology of sea level and precipitation separately at each tide 
gauge. The main aims of the study in 2020 were to (i) investigate the climatology and trends 
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of the compound events, (ii) characterize the synoptic weather situations which typically lead 
to the compound events and (iii) investigate the link between the large-scale atmospheric 
circulation patterns and the frequency of compound events.  

The findings of the aim (i) were consistent with the earlier work in 2019 (Räihä et al., 2020): 
the compound events tend to occur in late autumn and early winter. In addition to the earlier 
work, we showed that the compound events have slight increasing trends, especially in the 
Bay of Bothnia. What comes to the aim (ii), our results indicated that compound events 
typically take place in association with passing extratropical cyclones. Finally, with the aim 
(iii), we found that Scandinavian pattern, which is often considered as the 2nd mode of the 
circulation variability in the Euro-Atlantic region (after North Atlantic Oscillation), has the 
strongest control to the occurrence of compound events. 

WP2 of PREDICT studies extreme sea level events, aiming to produce accurate and up-to-
date flood risk estimates for the NPPs. In 2020, the work was dedicated to two studies: 1) 
estimation on uncertainty in the exceptional sea levels on the Finnish coast by using 
Bayesian hierarchical modelling and 2) simulation of extreme sea levels induced by an 
ensemble of synthetic low-pressure systems.  

 

Figure 2. Posterior distributions of (left) GEV parameters and the corresponding (middle) 50-
year and (right) 1000-year return level estimates of sea level height (cm) at Oulu and Helsinki 
for the four hierarchical models and tide gauge specific fits. Note that three out of four 
hierarchical models were applied at the Helsinki tide gauge.  

In the first study, theoretical return levels of annual sea level maximum were calculated by 
applying a Generalized Extreme Value (GEV) model to twelve tide gauges on the Finnish 
coast. Models with four different hierarchical descriptions of the GEV parameters were 
examined, denoted as Common, Linear, Spline and GP (Gaussian process) in Fig. 2. These 
models were compared against individual fits at the tide gauges (denoted as Separate in Fig. 
2). The Common model represents the simplest case, where the tide gauge specific GEV 
parameters were assumed to arise from the same joint Gaussian hyper distribution. In the 
three other models, the GEV parameters were estimated using the distance with respect to 
the northernmost tide gauge (Kemi) as a covariate. The preliminary findings indicated that 
the tested hierarchical parameter descriptions yield robust results in comparison to the tide 
gauge specific fits and the range of uncertainty in the estimated GEV parameters is reduced 
by the hierarchical modelling approach. 

In the second study, solutions to tackle the question “How severe flooding could occur in the 
Baltic Sea coast in the present climate, if the weather conditions are optimal” were 
investigated. A two-dimensional hydrodynamic model, forced by surface wind and pressure 
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from an ensemble of synthetic low-pressure systems, was utilised to evaluate strongest 
storm surges and highest sea levels across the Baltic Sea region. Based on the results, 
estimates for maximum sea levels were calculated at the three Finnish NPP sites. The 
preliminary outcomes of the study suggest that the simulation method can be used to 
examine how extreme sea levels behave when cyclone properties vary in the current climate 
and what kind of cyclone tracks have the potential to cause the highest sea level maxima. 

WP3 of PREDICT studies probabilistic weather forecasts and how regional weather 
prediction models bring additional value for decision making. FMI supplies the weather and 
dispersion information required in radiation accidents for the use of radiation and rescue 
authorities. The global models provide forecasts up to 15 days in advance. From these long 
term forecasts a first impression related to weather events can be obtained. While moving 
closer to the actual event time, the importance of a higher resolution prediction system is 
emphasized. The operational probabilistic weather forecasting system MEPS, provides more 
detailed structures of the weather 60 hours ahead. The higher resolution and probabilistic 
approach provides additional support for decision making in case of nuclear emergency. 
Based on the outcomes of the PREDICT workshop held in Helsinki on 9 October 2019, a 
special task was assigned to investigate the weather forecast skill. 

Monthly and seasonal verification scores were investigated for temperature, wind speed, 
wind gust and precipitation. Based on these results we can say that the regional high 
resolution MEPS performs better for the wind and gust, compared to global weather model 
IFS-ENS. For the 3h accumulated precipitation as large improvement is not seen. However, 
a closer investigation between the different precipitation thresholds showed that MEPS has 
higher skill to detect and predict small rain showers. 

Fig. 3 shows an example of a successful forecast of a fairly extreme event. A strong low 
pressure, which was named Liisa at Finnish Meteorological Institute, hit Finland on Thursday 
19th November 2020. It left in total 121 000 households without electricity mainly due to 
fallen trees severing power lines, caused by a strong line of convection passing over 
southern Finland.  MEPS was able to forecast realistically the structure of the convective line 
with good precision in timing and shape. 

 

 

Figure 3 On the left: MEPS control run 19th November 06 UTC, forecasted instantaneous 
precipitation (mm/hour) valid at 09 UTC. On the right: Finnish Meteorological Institute’s radar 
image (an observation) of precipitation at the same time. The convective line of interest is 
marked with a circle in both images. 
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Deliverables 

• A journal paper about statistics of sea-effect snowfall along the Finnish coastline based 
on regional climate model data for an 11-year time period (2000–2010). 

• A report about statistics of sea-effect snowfall in Finland based on ERA5 reanalysis for a 
40-year time period (1979–2018). 

• A doctoral thesis on characteristics of winter climate in Finland in a warming world. 

• A report about characteristics of joint heavy rain and high sea level events in the Finnish 
coast in 1961-2019. 

• A doctoral thesis on diagnostic studies of extratropical cyclones in the present and 
warmer climate.  

• A review report on winds, extratropical cyclones and their impacts in Northern Europe 
and Finland. 

• A manuscript draft about Bayesian hierarchical modeling of sea level extremes in the 
Finnish coastal region.   

• A presentation at the virtual AGU Fall Meeting 2020 about Bayesian hierarchical 
modeling of sea level extremes. 

• A doctoral thesis on sea level rise and meteotsunamis on the Finnish coast.  

• A presentation at the virtual EGU General Assembly 2020 about simulating extreme sea 
levels at the Baltic Sea coast from synthetic cyclones. 

• A report about sea level simulations using synthetic low-pressure systems.   

• A report about probabilistic weather forecasts and their verification.   
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2.1.7 SEARCH - Safety and security assessment of overall I&C architectures 

The general objective of SEARCH (2019-2022) is to develop methods and tools for 
assessing the safety and security of technical design solutions related to overall 
instrumentation and control (I&C) system architectures. Different analysis methods are 
effectively connected to a shared plant model—of the plant as a whole—making it possible to 
verify Defence-in-Depth (DiD) related requirements on, e.g., functional separation or fault 
tolerance. The aim is to develop a framework where any change made in the I&C system 
design could immediately facilitate an update and re-assessment in all the relevant, 
connected tools. Such a framework would support constant re-evaluation through the plant 
development process, as details become available or change. In terms of requirement 
management, a particular focus is on resolving conflicts and assessing trade-offs between 
requirements related to safety, security, safeguards, society and sustainability. 

A specific focus is on broadening the scope in which model checking can effectively be used 
to verify properties on how the I&C systems operate as a whole. Pushing the boundaries in 
terms of addressing also non-functional properties helps promote a deterministic, 
comprehensive approach for overall I&C architecture assessment. SEARCH also builds 
methods and tools to automate the overall model checking work process. 

Specific goals 

WP1 of SEARCH develops methods and tools to ensure that the overall I&C architecture 
fulfils regulatory requirements and plant design constraints related to Defence-in-Depth. Total 
independence of DiD levels is not only prohibitively costly, but potentially less safe due to 
issues with complexity, operability or maintainability. Optimisation of the overall I&C 
architecture calls for compromises (Figure 1), and SEARCH, therefore, develops ways to 
demonstrate that the exceptions to total independence are justifiable design solutions. 
Without going into specific security technologies or intrusion techniques, SEARCH also 
develops methods to assess cybersecurity issues on the system level. 

 

Figure 1. Total independence of DiD levels is not practically feasible (or necessarily even that 
safe), which leads to interconnections between the levels when optimising the overall 
architecture design. 
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To  properly  evaluate  the  proposed  methods  and  tools,  SEARCH  will  throughout  the  
four  years  build  practical  demonstrations  and  tool  prototypes  based  on  actual  
industrial  data.  In  2020, the objective was to further develop the tool demonstration of 
analysing the Hanhikivi-1 I&C architecture design documents provided by Fennovoima. The 
aim was to add checks based on plant-level independence requirements, and the elaborated 
system level requirements, including checks of diversity and failure tolerance aspects. The 
goal was also to expand the source data to include (functional level) I&C diagrams drawn in 
MS Visio, in order to identify I&C system interfaces, and crosscheck the data between the 
other documents. 

Safety and security aspects of I&C systems are often evaluated independently, with 
specialized experts in each topic using separate methods. SEARCH aims at developing 
concurrent safety and security assessment methods, using a multidisciplinary model of the 
system under study. The focus is on security on a high level, with the assessment being 
agnostic to any particular low-level technological security risks or technological 
implementations. In 2020, the objective was to enhance the safety risk assessment data 
model, originally developed as a part of our System Engineering Artefact Model (SEAModel) 
in the SAFIR2018 project SAUNA, to also support security and dependability engineering. 
Thus, it would cover all the main parts of the Reliability, Availability, Maintainability, Safety 
and Security (RAMSS) risk assessment activities.  

For such a hybrid model, we want to offer a way to harmonise the basic risk assessment 
concepts between the three engineering practices (safety, security and dependability). Using 
the harmonised terms, we can create a hybrid risk assessment ontology, which supports 
creation of a structured work item (artefact) storage (such as a database), with traceability 
links, of the input and output work items related to the risk assessment activity. The risk 
assessment ontology should support any risk analysis method, but in 2020 we wanted also 
to create a SEAModel compatible ontology for an early nuclear I&C cybersecurity risk 
assessment called Security Threat Assessment (STA). The idea was not to define a new 
cybersecurity risk assessment procedure, but an ontology (and the derived data model), 
which can be used in the context of any typical security risk assessment procedures, such as 
the ones presented in ISO 31000 or IEC 62443-3-2. In addition, to gain confidence on the 
feasibility of our STA method we wanted to test it with an industrial security related example 
and store the created artefacts in a data repository provided by a well-established industrial 
software tool. The ontology of the STA method is illustrated in Figure 2. 

Supported by in-kind participation from Institute for Energy Technology (IFE), SEARCH also 
studies the use of Architecture Description Languages (ADL) in I&C architecture modelling 
and analysis. ADLs enable the modelling of both hardware and software aspects, supporting 
the “plant-as-a-whole” approach. In 2020, the objective was to continue the with the Halden 
Reactor Project (HRP) on the Halden Safety Fan (HSF) case study, to gain hands-on 
experience working with ADLs, in particular Architecture Analysis & Description Language 
(AADL) with a real existing system. Focusing at the model-driven digitalization of an old 
analog nuclear I&C system from early design and assessment point-of-view. 

WP2 of SEARCH focuses on broadening the ways how a formal verification method called 
model checking can be used, in particular, to cover architecture-level non-functional 
requirements (e.g., fault tolerance). Such analyses are only possible if the plant is modelled 
as a whole, underlining the need for Model-based Systems Engineering (MBSE) practices. In 
addition, SEARCH explores new ways of integrating the tool to everyday work of design 
engineers and analysts, by making the work process more user-friendly. 



 

 

RESEARCH REPORT VTT-R-00462-21 

34 (146) 

  

 

 

Figure 2.Security Threat Analysis ontology. 

In the SAFIR2018 project SAUNA, a method was developed for injecting hardware failure 
modes into the I&C application logic models used in model checking. In 2020, the objective 
was to broaden the scope to architecture level by including several I&C systems in the same 
model, while experimenting with modelling of both hardware failures and the communication 
delay / asynchrony within and between systems with multiple divisions. 

To further improve the verification framework currently used in practical model checking 
projects, a key objective is to increase the user-friendliness. Automating steps that are 
currently manual also reduces the possibility of human errors, and therefore increases 
reliability. 

In 2019, we developed a method and a prototype of a tool for counterexample explanation 
for model checking. The input system encoded in NuSMV was visualised as a function block 
diagram with possible failure paths highlighted as illustrated in Figure 3. To get the 
explanation, the user was required to find in the diagram the assignments that caused an 
LTL formula failure and click on them. In 2020, the objective was to broaden the scope of 
analysable models, and to enhance the user experience of the tool, in particular, by adding a 
visual connection between LTL formula explanation result and variables in the diagram. 
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Figure 3. The counterexample explanation tool uses blue signal colour to highlight possible 
failure paths. We have added the red arrows to show the direction of the analyst’s attention.  

An additional goal in 2020 was to experiment with the nuXmv model checker. Modelling 
analogue signal processing with NuSMV requires abstractions and simplifications, but 
nuXmv supports infinite-state analysis, which in practice means real number variables. The 
aim was for VTT to collect NuSMV models created in practical customer projects, rewrite the 
models for nuXmv, and check if the analysis times increase. 

Deliverables 

• A slide set describing the public aspects of a demonstration of a DiD assessment tool, 
based on the Hahnikivi-1 I&C architecture 

• A journal manuscript planned for Reliability Engineering & System Safety on I&C risk 
assessment balancing dependability, safety and security 

• A research report on the use of AADL for early design state I&C system development and 
analysis 

• A research report containing a literature review on model-based techniques for the 
assessment of I&C safety and security 

• A conference paper in INDIN 2020 on continuous-time verification of nuclear multi-
redundant I&C systems using model checking 

• A journal article in IEEE Access on the use of symmetry in verifying failure tolerance 
when model-checking safety functions carried out by several I&C systems 

• A journal manuscript submitted to IEEE Access on the graphical explanation of 
counterexamples produced in model checking 

• A conference paper planned for IEEE-INDIN 2021 on the use of the nuXmv model 
checker for verifying I&C application with complex analog signal processing 

• A Master’s thesis on importing the I&C application logic diagram structure from MS Visio 
to model checking tools. 
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2.1.8 URAN - Uncertainty management in fire risk analyses 

The overall goals of the URAN project are to quantify the uncertainties related to the fire 
growth predictions, and to manage them by developing better models that can serve the 
safety assessments of nuclear facilities and installations with different lifespans. The 
objectives of URAN during the whole duration of the project are the following: 
 

• Model uncertainty for fire spread predictions quantified and reduced 
• User effects quantified for fire spread simulations 
• Relative roles of different uncertainty types quantified in a real NPP fire event 
• Understanding the relevant effecs of ageing on flame retardant polymers 
• Model uncertainty can be taken into account in fire-PRA. 
• Education of new fire safety experts. 

 
Real scale model validation has a significant role in this, and in URAN it will be done in 
several levels, all relying on data obtained from the OECD PRISME3 project: 
 

• “Traditional” model validation using large-scale experimental results. In this the 
experimental set-up, input data and the target results are available to the modeller 
from the beginning. 

• Semi-blind exercise where the target results are not available to the modeller. 
• Blind exercise which corresponds to a real case in a NPP. Only limited information 

available to the modeller. 
 
Specific goals in 2020 

Participating in the PRISME3 Analytical Working Group benchmark exercise was continued. 
As part of this work, a stochastic approach was developed for making a simplified cable tray 
geometry for a CFD model (Figure 1). A modified FLASH-CAT fire propagation model was 
developed and implemented into a CFD model. The fire in the mechanically ventilated 
compartment was partially prescribed and partially predicted. The accuracy of the simulated 
HRR could not be quantitatively assessed when constructing the model, as this was a blind 
simulation. However, qualitatively the fire propagation in the cable trays seemed realistic. 

   

Figure 1. Left: examples of stocastically generated cable tray geometries. Middle: snapshot 
of a fire spread simulation. Right: comparison of experimental and simulated heat release 
rate in a cable tray fire. 

The modified FLASH-CAT model seemed promising for engineering purposes. In 
comparison to a simpler fire description with fixed area, a cable tray fire can be implemented 
into a simulation model in a more realistic manner using the FLASH-CAT model. However, if 
the simulated heat release rate should correspond to a specific cable or tray arrangement, 
the tray ignition times in open atmosphere conditions and the heat release rate in cone 
calorimeter results are required 
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A state-of-the-art methodology for the simulation of the cable cone calorimetry with FDS was 
proposed. Following the conventional workflow for cone calorimetry modeling, the Thermo-
Gravimetrical Analysis (TGA) experiments of individual cable components were modeled with 
a one-dimensional pyrolysis and heat transfer method for each layer of the cable. This one-
dimensional TGA modeling choice owes to the fact that micro-scale tests of the components 
are usually performed for a specimen which has greater face area compared to the thickness 
of the sample, enforcing the degradation process mainly through the direction of the sample 
thickness.  

The geometry of the actual cable was constructed using a multitude of solid cuboids bundled 
together to form a substitution for the cylindrical shape of the cable. Attempts were made to 
create the most similar layout to the actual cross-section of the cable, in an effort for 
addressing the geometrical deficiencies of the conventional models. Subsequently, a model 
that represents the three-dimensional pyrolysis and heat transfer within the cable degrading 
in a cone calorimetry setup was established (Figure 2). 

   

Figure 2: Left: FDS model of a cone calorimeter experiment involving a 2D heat transfer and 
pyrolysis model. Right: Comparison of experimental and simulated heat release rate curves 
from a cone calorimeter experiment involving cables. 

We performed united-atom MD simulations of thermal decomposition of fresh and aged 
polyethylene in order to look for effects of ageing on the thermal decomposition process. The 
focus was entirely on the polymer matrix (no additives considered). In constructing the 
molecular models, we assumed that ageing can be described entirely in terms of chain 
scissions, shifting the molecular weight distribution towards lighter molecules. 

The main technical idea in this work was to implement a smooth, dynamic bond-breaking 
mechanism into a force field that in itself is non-reactive (it does not have bond-breaking 
capability). The key parameter of this approach, the critical bond elongation, was calibrated 
against MD simulations using a reactive force field. In addition, main features of the free-
radical degradation reaction mechanism were implemented, involving random scission, 
unzipping and back-biting reactions. This resulted in a computationally efficient, yet 
sufficently accurate method of describing polyethylene thermal degradation using MD.  

The method was used to simulate the TGA experiment of fresh and aged PE and XLPE 
systems (Figure 3). Qualitatively, ageing had a very little effect on the shape and position of 
the simulated TGA curves, suggesting essentially no effect of ageing on pyrolysis of 
polyethylene. Quantitative isoconversional analysis showed a very small increase of 2 
kcal/mol in the activation energy, suggesting that ageing may make the pyrolysis process 
more difficult (Figure 4). 
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Figure 3: Simulated TGA curves for linear (left) and cross-linked (right) polyethylene at a 
heating rate of 3 K/ps. The red curves correspond to fresh material, other colors to various 
degrees of degradation due to ageing. 

 

Figure 4: Overall activation energy for pyrolysis from an isoconversional analysis for fresh 
and aged PE and XLPE. 

 

Deliverables in 2020 
• Participation in the PRISME3 Analytical Working Group phases #2 and #3 (VTT 

research report).  
 

• User effect analysis of the benchmark results (Presentation in RG) 
 

• 3D simulation of the pyrolyzing anisotropic material in FDS: Application to the fire 
spread on electrical cables (Aalto draft journal manuscript) 

 
• Compilation of PRISME 3 results in 2020 (Presentation in RG) 

 
• Thermal decomposition of polyethylene by coarse-grained molecular dynamics 

simulation (VTT research report) 
 

• Propagation of modeling uncertainty in stochastic heat-transfer simulation using a 
chain of deterministic models (journal paper) 
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• Propagation of Model Uncertainty in the Stochastic Simulations of a Compartment 
Fire (journal paper) 

 
• Meta-model based stochastic simulation of fire barrier cold-side temperature (journal 

paper) 
 

• Multiphysics Modelling of Stone Wool Fire Resistance (journal paper) 
 

2.1.9 EPIC - Effective improvement of leadership and safety culture 

The general objective of EPIC is to develop knowledge and approaches that support 
effective improvement of leadership and safety culture. The project is divided into two work 
packages: methodical safety culture improvement (WP1), and characterization of leadership 
activities (WP2). The first work package systematically models how safety culture 
improvement activities are performed in nuclear power companies, focusing on the work of 
the safety culture experts. The second work package identifies good leadership practices 
within a selection of managerial or supervisory contexts at nuclear power companies.  

Specific goals 

WP1 studies the different approaches to implement safety culture improvement, and the 
practices and methods considered to be effective. This is achieved by systematically 
modelling safety culture work in all Finnish power companies using document analysis and 
safety culture expert workshops. For this purpose, EPIC develops a methodical safety culture 
improvement framework, which is then used as a reference to collect experiential data from 
power companies. 

Implementing methodical safety culture improvement function is assumed to follow a Deming 
cycle (plan-do-check-act). Furthermore, because organizational culture emerges from the 
activities of the whole organization – and cannot be managed only by experts – it is assumed 
that to be effective, safety culture improvement function is extensively connected to all other 
organizational functions. Therefore, examining the approaches to implement safety culture 
improvement function involves modelling how the nuclear power companies implement 
phases of Deming cycle for safety culture improvement, and how other organizational 
functions are involved in each of the phases. In addition, the modelling process involves 
identifying the history and motivation (e.g., significant turning points) of safety culture work, 
as well as examining how safety culture experts and the power companies conceptualize 
safety culture. Figure 1 summarizes the modelling framework. 

For each of the main themes (conceptualization, organizing, planning, implementation, 
assessment) of the methodical safety culture improvement framework, a list of items have 
been developed based on existing industry, scientific literature, as well as previous work 
done by the EPIC research team. The items are then reviewed based on power company 
documentation, and together with power company experts. As of early 2021, the draft version 
of the framework contains approximately 60 items. A series of workshops begun in late 2020 
with Finnish nuclear power companies during which data has been collected based on the 
framework. The draft framework has been observed to provide a good reference for 
modelling safety culture work. Based on the experiences of these workshops with power 
companies, development needs of the framework were identified. Some items still need to be 
added and some existing ones require further clarification. The workshops with power 
companies continue during 2021. 
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Figure 1. Illustration of the structure of the framework used for safety culture improvement 
function modelling 

WP2 studies how safety leadership activities in selected contexts enhance safety culture, 
and identifies preconditions for good safety leadership, best practices and observed 
challenges. EPIC carries out focused case studies on leadership in all Finnish nuclear power 
companies. Leadership contexts were selected together with power companies and they 
include: case A (operational decision-making process and the related meeting practices), 
case B (management observation tours) and case C (safety leadership best practices of 
supervisors during daily work).   

Our approach involves reflecting the data from multiple theoretical perspectives. First, 
nuclear industry expectations for leadership and its outcomes (e.g., behavioural or cultural 
change) serve as the baseline (e.g., GSR Part 2, Harmonized Safety Culture Model). Due to 
the general nature of how leadership is described in the nuclear industry documents, we 
complement them with additional models or approaches to leadership. Leadership style 
maturity model is utilized to characterize the extent to which leadership activities cover all 
relevant aspects of the sociotechnical approach to safety, including technical leadership 
(focus on technology), systematic leadership (focus on processes and systems), systemic 
leadership (focus on people), and unitive leadership (focus on integration and alignment of 
human, technology and organization). Organizational tensions and contradicting goals 
approach is utilized to identify the types of (contradicting) roles safety leaders may assume. 
Finally, national cultural characteristics of the leadership activities are considered. These 
perspectives are summarized in Figure 2. 
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Figure 2. Summary of the perspectives used to examine leadership within EPIC 
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In 2020, data collection (interviews and document analysis) and analysis related to case A 
(ODM process and the related meeting practices) was performed. It was observed that it was 
relatively easy to identify place case A findings within the safety culture and leadership 
models chosen. This suggests that the data analysis approach is practical. Using the 
analysis approach, we could identify a variety of leadership activities that work well (i.e., that 
support the ODM process and that facilitate safety culture).  

In case B, observation tour register analysis and document analysis was performed. Open 
feedback field of the observation tour register was analysed by categorizing findings based 
on their polarity (negative, positive), inclusion of “people leadership” issues as well as other 
relevant themes. Case B continues with interviews of observers and employees planned for 
early 2021. 

As part of EPIC research study, a gap analysis (literature review) between nuclear industry 
requirements related to safety leadership and scientific literature on safety leadership was 
performed. The analysis focused specifically on the safety leadership role and 
responsibilities of senior management. The analysis was not able to identify from safety 
leadership literature many empirical studies related to GSR Part 2 requirements 2:3.1b 
(“Acknowledging that safety encompasses interactions between people, technology and the 
organization”) and 2:3.1d (“Establishing that decisions taken at all levels take account of the 
priorities and accountabilities for safety”). The analysis concluded that the study of senior 
management is challenging and recommended that facilitating the collaboration between 
research organizations and senior managers in nuclear facilities is one of the key factors to 
drive further the scientific study of leadership, as well as to assist practitioners in fulfilling the 
latest requirements on leadership and management for safety. 

During the first year of the project (2020), the project started empirical case studies in all 
three Finnish nuclear power companies, as well as developed frameworks and data analysis 
approaches. The findings can be utilized by Finnish power companies (and other nuclear 
organization) in their activities to improve nuclear safety by means of leadership and safety 
culture development. 

Empirical data collection and analysis continues in 2021. Dissemination to practitioners 
(research project report and final seminar) as well as academic audience (conference and/or 
journal articles) are planned for 2022. 

Deliverables 

• First version of framework for planning and continuous follow-up of safety culture 
improvement. Slide set describing the framework at general level was presented at RG1 
meeting 1/2021.  

• Conference abstract and presentation “Implementing a Safety Culture Ambassadors 
Group for the Improvement of Nuclear Safety Culture”. Submitted to 
ESREL2020/PSAM15 conference and accepted. Due to COVID-19 situation the abstract 
was withdrawn, and is planned to be later developed into a journal article. 

• Conference paper and presentation “Leadership for Safety in Literature and International 
Requirements: Preliminary Gap Analysis at Senior Management Level”. Presented in 
IAEA online workshop on Systemic Approach to Safety, 7-10 December 2020. 

• Preliminary results of case studies. Slide set of findings from case study A has been 
prepared and planned to be presented to the power company in early 2021. 
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2.2 Reactor safety 

In 2020 the research area “Reactor safety” consisted of thirteen projects:  
 

1. Analytical severe accident research (ANSA) 
2. Coupled analysis of transient scenarios (CATS) 
3. CFD methods for reactor safety assessment (CFD4RSA) 
4. Interdisciplinary fuels and materials (INFLAME) 
5. Developing the working arms of Kraken, the next generation computational 

framework for reactor design and licensing analyses (LONKERO) 
6. Mitigation and analysis of fission products transport (MANTRA) 
7. Passive heat exchanger experiments (PAHE) 
8. PWR PACTEL tests (PATE) 
9. Radiation shielding and criticality safety analyses (RACSA) 
10. Sparger separate effect tests (SPASET) 
11. Safety through thermal-hydraulic analyses and co-operation (THACO) 
12. Enhanced multi-physics calculation capabilities for fuel behaviour and reactor 

analyses (EMBER) 
13. Fuel microstructure and radium solubility (PORA project which reports to KYT2022 

programme). 
 

2.2.1 ANSA - Analytical severe accident research 

There are still considerable uncertainties associated with severe accident phenomena. This 
is because of the variety of the phenomena, challenging circumstances and the amount of 
possible scenarios. The overall objective of the project is to ensure that a sufficient national 
competence exists in the area of severe accidents and that the tools and methods in use are 
properly validated. The focus will be on phenomena that have been identified interesting for 
the Finnish power utilities or resulting the biggest uncertainties in the safety analyses. 

Specific goals 

The Fukushima accident provides a unique opportunity for obtaining more information about 
the progress of severe accidents and their prevention and mitigation. Analyzing the accidents 
was started already in 2012 and since then, models for the three units are continuously 
developed further when new information is received.  

The third version of VTT's MELCOR model of the Fukushima unit 3 accident was developed. 
Compared to the second version, detailed plant data from the OECD BSAF-2 project was 
now utilized, eliminating most of the uncertainties that were related to unknown dimensions 
of the plant. 

The calculation reproduced the measured reactor and containment pressures fairly well. This 
required manual tuning of the flow rates of the steam-driven cooling systems. A small leak 
from the recirculation pump seal to the drywell was assumed, starting 6 h 20 min after the 
earthquake, in order to reproduce the measured pressure increase. 
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Figure 1. Water level in the reactor. The grey line shows the actual calculated level, the blue 
line is the level indicated by the simulated measurement system, and the red circles are raw 
measurement data. 

The reactor water level measurement system was added to the model. It was based on 
measuring the pressure difference between two water-filled pipelines that were connected to 
the reactor. The measurements were distorted by boiling of the water in the measurement 
system. The measurements could be reproduced well as illustrated in Figure 1 by assuming 
that the reactor depressurization at 42.2 h was caused by automatic depressurization system 
(ADS) actuation, and that a leak of superheated steam from the steam line to the drywell 
started at the same time. ADS alone could not explain the distorted measurements. 
However, the calculations could not rule out a steam line 
failure as a reason for the depressurization, instead of 
ADS actuation. 

Containment is the last safety barrier preventing the 
release of fission products and therefore ensuring the 
integrity of the containment is extremely important. 
Hydrogen combustion constitutes a risk to the 
containment but first hydrogen migration should be 
assessed to estimate the timing for the formation and 
composition of a flammable mixture.    

A benchmark exercise on THAI TH-32 experiment was 
performed to study the applicability of the OpenFOAM 
modelling framework in predicting hydrogen behaviour in 
a containment and to study the efficiency of natural 
convection in eroding light gas stratification. In the 
experiment, helium was used as a simulant for hydrogen.  

 

 

Figure 2. Helium concentration 
100 s after the beginning of 
injection.  
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An applicable OpenFOAM solver and turbulence model were tested in a simplified geometry. 
Once a body-fitted polyhedral mesh was created for the THAI vessel, the warming and 
migration stages of the experiment were computed. Preliminary results for the helium 
concentration (Figure 2) are in a good agreement with the experiment.  

Lean hydrogen mixtures are actually more probable than richer ones despite their analyses 
are less conclusive. VTT’s model for the combustion of lean hydrogen mixtures has been 
developed further and extended to ultra-lean hydrogen concentrations close to the limit of 
flammability. The combustion model is implemented in the CFD-code Fluent as user defined 
functions.  

In order to improve predictivity and reliability of combustion modelling, experimental results 
were further analyzed to determine the characteristics of a key model parameter. 
Computation of hydrogen-air deflagrations are commonly based on the tracking of the 
propagation of a flame front. Wrinkling of the flame front complicates the numerical 
simulations especially in lean mixtures. As wrinkling increases the area of the reacting 
surface and thus the flame speed, it cannot be ignored in analyzing combustion. Detailed 
modelling of a wrinkled flame front would however require so dense spatial discretization that 
it is not computationally applicable when considering hydrogen combustion in large reactor 
containments. The influence of the subgrid-scale wrinkling is commonly incorporated by 
means of the wrinkling factor. 

A number of models has been developed for the wrinkling factor in turbulent flows but the 
wrinkling factor is less comprehensively characterized in conditions without the turbulence-
dominated wrinkling. Especially in lean hydrogen-air mixtures, the influence of the intrinsic 
instabilities and buoyancy on the wrinkling factor is important but poorly quantified. 

If the volume fraction of hydrogen in air is more than about 10 %, the wrinkling factor does 
not vary significantly. In leaner mixtures close to the flammability limit, the wrinkling factor 
features a more complex behavior. Unfortunately the experimental data on these conditions 
is sparse because buoyancy complicates the utilization of deflagration experiments 
performed in spherical vessels.  

In the performed study, the wrinkling factor is determined from the flame propagation in ultra-
lean hydrogen-air mixtures in large-scale experiments performed in the THAI vessel. 
Measured data is applied to evaluate the wrinkling factor as a function of time. Two 
components contributing the total wrinkling factor were identified. The first component 
increases relatively fast after the ignition and is a constant during the combustion. This 
component is probably present in all lean hydrogen-air mixtures and its magnitude likely 
depends on the hydrogen concentration especially in lean mixtures. The contribution of the 
second component is significant in ultra-lean hydrogen-air mixtures. The second component 
increases almost linearly as a function of the pressure dominating at high pressures. 

An important mechanism in mitigating fission product release from the containment is pool 
scrubbing. Experiments in the SAFIR2022 MANTRA project aim at completing the 
experimental matrix for the effect of pool depth, flow rate into the pool and pool chemistry 
both for particulate and gaseous iodine species. The most recent CsI aerosol experiments 
were modelled with ASTEC V2.1.1.6. The experiments were performed with five different N2 
inlet flow rates (109.5 l/min, 71.7 l/min, 39.3 l/min, 24.0 l/min and 17.3 l/min) and four 
different pool depths (10 cm, 30 cm, 50 cm and 70 cm from the bottom of the blowdown 
pipe). Comparison of the analytical and experimental Decontamination Factor (DF) values is 
in Figure 3. 
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Figure 3. Comparison of the analytical and experimental results for CsI aerosol. Five different 
N2 inlet flow rates and four different pool depths were examined.   

DF values produced by ASTEC are notably smaller than recorded in the experiments when 
the carrier gas inlet flow rate is clearly on the jet regime. In addition, experimental DF values 
increase with increasing inlet flow rate at the jet regime whereas analytical DF values 
decrease with increasing inlet flow rate not depending on the regime. So, the behaviour of 
the analytical results is reverse to the experimental results. 

Previously the results have been in a good agreement on the globular regime. However, now 
ASTEC notably overestimates the pool scrubbing efficiency especially with deeper pool and 
slower inlet flow rates. The difference could originate from particle size as in the most recent 
experiments the aerosol particles were bigger and their size varied more than in the earlier 
comparable experiments.  

The effects of geometric mean diameter (dg) and standard deviation of the first distribution 
(GSD) to the DF were studied in a simple sensitivity study on globular and jet regimes. 
Results on the jet regime are in Figure 4. It can be confirmed, that increasing geometric 
mean diameter and increasing standard deviation increase DF notably. The behaviour have 
somewhat similar trend on globular and jet regimes, but the resulted DF values are smaller 
on the jet regime. ASTEC results seem to be very sensitive to particle size and the effect is 
larger on globular regime. 
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Figure 4. The effects of geometric mean diameter (dg) and standard deviation (GSD) to the 
DF on globular regime (N2 inlet flow rate 24 l/min). 

Severe accidents have shown that understanding of dispersion and exposure phenomena 
are needed for all-encompassing nuclear safety. Assessing the transport of radioactive 
release to evaluate the environmental consequences is especially important for defining the 
necessary protective actions. The physical phenomena are complicated, and they can be 
modelled by codes featuring various levels of sophistication.  

A lot of verification and validation effort is needed to check the reliability of the codes being 
developed. Therefore, an international code benchmark BARCO (Benchmarking on 
Assessment of Radiological COnsequences) was participated to compare VTT’s in-house 
codes VALMA and ARANO with well-known international code packages for off-site 
dispersion and dose assessment. The benchmark was based on a hypothetical release 
scenario from the Ukrainian Rivne NPP, which has two VVER-440/213 and two VVER-
1000/320 reactors operating. A real weather scenario, with dispersion direction towards EU 
area, was chosen. 

ARANO results are more limited than VALMA, because only time-independent (i.e. final, after 
cloud passage) radiation doses are readily available. Expectedly, ARANO predicted higher 
maximum doses than VALMA for the 24 hours long release, because only VALMA uses the 
realistic spread of wind direction, which comes from numerical weather prediction through 
the SILAM model. Total dose produced by VALMA is presented in Figure 5. 

In comparison to the results of other participants, ARANO and VALMA results were well 
within the range of the ‘bunch’ of the result values. VALMA predicted lower dose rates near 
the source, but also higher dose rates at longer ranges. These results were explained by the 
dispersion data: data points at very close vicinity of source were not included, and at longer 
ranges was predicted some rain (causing wet deposition), which was not seen by other 
models. 
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Figure 5. Total dose produced by VALMA taking into account external dose and inhalation 
(integration time is one week). Release source is at Rivne NPP in Ukraine and the plume is 
transported westward over Poland.   

Deliverables 

• A scientific article on analysis of reactor water level measurements during the Fukushima 
unit 2 accident. 

• A research report describing the updates to the Fukushima Unit 3 accident MELCOR 
model together with the results compared to available measurements. 

• A draft article on the wrinkling characteristics of flames in laminar premixed ultra-lean 
hydrogen-air mixtures. 

• A research report combining experimental and analytical results for pool scrubbing of CsI 
aerosol.  

 

2.2.2 CATS - Coupled analysis of transient scenarios 

The general objective of CATS (2019-2022) project is to develop the modelling of transient 
events and accidents such that we can give more reliable answers to the safety requirements 
set in the YVL guides. To achieve this, CATS utilizes computational transient analysis tools 
that have been in use for decades as well as participates in the complete renewal of the 
VTT’s reactor analysis system as a part of the ongoing effort to develop the Kraken 
computational platform. The focus in CATS is to further improve the analysis of transient 
scenarios using coupled thermal-hydraulics and reactor core modelling. The researched 
areas include both the computational tools as well as uncertainty and sensitivity analyses of 
the modelling. In addition, CATS includes exploratory research topics such as porous 
computational fluid dynamics (CFD) modelling of transient scenarios. These aid in 
developing both the modelling tools and the modelling expertise of future. 
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Specific goals 

WP1 of CATS focuses on modelling of nuclear power plants with coupled neutronics, 
thermal-hydraulics and system code models. In 2020, focus was on adopting the use of the 
system code TRACE and the reactor analysis code PARCS for modelling of transient 
scenarios. This includes both technical adoption of the tools as well as training and 
producing expertise in their use. TRACE and TRACE-PARCS would serve as an 
independent tools for transient safety analyses. In addition, adoption of TRACE would benefit 
the renewal of VTT’s calculation systems by, in the long term, enabling the coupling of 
TRACE to the VTT’s Kraken computational framework. Work on coupling TRACE to Kraken 
was begun in 2020. Both adoption of TRACE and furthering Kraken development would 
enable the production of more reliable answers to the safety requirements for nuclear power 
plants set in the YVL guides. Kraken aims to meet the challenges of future transient analyses 
by coupling together modern solvers that utilize less assumptions such as neutronics solver 
Ants and system code TRACE. 

Deterministic safety analyses are a key part of ensuring safe and reliable operation of 
nuclear power plants and a very important part of their licensing. The work in CATS produces 
both the tools and the expertise for independent capability for such work. This, in turn, 
ensures a domestic Finnish ability for confirmatory analyses. 

In WP1, two young experts participated in NRSHOT-PARCS nuclear reactor simulation 
hands-on-training course by Nuclear and Industrial Engineering (NINE). The training 
provided specifics of three-dimensional nuclear reactor core modelling with PARCS as a part 
of a simulation to young experts and broadened their expertise. Following the training, the 
first coupled TRACE-PARCS transient analysis calculations of the CATS project were 
performed. In the course of this adoption work, several errors and bugs were found from 
standalone PARCS and TRACE-PARCS. These mostly concerned hexagonal geometries 
and the modelling of VVER-type reactors. These bugs were reported to the TRACE and 
PARCS developers and their fixes will be distributed to all TRACE and PARCS users in 
future code versions. The TRACE-PARCS adoption work in CATS will thus benefit the whole 
international community using TRACE and PARCS, due to fixes and improvements in the 
codes. 

Additionally in WP1, work on coupling the system code TRACE to the Kraken computational 
platform was begun. In 2020, the work consisted of a preliminary study on the coupling 
interfaces already present in TRACE and their applicability for Kraken development. Some 
shortcomings of the existing solutions were found and a promising approach to couple 
TRACE to Kraken was highlighted. This work was preparation for the coupling of TRACE to 
Kraken in CATS 2021. 
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Figure 1. Power values from coupled TRACE-PARCS transient calculation. Power values 
correspond to PARCS power, power transferred from fuel rods to coolant and power 
transferred in the steam generator. The analysed case is a main coolant pump transient from 
Kalinin-3 VVER-1000 benchmark. 

WP2 of CATS expands upon the work in WP1 and adds an additional layer of sensitivity and 
uncertainty analysis on top of transient analysis capabilities. This ensures more reliable and 
holistic answers to the safety requirement questions. Uncertainty and sensitivity analysis is 
an irreplaceable part of best estimate modelling and simulation. By analysing different 
uncertainties, the most impactful variables and parameters of deterministic analyses can be 
found.  

In WP2 in 2020, VTT’s sensitivity and uncertainty analysis tool Sensla was expanded for use 
with TRACE-PARCS and the first sensitivity analyses using TRACE-PARCS with Sensla 
were performed. These steps, together with the work on TRACE-PARCS in WP1 
demonstrated that TRACE and PARCS have been successfully adopted into use. This was a 
continuation and replication of earlier work using HEXTRAN-SMABRE, but this time with the 
newly adopted TRACE-PARCS toolset. In addition, a partial rank correlation coefficient 
calculation routine external to Sensla was developed and taken into use. This increased the 
extend and coverage of uncertainty and sensitivity analyses that can be performed with both 
TRACE-PARCS and HEXTRAN-SMABRE. 
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Figure 2. Peak cladding temperature in a coolant pump transient from Kalinin-3 VVER-1000 
benchmark. The uncertainty intervals were obtained by varying the input parameters of 
repetitive TRACE-PARCS simulations. 

 

Figure 3. Partial rank correlation coefficients of the hot leg 2 coolant temperature with several 
other simulation parameters. Modelled case is a coolant pump transient from Kalinin-3 
VVER-1000 benchmark. 
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WP3 of CATS consists of exploratory research on coupling porous computational fluid 
dynamics (CFD) modelling into transient analysis calculations. This both highlights new 
avenues for research as well as provides new information on the performance of the existing 
simulation methods. In 2020, the examined case is blocked assembly in an EPR core and 
the work builds on previous work in 2019. The blockage locally restricts the flow of coolant. 
An important result of the work is that above the blockage in the fuel assembly in question, 
the temperature of the coolant exceeds its saturation temperature. This unveiled a challenge 
in higher resolution thermal hydraulic simulations of blocked assemblies. While the used 
poroud CFD methodology was focused on single phase calculations, a small portion of the 
reactor is near two-phase phenomena. New simulation approaches which include steam 
bubble formation and drifting need to be developed to fully analyse these kinds of situations. 

 

  

Figure 4. Influence of a blockage on the coolant temperature (°C) in fully coupled TRAB3D-
PORFLO-SMABRE simulation. Values are coolant temperatures. In the blocked case, the 
temperature of the coolant rises past saturation point in a small area. 

 

Deliverables 

• A research report on Kalinin-3 model for TRACE-PARCS and the adoption of TRACE-
PARCS for transient calculations. 

• Research report as a preliminary study of potential approaches for coupling TRACE with 
the reactor analysis framework Kraken. 

• A research report on implementing the uncertainty and sensitivity analysis tool Sensla for 
TRACE-PARCS. 

• Improved computational meshes for porous CFD modelling of a PWR reactor pressure 
vessel with a blockage in a fuel assembly.  
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• Participation of two young experts in NRSHOT-PARCS Nuclear Reactor Simulation 
Hands-On-Training course. Nuclear and Industrial Engineering (NINE) online course.  

• First calculations with standalone PARCS and coupled TRACE-PARCS demonstrated.  

• Research report on exploratory research on modelling a blocked fuel assembly in a PWR 
core with porous CFD thermal hydraulics 

 

2.2.3 CFD4RSA - CFD methods for reactor safety assessment 

The overall objective of the CFD4RSA project is to improve the usability and reliability of 
Computational Fluid Dynamics (CFD) calculations in nuclear Reactor Safety Assessment. 
The work consists of four Work Packages, where topics that are important in safety 
assessment are studied. First, the reliability of coupled CFD-Apros calculations is 
investigated in the modelling of postulated accident scenarios. Second, uncertainty 
quantification methods in CFD calculations are tested and taken into use. Third, coarse-
mesh CFD models are developed for reactor pressure vessel. Fourth, thermal stratification in 
pressure suppression pools of BWRs is studied. 

Specific goals 

In WP1, coupled CFD–Apros simulations are performed. The behavior of the steam 
generator of a PWR is studied with CFD simulations during Main Steam Line Break transient. 
The CFD model of the steam generator is coupled with the Apros model of the of the VVER-
440 nuclear power plant. Journal article on the coupled simulation is written. 

In WP2, uncertainty quantification of CFD calculations is addressed. Traditionally, uncertainty 
of CFD simulations has been assessed by performing a few simulations by varying the mesh 
size, time step, boundary conditions, turbulence models or some model coefficients. 
Recently, approaches that are more systematic have been tested for the uncertainty 
quantification in CFD in international benchmarks. In WP2, these approaches are reviewed 
and used for the calculation of thermal mixing. 

In WP3, coarse-mesh CFD models for reactor pressure vessels are developed and validated. 
The coarse-mesh CFD methods provide three-dimensional analysis for situations, which 
cannot be properly described with lumped parameter models. In the coarse-mesh approach, 
the computational cost is smaller than in traditional CFD calculations, but some additional 
sub-grid-scale modelling of the flow is necessary. This work is done in co-operation with the 
LONKERO project, where the Kraken computational framework is developed. The coarse-
mesh CFD model of the reactor pressure vessel is coupled with the neutron transport solver 
developed in the LONKERO project. 

In WP5, CFD and Apros tools are developed and validated for the analysis of the thermal 
stratification of pressure suppression pools of BWRs. It has been suggested that in the 
Fukushima accident the pressure suppression pool of one of the reactors was thermally 
stratified. At the Royal Institute of Technology (KTH), an Effective Heat Source (EHS) and 
Effective Momentum Source (EMS) model has been developed for the description of the 
thermal stratification, when steam is injected into a pressure suppression pool through 
sparger or vent pipe. In WP5, the EHS/EMS model is implemented into the ANSYS Fluent 
CFD code. In addition, the possibility of implementing an EHS/EMS based model to the 
lumped parameter code Apros is tested. The work is done in co-operation with LUT and KTH 
in the NKS-project THEOS. 
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Deliverables 

• In the SAFIR2018 programme, CFD simulations of VVER-440 steam generator were 
performed. In 2020, the numerical model was improved by making new mesh for the 
steam generator and correcting some issues in the Apros model for the generic VVER-
440 plant. Coupled Fluent–Apros simulation of Main Steam Line Break transient was 
performed. The coupled simulation model is illustrated in Figure 1. After the Main Steam 
Line Break, rapid decrease of pressure and reduction of the surface level in the steam 
generator occur. The Apros model controls the feed water injection and behaviour of the 
reactor, where SCRAM occurs. Journal article is written on the simulation. 

• Uncertainty Quantification (UQ) methods for CFD has been studied. The studies of the 
GEMIX was continued. D In the benchmark, heavy water with added sucrose was mixed 
with lighter water. Deterministic sampling method was considered as an alternative to the 
ASME method. The GEMIX benchmark on mixing of hot and cold water was used as the 
test case for UQ. The results of the test calculation are illustrated in Figure 2. 

• Coarse-mesh models of reactor pressure vessels have been developed and validated for 
the open-source CFD code OpenFOAM. In the coarse-mesh model, the core is 
described, for instance, at fuel rod bundle level by using so-called porous media 
approach. The NuScale SMR reactor is used as the test case in the CFD model 
development. In 2020, mass transfer modelling and multiphase solvers have been 
consolidated to a single solver: multiphaseEulerFoam. Support for anisotropic drag 
modelling and initial models have been implemented and tested. The CFD solver has 
been coupled to the Kraken platform. The platform is used for the coupling of the CFD 
solver with the Ants nodal neutronics code that is developed in the LONKERO project. 
The NuScale model is illustrated in Figure 3. 

• The coarse-mesh CFD models for the reactor have been used to predict thermal 
hydraulics in VVER-1000 pressure vessel. Exercise 1 in Phase 2 of the VVER-1000 
Coolant Transient Benchmarks (V1000CT-2) has been computed. The primary objective 
has been in predicting the mixing and pressure losses in downcomer and lower plenum. 
In 2020, new extended meshes were constructed for studies of the swirling of the flow in 
the downcomer and the reactor core. The new extended CFD models comprise a domain 
starting from the main coolant pumps in the cold legs and ending somewhat above the 
reactor core. The inlet boundary conditions and model parameters were varied to 
optimize the agreement with experimental data. A novel approach was developed to 
calculate the angle of flow rotation from experimental and computed data. The VVER-
1000 model is illustrated in Figure 4. 

• Thermal stratification of the pressure suppression pool of BWR has been studied. The 
effect of steam flow into the pool through the vent pipes and SRV sparger has been 
studied with ANSYS Fluent CFD code. The effective heat and momentum source models 
for the steam jet developed at KTH have been implemented in the Volume Of Fluid (VOF) 

model of Fluent. In the k- model of Fluent code, additional source terms caused by 
buoyancy have been added. The PPOOLEX stratification and mixing experiment SPA-T2 
has been calculated. Improvements to the earlier model for the mixing phase have been 
implemented and tested. 

• The possibilities to implement the effective heat and momentum source based modelling 
approach in the lumped parameter containment model of the Apros system code has 
been studied. Use of six-equation thermal hydraulic model of Apros has been tested for 
the calculation of PPOOLEX stratification and mixing test. The stratification phase of 
experiment could be modelled with some accuracy. The mixing phase seemed to be 
challenging. The most useful approach of the models in Apros need to be further studied. 
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Figure 1. CFD model for a steam generator of a generic VVER-440 reactor. The coupling of 
the CFD model of the steam generator to the Apros model of the reactor is illustrated. 

 

Figure 2. CFD simulation of mixing experiment, where heavy water (with added sucrose) is 
mixed with lighter water. The flow velocity is shown at two locations. The experimental 
results are compared with CFD simulations, where different modelling choices have been 
made. 
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Figure 3. CFD model for NuScale SMR reactor. Stationary state at full power is shown. The 
void fraction, liquid velocity, liquid temperature, and pressure are shown. 

 

Figure 4. CFD model for VVER-1000 reactor, where coolant transient benchmark has been 
calculated. The temperature differences of the coolant in the cold legs lead to temperature 
differences at the core outlet. 
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2.2.4 INFLAME - Interdisciplinary fuels and materials 

The INFLAME project focuses on nuclear fuel behaviour during its irradiation in a nuclear 
reactor. The behaviour of nuclear fuel is studied both by means of modelling and 
experiments. Modelling work in 2020 concentrated on RIA calculations with SCANAIR and 
ENIGMA-SCANAIR codes, contributing to CABRI international program analytical group 
meeting, and to Institut de radioprotection et de sûreté nucléaire (IRSN) SCANAIR in-kind 
work. Code development work continued with the in-house fuel performance module FINIX. 
Also, Serpent modelling of Jules-Horowitz Reactor was partly joined under the project in 
2020 and the work will continue in 2021. 

In the experimental work packages of the project, both cladding and pellet experimental work 
has been performed. On the part of cladding, cladding creep testing, autoclave testing and 
steam furnace testing are developed and some of the material characterization and 
performance tests done. On the part of the pellet, experimental capabilities of the VTT 
Centre for Nuclear Safety are developed and iodine release experiments performed for CsI 
doped CeO2 pellets. 

RIA calculations and benchmarks 

CABRI International Project (CIP) Analytical Group Meeting has been participated and 
results reported during the fuel half-day seminar. VTT participated in the pre-calculations of 
CIP1-2B and CIP3-1R experiments with ENIGMA-SCANAIR codes. CIP1-2B experiment will 
use a high-burnup UO2 fuel with M5 cladding to study especially the boiling crisis and fission 
gas contribution to the clad loading. CIP3-1R experiment focuses on PCMI failure and fuel 
ejection. 

SCANAIR in-kind work consisted of calculation of 2nd order and total effect sensitivity indices 
with the Sobol variance decomposition method for OECD/NEA RIA fuel codes benchmark 
Phase 2 for the fresh fuel. The existing Python and Matlab scripts by Ikonen and Tulkki 
(2014) were extended for SCANAIR. In this case, the interaction effects were found to be 
negligible (2nd order indices close to zero and the first order index S close to the total effect 
index T). Figure 1 shows example of the comparison of 1st order and total effect sensitivity 
indices with correlation coefficients for clad axial elongation. 

 

 

FINIX development 

The development of FINIX in-house fuel performance module continued in 2020 with the 
optimization of the restart functionality and data reading. Thermal correlations for FeCrAl 
cladding material were implemented in the module. 
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Figure 1. Comparison of 1st order and total effect sensitivity indices with correlation 
coefficients for clad axial elongation. The first order Sobol index “S” is close to the total effect 
index “T” indicating that the second order indices are close to zero. 

Serpent modelling of Jules-Horowitz Reactor 

The research exchange to CEA Cadarache was postponed due to the VTT travel ban caused 
by COVID. The original date of the secondment period was in the beginning of October. In 
January 2021 the project began in Finland, with the primary goalpost being the development 
of initial Serpent model for Jules-Horowitz Reactor (JHR). This model will be used for 
benchmarking purposes between Tripoli-4, MCNP and Serpent, after which the studies on 
the neutronic designs of JHR testing devices will be commenced. Among other topics, the 
optimization of OCCITANE experimental device will be performed with the Serpent model by 
calculating estimates for the spectrum ratio, fast neutron flux and gamma heating associated 
with the device. Figure 2a depicts the initial attempt at modelling JHR geometry with Serpent 
by utilizing the French GADGET-input script, whereas figure 2b depicts the relative capture 
cross section of JHR core with homogenized and simplified fuel rod assembly. 

 

 

 

 

 

a) 
 

 

 

 

 

b) 
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Figure 2. a) the initial attempt at modelling JHR geometry with Serpent by utilizing the French 
GADGET-input script. b) the relative capture cross section of JHR core with homogenized 
and simplified fuel rod assembly. 

Mechanical tests 

A device for mechanical creep testing is already in use at VTT. In this project, the device will 
be used to perform creep tests on available advanced cladding material samples. At the first 
stage, the thermal creep experiments have been carried out with DIN 1.4970 type austenitic 
stainless steel claddings due to the foreseen availability of the different ATF cladding 
material grades. Later in the project, tests for FeCrAl, FeCrSi or Cr-coated Zircaloy claddings 
will be considered if these materials become available for the project. In 2020, experiments 
continued with transient tests using DIN 1.4970 stainless steel. Tests were done with 
alternating pressure, hoop-axial pressure ratio and temperature. 

Autoclave oxidation tests 

A hot loop for testing materials samples in controlled water chemistry and online oxidation 
measurement with electrochemical impedance spectroscopy already exists at VTT. However, 
the available heat flux over the sample in the existing device was only comparable to a low 
linear heat generation rate of the fuel. In this year of the project, the autoclave equipment 
was updated so that a linear heat generation rate of over 20 kW/m could be achieved with 
the apparatus. This enables testing of cladding materials in conditions relevant to a nuclear 
power reactor. The testing apparatus was verified by experiments on E110 cladding alloy 
material at around 300 °C. The impedance measurement performed well and the growth of 
the oxide layer was verified with scanning electron microscopy images. The connection of 
the impedance results to oxide layer thickness were studied with the equivalent circuit 
models. Boiling conditions were also investigated, and coolant boiling could also be 
distinguished from the impedance measurements, extending the applicability of the method. 

 

 

Steam furnace oxidation testing 

VTT participated in the IAEA coordinated research program ACTOF (Analysis of Options and 
Experimental Examination of Fuels for Water-Cooled Reactors with Increased Accident 
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Tolerance) with steam furnace oxidation testing of several advanced cladding materials in 
the past years. The results obtained at VTT in the research program were published in an 
IAEA TECDOC. This year, the experiments in steam environment were conducted for Zr-
based coated claddings at 1200 °C for 30 min. The coatings were pure Cr, CrN, CrAl. The 
behaviour of these coatings was worse than expected: some of the coatings were ripped off 
from the cladding tubes. The tests with the same materials will continue in 2021 with shorted 
exposure times. The tests aim at a new round robin exercise for ATF cladding materials 
under fresh IAEA ATF-TS (Testing and Simulation for Advanced Technology and Accident 
Tolerant Fuels) coordinated research project.  

Pellet annealing test equipment 

An annealing furnace was obtained in 2019 for future testing of pellet materials at VTT. In 
2020, the furnace was tested at VTT Centre for Nuclear Safety building. A remote controller 
system was established and tested for the furnace. In 2020, the first tests for CsI doped 
CeO2 pellets were performed at high temperatures, and iodine and particle release were 
monitored. 

Deliverables 

• Report on higher order sensitivity indices for an RIA case 

• Report on mechanical tests on ATF material 

• Report on results of oxidation behaviour of E110 

• Report on application instructions of the high-temperature tube furnace 

• Report on iodine release behaviour in ceria pellets 

 

2.2.5 LONKERO - Developing the working arms of Kraken, the next generation 
computational framework for reactor design and licensing analyses 

The goal of the LONKERO project is to develop a new Finnish computational reactor 
analysis framework, Kraken. The Kraken framework is built of individual solver modules, all 
of novel Finnish origin, that communicate with a central multi-physics driver, which oversees 
the solving of the coupled problem. 
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Figure 1. A schematic representation of the plans for the completed Kraken 
framework. Finnish solver modules developed at VTT are shown in yellow, 
while potential state-of-the-art third party solvers to be coupled ar shown in 
orange. 

The figure above shows a schematic of the planned couplings for the Kraken framework: 
Solver modules for the three reactor core physics (neutronics, thermal hydraulics and 
thermal mechanics) are coupled together via a reactor core level interface to create a core 
simulator. This core simulator is coupled with system codes via a dedicated interface in the 
future in order to simulate transients with system level feedbacks. Due to the modular 
structure of the framework and the solver agnostic implementation of the interfaces, the 
solvers for each of the physics can be easily switched with minimal effect on the simulation 
model as a whole. This enables the verification of reduced order solutions (e.g. nodal 
diffusion neutronics) against high fidelity solutions of the same physics (e.g. Monte Carlo 
neutronics) without having to change the simulation models for the two other physics 
(thermal hydraulics and thermal mechanics). 

The LONKERO project aims both to construct the Kraken framework during its four year term 
as well as demonstrate its applicability to licensing relevant analyses. Special focus is given 
to the usability of the framework as a whole instead of a collection of separate solver 
modules and the ease of obtaining licensing relevant data (thermal margins, reactivity 
margins, feedback coefficients…) from the simulations. Initial validation of the coupled 
calculation sequences forms an other part of the project. 

While the LONKERO project mainly focuses on the development of the framework as a 
whole it also covers any new implementations that are required for the neutronics solvers 
Serpent and Ants in order to reach the project goals. Lastly, LONKERO covers the 
maintenance of the international Serpent user community as well as the effort to construct a 
similar user community for the Kraken framework as a whole. 
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Specific goals 

Figure 2. A high level overview of the four year plans for the development, 
demonstration and benchmarking of the Kraken framework.  schematic 
representation of the plans for the completed Kraken framework. Finnish 
solver modules developed at VTT are shown in yellow, while potential state-
of-the-art third party solvers to be coupled ar shown in orange. 

As seen from the four year plan in the figure above, year 2020 focused on establishing a 
reactor core simulator capable of modelling reactor operating cycles and automatically 
evaluating licensing relevant data while doing so. Year 2020 also included benchmarking and 
demonstration of both the steady state and operating cycle simulations. Additionally, 
preparatory work was conducted at individual solver level for the transient simulations 
upcoming in 2021. 

Work package 1 focused on developments related to the Serpent-Ants neutronics 
calculation chain. The novel Monte Carlo based leakage correction developed in 2019 was 
submitted to be published in a conference article. A polynomial group constant model with 
plutonium history consideration was developed and implemented in the Ants nodal solver 
and the generation of proper group constants for Ants with Serpent was largely automated 
through the development of a dedicated Python module for the purpose. The work on the 
group constant generation was reported in one special assignment, one conference article 
(submitted) and one research report. Several developments were made regarding the nodal 
modelling of reactors with hexagonal fuel assemblies: A triangular nodal model that can be 
used as a radial subnodalization was developed, implemented and benchmarked resulting in 
one special assignment and one conference article (submitted). Validation work on pin power 
reconstruction in the hexagonal nodal model of Ants was begun and is expected to finish 
during Spring 2021. Finally, a time-dependent nodal model was developed for Ants 
rectangular node simulations, to be implemented in Ants in early 2021 to allow for the moving 
of the project to transient modelling. 

The main goal of work package 2 was the extension of the coupled steady state calculation 
sequences established in 2019 to operating cycle simulations and the construction of a 
reactor simulator that can automatically handle the reactivity and power shape control during 
an operating cycle simulation while automatically evaluating various licensing relevant data. 
These capabilities were demonstrated in an SMR level operating cycle analysis and utilized 
in work package 3 where the Kraken framework was applied to modelling the first two 
operating cycles of the BEAVRS benchmark with very good results. 
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Work package 4 focused on international collaboration and the maintenance of the Serpent 
ecosystem: Providing support for users, updating the on-line user manual Serpent Wiki and 
preparing for the upcoming major version update. The 10th annual Serpent User Group 
Meeting was hosted virtually by the Technical University of Munich in October of 2020. The 
on-line documentation effort Kraken Wiki continued after the good beginning seen in 2019. 

 

Deliverables 

• A special assignment was written on the development and implementation of a triangular 
nodal model for the Ants nodal neutronics solver. 

• A conference paper was written on the development and implementation of a triangular 
nodal model for the Ants nodal neutronics solver. 

• A research report was written on the time-dependent square lattice nodal model that is to 
be implemented in Ants in 2021. 

• A special assignment was written on the creation of a Python module for group constant 
library generation with Serpent. 

• A conference article was written on some recent developments related to group constant 
generation with Serpent especially relating to the modelling of history variations. 

• A research report was written on the specifications, parametrization and evaluation of the 
new generic polynomial group constant model developed for and implemented in Ants. 

• A conference paper was written on the Monte Carlo leakage correction developed in 
LONKERO 2019. 

• A conference paper was written on the validation of Serpent and Ants with BEAVRS hot-
zero-power data. 

• A journal article was written on the validation of Serpent and Ants with BEAVRS hot-zero-
power data. 

• A conference paper was written on the demonstration of the reactor simulator capabilities 
of Kraken in the context of an initial operating cycle for an SMR core. 

 

2.2.6 MANTRA - Mitigation and analysis of fission products transport 

The objective of the project (2019-2022) is to study the behaviour of fission products in severe 
accident conditions. In particular, the aim is to increase understanding of revaporisation and 
transport of iodine and caesium in primary circuit and containment of a nuclear power plant. 
The performed experiments are simulated with the SOPHAEROS, module of the ASTEC 
severe accident analysis code. The primary circuit study has been conducted in close co-
operation with IRSN Cadarache research centre. Another objective is to study the tellurium 
behaviour in primary circuit and containment conditions. Further away from the core area the 
literature becomes increasingly scarce about the effect on tellurium by the conditions it is 
exposed to. These experiments are conducted with VTT´s experimental facilities in 
collaboration between VTT, Chalmers University of Technology and Oslo University as part of 
NKS-R activity. The next objective is to study the pool scrubbing behaviour of fission products 



 

 

RESEARCH REPORT VTT-R-00462-21 

63 (146) 

  

 

in the water pools of containment building. The aim is to widen the knowledge towards 
conditions which are not well-known and to enhance source term calculations. In addition, the 
gathered data in all experiments is used to derive models for the studied reactions, which can 
eventually be implemented in severe accident analysis codes. The objective in the long-term 
severe accident management study is to review literature and discuss with the Finnish nuclear 
stakeholders to scope in view of discovering research topics that might be relevant to the 
stakeholders. 

International collaboration is conducted by participation in the work of OECD/NEA ESTER 
project (started in 2020) and NUGENIA network. The data of MANTRA experiments performed 
as part of SAFIR2022 will be shared within these forums, as well as information related to the 
progress of both forums will be distributed to SAFIR2022 members. 

Specific goals 

The first goal in 2020 was to study the reaction and revaporization/resuspension of the 
deposited CsI particles under Ar/H2 atmosphere, and also in the presence of boric acid, 
simulating primary circuit conditions. The impact of reactions on the transport of gaseous and 
aerosol fractions of Cs and I was specifically investigated. Another goal was to learn to use 
the ASTEC/SOPHAEROS module, focused on the fission product transport, and use it to 
simulate the performed experiments. 
  
The third and fourth goals were focused on the tellurium chemistry. The focus was on the 
preparation of scientific publications based on the experimental work in 2019. The transport 
and chemistry of tellurium in primary circuit conditions was examined in oxidizing and 
reducing conditions. The possible reaction between tellurium and caesium iodide was 
studied. Next, the efficiency of containment spray system on the removal of tellurium aerosol 
particles was investigated. The chemistry of droplets was varied in addition to the droplet 
feed rate. As a fifth goal the retention of CsI aerosol in the containment pool was studied. 
The experiments were performed at ambient temperature and atmospheric pressure. The 
performed aerosol experiments were simulated with ASTEC code by ANSA project and the 
experimentally and analytically obtained decontamination factors were compared. This task is 
also connected to the NUGENIA TA2.4 area IPRESCA project dedicated to pool scrubbing 
research internationally. The sixth goal was to prepare a literature review on the radiocaesium 
source term in severe accidents. The review summarized the knowledge on the chemistry, 
morphology and clean-up of Cs containing deposits. 
 
Another goal was to initiate the follow-up of the OECD/NEA ESTER project. The four-year 
project focuses on the delayed releases due to chemical remobilisation from high temperature 
(reactor coolant system) fission product deposits. Another focus in the ESTER project is to 
study the iodine reactivity (I2 and IOx) with organic compounds, which may be present in the 
containment atmosphere. The aim is to assess the source of organic iodine formation, other 
than iodine-paint interaction. Another important part of the ESTER project is to compare the 
performance of various severe accident analysis codes and the user effect.   
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Figure 1. Fraction of tellurium transported through the model primary circuit (in comparison to 
the release) was higher in the air atmosphere (Experiments T1 to T3) than in the nitrogen 
atmosphere (Experiments T4 to T6). The temperature of the circuit decreased from ca. 1200 
°C to 30 °C in the experiments. 
 
 

 
Figure 2. Removal efficiency of a containment spray system model for tellurium dioxide 
particles in an air atmosphere. The water droplets were efficient in trapping the airborne 
particles. Further increase in the trapping efficiency was observed when the chemistry of 
droplets was varied using alkaline borate solutions. 
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Deliverables 

• In the primary circuit study on caesium and iodine chemistry, the focus was to investigate 
the condensed phase reactions of deposited caesium iodide particles on the circuit 
surfaces. The experiments included a deposition phase of particles at room temperature 
and a revaporisation/resuspension phase of the particles at 700 °C under Ar/H2 
atmosphere and also in the presence of boric acid (H3BO3). The results indicated that CsI 
decomposed during its transport into several iodine species in the Ar/H2 atmosphere. 
Gaseous iodine was released from the CsI deposit during the revaporisation phase. In 
the presence of boric acid, the CsI which was deposited/condensed during the deposition 
phase was not transported during the revaporisation phase. In addition, the release of 
gaseous iodine was higher.  

• The use of ASTEC / SOPHAEROS (computing the fission products and structural 
materials transport and chemistry in the primary circuit and containment of a PWR during 
a severe accident) module was learnt by a new user simulating the above described 
experiments. The analytical work resulted in a good agreement with the experimental 
data for pure compounds (I2, CsI) in the Ar/H2O atmosphere at 700 °C. When another 
compound was added to the chemical system, discrepancies between the model and 
experimental data were found. Especially looking at the release of gaseous iodine, the 
amount of gaseous iodine was systematically underestimated. It stresses the need to 
take into account condensed-phase reactions also in the SOPHAEROS module and to 
further develop the related models. 

• The transport of tellurium in primary circuit conditions was investigated in an NKS-R 
collaboration. The metallic tellurium precursor was released and transported with a rather 
constant rate in a dry or humid nitrogen atmosphere. In case of an air atmosphere, the 
transport of tellurium was notably higher at first. However, the metallic tellurium seemed 
to be oxidised by the oxygen in the course experiments. It led to a significant reduction of 
tellurium release. The fraction of tellurium transported through the model primary circuit 
(in comparison to the release) was the highest in the air atmosphere, see Figure 1. 

• The retention of tellurium aerosols (Te, TeO2) by a containment spray system model was 
also examined in an NKS-R collaboration. The water droplets were efficient in trapping 
the airborne particles. Further increase in the trapping efficiency was observed when the 
chemistry of droplets was varied, see Figure 2. The removal efficiency was high for TeO2 
and Te in an air atmosphere, but the removal efficiency for metallic tellurium decreased in 
an nitrogen atmosphere. 

• Related to the NUGENIA TA2.4 area IPRESCA project dedicated to (gaseous and 
aerosol FP) pool scrubbing research, MANTRA is coordinating a task on gaseous iodine 
retention in the pool. The project includes over 30 international organizations around the 
world. In 2020, the preparation of several conference papers (NURETH-19) summarizing 
the first phase of IPRESCA was ongoing. In addition, the NPP containment pool 
efficiency for the retention of fission products (CsI aerosol) was studied with experiments 
in MANTRA. 

• In the long-term severe accident management study, the goal was to investigate (based 
on the published literature during 2010’s) what is the chemical form and morphology of 
caesium contamination after a severe accident. The post-accident investigations at and 
around the Fukushima plant site provide a broad scope of information. Where applicable, 
the observations and outcomes obtained from Fukushima were compared with the 
Chernobyl accident data. In addition to characterization of contamination, the study 
addressed the latest developments in the clean-up methods of caesium contamination. 
The study also supports thinking of aspects related to long-term severe accident 
management. 
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• OECD/NEA ESTER four-year project was initiated in 2020. The content of the planned 
test programme and analytical work was summarized. 

 

2.2.7 PAHE - Passive heat exchanger experiments 

The objective of the project is to improve understanding of the AES-2006 design PHRS-C 
passive heat removal system and to generate data for code validation. Carefully designed 
experiments are the most reliable way to obtain fundamental understanding and reliable data 
of the phenomena. Data can be used in the development and validation of system and CFD 
codes for the safety analyses of nuclear power plants. Computer analyses are needed in the 
planning of the experiments as well as in post analyses to help understanding the physics in 
the experiments. 

Specific goals in 2020 

In SAFIR2022, VTT proposed projects (THACO and CFD4RSA) where APROS-Fluent 
simulations are used for calculating the operation of the PASI facility. The vessel simulating 
containment conditions will be modelled with Fluent and the rest of the facility with APROS. 
In 2019 the tests were planned with VTT. The tests including facility modifications and 
installation of additional instrumentation were done in 2020. Specific goal of PAHE project in 
2020 was to produce as high-quality data as reasonable possible for APROS-Fluent 
simulation needs of VTT. 

Two experiments were carried out. In the first experiment, the goal was to observe the 
natural circulation behavior of the PASI facility under different steam mass flow rates to the 
containment and how much condensate can be collected from the bottom of the containment 
vessel and from the walls of the containment vessel. In addition, the heat losses from the 
containment were under investigation. 

 

Figure 1. Mass flow rates for condensate drain line and wall flow in relation to steam supply 
line flows. 

It was possible to measure the amount of condensate from the heat exchanger part of the 
containment where the bulk amount of condensate was created. The wall condensation was 
minimal. Most of the time it was below the measurement range of the smallest available flow 
measurement device (Figure 1). 
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Undesired stratification of temperatures in the containment was observed (Figure 2). The 
stratification was most likely due to the condensate in the bottom of the containment. A small 
layer of condensate will be always kept in the bottom of the vessel to ensure that pressure is 
not lost from the containment when draining the line. 

 

Figure 2. Temperatures inside the containment at different elevations. 

The uncertainties in the defined heat losses and heat capacities of the PASI facility are 
relatively high. There is not any single source for the uncertainties. Mostly those are rising 
from the approximations made for the analysis and from the uncertainties in the 
measurements. The most significant source of uncertainty is the flow measurements. An 
additional heat loss experiment was carried out to clarify the situation. 

 

Figure 3. Temperatures at different elevations inside the containment tank. 

Only minor temperature stratification inside the containment vessel was observed (Figure 3). 
Concerning the inner and outer wall temperatures, the temperature was clearly higher at the 
lowest elevation compared with the other elevations. The containment tank temperature at 
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the lowest elevation was closer to the wall temperatures compared to the situation at the 
topmost elevation. 

Deliverables in 2020 

• PASI tests have been carried out to fulfil the needs of VTT 

 

2.2.8 PATE - PWR PACTEL tests 

The objective of the project is to improve the understanding of thermal hydraulic system 
behavior of EPR type PWRs by performing integral effects tests with PWR PACTEL. 
Carefully designed experiments are the most reliable way to obtain fundamental 
understanding and reliable data of the phenomena. Data can be used in the development 
and validation of computer codes for the safety analyses of nuclear power plants. Performing 
experiments not only requires the hardware and programs controlling the devices and 
gathering data, but also the knowledge of the system behavior. Computer analyses are 
needed in the planning of the experiments as well as in post analyses to help understanding 
the physics in the experiments. 

Finland participated in the OECD/NEA PKL Phase 4 project (2016-2020) with PWR PACTEL 
experiments. The OECD/NEA PKL Phase 4 project was performed with the financial support 
of the Finnish Research Programme on Nuclear Power Plant Safety (SAFIR2018 and 
SAFIR2022), the Finnish power company Teollisuuden Voima Oy (TVO), and the partners 
participating in the OECD/NEA PKL Phase 4 project. The authors are grateful for their 
support to OECD Nuclear Energy Agency (NEA), the members of the SAFIR2018 and 
SAFIR2022 Reference Group 4 and the members of the Program Review Group and the 
Management Board of the OECD/NEA PKL Phase 4 project. The data from the experiments 
in the OECD/NEA PKL Phase 4 project will be available to the NEA member countries via 
their CSNI representative organizations three years after the end of the project. 

Specific goals in 2020 

Specific goal in 2020 was to perform the PWR PACTEL nitrogen effect and inadvertent 
opening of SV and MSRT experiments. The effect of nitrogen on the core cooling during 
LOCA has been studied experimentally with the PWR PACTEL facility. The experiments with 
a hot leg break showed that the accumulator nitrogen could stop the primary side 
depressurization and cause a core heat up at reactor pressure above or very close to a 
typical low-pressure safety injection shut-off head. To map the range of the pressures at 
which the decoupling of the primary and secondary side pressures takes place more testing 
is needed, as a function of the break size, the number of the accumulators injecting (nitrogen 
mass) and the number of the steam generators participating in the secondary side 
depressurization (volume available for nitrogen). 

The first test investigating the effect of the number of steam generators on the system was 
carried out in 2020. In this experiment only one loop was used. The overall system behavior 
was as in the reference experiment with two loops (Figure 1). The progression of the main 
parameters was similar and the main event timings were relatively close to each other in the 
experiments, though the transient proceeded slightly faster with one loop. The core heat-up 
started slightly earlier and the amount of water in the pressure vessel and loop was at times 
located slightly differently between the experiments. As the accumulator nitrogen release 
period started the primary pressure decrease stopped. The results showed that the transient 
with either one or two loops and steam generators connected to the system had a similar 
effect on the overall appearance of the decoupling of the pressures, the pressure value level 
when the decoupling appeared, and the length of that period. 
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Figure 1. Pressures in the primary and secondary sides and accumulator. 

An inadvertent opening of the pressurizer pilot operated safety valve with a simultaneous 
spurious full opening of the valves in the main steam relief trains influences the departure 
from nucleate boiling ratio in the beginning of a loss-of-coolant accident. At the same time 
the primary system is cooled down. This affects the core temperature and DNBR, but the 
magnitude of the effects is not clear. The goal of the experiments was to clarify the effect of 
the fast secondary side cooldown. This subject came from a review of the transients 
important for the reactor safety done for SAFIR2018. The experiments were a topic in the 
INTEGRA project of SAFIR2018 but could not be carried out due to the lack of time and 
financing reductions. The subject is relevant to validate I&C fault analysis. The experiments 
were planned in co-operation with TVO in 2019 and were carried out in 2020. 

 

Figure 2. Pressures in the primary and secondary sides. 

Two experiments were performed. In the first experiment opening of one pressurizer safety 
release valve was assumed. The second experiment was similar but the main steam relief 
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valves were assumed to open at the same time as one pressurizer safety release valve. The 
general system behavior was similar in both experiments (Figure 2). The core temperatures 
never increased above the initial values. At the end, the core temperatures stabilized and 
decreased slowly. 

Deliverables in 2020 

• Participating in the OECD/NEA PKL Phase 4 project with PWR PACTEL experiments 

• PWR PACTEL nitrogen effect experiment 

• PWR PACTEL inadvertent opening of SV and MSRT experiments 

 

2.2.9 RACSA - Radiation shielding and criticality safety analyses 

The objective of RACSA (2019-2022) is to develop and maintain validated computational 
tools and human expertise on problems that generally involve particle transport outside the 
reactor core. The radiation shielding in the project covers analyses on both ionizing radiation 
transport and fast neutron exposure against the reactor pressure vessel, the latter also 
known as reactor dosimetry. The criticality safety fraction of the project focuses on methods 
and expertise required to ensure that the fresh and spent fuel is kept subcritical outside 
reactor, which in the scope of the project refers to transport and storage systems. 

The method development is strongly, yet not exclusively, concentrated on the Monte Carlo 
code Serpent. Additionally, development of a new reduced-order code for dosimetry 
applications has been started. Other codes are used particularly for validation and 
comparison purposes and generally whenever considered beneficial.  

Specific goals 

WP1 of RACSA is devoted for radiation shielding problems. The work package contains 
particle transport physics, variance reduction methods required in Serpent (and any Monte 
Carlo code with shielding problems) and validation of previously and newly developed 
functionalities of Serpent. 

The photon transport physics, required in gamma radiation shielding problems, has been 
implemented for Serpent over the previous years and it is currently at a rather mature level. 
Thus, the most urgent priority is a comprehensive validation of the photon transport 
functionalities. To promote this, two shielding benchmarks were calculated in 2019. However, 
as a result of the resignation of the expert on photon transport routines, only the other of 
these was documented in the research report. Therefore, the other of these, the ALARM 
benchmark, was calculated again in 2020 in order to make the Serpent results properly 
documented. Furthermore, it provided an educational opportunity for a new user to test 
whether the previously achieved results could be repeated. 

The Serpent results on the ALARM benchmark repeated the coarsely preserved results 
achieved in 2019. Additionally, a specific study was performed to identify the difference of the 
Serpent versions, as there are a few features constructed in the development branch but 
they are not properly documented. Due to the lack of documentation, it was considered that it 
would be hazardous to integrate them into the future distributions, but on the other hand, 
features significantly affecting the results should be added whatever it takes. The Gaussian 
Energy Broadening functionality. In general, the Serpent calculations on both ALARM and 
OKTAVIAN (calculated and reported in 2019) benchmarks produced good computational 
agreement with MCNP, but various discrepancies were obtained with respect to the 
experimental values. 
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Another major target in the WP1 has been the demonstration of Serpent’s capability of 
modelling complex geometries, such as nuclear power plants and other facilities. The hot-cell 
of VTT Centre for Nuclear Safety, and more precisely, its sample storage vault, has been 
used as the example configuration. The calculations utilizing and testing the CAD model 
geometry import and the variance reduction methods, both developed previously, were 
performed in 2020. In practice, the dose rate field around the vault were determined. They 
were also measured at various positions, but the agreement between the measured and 
calculated values was not very good. There were several inaccuracies in both the 
computational data and measurements, so the outcome is not any kind of dramatic. Thus, 
the results cannot be considered as part of code-to-experiment validation. 

The reactor dosimetry work in WP2 promoted validation of Serpent for dosimetry applications 
and the construction of a new, deterministic dosimetry code, which are the main goals for the 
WP over the whole programme. Two numerical and two experimental benchmarks were 
calculated in 2019 and they are to be presented in ISRD-17 symposium that was originally 
scheduled for May 2020 but has been postponed to late 2021 due to Covid-19. In 2020, the 
validation was continued as the NESDIP-2 benchmark was calculated. The C/E results were 
consistently below unity, i.e. the calculated activities were mostly 80-90 % of the measured 
values. However, the results are in line with another reported calculation on the case. 

Construction for the new deterministic code proceeded in 2020 such that the response-matrix 
formalism was chosen for it and all the necessary routines for the generation of response-
matrix data were implemented in Serpent. As schematized in Figure 1, the rationale is to 
decompose a dosimetry problem domain into a series of single nodes coupled by interface 
currents. Every node has its own embedded mesh. This mesh can be of different types, and 
in practice is chosen in order to capture the main geometrical features of the reactor model. 

The deterministic solver under construction reads the data generated by Serpent at node 
level (in three dimensions), and takes care of coupling currents and solving both local (node-
wise) and global (core-wise) problems for time-dependent neutron sources supplied as 
snapshots along an arbitrary irradiation history. The development of this solver is the main 
focus of the 2021 dosimetry task in RACSA. It is expected that at some point the same 
benchmark problems calculated with Serpent can be exploited towards the validation of the 
new solver. 
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Figure 1. Partition of a problem domain (top left) into blocks connected by interface currents 
(top right). By application of a mesh-in-box concept at node level, the original prob-lem is 
solved onto a computational mesh (bottom left) which is chosen in order to capture the main 
geometrical features of the model (bottom right). 

Criticality safety is the main topic of WP3, divided to the construction and management of the 
validation package and to the work promoting the preparedness to utilize burnup credit in 
spent fuel criticality safety analyses. The validation package consists of a large number of 
benchmark critical experiments modelled for the Monte Carlo codes Serpent and MCNP. 
These are required to determine the systematic bias of the computational platform for each 
application for which either of the codes are used. 

A specific goal with the validation package for 2020 was to deliver the similarity evaluation 
tool for Serpent. The tool is beneficial when the user has to select the experiments to be 
used in each application-specific validation run, since the experiments should share the 
neutronic properties with the application as much as possible.  

The tool utilizes the sensitivity and uncertainty -based methods implemented to Serpent 
previously. Traditionally, the selection has been based on acceptable ranges of relevant 
parameter, which ultimately relies on expert judgement. The new tool provides additional 
mathematical back. Considering MCNP, a similarity tool as well as many other functionalities 
related to criticality safety have been implemented to the utility code Whisper, included in the 
latest MCNP distribution. It was tested in RACSA in 2019 and the testing was somewhat 
continued in 2020, e.g. the functionality of excluding potentially lower-quality benchmarks 
was tested. It was found to be rather sensitive to the selection of the user-defined parameter 
that defines the strictness according to which experiments are rejected. 

In addition to the similarity tool, inputs modelling three experimental series were reviewed 
and confirmed to be correct for use in validation. Preparatory work was also performed to 
integrate the Serpent inputs received from Czech partners to the package, but they were not 
reviewed. The Perl script executing the calculations was upgraded to utilize the Slurm 
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workload manager, making the calculation of large number of inputs faster. The Perl driver 
script preparing new or updated MCNP inputs for Whisper - part of the MCNP package - was 
also modified to take more advantage of Slurm’s features. 

Work for better burnup credit capabilities focused on an early start with a proposed NEA 
benchmark aiming at uncertainty quantification in burnup calculation. The subgroup 
preparing the benchmark had chosen the ARIANE GU3 case from the SFCOMPO database 
of burnup benchmarks and slightly simplified the model for the specific exercise. The 
benchmark has not been officially started, but it was partly calculated with Serpent according 
to the drafted specifications. Propagation of cross-section data uncertainties was left for 
future work, but the effect of uncertainties in fission yield and decay data was evaluated with 
the help of the data sampling mode implemented to Serpent in 2019. 

Even though the benchmark is based on real operating history and experimental data on 
spent fuel compositions, the benchmark is not ideal for code-to-measurement validation. 
Code-to-code comparison can be performed, if the benchmark is executed as planned. The 
SFCOMPO version has been calculated by several actors, but they are not fully comparable 
due to the simplifications in the model. 

Deliverables 

• A conference paper on validation of Serpent for photon transport applications, reporting 
the results of the ALARM benchmark. 

• A (submitted) journal article, extension to the above-mentioned conference paper, 
reporting the Serpent results of ALARM benchmark and, additionally, comparison 
between Serpent development versions 

• A (submitted) conference paper on VTT CNS hot-cell modelling with Serpent. It describes 
a test case about the technical integrity of Serpent photon transport mode and geometry 
import from a CAD model in large, complex configurations. 

• A special assignment on a study about Serpent’s applicability for passive emission 
tomography modelling (partly contributed by RACSA) 

• A research report on ground work for a new deterministic dosimetry analysis code. 

• A research report on progress with the criticality safety validation package. 

• A research report on Serpent calculations for the drafted OECD/NEA burnup uncertainty 
quantification benchmark related to the use of burnup credit in criticality safety analyses. 
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2.2.10 SPASET - Sparger separate effect tests 

Prediction of the long-term thermal behaviour of a large water pool during steam injection 
through blowdown pipes and spargers with computational fluid dynamics (CFD) codes is time 
consuming and requires lots of computational capacity because the associated direct-contact 
condensation (DCC) phenomenon needs to be solved. The simplified Effective Heat Source 
(EHS) and Effective Momentum Source (EMS) models developed at KTH would reduce the 
needed computational capacity. The premise of these models is that due to the difference in 
spatial and time scales between DCC and large pool behaviour, only the integral effects of 
DCC on the pool should be modelled. These effects are defined as heat and momentum 
sources, which determine the large-scale pool circulation and temperature distribution. The 
EHS/EMS models can be implemented both to system and CFD codes. 

The Sparger Separate Effect Tests (SPASET) project (2019-2020) contributes to the 
validation of the simplified EHS/EMS models by increasing knowledge of small-scale 
phenomena affecting the effective heat and momentum sources during steam injection 
through spargers. Tests in the small-scale separate effect test facility (SEF-POOL) at LUT 
support also the validation effort of the DCC and interfacial area models of CFD codes for 
steam injection through spargers as well as implementation of the EHS/EMS models to the 
Apros system code. 

Specific goals 

KTH is developing the simplified EHS and EMS models and implementing them the in 
GOTHIC and ANSYS Fluent codes. The models aim to capture thermal stratification and 
mixing phenomena in a large pool of water. They can be implemented also in system codes, 
such as APROS. The models have already been validated against the PPOOLEX 
experiments where the dynamics of free water surface in the blowdown pipe with different 
steam mass flow rates and transient times was studied. KTH is now extending the validity of 
the EHS and EMS models to spargers, RHR nozzles and sprays. 

Specific goals in 2020 included tests in the SEF-POOL facility to determine important 
variables affecting the effective momentum magnitude and to study jet entrainment in low 
Mach number cases with the help of high-speed imaging and air bubble generation and 
tracing. The design of the facility is such that the effective momentum (liquid force carried by 
the condensate liquid) can be directly measured with a force sensor or it can be calculated 
on the basis of measured steam momentum (steam force at the injection hole). In addition, 
the validation effort of the OpenFOAM models for steam injection through spargers at LUT 
and VTT was supported with the tests. 

For the SEF-POOL tests in 2020, many improvements were made for the imaging system. 
The biggest difference between the previous SEF tests and the tests performed in 2020 was 
the change to stereo viewing perspective, i.e. both high-speed cameras were in angle 
towards the pool. In addition, the calibration procedure was completely changed. A 
calibration video was used where the calibration plate was moved in different angles towards 
the cameras. The video was captured with the framerate of 24 fps and could in theory consist 
of thousands of calibration images (depending on the length of the calibration video) instead 
of static positions and a single image pair per position as was the case before. An example 
of checker detection is presented in Figure 1. 
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Figure 1. Checker edge detection from calibration algorithm (MatLab) using in-house 
manufactured calibration plate. 

The previous results from the SEF POOL tests suggest that with respect to the effective 
momentum the difference between the single and multiple hole cases is small. Also, the 
effect of the injection hole diameter seems to be minor. The SEF-POOL tests in 2019 verified 
that the effect of the nozzle chamfer of the flow plate is also relatively small. On the other 
hand, it was found that there was a significant difference between the sonic and subsonic 
injection regimes. Furthermore, high subcooling of pool water didn’t affect sonic jets, while it 
had an influence on the subsonic injection.  The main varied parameter in the 2020 tests was 
chosen to be the mass flux of the injected steam. The steam mass flux varied between 35-
134 kg/m2s placing the tests mainly in the oscillatory bubble regime on the regime map for 
direct contact condensation. In some of the tests, the flow mode was at least partly external 
chug with detached bubble or external chug with encapsulating bubble depending on the 
pool water temperature. The possible effect of multiple injection holes was also studied 
further by using a three-hole plate in some of the tests. 

One goal of the tests in 2020 was to verify the validity of the EMS/EHS models in highly sub-
cooled conditions. Therefore, during the preparations for the steam injection tests, a few 
kilograms of ice was put in the pool before filling it with water. The initial pool water 
temperature was thus between 1 °C and 7 °C. The tests were continued until the pool water 
temperature was approaching 95 °C. 

For the most part the 2020 tests focused, however, on setting up and tuning the high-speed 
camera system so that KTH can effectively use their in-house tools in the analysis of the 
recordings for tracking the movement of the air bubbles and thus ultimately assess the liquid 
velocity and the amount of jet entrainment. The camera set-up, the lighting conditions and 
the air bubble generation system was improved along the test series according to the 
feedback received from KTH. 

A total of six steam injection tests were performed in the SEF-POOL facility in 2020. In 
addition, two water injection tests were performed. The main purpose of these water injection 
tests was to check the operation of the air bubble generator (without the disturbance of 
steam injection) and to find suitable camera imaging parameters and lighting conditions. All 
the test parameters and procedures were agreed with KTH. The force generated by the 
steam injection and other parameters were measured during the tests. Based on this high-
resolution measurement data, KTH will refine the semi-empirical correlations for the effective 
momentum and define the bubble collapsing frequency, radius, velocity, pressure gradient 
and heat transfer coefficients in more detail. 

Comparison of the measured time-averaged force values between a single hole vs. multi-
hole injection case reveals that they are slightly higher with the same steam mass flux and 
pool temperature in the multi-hole cases. Another interesting trend that can be observed from 
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the force curves is the fact that in the three-hole case the curve reaches its peak value at the 
pool temperature of about 60 °C and then turns very slightly downwards, while in the single -
hole case, the peak occurs at the pool temperature of about 80 °C. Furthermore, the heavy 
shaking of the sparger piping clearly visible in the force curves and associated with the pool 
water heat-up, and seen also in many previous tests, starts in the three-hole cases a little bit 
earlier, i.e. with a lower pool water temperature than in the single- hole cases. Figure 2 
presents the measured time-averaged steam flow rate, pool temperature and force from a 
three-hole case. 
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Figure 2. Measured flow rate (F2102), pool temperature (T2606) and force (X2600) from 
three-hole injection case. 

The oscillatory motion of the steam bubbles in the pool can be divided into three parts. That 
is, the bubble begins to grow attached to the injection hole, detaches when the force balance 
becomes positive in the direction of the steam injection, and collapses as the neck 
connecting the bubble to the injection hole reduces the steam flow into the bubble. 

The collapse phase at large sub-cooling can lead to a steam-water cloud with no clear 
boundary between vapor and liquid. At low sub-cooling, detached bubbles can move a large 
enough distance from the injection hole and allow the formation of a new bubble before their 
collapse. As the sub-cooling of the pool water decreases, the size of the forming steam 
bubbles before their detachment increases. The captured high-speed camera images in 
Figure 3 show the increasing size of steam bubbles along the test as the pool water heats 
up. The last image shows how a new developing bubble has almost caught up with the 
previous detached bubble, which has not completely condensed yet. Collision and merger of 
two successive bubbles was witnessed in some cases during the last phase of the test.  
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Figure 3. Effect of the pool water temperature on the size of developing steam bubbles. 

OpenFOAM simulations of the SEF-POOL tests were performed in 2020. The SEF-INF2-6 
test was chosen as a reference case. Both 2D-axisymmetric and 3D geometries of the SEF-
POOL including the condensation pool around the PC pipe were simulated. The 2D-
axisymmetric domain contained a 1° sector of the whole SEF-POOL facility. To study the 

effect of grid density on the DCC rates, two grid refinements i.e. 1 mm and 2 mm were used 
in the PC pipe uniformly. The 3D domain has a similar grid density to the 2 mm grid case. All 
the simulations were obtained by employing the compressible two-phase solver 
'reactingTwoPhaseEulerFoam', which is based on the Eulerian-Eulerian two-fluid approach 
of the OpenFOAM-7 CFD code. The interfacial heat transfer between steam and water was 
modelled by using the Nusselt number formulation of the Coste continuous model of Coste. 
Flow turbulence was solved by employing the k-Ԑ turbulence model. The effect of interfacial 

area modeling was studied by implementing the Rayleigh-Taylor Interfacial (RTI) area model 
of Pellegrini et al. (2015). For OpenFOAM simulations, the initial and boundary conditions 
were extracted from the measurement data of SEF-INF2 test. 

The OpenFOAM simulations results show the formation and condensation of the bubbles in 
the PC pipe. The coarser version of the grid predicted larger bubble sizes qualitatively. The 
interfacial area modeling increased the DCC rate and thus, the average bubble volume was 
smaller. The denser grid of 1mm grid size in the PC pipe, enlarged the total interfacial area 
compared to the coarser grid, which increased the total DCC rate in the simulations. The 
simulated 3D transient showed that the total DCC rate, interfacial area, and bubble volume 
were smaller in the 3D simulation than in the 2D-axisymmetric simulations. In the 3D 
simulation, the first bubble formation, and its detachment took a little longer time than in the 
2D-axisymmetric simulations. Figures 4 and 5 show the instantaneous fields of volume 
fraction and condensation rate of the 3D OpenFOAM simulation, respectively.  
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Figure 4. Instantaneous volume fraction fields showing formation and condensation of a 
bubble in 3D OpenFOAM simulation of SEF-INF2 test. 

 

Figure 5. Instantaneous condensation rate fields in 3D OpenFOAM simulation of SEF-INF2 
test. 

The pattern recognition-based image analysis algorithm has been improved to cover cases 
where multiple bubbles travel at the same time in the frame being analysed. The extended 
new algorithm can deal with multiple bubbles and tracks the whole bubble lifetime. After 
constructing the tracks of the bubbles, different properties of the bubbles can be evaluated, 
such as mean bubble lifetime, the mean time difference between the bubble formations, the 
corresponding bubble formation frequency, surface velocities, and accelerations to different 
directions in the 2D plane. The algorithm was applied to the SEF-INF2 video recordings and 



 

 

RESEARCH REPORT VTT-R-00462-21 

79 (146) 

  

 

to the instantaneous volume fraction field images of the 2D simulation results. The improved 
algorithm represented the real bubble shape better than before. It yielded good total bubble 
volume of the 2D-axisymmetric case with the 2mm grid size. 

Results showed that image analysis and pattern recognition have great potential in thermal-
hydraulic research e.g. surface velocity and acceleration estimations at arbitrary angles give 
important knowledge, for example in which direction the condensation of the steam bubble 
begins. The image analysis algorithm has been improved and works well with multiple 
bubbles. With suitable video recordings, the algorithm can be used with other flow 
arrangements e.g. pipe flow. 

Deliverables 

• A test series was carried out in the SEF-POOL facility. The test matrix in 2020 contained 
tests both with a single hole and three-hole injection plate configuration. Data of the 
characteristics of small-scale phenomena affecting the effective momentum source was 
provided to be used for the validation of the simplified EMS/EHS models proposed by 
KTH. The SEF POOL results also supported the validation effort of the DCC and 
interfacial area models of CFD codes for steam injection through spargers at VTT and 
LUT. 

• The 2020 tests in the SEF-POOL facility produced good quality high-speed camera 
stereo recordings of the steam jet behaviour and jet entrainment visualized with the help 
of air bubbles injected into the pool. KTH can effectively use their in-house tools in the 
analysis of the recordings for tracking the movement of the air bubbles and thus 
ultimately assess the liquid velocity and the amount of jet entrainment. 

• Both 2D-axisymmetric and 3D OpenFOAM simulations of the SEF-POOL tests were 
performed in 2020. The effect of grid density and RTI area model of Pellegrini et al. 
(2015) on the DCC rates was studied. 

• The extended and improved pattern recognition-based image analysis algorithm was 
applied to the SEF-INF2 video recordings and to the instantaneous volume fraction field 
images of the 2D simulation results. The improved algorithm represented the real bubble 
shape better than before. 

 

2.2.11 THACO - Safety through thermal-hydraulic analyses and co-operation 

THACO is a project focusing on improving nuclear safety, mainly by increasing the reliability 
of thermal-hydraulic deterministic safety analyses of light water nuclear power plants. In 
particular, the focus is on the continued validation of analysis tools for system-scale safety 
assessment, knowledge transfer and education of new experts. A large part of the project is 
focused on international and domestic cooperation projects, which contribute to obtaining 
crucial validation data for the research project, and also to knowledge transfer between 
organizations. 

Main part of the analysis work is carried out with, and related to, the system-scale safety 
analysis tool Apros that has been developed in Finland in cooperation between VTT and 
Fortum, and that is currently used in safety analysis work both at the regulatory side and by 
Finnish utilities Fennovoima, Fortum and TVO. Another code used in lesser extent in the 
project is the U.S. NRC’s system code TRACE. This code provides a suitable benchmark in 
the validation process as an independent, widely used and well-validated safety analysis 
tool. 
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The project contains three work packages: WP1 containing all the analysis work, WP2 
containing international cooperation and management and WP3 containing only participation 
fees of international cooperation projects or programs.  

Specific goals 

In 2020 OECD/NEA Rod Bundle Heat Transfer (RBHT) benchmark was started with open 
phase tests. The tests were performed in the RBHT facility, which has been  developed  by  
the  Pennsylvania  State  University  and  U.S. NRC. It consists of a test section (with lower 
and upper plenums and rod bundle) and a coolant injection and collection systems.  

The performed experiments focused on the impact of rod peak power, inlet subcooling and 
most notable, different reflooding rates and types such as oscillatory reflooding. Two 
experiments 9014 and 9015 had higher reflooding rates whereas seven experiments had low 
reflooding rates. In addition, two experiments 9011 and 9043 had extremely low reflooding 
rates. While these experiments could be used for code validation on their own, their other 
purpose was to provide modelling data in preparation for the incoming blind phase of the 
benchmark.   

These experiments were calculated with both Apros and TRACE. Machine learning was 
utilized in some of the cases and the Apros model was calibrated for the incoming 
benchmark according to these results. With Apros, also BEPU analysis was used for some of 
the cases.  

 

 

(a)                                              (b) 
Figure 1. (a) Apros and (b) TRACE nodalizations of the RBHT test section. 
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Table 1. Normalized Apros and TRACE peak cladding temperature (PCT) results. 
 

Experime
nt 

Apros TRACE 

PCT 
PCT    
time 

PCT 
eleva- 
tion 

PCT 
quench 

PCT 
PCT    
time 

PCT 
eleva- 
tion 

PCT 
quench 

9005 1.002 0.401 1.079 1.017 0.982 5.921 1.043 1.042 

9011 0.966 1.317 1.074 1.145 1.004 0.944 1.149 N/A 

9012 0.953 0.035 1.019 1.043 1.010 0.808 1.015 1.376 

9014 1.007 0.780 1.079 0.860 0.982 1.007 1.043 1.183 

9015 1.008 0.224 1.019 1.033 0.980 0.537 0.985 1.511 

9021 0.963 0.386 1.019 1.063 1.015 0.603 1.015 1.013 

9026 0.941 0.698 1.019 0.939 1.003 1.013 1.015 1.001 

9027 0.953 0.596 1.019 0.960 1.008 0.975 1.015 1.006 

9029 0.971 1.015 1.019 0.958 1.039 1.127 1.007 0.964 

9037 1.023 0.488 1.019 0.993 0.989 5.131 0.985 1.019 

9043 0.966 0.824 0.982 1.080 0.947 0.976 1.108 1.064 

 

 

 

 

Figure 2. Quench front progression in some of the experiments. 

The calibrated Apros model produced overall more accurate results. Quench front 
propagation and rod surface temperature estimations were good. As the benchmark will be 
participated only with Apros, the TRACE  model did not go through similar calibration. The 
results, however, were still quite good. Especially steam exhaust rates and bundle pressure 
drop gave reasonably accurate estimations. The RBHT project will continue in 2021 with a 
blind benchmark. 
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In addition to the RBHT work, the analysis work also included domestic cooperation. PASI 
facility, located in and operated by LUT, is a one-loop model of an open passive containment 
cooling system. VTT-01 experiment, conducted in SAFIR2022 PAHE (LUT), was simulated 
with Apros. This work will now continue in SAFIR2022 CFD4RSA (VTT) when the Apros 
model is coupled with Fluent for the simulation of the same experiment. 

The work also included analysis work regarding OECD/NEA PKL-4 project and master’s 
thesis work on critical flow modelling. These tasks will finalize in 2021. 

International cooperation 

International cooperation is heavily represented in the project. Multiple research projects are 
being actively followed. In addition to the new validation data, these programs also contribute 
to knowledge transfer between organizations. The following programs were participated in 
2020: 

• OECD/NEA Rod Bundle Heat Transfer (RBHT) – MB member 

• OECD/NEA Hydrogen Mitigation Experiments for Reactor Safety Phase 2 
(HYMERES‐2) – PRG member 

• OECD/NEA PKL-4 – PRG member 

• OECD/NEA CSNI Working Group on Analysis and Management of Accidents 
(WGAMA) – country representative 

• U.S. NRC’s Code Applications and Maintenance Program (CAMP) – country 
contact person 

Deliverables 

• Apros analysis of PASI natural circulation experiment VTT-01 

• Assessment of Apros against open phase RBHT reflooding experiments 

• Assessment of TRACE against open phase RBHT reflooding experiments 

• Analyses of PKL i1.1 LBLOCA parametric experiments with Apros 

• A master’s thesis on critical flow modelling with Apros 
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2.2.12 EMBER - Enhanced multi-physics calculation capabilities for fuel behaviour and 
reactor analyses 

EMBER ultimately aims at reducing uncertainties in reactor and fuel analyses via 
development of advanced multi-physics calculation capabilities that will account for the 
reactor core neutronics and thermal hydraulics, and fuel behaviour and burnup. These are 
most typically solved by separate dedicated solvers that range from fast-running simulator-
type solvers to computationally expensive best-estimate tools. To account for feedbacks, the 
separate solvers are coupled to exchange data and to obtain a multi-physics solution after an 
iterative solution process between each other. Such coupled calculation capabilities between 
existing neutronic, fuel behaviour and thermal hydraulic solvers are developed and extended 
in EMBER. 

Monte Carlo method based neutronic and burnup solvers can provide realistic estimates for 
the distributions of neutron flux and nuclide concentrations in the nuclear fuel, with the result 
accuracy mainly limited by the uncertainties of the input data and the available computational 
power. In EMBER, such a solver is adopted as the central tool of the coupled calculation 
system for steady-state neutronic and burnup calculations, for cross section generation for a 
transient neutronic solver and for replacing existing low-fidelity neutronic and nuclide 
composition solution methods in a fuel performance solver.  

The project extends the recently developed coupled neutronic and fuel performance 
calculation capabilities at LUT University by increasing the level coupling between already 
coupled solvers and by adding new solvers to the calculation system to account for thermal 
hydraulic feedback and to provide transient calculation capabilities. The results of EMBER 
should prove useful in analyses aiming to determine limits for the safe operation of reactors 
and in criticality safety analyses including the related burnup credit calculations as well as in 
considerations related to the final disposal of spent fuel. 

  
Figure 1. Work plan of EMBER for the planned duration of three years. 

 

Specific goals 

The aim in WP1 is to develop coupled multi-physics calculation capabilities for fuel and 
reactor behaviour analyses. Capabilities for coupled neutronics and fuel performance 
analyses between the reactor physics code Serpent and the fuel performance code 
TRANSURANUS have been developed at LUT in previous work. The capabilities of this 
toolset are further extended during the project.  

 
Work in WP1 will start by enhancing the existing coupling between Serpent and 
TRANSURANUS via transfer of nuclide concentration distributions calculated by Serpent to 
TRANSURANUS, to replace those calculated by the internal nuclide solver of 
TRANSURANUS with the high-fidelity solution of Serpent. This work will be performed in 
collaboration with the JRC ITU, the organisation maintaining TRANSURANUS. In the next 
stage the multi-physics capabilities will be extended by incorporating a core thermal 
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hydraulics solver to the coupled code system. The thermal hydraulic solver to be used will 
most likely be the subchannel code Subchanflow maintained by Karlsruhe Institute of 
Technology (KIT). During the final year the analysis tool development is expected to be 
related to coupled transient analysis capabilities. The work may consist, e.g., of coupling 
Ants with Subchanflow and TRANSURANUS to form a tool for transient core analyses. 
 
EMBER was started on year 2020 and object for this year was to extent coupling capabilities 
to include nuclide transfer from Serpent to TRANSURANUS. Enhanced version of the 
coupled Monte Carlo neutronics and fuel performance calculation system was created, and 
necessary data interface implemented in TRANSURANUS. Data interface can import nuclide 
information and this information can be used by those TRANSURANUS models which have 
been modified to read new externally provided nuclide concentrations. First this capability 
was demonstrated by transferring fission products from Serpent to TRANSURANUS. 
 
Implementing this type of functionality was no longer possible to achieve without 
modifications to the source code of TRANSURANUS. Thus, a major part of the work was to 
design an interface to TRANSURANUS through which such external data could be imported. 
While regular out-of-the-box data output was sufficient to export data from Serpent, new 
subroutines were needed for the driver program Kytkin to handle the data flow. 
 

Deliverables 

• EMBER2020 D1.1.1 In the work described in this report, the LUT coupled calculation 
system was implemented with the capability to use Serpent-calculated nuclide data in 
TRANSURANUS to further deepen the level of coupling between the two solvers. 
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2.3 Structural safety and materials 

In 2020 the research area “Structural safety and materials” consisted of ten projects:  
 

1. Additive manufacturing in nuclear power plants (AM-NPP) 
2. Advanced materials characterisation for structural integrity assessment (AMOS) 
3. Critical studies in support of the ageing management of NPP concrete infrastructure 

(CONAGE) 
4. Modelling of aged reinforced concrete structures for design extension conditions 

(CONFIT) 
5. Effect of long-term operation on aging and environmentally assisted cracking of 

nuclear power plant component materials (ELIAS) 
6. Extended lifetime of structural materials through improved water chemistry (ELMO) 
7. Fatigue and evolving assessment of integrity (FEVAS) 
8. Non-destructive examination of NPP primary circuit components, machine learning 

and reliability of inspection (RACOON) 
9. Safety criteria and improved ageing management research for polymer components 

exposed to thermal-radiative environments (SAMPO) 
10. Fatigue management for LTO (FATIMA). 

 

2.3.1 AM-NPP - Additive manufacturing in nuclear power plants 

Due to the extremely long operating life of a nuclear power plant, power companies are 
facing the same problem as many other companies giving long service commitments for their 
products: how to ensure proper maintenance, repair and especially the availability of spare 
parts during the whole plant service life. Power plant maintenance is carried out during short 
annual service breaks. The maintenance is well planned, and many components have well 
scheduled exchange intervals either for the whole component or for part thereof. However, 
new, unexpected findings are also observed during the outage, and these may either require 
immediate action, or can be left as they are, for replacement or repair at a later stage, e.g. 
during the next outage. Some spare parts must thus be available during the outage, while 
others must have a reasonable delivery time. A well planned outage also include plans for 
both planned and possible repairs. However, there are many potential issues related to 
availability: very long lead times, lack of tooling needed to prepare the spare part, availability 
of appropriate contract manufacturer etc. One extremely potential answer to this demand are 
the extremely rapid developing and commercialising metal Additive Manufacturing (AM, i.e. 
3D-printing) technologies, particularly powder-based processes that have matured on a wide 
front to production in extremely demanding applications, such as those of aerospace and 
medical industries. Additive manufacturing is also a very interesting in new reactor designs, 
e.g. small modular reactors (SMR). 

The general objective of AM-NPP is to increase the knowledge of stakeholders on the use of 

AM, therefore ensuring the safe use of additively manufactured metallic components in the 

nuclear sector. The work developed during the different work packages aims at: 

- Expand standard procedures and deepen understanding of material-process-property 

relationships. 

- Contribute with scientific based facts to the introduction of AM in nuclear design codes 

- Identify safe ways of replacing obsolete components and realize new designs using AM 
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Specific goals in 2020 

 
As of today, one of the major drawbacks for the adoption of additively manufactured 
components for critical applications is the need to ensure that those components are going to 
perform as expected, and that the whole quality assurance plan and quality control is 
carefully considered. This type of activities are typically supported by a collection of 
standards which provide instructions on what steps are required in order to ensure the proper 
level of quality. As L-PBF is still a relatively new manufacturing process, there is a certain 
level of fragmentation in the different standards as well as some significant gaps. This has 
been clearly identified as part of the roadmapping exercise done during the 2019 together 
with all the stackeholders of the AM-NPP project and during the second year of the project 
effort has been made as part of the WP3 to clarify the status of the standardization 
landscape related to L-PBF manufacturing of AISI 316L material, especially in the nuclear 
context. As a result, a report has been published summarizing the main findings.  
 
On Figure1, a summary diagram of some of the main existing and incoming standards 
related to L-PBF is presented with a tentative organization around different stages of the 
manufacturing value chain for a component made of AISI 316L.  

 

Two of the areas of special significance for the nuclear sector where there is still a gap in the 
existing standards, in addition to material behaviour under irradiation conditions, are fatigue 
and corrosion resistance properties.  
 
 

 
Figure 1. Overview of existing and incoming standards related to L-PBF of AISI 316L 

It can be easily seen that despite the still limited number of published standards, there is a 
wide range of standards in draft phase covering most topics of the manufacturing chain. 
Standardization organizations are being very active and many of these drafts will become 
approved standards in the short future. Once these standards are agreed and final, they will 
support the quality assurance plans of components used in nuclear power plants and will 
increase the confidence of the authorities and regulators, and overall safety of NPPs using 
AM components. Additionally the certification process of a component will become easier 
and faster as well as having a reduced cost. 
 

In order to produce safe AISI316L components manufactured by L-PBF is necessary to have 
a very good understanding of the material properties that can be obtained from the process. 
Additionally, it is important to have solid quality assurance plans and quality control methods 
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which will ensure that the performance of every component manufactured and put into 
service will be as expected. These topics has been covered as part of WP4 and WP6 during 
2020. 

 

 

 

Figure 2. Printed samples for quality evaluation  

To gain a hands on experience on how different quality control methods work together to 
improve the overall component quality and the variability of material properites within a 
manufactured batch, a set of 30 test cubes of 10x10x20mm was printed in an SLM125HL 
machine (125x125mm building platform) (Figure2). All samples were printed with the 
standard parameters provided by the machine OEM and with powder previously analysed for 
chemical composition and particle size distribution. During manufacturing the process was 
monitored using a melt pool monitoring system (commercial PrintRite3D system from 
SigmaLabs Inc., with an approximate spatial resolution of 100µm) and a thermal camera (6 
fps recoding). 

After the build job was finalized and an initial analysis was performed on the process 
monitoring data, the most interesting samples were scanned with an X-Ray Computed 
Tomography system with an approximate voxel size of 8.4µm and the rest where sectioned 
and further analysed using optical microscopy. 

 
 

Figure 3. Example of defect prediction based on melt pool monitoring. 

As this set of printed samples had simple geometries and well controlled and stable 
parameters, very few defects were detected by the MPM system, and a certain degree of 
manual evaluation by the final user was necessary. On Figure3 an example of the prediction 
of a possible defect using this method is presented. 
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Figure 4. Infrared thermal image showing spatter during laser scanning near sample number 
23. top) layer 400, bottom) layer 414 

Manual evaluation of the infrared images shows the existence of some spatter phenomena 
during the printing process which could lead to defects. In Figure4 two sequential frames for 
two different layers is presented. In these images, it can be clearly seen the appearance of 
several hot spots which are indicative of spatter coming from the melt pool which could 
produce defects in the material. 
 
Although X-Ray Computed Tomography is the NDT method which is better suited for the 
detection of small defects in complex metallic components, it is not completely hassle free. 
As it can be seen in Figure5, even for a simple geometry as the one used in these 
experiments, there is a certain level of noise due to edge effects which can make more 
difficult the automated detection of defects. On the other hand, it still allows for an excellent 
level of detection of defects on a sample. Most defects detected in these samples had an 
average radius below 40µm. A few samples presented an increased number of defects on 
the top-most layers whose origin could not be determined. It was not possible to establish a 
correlation between the defects predicted by the process monitoring methods and the 
defects observed using µCT. 
 
The porosity calculated using optical microscopy was small (<0,03%) and there was no 
correlation on porosity level versus position in the building platform. 
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Figure 5. X-Ray Computer Tomography of one of the AISI316L samples. left) top view. right) 
vertical view  

Although in this experimental work there was no clear correlation between the monitoring 
methods and the results of both NDT and optical microscopy examinations, it is important to 
remark that the final material had a very good overall density of >99.97%. This kind of 
comparative analysis should be repeated for a more representative component with more 
complex geometry which might be more likely to showcase defects. Is in that scenario where 
the potential of these process monitoring methods will better assessed.  
 
Also, together with the Busines Finland project Diiva-Liito. A set of material samples which 
has been tested for impact energy has been thoroughly studied using different microscopy 
methods and results has been sent for publication. 
 
Deliverables 

• A research report the status of standardization of L-PBF components made of AISI 316L.  

• A research report about the calibration of process monitoring methods for assessment of 
print quality. 

• A journal paper submitted to Materials & Design on the effect of different production 
machines and powders on the mechanical properties of AISI 316L 

 

2.3.2 AMOS - Advanced materials characterisation for structural integrity assessment 

The structural analysis of nuclear power plant (NPP) safety class 1 components shall be 
based on fracture mechanics. The AMOS (Advanced materials characterisation for structural 
integrity) project focuses on development of analytical and experimental testing methods for 
fracture mechanical assessment of safety class 1 components, the reactor pressure vessel 
and the dissimilar metal welds of the pipe nozzles. The analyses of safety class 1 
components are mandatory according to YVL E4 guidelines. The aim is to develop methods 
so that fracture can be explained, controlled, understood and predicted better than before. 
An important part of the project is also to train new experts to the field of fracture mechanics, 
where several retirements have occurred during the past years. 
 
After introduction of fracture mechanics for safety analysis, the field has evolved and different 
applications have emerged for assessing the structural safety. Firstly, the fracture toughness 
in the ductile-to-brittle transition region as a function of temperature can be described 
statistically with the Master Curve method. The Master Curve enables a probabilistic 
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description of material’s lower boundary fracture toughness. Based on current testing 
practices, the fracture toughness is obtained with specimens with relatively deep cracks, 
loaded in bending, which causes a high constraint condition leading to a conservative 
estimate of the fracture toughness. 
 
The progress of fracture mechanics has enabled the development of miniature specimen 
testing techniques. Miniature specimen test technique is crucial for ensuring that enough 
material is available to assess the effect of irradiation embrittlement on fracture toughness in 
surveillance programmes, considering reuse aspect, and for ensuring the cost-efficiency of 
the testing procedure. 
 
For historical reasons, surveillance programmes are based typically on Charpy-V specimens. 
To obtain fracture toughness related data from tested Charpy-V specimens, miniature testing 
techniques or reconstitution techniques have been developed. Now, the miniature C(T) 
specimen testing technique is under development in several countries. The thickness of the 
specimens is 4 mm, Figure 1. In Japan, USA, France and Russia, this technique has gained 
interest, since fracture mechanical data is required to demonstrate the safety for continued 
operation of the NPP fleets. The miniature C(T) specimen technique has been developed for 
the last 10 years. The method has been validated for base materials, welds, irradiated 
materials, and even for materials from different depth locations relative to the inside surface 
of the RPV. However, more development work is required to make the technique more 
applicable. Currently, the standards that are used for miniature C(T) specimens and the 
quality criteria that those standards include have been developed for 25 mm thick 
specimens, and can thus, be too strict for miniature specimens. If the quality criteria is not 
fulfilled, then the test result has to be discarded, which is unfavourable for surveillance 
programmes where there is restricted amount of material available. 
 
In AMOS project, four topics related to analytical and experimental fracture mechanics were 
identified 1) Miniature C(T) specimens, 3) Ductile tearing and transient loads 4) Small 
specimen testing technique for obtaining crack arrest toughness and 5) Use of fracture 
toughness for structural integrity and aging management. 
 

 
 
Figure 1. Transferability of fracture toughness results from specimens to component level. 
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Specific goals 
 
In WP1 the focus was in the effect on eccentric pinholes of a miniature size C(T) specimen 
which is one part of developing the quality criteria for miniature sized test specimens. 
Obtained experimental results with eccentric pinhole miniature C(T) specimens were 
compared with a reference series of standard dimensioning specimens.   
 
In order to determine the transition temperature T0, the miniature C(T) specimen fracture 
toughness testing was performed with several low test temperatures inside an environmental 
chamber. Two series were tested; eccentric pinhole series and reference series. Obtained 
experimental test results show convergence between series and consequently, substantiates 
the postulate that miniature C(T) specimens even with eccentric pinhole locations gives a 
reliable outcome. Additionally, comparison of load-displacement chart slopes supports this 
assumption; slopes, either COD measured from load line or front face, amongst series are 
either identically or having no more than five percent of difference. 
 
Numerical analysis of eccentric pinholes was performed through three different FE models; 
‘nominal’, ‘mean’ and ‘max’, and was based experimental research data.  In addition to the 
displacements and loading pin forces, the stress intensity factors, and J-integrals were 
evaluated from the simulation using the default Abaqus contour integral calculation routine. 
The simulated load line and front face measuring data was converted into stress intensity 
factors and J-integrals which allowed the evaluation of the accuracy of the standard formulae 
in the eccentric pinhole location case. 
 
Depending on the mode, the comparison of simulation result slopes gave a disparity between 
two to three percent. The disparity in the slopes affects the standard-based evaluation of the 
plastic work done to the specimen, and this affects the resulting J-integral which results differ 
between the simulation results and the standard-based predictions more than the stress 
intensity factors. However, the difference between the simulated J-integrals and those 
obtained with the ASTM E1921 formulae was approximately five percent, when the elastic 
simulations of the stress intensity factors were in good agreement with standard and 
deviated maximum of one point three percent. All in all, numerical analysis likewise 
substantiates the above-mentioned postulate on the effect of eccentric pinholes. 
 
The overall objective is to develop and validate quality criteria for miniature C(T) specimens 
and the results of this study supported this purpose. Both, experimental and numerical 
research confirms the reliability of alleviating of the standards concerning the use of 
miniature sized C(T) specimen. 
 
   WP3 of AMOS focuses on developing a method for assessing the effect of transient loads 
on crack growth in the upper-shelf region and to investigate the ductile failure mechanisms. 
Due to the unfortunate COVID-19 situation, the European Conference of Fracture, ECF, was 
cancelled and the intended conference paper was postponed.  
WP4 of AMOS focuses on validating a model that enables characterization of crack arrest 
toughness of surveillance materials. Although crack arrest toughness is a tempting 
alternative as a minimum fracture toughness of the material, the current test methods are 
quite complicated and require very large specimens. This makes them unappealing for 
surveillance programs. 
 
   To make crack arrest toughness more useful as a material property, it is essential to be 
able to measure it from smaller specimens. Sub-sized impact specimens, such as KLST with 
mm-dimensions of 3x4x27, should be investigated as possible alternatives to standard sized 
10x10x55 Charpy-V specimens. The correlation of small specimen data to standard data 
should be thoroughly established. The correlation is based on measurements, of which the 
methodology, materials and the results as well as the analyses are reported. International 
research programme material JRQ was chosen as test material in 2020, due to abundance 
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of previous results and availability of material. Tests were commenced after machine issues 
were solved in January 2021. Report D4.2.2 will be delivered by the end of March 2021. 
 
WP5 of AMOS focuses on reviewing the methods applying fracture toughness for structural 
integrity analysis and aging management. The different methods used to assess the lower 
boundary curve, e.g. the Master Curve, in the ductile-to-brittle transition region are reviewed. 
Also, the process to assess the experimental uncertainty in these analyses is described. In 
addition, a review is done of the different factors affecting the shift in transition temperature 
due to irradiation and thermal aging. The micromechanical reasons for materials to behave 
differently due to embrittlement are reviewed and the physics behind the developed 
irradiation embrittlement models are described.  
 
A paper was written to ASTM symposium on radiation embrittlement trend curves and their 
use for RPV integrity evaluations. In the paper is described the experience with 
embrittlement trend curves in Finland.  
 
Deliverables 
 

• (D1.2.1) In deliverable 1.2.1, a report is written of the experimental work related to the 
effect of pin-hole location on fracture toughness obtained with miniature C(T) specimens. 
The location of the pin holes is systematically varied to characterize the effect of the pin-
hole location on fracture toughness and the obtained T0. The results are analyzed with 
the Master Curve method. Based on the results a preliminary estimate can be done of the 
effect of pin-hole location on fracture toughness. The work is completed by the numerical 
analyses done in task 1.3. The results are published as a VTT report. 

 

• (D1.6.1) In deliverable 1.6.1, the results are reported in an NKS report. The study 
includes experimental work in the ductile-to-brittle transition region, fracture toughness 
testing at different temperatures, testing with miniature specimens and shallow cracked 
fracture toughness specimens with lower constraint. This work is done together with 
partners from Sweden, KiWa Inspecta and KTH. 

 
 

• (D4.2.2) In deliverable D4.2.2: Crack arrest correlation between standard and sub-sized 
specimens, a report is written on the correlation of crack arrest force between standard 
and sub-sized specimens. The correlation is based on measurements, of which the 
methodology, materials and the results as well as the analyses are reported. 

 

• (D5.2.1) In deliverable 5.2.1, a paper is written to ASTM symposium on radiation 
embrittlement trend curves/equations and their use for RPV integrity evaluations, 
organized in Prague. Deliverable 5.2.1 describes the experience with embrittlement trend 
curves in Finland. 

 
 
 

2.3.3 CONAGE - Critical studies in support of the ageing management of NPP 
concrete infrastructure 

The ageing management of nuclear power plants (NPP) structures, systems and 
components should be implemented proactively throughout the plant’s lifetime. It is initiated 
during the design, and follows through fabrication and construction, commissioning, 
operation including long-term operation (LTO) and all the way through extended shutdown, 
and decommissioning. Many of the decisions related to ageing management are made early 
in the process, during the phases of design, construction and commissioning [1]. 
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Current NPP have been designed for 50 years of operation and the concrete structures are 
constructed before the starting of the NPP operation, i.e. concrete structures’ age is older 
than 50 years. There is evidence that ageing effects in some cases has been underestimated 
during the original design, construction and commissioning or have not been accurately 
taken into account during operation. It has also been recognized that the ageing of plants 
needs to be assessed, and an effective management strategy developed in a timely manner, 
to ensure the necessary technical basis for maintaining safety margins throughout the NPP 
operation. 

The project CONAGE addresses these ageing aspects of NPP structures, systems and 
components. This project identifies special issues that are needed for LTO within the scope 
of ageing management. The topics of research addressed in this project are of interest not 
only for the concrete infrastructure of existing NPPs, but also especially for those in the 
design phase. According to an IAEA study [2], 90 % of all ageing problems are initiated in 
design phase. 

NPP ageing management programmes should have access to relevant concrete related 
R&D. This is fundamental since new developments may contradict assumptions made during 
a plant’s design [2] or highlight new issues previously unknown. Even though concrete has 
been extensively used as a construction material, the concrete used 40 years ago differs 
significantly from that commonly used today. The reinforced concrete structures of NPP (e.g. 
containment, spent fuel pools, water intake/out-take structures, foundations) perform multiple 
safety related functions (e.g. load carrying, radiation shielding and leak tightness). For many 
of these structures, it is neither technically nor economically feasible to have them replaced. 
For this reason, it is important that a comprehensive understanding of all possible ageing 
mechanisms, and their degradation consequence for the safety function of the structure, is 
achieved. This way, adequate considerations can be made during the design of existing 
NPPs, while mitigation measures can be planned for existing NPPs. 

Specific goals 

CONAGE addresses research topics related to the ageing mechanisms and age-related 
degradation, condition assessment and key aspects of ageing management (i.e. inspection, 
monitoring, assessment and remedial measures). The research topics are divided into three 
Work Packages. 

Work Package 1: Non-destructive evaluation of NPP concrete infrastructure, addresses 
condition assessment and inspection of concrete structures.  This work package focuses 
greatly on competence development with concrete NDE, and on the assessment of existing 
and emerging NDE technologies using the full-scale mock-up of a NPP containment wall 
developed in the SAFIR2018 - WANDA project [3]. Finally, the project proposes to host an 
International Seminar on this topic to bring experts from around the world to share their 
research and knowledge and disseminate the project results. The main goals for Work 
Package 1 are: 

• Continue to raise the level of concrete infrastructure related NDE research, focusing on 
the assessment of existing and in-development NDE technologies (Figure 1), and 
studying the multi-technique methodologies for assessment with focus on improving NPP 
ISI. 

• Development of new NDT techniques (Figure 2) and combination of NDT methods to 
assess the structural integrity of thick-walled reinforced concrete structures. 

• Raising the importance of concrete NDE competence through education program of new 
engineers. 
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Figure 1. Views of different NDE equipment: (a) scanning frame for automated NDE 
assessment - ultrasonic array system measurements being tested at VTT laboratory, (b) 
demonstration of the indirect (surface transmission) measurement using ultrasonic pulse 
velocity. 

 

Figure 2. Compressive strength values for the south surface of the mock-up wall based on 
UPV measurements.  

Work Package 2: Assessing the risk of internal expansive reactions for NPP concrete 
infrastructure, addresses ageing mechanisms and age-related degradation of concrete 
structures. This work package focuses studying the potential of NPP infrastructure to 
become damaged due to internal expansive reactions. Initial experimental work, never 
conducted before in Finland, characterises the performance of new Finnish concrete 
compositions (study critical alkali content values for concrete since Finnish concrete codes 
only recently have acknowledged the occurrence of this degradation mechanism in Finland), 
and will study the residual expansion potential of existing NPP concrete (cracking potential) 
subject to accelerated alkali aggregate reactions. This WP initiates the necessary work to 
understand how Finnish concrete (new and from existing structures) perform. The main goals 
for Work Package 2 are: 

• Identify critical areas of NPP SSCs where DEF/AAR have the possibility to occur, based 
on concrete compositions and exposure conditions. 

• Study reactive and non-reactive aggregates and typical Finnish structural grade concrete 
(varying cement types) and quantify their reaction potential (Figure 3). 
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• Contribute significantly to the current state of knowledge concerning AAR performance in 
Finland. 

 

 

   
(a) (b) (c) 

Figure 3. Testing of aggregate reactivity according to the international RILEM guideline AAR. 
(a) View of the moulds after casting (AAR-2.2). (b) View of the measurement frame used, 
and of specimen AG1-1 being measured (AAR-2.2). (c) View of all three AG4 samples after 
length and weight measurements. Noticeable on the surface of the samples are dried gel 
deposits (AAR-4). 

Work Package 3: Assessing steel liner and anchor corrosion, addresses age related 
degradation of steel components embedded or in direct contact with concrete structures. 
This work package focuses on competence development and closing significant knowledge 
gaps with respect to the corrosion of steel liners and anchors in contact with concrete and its 
detection. Corrosion experiments will help to identify the electro-chemical conditions and the 
mechanisms that allow for the corrosion of the steel liner plates at the interface of steel and 
concrete, i.e. in an area where the liner should be passive, thus protected from corrosion.  

Additional experiments will focus on corrosion and bond of anchors in concrete. Non-
destructive examination (NDE) techniques will be assessed that can be used to identify and 
quantify locations and extent of corrosion damage. The full-scale mock-up of a NPP 
containment wall developed in the SAFIR2018 - WANDA project [3] will help to further 
develop feasible NDE technologies as well as assess and verify their applicability in 
detecting steel liner corrosion. The main goals for Work Package 3 are: 

• Examine effects of material ageing, structural design, construction, ambient conditions 
and operation of NPPs on steel liner and anchor corrosion mechanisms and the roles of 
parameters promoting or preventing corrosion.  

• Identify the electrochemical conditions and the mechanisms that allow for the corrosion 
of the steel liner plates and anchors in contact with concrete. 

• Assess the feasibility of NDE technologies for detecting locations and quantifying the 
extent of corrosion damage. Identify and define measures for further development of NDE 
techniques capable of detecting liner corrosion. 
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Deliverables 

• A conference paper in SMiRT-25 (Charlotte, USA) on the design, construction and NDT 
of a mock-up for reinforced concrete walls in NPP.  

• A conference paper in FIB Symposium 2019 (Kraków, Poland) on the construction of 
realistic NPP containment wall mock-up for challenging NDE methods. 

• A research report of round robin NDE testing for concrete cover measurements. Aalto 
University.  

• A research report of round robin NDE testing of general defects in mock-up wall. Aalto 
University.  

• A research report of steel liner inspection of Concrete Containment Mock-up with 
Ultrasound.  

• A research report of assessment of the potential of AAR occurrence in NPP concrete 
structures.  

• A research report of acquiring field experience concerning AAR in NPPs – Aggregates 
from Olkiluoto and Loviisa 

• A research report of corrosion of steel liners and anchors in concrete. 

• A research report of the test setup for steel liner corrosion experiments.  

• A research report of experimental setup of anchor corrosion tests. 

• Master’s thesis on the utilization of non-destructive testing equipment in the quality 
assurance of concrete structures. 
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2.3.4 CONFIT - Modelling of aged reinforced concrete structures for design extension 
conditions 

The protective walls, containment and civil structures of Nuclear Power Plants (NPPs) are 
mainly reinforced concrete (RC) structures. Long term operation of NPPs requires structural 
integrity assessment of aged concrete structures in YVL design extension conditions (DEC) 
e.g. external hazards like earthquakes and wide body aircraft crashes. These DEC have 
been introduced recently in NPP design in Finland. The DEC loads are considerably higher 
than the earlier design basis loads (DBL).  

An airplane crash (APC) on safety related structures, in spite of its low probability, has for a 
long time been recognized as a relevant loading case, especially in designing plants to areas 
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with heavy air traffic. STUK regulation Y/1/2016 requires that the nuclear plant design takes 
into account large airliner crashes, as well as resulting fires and explosions. Nonlinear 
numerical modelling has been used for several years in APC simulation. However, the 
concrete material models used in the simulations have usually been validated only for certain 
types of experimental tests. Therefore, there is a need for a more universal material model 
which is more firmly based on physical phenomena and adequate for different types of 
loading cases, e.g. soft/hard impacts, earthquakes and resulting vibrations. Additional 
themes that require closer focus are the ageing of concrete and the scaling and strain rate 
effects. Ageing of concrete has not been previously taken into account in DEC assessment. 
The material study including ageing and degradation mechanisms involves collaboration 
between structural analysis and concrete material experts at VTT.  

Structural analyses of these phenomena require nonlinear numerical analysis. In order for 
the results of these numerical analyses to be reliable, the applicability of the used methods 
and models should be validated experimentally and analytically. At VTT, computational 
methods and tools for analysing behaviour of reinforced concrete structures under impact 
load have been developed and validated within projects belonging to the previous SAFIR 
programs since year 2003. International impact testing projects (IMPACT 1-4), carried out at 
VTT, have provided unique and valuable experimental data for this work. It is clear that 
substantial improvement of the material model capabilities should be introduced to increase 
reliability of the models aiming to prove performance at DEC stage. Also, the increase in 
computational capacity enables larger calculation models which are needed for highly 
nonlinear numerical simulations. This continuous increase demands continuous development 
of material models and analysis approaches. The material model development involves 
collaboration with Tampere University (TUNI). 

Material model development is a trial and error process, which aims at finding the most 
appropriate mathematical description, such that the response of the model matches the 
response obtained from a number of experimental stress-strain situations. Due to the 
challenges that arise in the calibration of the material model against appropriate test results, 
it is of paramount importance to conduct proper validation simulations. In these small-scale 
validation simulations, the experimental test setup is modelled as accurately as possible 
using finite elements, and the measured macroscopic quantities are then compared to the 
simulated ones. In order to rule out artefacts due to discretization, a sensitivity study on the 
element mesh size has to be performed. 

Specific goals 

The general goal of the project is to develop understanding of the material modelling of 
concrete in the nonlinear domain by improving the use of existing material models, 
developing new material models and using calibration tests to stand at the basis of the 
development. Relatively new concrete material testing and measurement methods (such as 
DIC and ultrasonic methods) have also been further developed in the project. The expected 
result is a validated user-friendly analysis tool for reinforced concrete structures under design 
extension conditions (DEC), which takes the effect of ageing into account and gives more 
reliable results than the previous analysis tools. Methods and modelling techniques 
developed and validated here can directly be applied in safety assessment and design 
analyses of aged reinforced structures of NPPs under design extension conditions. The 
expected main result is a validated user-friendly analysis tool for reinforced concrete 
structures under design extension conditions (DEC), which takes the effect of ageing into 
account and gives more reliable results than the previous analysis tools, especially in highly 
nonlinear cases. 

The implications of material ageing for structural performance assessment and especially for 
numerical modelling of reinforced concrete structures has been studied. This information has 
been summarized, focusing on stressors, degradation mechanisms, potential failure modes, 
and in-service inspection methods. Calculation models have been collected for the 
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estimation of the ageing and deterioration effects on the key mechanical properties. These 
provide inputs for mechanical properties in structural models that take into account the 
ageing and deterioration of concrete in NPP structures. 

The study provides a review of the current state of understanding of the effect of stressors on 
the material and mechanical properties that are currently used in concrete modelling. Focus 
has been on mechanical properties of concrete as a function of the “loading” conditions. 
Figure 1 illustrates an example of the effect of ageing, i.e., accumulated neutron fluence, on 
the compressive strength of concrete. 

 

Figure 1. Relative compressive strength of concrete and mortar specimens versus neutron 
fluence. The neutron spectrum and specimen temperature vary between experiments. A 
decrease in compressive strength above 2×1019 n/cm2 is suggested (Le Pape et al., 2016). 

Generally, it is concluded that models exist for estimating the effect of aging and 
deterioration on a large number of mechanical properties (e.g. compressive strength, tensile 
strength, modulus of elasticity, etc.). Hence, the use of “as-new” properties for estimating 
performance of existing NPP structures should be critically revised. Aged concrete and its 
respective time-dependent properties should be considered in performance estimation for 
NPPs to accidental loads or DEC conditions. 

Ultrasound methods were experimented on concrete cube specimens in order to find out p-
wave and s-wave sound velocity in virgin and damaged concrete (Figure 2). Because 
concrete is a porous material, which attenuates acoustic waves very effectively, the so called 
pitch-catch method has to be used for sound velocity determination. The pitch-catch method 
consists in applying an emitting sensor and a receiving sensor on opposite sides of the 
specimen. Due to internal delay in the electronics, the pitch-catch method has to be first 
calibrated on a specimen with known sound velocity.   
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(a) s-wave velocity measurements (with unknown offset value 
that needs to be determined by calibration) 

 

(b) pich-catch measurement 

Figure 2. Wavespeed measurements on damaged concrete cube specimen conducted in 
CONFIT project in 2020. 

Two different types of constitutive material models have been developed during the two first 
years of this project. The first one is Concrete Damaged Plasticity (CDP) model that has 
been available in Abaqus Finite Element (FE) code and used at VTT for many years. It was 
further extended and calibrated in the project in 2019. This user-extended CDP model is 
especially suitable for hard impact simulations. The second one is so-called tensorial 
damage model that captures the effect of crack initiation and growth on the continuum 
response. Beside the stress-state, the mechanical response of cracked material depends 
strongly on the opening and closure of micro-cracks, called unilateral effect. The effect is of 
importance in the vibration problems. This is the only material model type that describes 
damage-induced anisotropy and has not been available in any FE code.  It was further 
developed and implemented to Abaqus during 2020. The user-extended CDP model has 
now been partly validated against different types of material tests. The same calibration and 
validation process will be conducted for the other model in the future. 
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Stress-strain relation in unconfined uniaxial compression damage-strain relation in unconfined uniaxial 
compression 

  

Stress-strain relation in unconfined uniaxial tension damage-strain relation in unconfined uniaxial tension. 

  

Stress-strain relation in equibiaxial compression damage-strain relation behaviour in equibiaxial 
compression 

  

Figure 3. Stress-strain relations and damage evolutions in different directions predicted by 
the model under different types of loading schemes. 

Formulation of the anisotropic tensorial damage model is done by specifying two potential 
functions, the specific Gibbs free energy and the dissipation potential. The isotropic potential 
functions are written in terms of invariants forming a functional, i.e. irreducible basis having 
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two symmetric second-order tensor variables, namely the stress tensor and the damage 
tensor, which resembles the crack density tensor of Kachanov. Therefore, the magnitude of 
the components of the damage tensor are not limited above, which makes numerical 
implementation somewhat simpler than using the standard definition of damage as a ratio of 
damaged to the undamaged area. The specific Gibbs free energy is constructed to represent 
linear elastic solid in undamaged states. Furthermore, only linear terms of the damage tensor 
are retained, thus the “crack” interaction is not taken into account. Hardening and softening is 
modelled using a single internal variable. The dissipation potential is chosen in accordance 
to the famous Ottosen failure criterion, which captures the relevant features in concrete 
failure. The formulation is basically non-associated, however, the formulation follows closely 
the one for the standard dissipative solid. An additional convenient feature is that the material 
parameters of the model can be obtained in a closed form solution from standard material 
tests results: uniaxial compression/tension, equibiaxial compression and one extra point on 
the compressive meridian. 

In Figure 3, the model predictions, stress-strain relations and damage evolutions, are shown 
in unconfined compression/tension and equibaxial compression. Correspondence to the well-
known experimental results by Kupfer et al. (1969) is good. It can also be seen from the 
damage-strain curves that the model is able to capture the correct failure mode. 

Deliverables 

• A VTT Research Report (Ferreira M., Fülöp, L. “Understanding the effect of ageing and 
deterioration of reinforced concrete on its durability and mechanical performance”. VTT 
Research Report VTT-R-01115-20. 89 pages) has been written and sent for SAFIR 
review. 

• Two reinforced impact slabs (to be impact tested) and corresponding material test 
specimens have been maintained in test hall conditions. The artificial ageing process of 
the slabs by steel reinforcement corrosion and NDE monitoring has been planned. This 
has been presented in RG meeting. 

• A scientific article “Vilppo, J., Kouhia, R., Hartikainen, J., Kolari, K., Fedoroff, A., 
Calonius, K. “Anisotropic damage model for concrete and other quasi-brittle materials”. 
27 pages.” has been submitted for review to International Journal of Solids and 
Structures. The model theory has been presented with slides in RG meeting. 

• The tensorial damage material model has been implemented into Abaqus/Explicit FE 
code, such that the model can be applied both with Abaqus/Standard and Abaqus/Explicit 
as UMAT and VUMAT user defined subroutines. 

• The experimental tests for calibration of the tensorial damage material model have been 
planned. A feasibility study conducted for calibration of the tensorial damage model using 
wave speed orthotropic properties has been presented with slides in RG meeting. A brief 
report has been written on ultrasonic velocity measurement of a concrete block.  

• A VTT Research Report “Calonius, K., Fedoroff, A., Kolari, K., Vilppo, J. “Development 
and calibration of user-extended Abaqus Concrete Damaged Plasticity material model”. 
VTT Research Report VTT-R-00159-21.” has been written and sent for SAFIR review. 
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2.3.5 ELIAS - Effect of long-term operation on aging and environmentally assisted 
cracking of nuclear power plant component materials 

The key motivation for the ELIAS project is to constantly improve knowledge that is needed 
for proactive aging management and root cause analysis. Aging management of the existing 
fleet of nuclear power plants is becoming an increasingly important topic, especially as many 
units are approaching their design lifetimes or entering long-term operation. Having the 
needed expertise to perform root cause analysis is crucial, as such knowledge cannot be 
acquired instantly when needed, but must be built up gradually during long time, through 
learning by doing. As plants continue to age, there is an increased probability for the need of 
repairs due to extended exposure to a harsh environment (neutron flux, high temperature, 
high pressure, water chemistry). It is paramount that qualified and validated solutions are 
readily available, and that such methods are validated proactively, at a stage when they are 
not yet needed. In ELIAS, a repair method for a postulated through cladding crack into the 
low alloy steel of a nuclear power plant’s reactor pressure vessel (RPV) has been 
investigated.  

The RPV is the most important component of a nuclear power plant, and knowledge on 
radiation embrittlement is therefore paramount. Pressure vessel steels harden under neutron 
irradiation, which leads to the increase of tensile stress values and shift of ductile-to-brittle 
Charpy-V and fracture toughness transition temperatures towards higher temperatures. 
Transition temperature shift depends on neutron fluence and on certain impurity and 
constitutional elements of the steels, e.g. Cu, P, Ni, Mn and Si. The conventional form of 
embrittlement function consists of a chemistry term and a fluence dependent term. The 
chemistry term is related to the microstructure of hardening formations and the fluence term 
to formation dynamics, i.e. to saturation as a function of neutron fluence. This is investigated 
through annealing studies in ELIAS.  

International cooperation is important both for benchmarking our research and to bring the 
latest knowledge in the area to Finland. 

Specific goals 

The work in 2020 was limited to repair welding (RW) studies and international collaboration 
and cooperation activities. The RW work is done in collaboration with the SAFIR2022 FEVAS 
project and by complementary efforts from VTT, Aalto University and Tampere University. 
The specific goals for 2020 was to design, manufacture and preliminary characterize an 
improved RW mock-up based upon the outcomes and lessons learned in 2019. The goals for 
international cooperation was to present results from earlier investigations in the area of 
ageing of nuclear materials, and to bring the latest research findings to the stakeholders 
reach.  

RPV Repair Welding  

As plants continue to age, there is an increased probability for the need of repairs due to 
extended exposure to a harsh environment (neutron flux, high temperature, high pressure, 
water chemistry). It is paramount that qualified and validated solutions are readily available, 
and that such methods are validated proactively, at a stage when they are not yet needed. In 
FEVAS (joint with ELIAS), a repair method for a postulated through cladding crack into the 
low alloy steel of a nuclear power plant’s reactor pressure vessel has been investigated. 

 

Repair welding is thought to represent a “worst-case” scenario where a postulated linear 
crack-like defect exists beneath the cladding and might extend across the interface into the 
RPV steel side. This postulated defect is then removed by machining, and the thereby 
machined groove will be filled by repair-welding using a nickel-base super alloy filler metal 
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(Alloy 52) and using mechanised/robotised arc welding process. While FEVAS focused in 
2020 on computational support for mock-up design and repair welding, ELIAS performed 
repair procedure design and initial characterization of the mock-up in terms of hardness and 
microstructure.  

As an alternative to conventional gas tungsten arc welding (GTAW) process, the use of 
automated gas metal arc welding (GMAW) utilizing Cold Metal Transfer (CMT) mode is 
expected to offer many advantages, such as good weld quality, exceptionally stable arc, 
easy automation and very low heat input along with narrow HAZ, and was used. The 
literature review showed that this is an unexplored area in nuclear, although used elsewhere. 
A postulated crack was excavated from a thermally embrittled relevant low alloy steel (LAS) 
base material (BM) and repaired using a nickel base Alloy 52M filler weld metal (WM) by 
semi-robotized CMAW-CMT. No pre-heating or post-weld heat treatment was applied, as it 
would be nearly impossible to apply these treatments in a reactor pressure vessel repair 
situation.  

In the project, a repair weld mock-up was produced with CMT welding. A postulated crack 
was excavated from a thermally embrittled low alloy steel material and repaired using a 
nickel base filler metal by gas metal arc welding-cold metal transfer. No pre-heating or post-
weld heat treatment was applied, as it would be nearly impossible to apply these treatments 
in a reactor pressure vessel repair situation. One plate was welded, meaning two 
excavations were filled. One excavation was filled with 100 beads along the long side, while 
the second excavation was filled halfway (5 layers) the long side, followed by a 45° hatch 
pattern (6 layers) for a total depth of 40 mm. Both welds appear to be successful. Cross-
sections for welding residual stress (WRS) and microstructural/micromechanical 
characterizations were produced.  

The mock-up weld was sectioned and a metallographic sample prepared to study the weld 
quality and for other microstructural characterizations. Light optical microscopy (LOM) was 
performed on sections from both RWs, see Figure, in addition scanning electron microscopy 
(SEM) characterization of the RWs began.  

 
 

   
Figure 1. LOM images of the microstructure from across the heat affected zone of the 45° 
hatch pattern weld after etching.  
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Vickers microhardness measurements were performed on the specimens from the low alloy 
steel, across the heat affected zone (HAZ) and into the Alloy 52 repair weld, see Figure. The 
maximum hardness was measured in the HAZ close to the interface and that the region of 
high hardness was very localized. Micromechanical testing was performed on the RW 
produced in 2019. Fracture toughness testing was performed on focus ion beam milled 
microcantilevers, see Figure. This was the first time this method has been demonstrated on 
this material in Finland. A total of eight notched micro-cantilevers were ion-milled and tested. 
These tests mimic fracture toughness testing. Results analysis is ongoing but preliminary 
results showed little variation in fracture toughness across the HAZ.  

 

Figure 2. Vickers microhardness, (a) HV0.3 and (b) HV0.1. performed on the RWs. The fusion 
boundary/interface is indicated by the dotted vertical line in the figures.  

 

  

Figure 3. Micromechanical testing of the RW; (left) as-milled (focus ion beam) micro-
cantilever before fracture mechanical testing and (right) post-test micro-cantilever.  

The welding was simulated with the finite element method using in-house welding simulation 
methods within the FEVAS Project. The aim of the simulations was to scope the effects of 
different welding parameters and bead orders on the residual stresses, HAZ extent and 
cooling curves. The computed longitudinal residual stresses show maxima at the surface of 
the weld. A particular interest in the 2020 simulations was the computational prediction of the 
hardness distributions around the weld location based on an empirical correlation formulae 
and the simulated t8/5 cooling time parameter.   

International cooperation and collaboration 

The progress of EU-projects INCEFA+ on environmentally assisted fatigue, and MEACTOS 
on surface treatments to mitigate environmentally assisted cracking to the stakeholders at 
RG meetings.  
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Deliverables 

• One conference paper on repair welding, based upon the results from the collaboration 
between ELIAS and FEVAS.  

• A summary of the intermediate results on RPV annealing studies performed in ELIAS in 
2019.  

• One journal publication on stress corrosion crack initiation testing from the collaborative 
research MICRIN (MItigation of Crack INitiation) project.  

• One book chapter on environmentally assisted cracking of stainless steels in light water 
reactors  

 

2.3.6 ELMO - Extended lifetime of structural materials through improved water 
chemistry 

ELMO project focuses on mitigating different corrosion phenomenon present is NPP steam-
water cycles. The main objectives of the project aim at developing knowledge on optimal 
PWR/VVER water chemistry programs. Several corrosion related topical issues has been 
recognized and included in the project and the project seeks to resolve the identified issues. 
Firstly, a justified alternative(s) for hydrazine replacement in the primary and secondary side 
both during out-age (in SG preservation or fuel exchange) and power generation will be 
proposed. In addition, the surface charge of magnetite and stainless steel is measured in 
simulated secondary side conditions in order to estimate the role of surface charge in the 
magnetite deposition occurring in steam generators. Secondly, further development of 
experimental equipment simulating SG conditions and mathematical tools for evaluating 
kinetics of impurity enrichment and release will be presented. Thirdly, knowledge of PbSCC 
mechanisms will be strengthened and measures for PbSCC mitigation will be evaluated. 
Finally, a literature research on various method that are applicable for on-site measurement 
of corrosion products and their transport were performed. The expected overall outcome is to 
improve the knowledge basis on which decisions on advanced water chemistries are made. 
These results can be used in plant life extension management and safety programs.  

Specific goals 

WP1 of ELMO aims to find replacements for hydrazine used in PWR and VVER secondary 
cycles. Hydrazine is an excellent oxygen scavenger and passivation promoter used in 
nuclear power plants routinely. Hydrazine influences corrosion by three separate ways. 
Firstly, it has a direct reaction in which hydrazine reacts with oxygen to form nitrogen and 
water. Secondly, it decomposes into ammonia under high temperature and pressure, thus 
increasing pH and reducing risk of acidic corrosion, which decreases probability of local 
corrosion modes in SGs. Thirdly, it is suggested to interact with metal oxides, improving 
passivation of metal surfaces, which could slow down flow-accelerated corrosion and thus 
decrease corrosion particle deposition. As hydrazine possess a potential health and 
environmental hazards, it is possible that its use will be banned. Therefore, a search for 
substitutes is important.  

Previously the effectiveness of four alternative chemicals has been studied at room 
temperature and at 50°C. In 2019 two of the previously studied chemicals, iso-ascorbic acid 

(EA) and diethyl-hydroxylamine (DEHA), and in 2020 carbohydrazine (CH) and methyl-ethyl-
ketoxime (MEKO) were tested at normal operating temperatures. The oxygen scavenging 
ability of these chemicals were tested based on oxygen level and redox potential 
measurements at 228°C. The reaction rates with oxygen as function of CH and MEKO 
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concentrations are shown in Figure 1. It seems that the efficiency of both chemicals depend 
on the scavenger chemical concentration. The efficiency of CH is clearly better than in the 
case of MEKO. The efficiencies measured with MEKO differ somewhat from each other as it 
the case of oxygen level measurements it was suspected that the decomposition products of 
MEKO (nitrous oxide) interfered the oxygen level measurement.  

The impedance response of low alloyed steel 22K was analysed. It was shown that the 
charge transfer resistance at the film/solution (RF/S) interface and the capacitance at the 
film/solution interface (CF/S) changed as function oxygen scavenger concentration. From the 
decreasing RF/S and increasing CF/S values it was deduced that the scavenging chemicals 
react at the steel surface 

 

Figure 1. Reaction rate values calculated from oxygen depletion and redox measurements 
for CH and MEKO as function oxygen scavenger concentration.  

 

 

Figure 2. Dependences of charge transfer resistance at the film/solution interface and the 
capacitance at the film/solution interface. 

Zeta potential measurements provided interesting results in WP1 as well. Deposition of 
corrosion products can cause difficult problems in any process environment. In pressurized 
water reactors (PWRs) there are deposition caused problems in both primary and secondary 
circuits. In secondary circuit, deposition increases the corrosion rates and hinders heat 
transfer of the steam generator. In primary circuit, corrosion products tend to deposit on fuel 
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elements increasing the fuel cladding temperatures, which can lead into an increase in the 
fuel cladding corrosion rate, a pressure drop across the core and a creation of Axial Offset 
Anomaly (AOA). 

Electrochemical surface properties of the particles and the substrate surface can affect to 
deposition probability. These surface properties can be studied by measuring zeta potential. 
This report presents the results of zeta potential measurements for magnetite particles in 
beginning of the cycle primary PWR chemistry (1000ppm B, 2 ppm Li) as a function of 
temperature. These values are compared to previously measured zeta potential values of 
magnetite in secondary side water chemistry controlled by ammonia. 

Whereas in secondary chemistry zeta potential values of magnetite tend to approach zero 
millivolts at higher temperatures, in primary water chemistry, the zeta potential values seem 
to have a V-shaped curve, with its minimum being -208 mV measured at 161 °C. 

WP2 studies the effect of boiling to steam generator tubing materials and how impurities are 
enriched and released from boiling steam generator tube surfaces. The enrichment of 
impurities can occur in the steam generators of pressurized water reactors due to the intense 
boiling conditions prevailing within them. In this work, the deposition and release of chloride 
and sulphur based impurities were studied, with a special designed water circulation loop 
simulating the thermal-hydraulic heat transfer conditions in a steam generator. Alloy 690 tube 
samples were used to simulate steam generator tubing. In this setup, in-situ electrochemical 
impedance spectroscopy was used to characterize the evolution of the electrochemical 
system during non-boiling, boiling and after-boiling conditions. Inductively coupled plasma 
mass spectrometry analysis was used to measure the type and amount of deposited and 
released impurities. It was shown that the deposition of the impurity is heavily dependent on 
the form in which the impurities are injected into the system (i.e. salt vs. acid). Deposition 
and release of impurities seemed to be initially linear, but for longer time scales both 
phenomena followed a power-law type behaviour. The amount of depositing impurities was 
estimated to be 19 ppb/cm2 for Cl and 11 ppb/cm2 for SO4 after roughly three days of boiling. 
The maximum deposition and release rates for the impurities were estimated to be 1,7 and 
1,6 ppb/min×cm2 for Cl and 1,50 and 0,93 ppb/min×cm2 for SO4, respectively. No remnants 
of the impurities were found on the sample surface during the post-test oxide 
characterization.  Further verification of the test setup is required in order to evaluate the 
deposition and release rates more accurately. Electrochemical impedance spectroscopy 
measurements revealed that four different physical processes are present in the system and 
the processes related to the double layer and solution properties were affected by boiling. 

Further work in WP2 was listing the measurement tools for dissolved corrosion products and 
their transport, as well as estimating their applicability for on-site measurements. The 
materials of the nuclear power plants are not insoluble at the power plant operating 
environment but are instead affected by different forms of corrosion. Corrosion products, like 
iron, nickel, chromium and copper compounds, are released to the process water as a result 
of corrosion. When these corrosion products move and re-deposit on surfaces, they can 
cause problems. In the primary circuit of a PWR the corrosion products are activated in the 
reactor core and then transported and deposited all over the primary circuit, which results in 
higher personnel radiation doses during maintenances. In the primary circuit, the corrosion 
products tend to deposit on the core region and the fuel assemblies influencing the core and 
the plant performance as well as the fuel integrity. In the secondary circuit, they deposit 
within the steam generator heat exchange tubes and on the surfaces of the steam generator 
components, enhancing the corrosion rates of the steam generators and lowering the 
thermal efficiency of the plant. One way of mitigating these processes is lowering the source 
term of the corrosion products: corrosion and corrosion product transport. 

Several thermal, hydraulic and chemical parameters affect to the corrosion rates and the 
rates of corrosion product transport. In order to understand them better, plant operators and 
research facilities must have tools for monitoring the rates of corrosion product dissolution 



 

 

RESEARCH REPORT VTT-R-00462-21 

108 (146) 

  

 

and transport, preferably in situ and on-line. This report provides an overview to the state-of-
the art of corrosion rate and corrosion product monitoring. Several physical and 
electrochemical corrosion monitoring methods are presented as well as corrosion product 
monitoring methods based on grab sampling, integrated sampling, colorimetric methods, 
turbidity measurements, particle counters, acoustic detection and others. 

In WP4 lead assisted stress corrosion cracking of A690 in alkaline crevice solution was 
studied. Lead (Pb) addition (2.2 mmol kg-1, or 500 wppm) to the alkaline crevice environment 
studied in this work was found to affect markedly the electrochemical behavior of Alloy 690 
tube material at 278 °C. In the current-voltage -curve, the anodic peak just above the 
corrosion potential increased in magnitude by a factor of ca. 3 upon the addition of Pb. On 
the other hand, the impedance magnitude at the lower end of the frequency spectrum 
increased considerably in the passive range. Quantitative interpretation of the EIS data using 
a recent version of the MCM especially developed for Alloy 690 indicates that the oxidation 
processes at the alloy/inner layer interface are accelerated in the presence of Pb, however, 
the charge transfer reactions at the oxide/solution interface are slowed down. Further, 
significantly larger thicknesses are observed for films formed in the presence of Pb, as 
evidenced by both calculations based on EIS and estimations from compositional in-depth 
profiles measured by GDOES. The electronic properties of the oxide are also markedly 
influenced by Pb addition, as inferred by the significant differences in both absolute values 
and potential dependences of the space charge capacitance. The fracture strain of the Alloy 
690 tube material studied in this work was found not to be affected by addition of 500 ppm of 
Pb into the alkaline crevice environment. The fracture surface appearance, as studied by 
scanning electron microscope (SEM) was found to be ductile. Based on the results gained, 
Alloy 690 tube material studied here appears to be not susceptible to SCC in the present 
crevice conditions at 278 °C, however, microscopic examinations are needed to confirm or 
disprove this statement. XPS analysis of the films on the strained and unstrained parts of the 
SSRT specimens exposed in the presence of Pb indicated the presence of Ni(II), Fe(II) and 
Fe(III), PbO and PbSO4  (the latter after 2-8 nm of sputtering). A notable difference with 
regard to the GDOES results on separate samples was the absence of Cr(III) at the surface 
(small quantities of Cr are observable after 8 nm of sputtering for the sample exposed at 
OCP). Concerning the cation composition of the surface and especially Pb(II) content, there 
is a semi-quantitative agreement between GDOES and XPS. 

WP6 focuses on international cooperation, mostly through the ECG-COMON (European 
Cooperative Group on Corrosion Monitoring of Nuclear Materials) group. The current activity 
in the group focuses in a round robin test for Ni/NiO oxidation in various water chemistries.  

Deliverables 

• Essi Jäppinen, Tiina Ikäläinen, Frej Lindfors, Timo Saario, Konsta Sipilä, Iva Betova, 
Martin Bojinov. A comparative study of hydrazine alternatives in simulated steam 
generator conditions —  Oxygen reaction kinetics and interaction with carbon steel. 
Electrochimica Acta 369 (2021) 137697. 
https://doi.org/10.1016/j.electacta.2020.137697 

• Essi Jäppinen, Konsta Sipilä & Pasi Väisänen. Streaming potential measurements in 
PWR primary circuit environment. VTT Research Report VTT-R-01582-20.  

• Caitlin Huotilainen, Tiina Ikäläinen, Tiina Lavonen, Seppo Peltonen, Konsta Sipilä. 
Effect of chloride and sulphide intrusions to A690 corrosion in simulated steam 
generator conditions. VTT Research Report VTT-R-01492-20.  

• Essi Jäppinen. State of the art of monitoring the corrosion product dissolution and 
transport. VTT Research Report VTT-R-00961-20. 

https://doi.org/10.1016/j.electacta.2020.137697


 

 

RESEARCH REPORT VTT-R-00462-21 

109 (146) 

  

 

• Tiina Ikäläinen, Timo Saario, Konsta Sipilä, Martin Bojinov. Susceptibility of Alloy 690 
to PbSCC - phase 2. VTT Research Report VTT-R-00015-21. 

 

2.3.7 FEVAS - Fatigue and evolving assessment of integrity 

The emphasis of the FEVAS project is the research and development of the methods to 
assess the structural integrity of the primary circuit and the uncertainties and conservatisms 
included in these methods. The overarching aim of all research in the project to provide 
advanced and calibrated integrity assessment methods and input information required in 
these methods and to identify and quantify the uncertainties and errors of the structural 
integrity analyses performed to demonstrate the integrity of the primary circuit. The project 
improves the overall safety of NPPs by providing information on the state-of-the-art integrity 
assessment methods and their relations to conventional norm-based methods, including the 
inherent safety margins of the conventional methods. 

In 2020, the work focused in three topics: piping vibrations, environment assisted fatigue and 
repair welding.  

Specific goals 

WP1 

The focus of the first work package is the development of methods needed to assess the 
integrity of nuclear piping, based on the measurement on vibrations and observations of 
other phenomena obtained during plant use. Research related to the methods utilized in the 
design of piping systems is included as well. In 2020, two topics are considered: acoustically 
induced piping vibrations and effects of fluctuating thermal loads on piping. 

The coupling of primary water acoustics and piping vibrations is considered in the project. 
Suitable efficient analytical and numerical modelling capabilities are developed and the 
possible excitation sources are studied. The emphasis is on i) creating understanding of the 
most important acoustic-structural phenomena in the primary circuit and ii) having efficient 
methods which can account for the fluid-structure-interaction (FSI) between the acoustics 
and the piping. The coolant water necessarily affects the dynamic behaviour of piping and 
components. At simplest, the effect can be modelled through the added mass. More complex 
two-way FSI effects result e.g. when the acoustic and structural natural frequencies are 
similar. For the coupled cases FSI modelling methods are necessary, such as 1D or 3D 
acoustic-structural codes or even coupled computational fluid dynamics (CFD) and structural 
analyse. In the work, a literature review was conducted on analytical and numerical methods 
for modelling coupled acoustic-structural piping vibrations. The initial emphasis of the work 
was on 1D tools which enable efficient modelling of the whole circuit and on analytical 
methods which can be used for assessing the significance of different acoustic-structural 
phenomena. 

Apros was seen as a suitable modelling tool and it was used to calculate the acoustic 
pressure propagation in a PWR example primary circuit (Figure 1). Cyclic pressure pulsation 
was produced by the main circulation pump in the model. Figure 1 presents how the 
pressure propagates through the system and attenuates by the flow resistances in the circuit. 
The amplitude of the pulsation generally diminishes but some amplifying phenomena is 
observed at specific excitation frequencies. The excitations where then used as input for the 
structural piping vibrations analysis with Abaqus FE software. Figure 2 shows the structural 
piping model and the resulting hot leg, cold leg and surge line vibrations.  

The assessment was performed one-way coupled such that the feedback effects of structural 
deformations are not considered in the thermal hydraulic assessment. The aims of the 



 

 

RESEARCH REPORT VTT-R-00462-21 

110 (146) 

  

 

assessment was to demonstrate that such an assessment is possible with the selected tools 
and whether the studied load case is severe enough to require a two-way coupling between 
the thermal hydraulic and structural responses. 

The modelling demonstrates the feasibility of the approach. The pressure pulsation was able 
to excite structural vibrations in the circuit but the amplitude of the vibrations was low enough 
so that two-way coupling is not needed. The interface between the analysis tools requires 
additional work to ensure the robustness of the approach. Some special requirements and 
limitations in the approach were identified in the work.  

  

Figure 1. Apros model of a PWR primary circuit and pump-induced pressure amplitudes at 
different segments of the model. 

  

Figure 2. Abaqus structural piping model of a PWR primary circuit and vibration time histories 
in the model caused by pump pressure pulsations.  

The second task in the first WP focused in combining new experimental NDT techniques with 
fracture mechanics simulations to study the behavior of a surface crack subjected to cyclic 
thermal loading. As an improvement to conventional techniques, nonlinear ultrasound 
measurement techniques make it possible to detect partially closed cracks. Such a scenario 
may occur for example due to residual stresses or thermal contraction. In the project, an 
experiment was performed where a surface crack in a thick steel plate was subjected to 
cyclic thermal loading. The specimen was instrumented with ultrasonic sensors, which 
performed on-line monitoring of the crack response during the loading. The scenario was 
simulated using the finite element method to obtain the crack opening displacements and 
contact pressure distributions on the crack face over the full loading cycle. Figure 3 shows 
the numerical predictions of the temperature history, crack opening displacements and 
contact stresses. The crack response signal measured using nonlinear ultrasonic techniques 
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is shown in Figure 4. The ultrasonic response is qualitatively in line with the crack opening 
state distribution.   

  

Figure 3. The temperature histories, crack opening displacement histories, contact stress 
and crack opening displacement over the load cycle obtained from the finite element 
simulation.  

Figure 4. Nonlinear ultrasonic response from the crack over the thermal load cycle. 

WP2 

The second work package focuses in the research on the environmental factor affecting the 
fatigue life of components subjected to the primary water environment and cyclic loading. 
Fatigue design curves are based on testing in air, but for four decades it has been observed 
that a reactor coolant environment degrades fatigue life. The greatest challenge in 
environmentally-assisted fatigue (EAF) has been quantifying the effect through a reduction 
factor, Fen. The WP has two specific goals: to generate valid EAF data in support of a plastic 
strain rate based Fen model which can be applied in cumulative usage factor evaluation of 
plant components and to complete development of a relevant Fen model, which will be 
presented and defended as a PhD thesis by 2022. 

Environmental effects of LWR coolant need to be factored in when defining cumulative 
fatigue usage of primary circuit components. The basis is a set of codified design rules and 
fatigue design curves, based on experimental data. To accurately quantify environmental 
effects, the reference curve in air to which fatigue life in water is compared shall be as 
reliable as possible. Literature studies and accumulated data at VTT reveal that the use of 
common reference curves for a wide range of austenitic stainless steel alloys and 
temperatures is unreliable. Some design codes already include measures to consider this but 
ASME III is not yet among them. The ASME III design curve is adopted from NUREG/CR-
6909 and contains no consideration for dependence of temperature or stainless steel grade. 

Two different stainless steel grades, AISI 304L and 347, have previously been used in 
environmentally-assisted fatigue experiments at VTT. The experimental work in 2020 
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focused in providing additional baseline fatigue data for the development of the Fen model. 
The results from the test series performed at 200 °C is shown in Figure 5. The figure also 
provides a demonstration of realistic environmental effect quantification by using these 
reference curves as an alternative to the NUREG methodology. 

  

Figure 5. LCF test results for 304L at 200 °C (left) and CUF calculation for a isothermal SIS 
transient using the measured baseline data (right).  

WP4 

As plants continue to age, there is an increased probability for the need of repairs due to 
extended exposure to a harsh environment (neutron flux, high temperature, high pressure, 
water chemistry). It is paramount that qualified and validated solutions are readily available, 
and that such methods are validated proactively, at a stage when they are not yet needed. In 
FEVAS (joint with ELIAS), a repair method for a postulated through cladding crack into the 
low alloy steel of a nuclear power plant’s reactor pressure vessel has been investigated. 

Repair welding is thought to represent a ‘worst-case’ scenario where a postulated linear 
crack-like defect exists beneath the cladding and might extend across the interface into the 
RPV steel side. This postulated defect is then removed by machining, and the thereby 
machined groove will be filled by repair welding using a nickel-base superalloy filler metal 
and using mechanised/robotised arc welding process. While FEVAS focused in 2020 on 
computational support for mock-up design and weld procedure tests, ELIAS performed repair 
procedure design, including a literature review, and characterization of the mock-up 
microstructure. 

As an alternative to conventional gas tungsten arc welding (GTAW) process, the use of 
automated gas metal arc welding (GMAW) utilizing Cold Metal Transfer (CMT) mode is 
expected to offer many advantages, such as good weld quality, exceptionally stable arc, 
easy automation and very low heat input along with narrow HAZ, and was used.  

In the project, a repair weld mock-up was produced with CMT welding. A postulated crack 
was excavated from a thermally embrittled low alloy steel material and repaired using a 
nickel base filler metal by gas metal arc welding-cold metal transfer. No pre-heating or post-
weld heat treatment was applied, as it would be nearly impossible to apply these treatments 
in a reactor pressure vessel repair situation. One plate was welded, meaning two 
excavations were filled. One excavation was filled with 100 beads along the long side, while 
the second excavation was filled halfway (5 layers) the long side, followed by a 45° hatch 
pattern (6 layers) for a total depth of 40 mm. Both welds appear to be successful. Cross-
sections for welding residual stress (WRS) and microstructural/micromechanical 
characterizations were produced.  
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The mock-up weld was sectioned and a metallographic sample prepared to study the weld 
quality and for other microstructural characterizations. Light optical microscopy (LOM) was 
performed on sections from both RWs, in addition scanning electron microscopy (SEM) 
characterization of the RWs began. Vickers microhardness measurements were performed 
on the specimens from the low alloy steel, across the heat affected zone (HAZ) and into the 
Alloy 52 repair weld. The maximum hardness was measured in the HAZ close to the 
interface and that the region of high hardness was very localized. Micromechanical testing 
was performed on the RW produced in 2019. This was the first time this method has been 
demonstrated on this material in Finland. A total of eight notched micro-cantilevers were ion-
milled and tested. These tests mimic fracture toughness testing. Results analysis is ongoing 
but preliminary results showed little variation in fracture toughness across the HAZ.  

The welding was simulated with the finite element method using in-house welding simulation 
methods (Figure 6). The aim of the simulations was to scope the effects of different welding 
parameters and bead orders on the residual stresses, HAZ extent and cooling curves. The 
computed longitudinal residual stresses show maxima at the surface of the weld, Figure 7. A 
particular interest in the 2020 simulations was the computational prediction of the hardness 
distributions around the weld location. Based on an empirical correlation formulae and the 
simulated t8/5 cooling time parameter, the as-welded hardness distribution in the base metal 
is shown in Figure 8. 
 
 

 

Figure 6. Finite element model for the mock-up welding simulation and bead order in the 
weld cross-section. 

 

Figure 7. Hardness predictions in the base metal after welding as predicted from the t8/5 
cooling time. 
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Figure 8. Computational prediction of the longitudinal (left) and transverse (right) weld 
residual stress distributions after welding at room temperature.  

Deliverables 

• A research report describing coupled pressure pulsation and piping vibration modelling in 
a PWR primary circuit using Apros and Abaqus.  

• A journal article manuscript on nonlinear ultrasound monitoring of dynamic crack closure.  

• A conference paper manuscript on experimental results and development of a new Fen 
model. 

• A conference paper manuscript on repair welding discussing the mock-up design, 
numerical welding simulation and microstructural characterizations. Joint deliverable with 
SAFIR2022 ELIAS. 

 
 

2.3.8 RACOON - Non-destructive examination of NPP primary circuit components, 
machine learning and reliability of inspection 

Efficient and reliable NDE techniques support economical and safe operation of NPPs. The 
RACOON project, addressing “NDE on NPP primary circuit components and reliability of 
inspection” of the SAFIR2022 programme, focuses on the development and understanding of 
NDE methods with novel and state of the art approaches. The end goal is to increase 
reliability of inspections and find non-destructive approaches for aging monitoring. In 2020 
small project ANDIE was merged to RACOON to provide machine learning aspect to non-
destructive inspection. 

Specific goals 

WP1 

WP1 focused on reliability of NDE. The goal for 2020 was to analyse and report the findings 
from the conducted virtual round robin (VRR). The participation for the VRR was good as 12 
inspectors submitted back the results around the world 

In recent times, more and more of the inspections in the nuclear field are per-formed in a 
mechanized manner. This means, that the data acquisition and analysis, that were 
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traditionally conducted simultaneously and interactively, are now separated to distinct steps. 
The analysis is often conducted in a different location after the data acquisition has been 
completed. This division can be carried over to the evaluation of NDT performance. While 
both successful data acquisition and evaluation are critical for the overall performance of the 
NDT, they can now be assessed separately. The quality of the data acquisition is, in general, 
far easier to evaluate. The potential sources of error include incorrect calibration of the 
equipment and failure to maintain sufficient probe coupling during scanning. These can often 
be evaluated without large mock-ups or representative flaws. In contrast, the data evaluation 
phase is challenging to evaluate because the evaluation procedures vary and may include 
significant human judgement. Thus, they necessitate relevant data and, traditionally, large 
mock-ups. Consequently, the primary interest for international round robin is for the 
evaluation and comparison of the data evaluation phase. 

Transportation of the round robin mock-ups all over the world to NDT laboratories is costly 
and a slow process. While the round robin exercise gives valuable insight on the capability of 
the used NDT methods and procedures, they are seldom conducted due to fiscal and time 
constraints. 

The use of virtual flaws opened a possibility to conduct a virtual round robin exercise for 
mechanized data in a completely new way. The round robin was focused on the data 
analysis, where pre-acquired data was distributed around the world, making the exercise far 
more cost-effective than ever before. Moreover, as virtual flaws enable an ample flaw data 
generation a statistically meaningful sample could be generated to quantify the round robin 
performance with a POD. The VRR was divided into two phases, manufacturing, scanning 
and augmentation of the flaws (Virkkunen et al. 2019) and result analysis (Virkkunen et al. 
2020). 

The reported results from 12 different inspectors can be seen in Table 1. The a90/95 was 
estimated in two ways: the standard method and modified. As there are convergence issues 
for POD confidence bound estimation. This gave rise to unrealistic POD estimations i.e., the 
probability of finding zero-sized defect would be >0. This was amended by adding 20 
synthetic misses with the size of 0 to the data to tie the detection probability to 0 at the flaw 
size of 0. 
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Table 1. Summary of the main results for VRR. The modified a90/95 is considered the best 
estimate for the value, due to convergence issues in estimation. False call rates are reported 
both as percentage in data and ASTM-E2862 compliant 95% confidence bound probability of 
false positives (PFP 95). 

 

ID Standard 

a90/95 

Modified 

a90/95 

False calls 

(count) 

False call 

(%) 

PFP 95 

(%) 

A  1.7 11 5% 8% 

B 3.5 1.7 21 9% 13% 

C 1.4 2.0 8 4% 6% 

D 3.2 2.6 13 6% 9% 

E 2.9 2.9 8 4% 6% 

F 5.9 2.9 11 5% 8% 

G 4.1 3.8 9 4% 7% 

H  4.7 5 2% 5% 

I 3.5 4.7 4 2% 4% 

J 5.6 5.3 7 3% 6% 

K 24.5 5.6 10 5% 8% 

L 7.1 7.1 3 1% 3% 

 

The results showed variance with a90/95 ranging from 1.7 mm to 7.1 mm. For the two largest 
a90/95 values the result can be explained with two large misses. The exact reason behind 
these misses were not found, as their signal-to-noise ratio was high enough for almost 
certain detection. This has been seen in other exercises as well, when the inspectors tend to 
miss the critical and large flaws while finding the smallest possible flaw. 

False call performance was between 3% to 13%, with no clear link to the a90/95 
performance. However, as one inspection file was left completely flaw free, no inspector 
could determine the file completely flaw free. In fact, most of the false calls were made in this 
file. Moreover, 4 out of the 12 inspectors identified some files as flawless. The falsely 
flawless identified flaws did contain only small flaws with maximum equivalent flaw size 
below 3 mm.  
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The flaws are infrequent and most of the true data files inspected are flawless. Thus, making 
false calls in excess would hinder the inspection performance in actual inspection conditions. 
Therefore, this experimental setup does not fully represent the same inspections made in 
NPPs. This could be mitigated by increasing the number of flawless files and setting a limit to 
the number of false calls to discourage the inspectors to make false calls.  

 

WP2 

Ultrasonic simulation has been conducted in the WANDA project, predecessor to RACOON 
project (Jessen-Juhler, 2018, Koskinen et al. 2018) with CIVA simulation software. However, 
CIVA simulation approximates the signal widely and for anisotropic situations such as 
austenitic stainless-steel weld or dissimilar metal weld, the approximation might be too vague 
for proper use in reliability exercises or as training data for machine learning (Koskinen et al. 
2021). 

Finite element method FEM was speculated to give more accurate approximation for flaw 
signal generation and simulation efforts were started in 2D in 2019. As flaw signal generation 
was successful in 2D (Jessen-Juhler et. al. 2019), the simulation model was extended to 3D 
shown in Figure 2 a). The model was able to generate an A-scan show in Figure 2 b). The 
simulations contained a simple phased array probe with a rexolite wedge. The wedge 
contained absorbing layers similar to a traditional wedge to reduce the noise from refracted 
ultrasonic waves. Unlike traditional ultrasonic probe, the transmitting and receiving elements 
do not have their own natural frequency, thus the recorded signal needs to be filtered digitally 
around this natural frequency to achieve the desired result. The material properties 
represented a homogeneous stainless-steel. 

While both simulations in 2D and 3D were successful, the number of elements required 
made the computing time to exceed over 20 hours per single A-signal. As the simulated 
model was smaller than required for simulating a complete weld inspection the computation 
would take even longer with Abaqus based solver. Therefore, the time required to simulate a 
B-scan would take mul-tiple these A-scans to be any use for reliability and machine learning 
exercises would be too great. 

The next step for the simulation effort is to find a solution for this computation time issue. 
One viable approach is to investigate other solvers, which might be more efficient in dealing 
with ultrasonic based problems. 

 
a)                                                           b) 

Figure 1. a) The 3D model geometry and setup b) The produced A-scan from 3D simulation 
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Nonlinear ultrasound generation was studied as novel inspection method. The reason to use 
nonlinear ultrasonics is to  

WP3 

Main agenda of WP3 was to do a performance demonstration of austenitic stainless-steel 
weld inspection. The original intent was to inspect genuine inspection data from an NPP, but 
COVID-19 pandemic restricted activities in an outage to only for necessities and this 
research project could not be done in its original intent. 

A substitute stainless-steel welds were acquired from Suisto Engineering and the project 
could be completed with the substitute samples. Thermal fatigue flaws were manufactured to 
stainless-steel base material and virtually transferred to the separate welds to generate 
training data. The model was trained with this initial data and a POD curve in Figure 2 with 
same data, but unforeseen flaws. Additional welds and thermal fatigue flaws were 
manufactured to these three new welds to validate the performance. The flaws and welds 
were scanned with the same procedure and equipment used to inspect the same weld as in 
a regular NPP. To compare the human performance, inspector evaluated the same validation 
scan files. The human inspector fared slightly better but made more false calls than the ML 
model. Therefore, the study demonstrated that the ML model is fully capable of handling the 
same data-rich inspection data, which is traditionally used in inspecting the NPPs. This 
opens the possibility to increase the data amount even further, as data-analysis time is no 
longer an issue. 

 
Figure 2. POD curve for the machine learning model trained to detect flaws in austenitic 
stainless-steel weld. The solid black line represents the POD value and the dashed grey line 
the lower 95% confidence bound. The model achieved a90/95 value of 2.1 mm with a false 
call rate of 2.3%. 

Another study was made from the data generated from the VRR in WP1. The effect of 
different flaw types and sizes on the inspection performance of the machine learning model 
was studied. The study showed how teaching data effects the end result on the performance 
on the model. The flaw type, and sizes have a great effect on the sizes and types of the flaws 
found. If a type of flaw is used in training which might contain features solely related to this 
flaw type or some artefacts from the manufacturing process, the performance of the model to 
find other flaw types might decrease greatly. 
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Deliverables 

• Scientific publication or conference paper on the progress of international virtual round 
robin 

• Conference paper on 3D flaw simulation (Changed to Report) 

• Report will be done with shared effort from FEVAS. The deliverable is shared 50% / 50%. 
(Changed to scientific publication, delayed until March 2021, agreed on RG5 meeting 1, 
2021) 

• Scientific publication or report on the 2020 pilot ML system, including used data, model 
structure and demonstrated performance. 

• Conference paper or presentation on the use of modern convolutional neural network in 
NDT (Changed to scientific publication) 

 

2.3.9 SAMPO - Safety criteria and improved ageing management research for polymer 
components exposed to thermal-radiative environments 

SAMPO project focuses on safe long-term use of polymer components and improving their 
ageing management. This is performed by studying ageing mechanisms in thermal-radiative 
environments, determining how to set acceptance criterion properly and providing robust 
tools for condition monitoring. These topics become more relevant as the original planned 
lifetime of the plants is approaching and extension is considered. Safety criteria assessment 
and ageing management needs to be at sufficient level in order to prevent premature 
component breakdown and avoiding endangering the overall safety 

Specific goals 

The objective of WP1 is twofold. The first objective is to evaluate what different factors need 
to be taken into account when an acceptance criterion is set for a polymer component. The 
second objective is to improve safety margin assessment. In this sense, it is important to 
understand how the material ages in thermal-radiative environments as well as how different 
additives contribute to the ageing mechanism in order to set the acceptance criterion 
properly.  

In 2020 joist seals from (Olkiluoto) was taken out and was compared to accelerated aged 
joists. Acceleration was set to simulate 20 years of use. This showed small figures in 
changed properties of the material as can be seen from Table 1.  

Table 1. Tensile properties and hardness of the aged and unaged joist sealants. 

Sample Tensile strength (MPa) Elongation at break (%) Hardness (IRHD-m)  

naturally aged, 
ref      

6,92 294,5 72,4 

naturally+heat 
aged   

7,01 283,1 78,3 

 

During 2020 DSC and FTIR methods were identified in task 1.2 to be suitable methods for 
on-site analysis of antioxidants while combined TGA and EDS analysis would be suitable to 
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filler analysis. Their applicability for on-site use was estimated to be suitable due to minimal 
sample preparation phase, simplicity of the analysis and robust equipment. A small scale test 
was performed with each method to present their applicability in quality analysis.  

DSC and FTIR both could distinguish aged PE sample from unaged sample. OIT measured 
with DSC decreased from 180 minutes to 10 minutes indicating a heavy antioxidant depletion 
in the material due to ageing (see Figure 1). Similarly carbonyl group peak height was clearly 
affected by ageing, indicating formation of carbonyl groups due to ageing. 

 

 

Figure 1. OIT measured with DSC. Unaged polyethylene on left side and sample aged for 40 
weeks at 100°C on right side.  

TGA analysis were performed on two different size EPDM samples in order to estimate the 
effect of sample size on analysis results. According to the analysis, roughly 40% of the 
sample was non-volatile below 800°C. The EDS analysis performed on the ash revealed 

more the presence of carbon, sulphur and zinc. Sulphur is probably the curing agent, but zinc 
may have various functions. Here zinc is assumed to be used as a processing aid. Thus, 
when the S and Zn contents are taken into account, it can be estimated that the filler content 
of these specific samples were 37,8% for the smaller sample and 38,3% for the larger 
sample. 

The small scale tests performed with each method showed that DSC and FTIR would be 
suitable methods for AO analysis while combined TGA and ESD should suit well for filler 
analysis. OIT and FTIR measurements were clearly capable to distinguish the aged and 
unaged PE samples from each other. Additional measurements would be required to show 
whether they can provide quantitative results with sufficient accuracy. The combined TGA 
and EDS provided the carbon black content of the EPDM rubber tested. Additional non-
volatile additives could be detected as well by EDS and it makes the filler analysis more 
accurate. The resolution of both methods need to be confirmed with further measurements 
with custom made materials.  

In task 1.3 work will be continued to be able to set realistic safety margins for O-rings i.e. 
how well the acceptance criteria are set and safety margin assessment is added. Laboratory 
conditions are normally static whereas O-rings in service are exposed to thermal fluctuations 
and vibrations as well as water. Therefore, aged O-rings were leak tested after exposure to 
simulated thermal and mechanical disturbance in order to set relevant acceptance criteria. 
From Figure 2 the effect of water exposure to compression set can be seen with EPDM and 
nitrile O-rings. Ageing in air proved to be more degrading most likely to due to the better 
availability of oxygen.  

Stress relaxation tests have also been used in the ongoing project in order to evaluate the O-
ring material. This method is similar to compression set, but instead of dimension changes, 
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the sealing force of the rubber or O-ring is measured. Test data is recorded online and the 
specimen are exposed to heat during the measurement, i.e. ageing and measurements are 
performed simultaneously. 

The objective in WP2 is to provide improvements to ageing management in order to enhance 
the long term and safe use of the plants. The most suitable way to do this is to provide 
techniques that can be used to measure component condition non-destructively. For practical 
reasons, these techniques are typically non-destructive or require very small piece of sample 
material. One key issue developing novel non-destructive condition monitoring techniques is 
to understand how the non-destructively measured material parameter relates to polymer 
condition and its ageing. Such correlations are of interest in this research, combined with the 
objective to develop techniques for on-site measurements. 

 

Figure 2. Comparison of the compression set of rubbers aged in air and water. EPDM and 
nitrile rubber samples were aged for half year at 120 and 80 °C, respectively.   

New O-rings was also compared in a leakage rig. The material from these new o-rings were 
made of an industrial quality common in NPPs and seen as a quality rubber made for 
SAMPO-project. These o-rings performed in general worse than COMRADE top-level 
material also when compression set and leak-tested as in COMRADE. In Figure 3, below this 
EPDM quality is named “bad”, this does not mean it´s a bad quality rubber, just that it´s more 
representative in NPP, than the COMRADE top-level. 

 

 

Figure 3. Data of compression made 2020, set for model ‘bad’ material, and one set of data 
of top-level material at 120 °C for comparison. 

Ageing management of polymer materials takes time and effort and we believe that new 
technologies such as digitisation and online measurements would make this easier in the 
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future. These possibilities will be examined in task 2.1. In NPPs, where it is difficult to change 
and sometime also to inspect parts, it would be particularly valuable. For example, in pipes 
for water supply and wastewater placed underground in cities, online monitoring is already 
used to spot leakages of water. Flow meters are placed in the pipes and monitored by 
computers and a leakage may be detected before it is observed above ground. We will try to 
monitor changes in polymer properties in for example cables and O-rings by measuring the 
dielectric properties. Changes in the chemical structure and overall composition of the 
materials are likely to affect the dielectric properties and there are previous examples where 
changes in dielectric properties have been linked to aging of polymeric materials. The effects 
of ageing on the dielectric behaviour of the materials in question could be measured using 
e.g. impedance/dielectric spectroscopy. A very convenient method to monitor the status of 
rubber or polymer materials would be to measure material changes online. If there are large 
enough changes in dielectric behaviour of the materials that can be directly related to the 
ageing process, it should be possible to follow these changes using antenna dielectric 
sensors. By mapping the dielectric behaviour of the materials under test, antennas could 
hopefully be designed to fit the frequency providing the highest sensitivity. Placement, 
environmental factors and calibration of sensors would likely also be issues necessary to 
address as well as monitoring moisture and temperature to avoid overlapping effects of moist 
content and degradation of the monitored polymers. 

If ageing of the materials leads to e.g. cracking or inhomogeneities in the materials these 
could possibly be detected by designing a method utilizing partial discharge. State of the art 
measurements of impedance are not ready for products, only for test samples. The research 
question is how to design specific measurements methods and test samples sizes that are 
suitable for aging tests. The electric properties will be correlated to relevant material 
properties such as elongation, compression set and tightness etc. before and after ageing in 
order to verify the methodology. 

Test of this online monitoring method during 2020 shows that there is a correlation to ageing 
of EPDM-rubber and the dielectric signal. Technique is considered to be in an early stage 
and there will be work done during 2021 to optimize both equipment, such as probe but also 
process wise, to find the ultimate frequency that give the most information from polymer 
materials. 

In task 2.2 we will look at a sensitive technique i.e. MC to be able to measure material 
deterioration/ageing at temperatures, as close as possible to the temperature experienced by 
the material in NPPs. During 2020 the material model developed in task 2.3 was improved in 
order to obtain more accurate predictions. Firstly, the model was improved by taking into 
account the polydispersity of the chains that arises from the catalytic polymerization process. 
Secondly, it was verified that using united atom approach provided similar results as all-atom 
approach. 

The introduction of the polydisperse system yielded in improvements of the ageing model in 
task 2.3. Crystallinity degree increases as chain scission is induced in the amorphous phase, 
which is along with the experimental data found in literature. In addition, the prediction of 
mechanical parameters (elastic modulus, Poisson’s ratio, density, and sound velocity) as 
function of ageing seem to be possible with improved accuracy compared to the previously 
used monodisperse system. 

The predicted sound velocity values for two different molecular weight XLPE systems were 
calculated and the data was obtained using united-atom approach. The predicted results are 
somewhat low in the absolute sense, the effect of ageing on the sound velocity is similarly 
predicted by the united-atom and the all-atom approaches, justifying the use of the 
computationally much more affordable united-atom approach in interpretation of ultrasonic 
data. 



 

 

RESEARCH REPORT VTT-R-00462-21 

123 (146) 

  

 

Further development of ultrasound and DSC techniques for cable condition monitoring were 
continued in 2020. Aged PE and XLPE samples were measured in order to demonstrate the 
sensitivity of the methods. However, it seemed that even after 40 weeks of ageing the 
measurable material properties, i.e. ultrasound velocity and crystallinity degree did not 
change. However, the elongation at break values did decrease, as can be seen from Figure 
4. It is interesting to see that the material remains its elasticity while its ability to withstand 
plastic deformation decreases. This explains why the ultrasound or crystallinity degree 
values stayed constant during this ageing period. Further clarification is required on the 
ageing mechanism to explain the results or predict when the changes in the elasticity begin 
to be seen.  

 

Figure 4. Engineering stress-strain curves for individual PE samples after 0, 16 and 32 
weeks of ageing. 

Within WP3 international cooperation is promoted. This is accomplished by organizing and 
participating meetings and educational events with nuclear power industry members, 
researchers and regulators. The aim is to gain synergistic advantages from a large Nordic 
consortium in research activities, nuclear safety issues and improved plant efficiency. 
However, during 2020 no activities were arranged due to the Covid-19 related restrictions.  

Deliverables 

• Workshop with NPPs choose material from closed NPPs and/or from outages. Find 
suitable reference materials.  

• Report on polymer additive analysis techniques and condition indicators 

• Report suggesting safety margins for O-rings based on the experiments 

• Report on available monitoring techniques based on literature, studies of other industrial 
sectors and initial laboratory tests 

• Report on applicability of microcalorimetry on condition monitoring and first results 

• Review on NDTs detecting ageing induced changes in polymer structures and related 
material model 
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2.3.10 FATIMA - Fatigue management for LTO 

The general objective of FATIMA (2020-2022) is to go beyond existing state-of-the-art (SoA) 
in fatigue management for long-term operation (LTO), accounting for environmental effects 
on fatigue life. Improved realism in fatigue management allows maintaining high load factors 
and economic competitiveness for ageing plants without compromising safety. In addition, 
improved timing and focus of non-destructive evaluation or repair reduces radiation doses of 
personnel. 

Fatigue Management is based on international practices, codes and standards. Improved 
methods can be adopted through scientifically solid justification and international acceptance, 
but consensus on current codes and state-of-the-art for environmentally-assisted fatigue 
(EAF) has been lost. Together with the debated and evolving Fen models for accounting the 
effects of reactor coolant water, ambiguity and volatility in fatigue assessment rules may 
cause uncertainty in long-term fatigue management of primary piping components. 

Such uncertainty requires mitigation through responsible experimental research and 
development of science-based EAF models which remain compatible with the design codes 
and transferable to NPP components. This is the aim and long-term goal of FATIMA. As our 
research capacity is limited, opportunity for collaboration with major international 
stakeholders is an attractive route for discussion and wider acceptance of proposed 
methodologies. 

The research theme and work package focus of FATIMA is summarized in Figure 1. 

 

Figure 1. Research theme and work packages for FATIMA. 

Specific goals 

WP1 of FATIMA is devoted to collaboration activities and understanding the international 
state-of-the-art in fatigue management for LTO. The goal of the latter is to review, analyse 
and discuss the current state-of-the-art in environment-assisted fatigue together with EAF 
related codes and standards and fatigue management procedures. The original ASME III, 
first published in 1963, served as a common root for all design codes and standards currently 
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used for design and safety assessment of NPP primary loop pressure boundaries. The 
Finnish legislation requires that the general safety level of ASME III shall be met, but also 
other Design Codes can be applied. 

Transferability of laboratory results to components in plants was a key target for the original 
‘design by analysis’ fatigue assessment procedures, but ignored in some later adjustments. 
The current fatigue design curve for stainless steels in ASME Code section III is an example 
of this. The German KTA (2013) and Japanese JSME (ongoing) make clear distance to 
fatigue rules in ASME III (2010). The French RCC-M aims to maintain partial compatibility 
with ASME III, but with some corrective measures. 

In 2020, the SoA review task was started and completed. The various challenges in 
management of fatigue and the evolving state-of-the-art in different codes, standards, rules 
and assumptions was discussed. The roots and current status of fatigue curves and design 
criteria applied in Finnish NPP’s were explained. It was concluded that challenges remain in 
developing common understanding and practical application(s) for management of EAF while 
avoiding unnecessary conservatism without compromising safety and operability of reactors. 
It was suggested that collaboration between major stakeholders and contributors is needed, 
if harmonization of the design criteria and regulation is sought for internationally. 

The specific goal of collaboration activities is the membership and active participation in an 
EAF R&D Collaboration Group, moderated by EPRI and formed by the major global 
stakeholders in EAF research. Meetings of the group are opportunities for sharing of ideas, 
discussion and identification of future collaborative research. International activities are 
supplemented by participation in other activities (e.g. ASME Code Week meetings) on a 
case-by-case basis to remain at the forefront of discussions, not only from R&D perspective 
but also from the point-of-view of codes, standards and regulatory framework. 

In 2020, the joint membership of Team Finland (VTT, Fortum and TVO) was accepted by the 
EAF R&D Collaboration Group partners. The group has not been able to meet physically 
since then but has kept discussion active by organizing online webinars, including an 
introductory presentation of Team Finland activities in the past and present. This format of 
activities is expected to continue for the time being, while travel restrictions apply. 

WP2 of FATIMA is dedicated to cyclic experiments and fatigue testing in simulated reactor 
coolant waters (EPR and VVER). Experimental programs on EAF started in USA and Japan 
close to 50 years ago. Code-compatible test methods in relevant LWR coolant water 
environments were not available at that time and strictly speaking incompatible methods 
were introduced, e.g. the Japanese thin walled tubular specimens and ‘companion specimen 
strategy’ used by Argonne National Laboratory (ANL). Based on American and Japanese 
laboratory results, ANL prepared in 2007 a final report NUREG/CR-6909 which remains the 
default reference for the environmental fatigue correction factor, Fen. 

VTT FaBello facility for code compatible low cycle fatigue research in coolant water was 
designed and installed about 10 years ago. Therefore, critical inspection of operability, 
maintenance and assessment of possibilities for upgrading functionality of FaBello is 
targeted within FATIMA. Experimental campaigns with FaBello up to 2018 successfully 
demonstrated limited effects of environment on fatigue life in plant relevant conditions. 
Crucially, these experiments were performed in strain control to retain Code compatibility. In 
fact, transferability issues of nonstandard experiments are suspected to be a major cause of 
mismatch between results with FaBello and ANL, for example. A major target of FATIMA is 
to generate additional experimental data with material batches relevant to domestic NPPs in 
order to confirm the generic expectation of relatively moderate environmental effects for 
austenitic stainless steels in general. 

In 2020, WP2 activities were not yet started and were postponed to begin in 2021. 
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WP3 of FATIMA is dedicated to cyclic experiments and fatigue testing in air. The purpose is 
to research cyclic response and fatigue damage accumulation in different conditions 
excluding environmental effects. The original data and regression model used by Langer for 
the ASME III design curve were ignored when ANL compiled a wide collection of diverse 
fatigue data, fitted mean curves and proposed an alternative design curve for ASME III. As a 
result, the current ASME III design curve (since 2009) is based on a mix of relevant and 
irrelevant, valid and invalid data fitted to a model, which differs from the original code. 

FATIMA targets generation of batch-specific fatigue data for the same heats of material used 
in WP2. The fitted ‘reference curves’ will be compared to the 1963, 1984 and 2009 reference 
and design curves in ASME III. Similar comparison is made also with other relevant code 

curves, at least with the current RCC-M design curve and in a provisional rule RPP-2 
(2016) proposed new curve for RCC-M. Comparison of the experimental results to 
reference and design curves will allow discussion on transferability and design margins. 

A particular focus area of FATIMA is in high cycle fatigue (HCF), where the historical and 
current design curves most notably differ. As NPP components experience combinations of 
different thermal transients and mechanical loads, potential effects of variable amplitude 
loading need consideration. Prior findings at VTT had hinted of major differences between 
ferritic and austenitic steels in HCF damage accumulation under variable amplitude straining. 

In 2020, material procurement was delayed due to administrative reasons and the originally 
scheduled experiments were canceled. Fortunately, an alternative test material was available 
from prior research and could be utilized for the latter half of the year. As the material was of 
a previously much studied type and aimed for temporary use, basic characterization of the 
batch was skipped and the focus in 2020 was placed directly on HCF variable amplitude 
experiments. However, experimental results were inconsistent with previous assumptions. A 
combination of inconclusive results and limited time for interpretation delayed publication of 
the experimental work from 2020 to a later date. Certainly, more attention is needed to 
understand how variable amplitude straining above and below the constant amplitude 
endurance limit influences fatigue usage. 

Deliverables 

• A conference paper submitted to ASME PVP2020 on the state-of-the-art on 
environmentally-assisted fatigue methodologies in international Codes and Standards 

• A conference paper planned for ASME PVP2021 on the applicability of environmentally-
assisted fatigue rules for stainless steel piping to the design by analysis concepts in 
international Codes and Standards 
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2.4 Research infrastructure 

In 2020 the research area “Research infrastructure” consisted of three projects:  
 

1. Barsebäck RPV material used for true evaluation of embrittlement (BRUTE) 
2. Infrastructure development at LUT safety research laboratory (IDEAL) 
3. Participation in Jules Horowitz Reactor project - towards first criticality in 2022 

(JHR2022). 
 

2.4.1 BRUTE - Barsebäck RPV material used for true evaluation of embrittlement 

The objective of BRUTE is twofold, i.e., to perform mechanical and microstructural 
investigations of Barsebäck 2 BWR reactor pressure vessel (RPV) materials in irradiated and 
thermally aged conditions and to pioneer the new infrastructure in the Centre for Nuclear 
Safety, CNS, VTT. Eight trepans with a diameter of 200 mm and full RPV wall thickness 
(~130–160 mm) have been cut from the B2 RPV, from both the beltline welds, subjected to 

thermal load and neutron irradiation during 27 year of operation at 288 C, as well as from 
the vessel head, subjected only to thermal load. Materials from surveillance programmes and 
from accelerated irradiation to mimic about 200 years of operation are also available as well 
as data from earlier test campaigns. This makes the material selection unique. 

The main objective is to determine the comparability of the surveillance programs, used to 
assess the safety and lifetime of the RPVs, with the results of the real RPV material. The 
BREDA project in Sweden, the Barsebäck Research and Development Arena, has planned, 
executed and funded the cutting of the trepans, and is a prerequisite for the BRUTE project. 
Pioneering the new CNS hot cell infrastructure will fully commission the new infrastructure, 
prove the functionality of the equipment in normal project work, confirm the quality of the 
results in routine testing situations and give a valuable reference for future assignments.  

SAFIR2018 BRUTE project was a one-year project, which continued into SAFIR2022 as a 4 
year Excellence project. Four trepans from the reactor pressure vessel head (RPVH) were 
delivered to VTT CNS in March 2019 and from the beltline area in February 2020. The RPVH 
trepans are from weld W28, which is made from high Ni-weld metal. The same filler material 
is used for the beltline welds and additionally for all other RPVs manufactured by Uddcomb, 
i.e., in most Nordic nuclear power plants (NPPs). The chemical composition, determined in 
the BRUTE2019 is seen in Table 1.  

Table 1. Average chemical composition of the submerged arc weld (SAW) of the B2 RPVH.  

 C Si Mn S P Cr Ni Mo Cu Al W V Ti Co B Fe 

SAW 0.057 0.15 1.43 0.007 0.008 0.03 1.48 0.41 0.06 0.024 <0.01 0.006 0.003 0.020 0.0003 bal. 

 

Specific goals in 2020 

The specific goals for BRUTE 2020, are as follows: 

Validation of fracture toughness testing using miniature C(T) specimens. 

Start cutting of beltline trepans in accordance with agreed test matrix and 
prioritisation in addition to possible continued cutting of RPVH trepans.  

Continued mechanical testing, including beltline weld metal. 

Continued microstructural investigations on RPV and beltline weld metal. 
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Reporting of results. 

Preparation of scientific publications on mechanical test results and on/or 
microstructural results as part of doctoral thesis work. 

 

The fracture toughness testing using miniature C(T) specimens was validated in 
BRUTE2020. Encompassed in the validation were pre-test measurements, fatigue pre-
cracking, proper testing, fracture surface imaging as well as data analysis following ASTM 
E1921-19 [1]. The validation was performed with two different materials, NESC-1 project 
material and CRIEPI material from an earlier round-robin. Both are well-characterised 
materials, and therefore evaluated to be suitable for the validation. However, the test results 
showed that the NESC specimens were not suitable for validation purposes. On the other 
hand, the complete T0 obtained for CRIEPI material was -116.7±7.9 °C, in comparison to 
-109 °C of previous VTT tests and -101 °C of original CRIEPI tests, Figure 1. Both datasets 
were deemed inhomogeneous and the reference temperatures after inhomogeneity-related 
conservatism were 85.5 °C and -113.7 °C, respectively.  

 

Figure 1. Master Curve of CRIEPI material. The reference temperature estimate is obtained 
through inhomogeneous dataset analysis. 

The tests and analysis demonstrate that CNS testing facilities are capable of high quality 
Master Curve testing. After some challenges were handled, the load-displacement curves 
have been consistent and the ensuing Master Curves correspond with reference data. 
Furthermore, supplementary measurements such as dimensions and fracture surfaces can 
be made with good accuracy.  

The four trepans, á 27–28 kg, cut from the beltline area of the B2 RPV were delivered to VTT 
in February 2020. The trepans were measured both for activity and physical dimensions and 
the location of the welds in the trepans were identified [2]. The width of the weld varies from 
30 to 44 mm, showing the importance of accurate location of the weld, preparation of cutting 
plans and cutting, as the Charpy V-notch impact (CVN) specimen length is 55 mm, and thus 
exceeds the width of the weld. Only by accurately positioning the CVN specimens in the 
trepan, and additionally checking the achieved accuracy of cutting, can it be assured, that the 
notch is at the correct location of the weld. In total 54 specimens for microstructural 
investigation, hardness measurements, tensile testing, impact testing and activity 
measurements were successful cut from one trepan in 2020 [3].  

One of the goals of the BRUTE project is to get a better understanding of factors affecting 
brittle fracture initiation in RPV materials, starting with the weld metal. As part of this goal, the 
specimens from the fracture toughness testing of the RPVH weld metal were subjected to 
detailed fractography and microstructural investigations [4]. Similar investigations had been 
performed on the impact test specimens earlier. The main results were summarised in a 
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publication in 2020, as part of an ongoing thesis work [5]. The fractographic examination of 
the CVN impact toughness specimens revealed large inclusions (0.5–2.5 μm) at the brittle 
fracture primary initiation sites. Higher impact energies were measured for specimens where 
brittle fracture initiates from a smaller inclusion or an inclusion further from the V-notch, 
Figure 2. The density, geometry and chemical composition of the primary initiation inclusions 
were investigated, and the size of the initiators is larger than the average inclusion size. The 
brittle fracture crack initiated as a microcrack either within the multiphase oxide inclusions or 
from the debonded interfaces between the uncracked inclusions and weld metal matrix. The 
primary fracture site can be determined in all specimens tested in the lower part of the 
transition curve, at and below 41 J reference impact toughness energy, but not above, due to 
the change of the fracture mechanism, and hence the changes in the fracture appearance, 
showing that the value 41 J, commonly used for determination of the ductile to brittle 
transition temperature is a good choice.  

 

Figure 2. The relation between primary initiation a) particle size (μm) and b) distance of the 
initiator from the V-notch (mm) with impact energy. The specimens tested in the lower part of 
the transition curve show a trend, as the weakest location in the process zone of the testing 
temperature breaks first. [5] 

The investigations of the fracture toughness specimen fracture surfaces show that the 
distribution of the initiation sites are concentrated toward the middle of the specimens, which 
is in accordance with expectations, taking the stress state along the specimen width into 
account. The initiation does not always occur at the deepest point of the pre-fatigue crack. 
Similarly to the CVN specimens, there is a correlation between the distance from the notch or 
pre-crack tip, and the mechanical properties, i.e., the impact energy or the fracture 
toughness. Specimens with higher fracture toughness values have their initiation sites further 
away from the pre-fatigue crack tip. Also the amount of ductile crack growth is longer when 
the fracture toughness is higher.  

Two types of initiation sites were observed, i.e., cracked particles and debonded, Figure 3. 
The initiating particle sizes are larger than the average particle size. Similar to the CVN 
specimens, specimens with lower toughness values showed larger initiating particle sizes. 
Concerning the microstructure, which macroscopically consists of as-welded and reheated 
zones with different microstructures, lower fracture toughness values were observed when 
the prefatigue crack tip is in the reheated microstructure.  
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Figure 3. Broken (upper two pictures), and debonded (lower two pictures) particles at the 
brittle fracture primary initiation sites. [4] 

The microstructural investigations of the beltline weld metal show similar microstructures as 
observed in the RPVH weld metal, i.e., acicular ferrite, with some grain boundary ferrite in 
the as-welded regions, and mainly polygonal ferrite in the reheated regions [6]. 

The T0 temperature of the RPVH weld metal, based on Master Curve analysis is  

-103 ± 37 C, which is similar to that of the baseline weld metal specimens, -99 C. This is 
line with the impact test results, showing similar ductile to brittle transition temperature of the 

two materials, i.e., -74 C T41J for the reference material and -75 C T41J for the RPVH 
material. Both results indicate that there is no effect of thermal ageing during the 27 years of 

operation at 288 C.  

Tensile and impact testing on the beltline weld metal were successfully performed in 
BRUTE2020 and the results are being evaluated.  

Deliverables in 2020 

• A public document describing the fracture toughness testing validation. 

• High-quality specimens available for testing, based on cutting plans and 
successful cutting. 

• Extensive results from characterisation of fracture surface from the fracture 
toughness specimens, summarised in a report.  

• A scientific publication based on the results from characterisation of 
microstructure and impact test specimens from the RPVH. 

• Mechanical test results from RPVH and beltline weld metals. 

• Basic documentation of the beltline trepans delivered to VTT. 
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2.4.2 IDEAL - Infrastructure development at LUT safety research laboratory 

The general objective of the IDEAL project (2019–2022) is to develop the experimental 
thermal hydraulic infrastructure at LUT University nuclear safety research laboratory. The 
project comprises maintenance of the existing thermal hydraulic test facilities, development 
and upgrade of the instrumentation and data acquisition capabilities, as well as development 
of the new modular integral test facility, MOTEL. The motivation for the project is in providing 
state-of-the-art experimental thermal hydraulic capabilities, which benefit the whole Finnish 
nuclear community. The maintained and upgraded facilities are used in other important 
SAFIR and industrial safety research projects. Enhancement of the measurement capabilities 
enables production of high-quality data for understanding the thermal hydraulic phenomena 
and for the development and validation of computational tools, such as CFD codes. 
Purchasing and implementing novel measurement techniques promotes the growth of 
expertise in the field of experimental thermal hydraulics. Maintaining the facilities and 
expertise enables rapid solution of problems that arise in the Finnish nuclear power plants. 

 

Specific goals 

WP1 of IDEAL concerns the development of advanced measurement techniques, such as 
particle image velocimetry (PIV), wire-mesh sensors (WMSs), high-speed cameras (HSCs) 
and the related pattern recognition technology, optic fibers for longitudinal temperature 
distribution measurement, and ultrasonic flow meters. 

The optic fiber technique was tested initially in 2019 but the results were not good. Thus, in 
2020, the fibers were further tested as a bachelor’s thesis work. The measurement set-up 
was simpler water pool measurement with both a straight fiber and fibers bent to U-curves. In 

https://doi.org/10.1007/s12613-020-2226-6
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the work, the effect of the capillary pipe curves of different radiuses was studied. In addition, 
the aim was to study the effect of vibration to the measurement accuracy since there was 
indication from the previous measurements that vibration may affect the results. The 
vibration was executed by means of shaking the measurement set-up before the 
measurement. Also, the effect of temperature was studied: all measurements were 
conducted with “cold” water (~10–20 °C) and “hot” water (~50 °C). The spatial resolution 
used in the measurements was 0.65 mm, which is the highest possible with the current 
system. The measurements were conducted inside the water pool of the HIPE (Horizontal 
and Inclined Pipe Experiments) test facility in the LUT laboratory. 

An example of the measurement results is shown in Figure 1. In the figure, the gray dots are 
moving average values of the optic fiber temperature data with the spatial resolution of 0.65 
mm. The red dots are the reference thermocouple measurement values. The black dots are 
the optic fiber temperature values in the locations of the thermocouples. The example figure 
shows really large differences between the fiber and thermocouple measurements. It also 
shows that the deviation of the fiber measurement is approximately 2 °C in this case. Further, 
we can see that the effect of the bends on the measurement result is difficult to interpret from 
the results. The gained results show in general that the fibers still give data, which differs 
relatively much from the reference thermocouple measurements. Based on the results of the 
work, there seems not to be a clear indication on which factors affect the results most 
(bends, temperature, length of the fiber…). In general, it seems that the optic fiber technique 
is not suitable for really accurate temperature measurement, but rather for rougher 1D 
distribution measurement where the interest is more on temperature gradients on certain 
lengths (for example height of a pool, length of a steam generator tube etc.), and where the 
accuracy of the measurement doesn’t play so big role. 

 

Figure 1. Example of measurement results with optic fiber with six bends in cold water. 

The ultrasonic flow meters were initially tested in the above-mentioned PASI natural 
circulation experiment NC-03 in 2019, but the results were not convincing. The testing was 
continued in 2020 in a separate test set-up to prepare for the use in the annular downcomer 
of the MOTEL test facility. A mock-up of the annular downcomer space, a rectangular flow 
channel with a 3.5 cm x 51.5 cm cross-sectional area, was attached to the HIPE test facility 
water tank. The water was circulated from the water tank to the flow channel and back. The 
testing set-up is presented in Figure 2. The flow meter is attached on the surface of the flow 
channel, as it will be attached on the surface of the MOTEL downcomer. 
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Figure 2. Ultrasonic flow meter testing set-up attached to the HIPE test facility. 

The testing was conducted in atmospheric pressure and temperature. The challenge in this 
measurement configuration is that the flow meter assumes circular flow channel (the 
diameter of the channel is put in the meter before measuring). Therefore, a correction factor 
has to be used in order to correct the measurement data to correspond the situation in the 
annular downcomer space. The effect of the curvature of the MOTEL downcomer was 

considered negligible. The flow meter assumes round channel cross-section ( ). In this 

case, the flow channel is rectangular (assumed measurement area ). Thus, the correction 

factor  was used in this case. Measurements were conducted on various lateral locations 
of the flow channel. Example of the results is shown in Figure 3. The reference flow velocity 
data was measured from the HIPE test facility flow channel as volumetric flow. This was 
converted into velocity, assuming that the flow is evenly distributed inside the mock-up flow 
channel. This was one uncertainty in this study since there was no information on how the 
flow was distributed in the channel. The reference velocity data is shown with the blue line in 
the figure below (“Velocity average”). The raw ultrasonic flow meter measurement data is 
shown with the orange line (“Katronic average”). The data corrected with the correction factor 
is shown with the grey line (“Korjattu”). The data in the figure are moving averages to 
smoothen the deviation of the data. 
 

 
 
Figure 3. Ultrasonic flow meter testing result from the center point of the flow channel (50 s 
moving average). 
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Based on the results of this testing, it is difficult to draw clear conclusions on how accurately 
the ultrasonic flow meters measure the flow velocity. It can be seen in the figure above that 
at some velocity levels the correction factor corrects the measured velocity to correspond the 
reference velocity. Nevertheless, at some velocity levels the effect of the correction factor is 
opposite – the corrected values differ even more from the reference velocity than the raw 
data. The results seem to differ according to the lateral location of the flow meter, too. In 
addition, as mentioned above, the reference velocity is very much assumed/approximated, 
thus any clear conclusions are hard to draw. These initial results are promising, though, 
because the magnitude of the measurement result seems to be correct. The testing of the 
ultrasonic flow meters will continue in 2021 with eliminating certain assumptions made. The 
most important improvement is to gain reliable reference velocity data from the mock-up 
channel modeling the annular downcomer. 

The high-speed PIV feasibility study was finalized in 2020. Based on the study it was decided 
that the purchase of a high-speed PIV system will take place later since there are more 
important procurements to be made in the project in 2021. Thus, the possible procurement 
shifts to the future. Within the LUT projects, high-speed cameras have been used to support 
data analyses of various condensation experiments. A pattern recognition algorithm has 
been created and developed with the high-speed camera measurement results. In 2020, a 
plan for the further high-speed camera testing with stand-alone HSC measurements focusing 
only on the cameras to be conducted in 2021 was made. In 2020, an extempore test was 
carried out to prepare for the 2021 studies. In this test, pressurized air was injected into the 
water of the SEF-POOL test facility. The conducted test showed that the SEF-POOL facility 
is an appropriate base when testing the features of the HSC system. Thus, there is no need 
for a separate test facility for this purpose.  

WP2 includes continuous maintenance work in the laboratory, as well as the yearly 
maintenance actions, such as calibration of instruments. In 2020, the annual maintenance 
actions were conducted during the summer. The periodical pressure vessel inspection was 
performed for the (PWR) PACTEL facility. It consisted of internal inspection for core section 
and service inspection for the facility itself. The opening pressures of the PACTEL safety 
valves were tested separately in a test bench. 

Renovation actions of the LUT laboratory have been done within WP2 in 2020. Part of the 
compressed air system was renewed, and new shutoff valves were installed in order to 
minimize the use of compressed air during non-activity periods of the PACTEL facility. Also, 
some of the valve actuators and pilot valves were either fixed or swapped for new 
components. These modifications were made to significantly reduce the amount of 
compressed air wasted. Renewal of the electrical systems of the laboratory has begun in 
2020. To enhance safety, residual current protection devices were installed, and the 
selectivity of the electrical networks were improved. In the next stage, some of the cabling 
will be rerouted in order to relieve the overloading of the cable routing. 

In WP2, also 3D laser scanning of the PASI test facility was conducted in 2020. The purpose 
of this was that with the results of the scanning the accurate pipeline diameters for the test 
facility in the SolidWorks model would be gained. The heat exchanger and the riser and 
downcomer lines of PASI were scanned, and the results are not fully convincing. It seems 
that when scanning bright surfaces with lots of “interference sources” (thermo couple wires 
etc.), the result is not perfect. The gained data should be processed more in order to use it to 
support the design and scaling of test facilities. 

The WP2 also includes a plan for a component stock in the laboratory. The idea behind the 
component stock is to ensure the functionality of the existing test facilities and thus reduce 
the off-production and repairs time if come component breaks, to ensure the laboratory’s 
ability to construct new testing systems that require components with long delivery times 
without any delays and to have a variety of sensors for different applications with different 
working principles. In 2020, 20 k€ out of 30 k€ allocated to the procurement of the 
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components was moved to WP4, because the MOTEL facility needed new signal converters 
for the heating elements, and thus also new measuring cards had to be acquired. The old 
measurement cards will be left for the component stock and can be used in the future. No 
procurements have been made to the component stock, yet. 

WP3 deals with process control and computational systems of the LUT laboratory. The field 
instrumentation of the laboratory will be renewed during SAFIR2022. In 2019, the necessary 
components were purchased: a safety valve to the (PWR) PACTEL primary side, a Coriolis 
flow meter to the accumulator line, a Vortex flow meter to the downcomer line, three pressure 
transducers and twelve differential pressure transducers. The Coriolis and Vortex flow 
meters were installed in 2020. 

The amount of data from the experiments in the LUT laboratory has been expanded due to 
advanced and high-speed measurement capabilities. Similarly, the use of modern 
computational tools, such as CFD, to support and supplement experiments produces large 
data sets. The current EDS storage system is not suitable for large data files. Thus, 
enlargement of the data storage space has been planned and executed within the IDEAL 
WP3. The new computing and data storage servers were purchased in 2020 along with the 
server room modifications realized with LUT internal investment. 

WP4 deals with the development of the new modular integral test facility, MOTEL (MOdular 
TEst Loop). In 2020, final installation works of the facility were done. The shakedown tests of 
MOTEL were conducted in December 2020. The purpose of these tests was to ensure that 
all the facility systems including the process control and data acquisition systems work as 
expected. In the shakedown test, the power feed systems and the steam generator operation 
were tested. In addition, the functioning of the measurement systems was checked. After the 
shakedown test, the official commissioning test of MOTEL was conducted. This test can be 
considered as a second part of the shakedown tests. In the commissioning test, the 
operation of the pressure-related safety equipment as mandated by the Finnish law was 
tested. The safety automation against over-pressurization of the facility as well as the core 
overheating protection system were tested. As the commissioning test was successfully 
conducted, the official operating license of MOTEL was granted, and the facility is ready for 
the characterizing experiments. These include a heat loss experiment, a pressure loss 
experiment and an experiment characterizing natural circulation. 

WP5 of IDEAL concerns the management of the project. International co-operation is also 
included in this work package. International co-operation is realized by means of participation 
to SILENCE, a worldwide network for owners of thermal hydraulic test facilities. 

Deliverables 

• A research report describing the actions and development of the advanced thermal 
hydraulic measurement techniques (PIV, WMS, high-speed cameras, optic fibers…) in 
the LUT laboratory in 2020. 

• Maintenance of the test facilities in the LUT laboratory, covering e.g. yearly maintenance 
actions, such as calibration of instruments. 

• A research report shortly describing the maintenance actions in the LUT safety research 
laboratory in 2020. 

• Enlargement of the data storage space and upgrade of the computation servers. 

• A research report describing the conducting and the results of the MOTEL shakedown 
and commissioning tests. 
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• Project management, including preparation and participation in the RG meetings. 

• Participation in the SILENCE (a network for large test facility operators) meeting. 

 

Publications in 2020 not listed as official deliverables of the project: 

• A bachelor’s thesis regarding the optic fiber testing in the HIPE test facility water pool. 

 

2.4.3 JHR2022 - Participation in Jules Horowitz Reactor project - towards first criticality 
in 2022 

Over the past forty years, materials testing reactors (MTR) in Europe have provided essential 
and invaluable support to the nuclear power plant community and nuclear industry. They 
have played an important role in the development and qualification of both materials and 
nuclear fuel used in today’s nuclear power plants (NPP), along with ensuring the continued 
safety in current and future reactor concept designs. As the existing feet of MTRs continues 
to age, they will face an increasing probability of shut down due to outdated safety standards 
and experimental capabilities that are no longer able to respond to today’s increasing 
demands and requirements. The only MTR under construction in Europe is the Jules 
Horowitz Reactor (JHR) at CEA in Cadarache, France. The JHR has been labeled as a 
European Strategic Forum Research Infrastructure (ESFRI) since 2008 and will become an 
important part of European nuclear research infrastructures (NRI) in the coming years. 
Finland is participating in the construction of the JHR with at 2% in-kind contribution, which 
includes the delivery of several experimental devices to serve the needs of the JHR and the 
nuclear community.  

Goals 

The JHR2022 project is comprised of four work packages (WP). WP1 focusses on 
participation in the JHR Working Groups (WG) and international collaboration activities. WP2 
focuses on materials investigations, including MeLoDIE II developments and MeLoDIE II’s 
role in the OECD/NEA Framework Programme for In-pile Fuel and Materials Irradiation 
Experiments (FIDES), along with the JHR Archive Material Programme (JAM). WP3 focuses 
on nuclear fuel and, more specifically, the reporting from the secondee exchange at CEA-
Cadarache. WP4 includes all project management activities.   

International activities 

In the JHR2022 project, participation in the materials (MWG), fuel (FWG) and 
technology (TWG) working groups of the JHR consortium takes place. The 10th Annual 
Technical Seminar, traditionally held in during the spring, was initially postponed to fall 2020 
and eventually canceled due to the unprecedented pandemic situation. In addition, no face to 
face working group meetings were held, nonetheless the working groups remained active 
through remote meetings and teleconferences.  

The OECD/NEA Framework for In-pile Fuel and Materials Irradiation Experiments (FIDES) is 
progressing. Several experimental projects for the new framework, termed Joint 
Experimental Programmes (JEEPs), have been proposed. The proposed JEEPs include the 
P2M project (tests in BR2 reactor in Belgium and PIE investigations at CEA), the MIR-LOCA 
project (loss-of-coolant accident (LOCA) tests in the MIR reactor in Russia) and the INCA 
project (in-pile creep studies of advanced technology fuel (ATF) claddings at the LVR-15 
reactor in Czech Republic). Finland is participating in the INCA project. In 2002, the (i) FIDES 
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establishment board meeting and the (ii) INCA Project Workshop were organized virtually 
and attended by project members.  

The JHOP2040 project, submitted in response to the Euratom call section NRFP-16 in 2019 
(proposal for a roadmap for use of Euratom access rights to Jules Horowitz Reactor 
experimental capacity) was funded. The project’s kick-off meeting was held virtually on 
September 8-9, 2020.  

Participation in the Halden Reactor Programme Group meeting, held virtually on October 14-
15, 2020, took place.  

In addition, a secondee exchange to CEA-Cadarache took place from October 2019 – March 
2020. The focus of Seppo Hillberg’s secondee project was on JHR irradiation test device 
inspection methods, specifically initiating how and where the inspections take place. The 
irradiation test devices are inserted in the vicinity of the reactor core and contain material or 
fuel samples. According to French regulation, JHR irradiation test devices must undergo a 
periodic non-destructive inspection every 40 months. Select inspection methods were 
evaluated and the focus of this secondee exchange was on ultrasonic (volumetric) and eddy 
current (surface C-scan) inspection methods.  

MeLoDIE II development 

The MeLoDIE mechanical loading device destined for use at the JHR for in-pile fuel cladding 
irradiation creep testing is being developed within this project. VTT according to necessary 
modifications for exploitation in the LVR-15 reactor in Rez, Czech Republic. The deployment 
of the device in LVR-15 would be part of the OECD/NEA FIDES framework in the INCA 
proposal that will be coordinated by Centrum výzkumu Řež (CVR). Eventually, based upon 
both the experience gained and improvements, a third version will be adapted for 
experiments in JHR. 

MeLoDIE I is an instrumented in-reactor creep experiment for fuel cladding tube specimen 
under controlled bi-axial loading to be carried out in the Osiris research reactor. The original 
MeLoDIE device was designed and delivered to CEA in 2012 for use in the OSIRIS Reactor 
at CEA Saclay in France. The MeLoDIE loading device is part of the sample holder installed 
in the CHOUCA capsule and the targeted test temperature will be 350oC The internal 
pressure of the zirconium tubular sample will be 160 bar.  

The design of the MeLoDIE II device is based on the lessons learned from the use of the 
MeLoDIE I device. The main emphasis in the design is on changing the structure of the load 
frame so that it can be made simpler, lighter and stronger. Also, the redesign of the diameter 
measuring device is an important part of the design of the MeLoDIE II device. The structure 
of the loading frame must allow the use of different type of the DG (diameter gauge) 
methods. A diagram of the MeLoDIE I and II devices can be seen in Figure.  
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Figure 1. MeLoDIE I and II devices with the diameter gauge system. 

 

Deliverables 

• Research report on the development of the MeLoDIE II test device in 2020 

• Research report on the Status of the JHR Archive Material Programme in 2020.  

• Travel report from the OECD/NEA FIDES Establishment Board Meeting  

• Travel report from the FIDES INCA Workshop 

• Travel report from the Halden Reactor Project Programme Group Meeting  

• Travel report from the Secondee exchange at CEA-Cadarache  

• Travel report summarizing the Progress of the EU-JHOP2040 Project 
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3. Financial and statistical information 

 
The planned and actual volumes of the SAFIR2022 programme in 2020 were 6,3 M€ and 6,4 
M€, and 40 and 44 person years, respectively. The funding partners were VYR with 4,216 
M€, VTT with 1,223 M€, Lappeenranta-Lahti University of Technology with 0,310 M€, NKS 
with 0,152 M€, Aalto University with 0,138 M€, SSM with 0,036 M€, Halden Reactor Project 
with 0,036 M€ and other partners with 0,311 M€. The planned and actual funding by the 
major funding partners are illustrated in Figure 3.1. The planned and actual costs by cost 
category are shown in Figure 3.2. The personnel costs make up the major share. 
 

 

Figure 3.1. Planned and actual funding of the SAFIR2022 programme in 2020. 

 

 

Figure 3.2. Planned and actual costs of the SAFIR2022 programme in 2020. 
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Figures 3.3-3.6 show the cost and volume distribution by research area. In the figures, the 
following abbreviations are used for the steering group research areas:  SG1 Overall safety 
and systemic approach to safety, SG2 Reactor safety, SG3 Structural safety and materials, 
and SG4 Research infrastructure. 

 

Figure 3.3. Planned and actual costs by research area in 2020. 

 

 

Figure 3.4. Planned and actual volumes by research area in 2020. 

The actual costs coincided well with the planned costs in all research areas (Figure 3.3). On 
the other hand, the actual volumes in person-years were higher than the planned volumes 
(Figure 3.4). The fact is also reflected in the higher actual than planned personnel costs 
(Figure 3.2). 

In the research areas SG3 and SG4 the shares of person-years were lower than their shares 
of total funding because of higher other than personnel costs (Figures 3.5-3.6). In SG1 and 
SG2 the shares of the person-years were bigger than their shares of the total funding. 
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Figure 3.5. Distribution of total funding in SAFIR2022 research areas in 2020. 

 

 

Figure 3.6. Distribution of person-years in SAFIR2022 research areas in 2020. 
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The numbers of different kind of publications and other documents made in SAFIR2022 
research projects during 2020 are listed in Table 3.1. The programme produced 185 
documents in 2020 consisting of 27 scientific journal articles, 29 conference articles, 85 
research reports, 12 theses and 32 other delivered documents.  
 
The average number of publications in the research projects was 3,6 per person-year 
(“Others” in Table 3.1 excluded), and the average number of scientific journal articles was 
0,64 per person-year. There were differences in the number and type of publications 
between the projects but most of the projects wrote also scientific and conference articles in 
addition to research reports.  
 

Table 3.1 Publications and other documents produced in the SAFIR2022 projects in 2020. 

Project 
acronym 

Volume 
(person 
years) 

Research 
reports 

Scientific 
journal 
articles 

Conference 
articles 

Theses Others Total 
 

BORS 
1,2 

2 0 3 1 1 7 

COSI 
1,1 

2 1 0 0 1 4 

NAPRA 
1,3 

5 0 0 0 0 5 

OSAFE 
0,8 

0 0 1 1 2 4 

PARSA 
0,6 

0 0 0 0 5 5 

PREDICT 
1,8 

1 3 2 3 4 13 

SEARCH 
3,4 

2 3 3 1 1 10 

URAN 
1,9 

2 4 0 1 1 8 

EPIC 
0,4 

0 0 2 0 0 2 

ANSA 
1,3 

2 1 0 0 5 8 

CATS 
1,2 

3 0 0 0 2 5 

CFD4RSA 
1,2 

5 1 0 0 0 6 

INFLAME 
1,2 

5 0 0 0 0 5 

LONKERO 
2,4 

1 1 5 0 2 9 

MANTRA 
0,6 

3 2 0 0 0 5 

PAHE 
1,0 

1 0 0 0 0 1 

PATE 
1,5 

2 0 0 0 0 2 

RACSA 
1,3 

3 1 2 0 0 6 

SPASET 
1,0 

2 0 0 0 0 2 

THACO 
1,5 

4 0 0 0 0 4 

EMBER 
0,3 

1 0 0 0 0 1 
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PORA 
0,8 

2 0 0 0 1 3 

AM-NPP 
0,4 

2 1 0 0 0 3 

AMOS 
1,0 

4 0 0 1 0 5 

CONAGE 
1,0 

4 0 2 0 0 6 

CONFIT 
0,4 

2 1 0 0 0 3 

ELIAS 
0,6 

1 1 3 0 1 6 

ELMO 
1,2 

4 1 0 1 0 6 

FEVAS 
1,1 

1 1 4 2 0 8 

RACOON 
1,6 

1 4 0 1 0 6 

SAMPO 
1,1 

6 0 0 0 0 6 

FATIMA 
0,6 

0 0 2 0 0 2 

BRUTE 
2,5 

7 1 0 0 1 9 

IDEAL 
2,2 

3 0 0 0 0 3 

JHR2022 
0,7 

2 0 0 0 5 7 

Total 42,4 85 27 29 12 32 185 

 

Altogether 12 higher academic degrees were obtained in the research projects in 2020:  
seven Doctoral degrees and five Master’s degrees (Table 3.2). The academic degrees are 
listed in Appendix 3. 

 

Table 3.2 Academic degrees obtained in the projects in 2020. 

Project acronym Doctor Master 

BORS  1 

OSAFE  1 

PREDICT 3  

SEARCH  1 

URAN 1  

AMOS 1  

ELMO  1 

FEVAS 2  

RACOON  1 
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Table 3.3 shows the workloads of the projects in 2020 on the competence areas defined in 
the latest competence survey in Finland [6], [7]. Highest workloads were put on thermal 
hydraulics, material and mechanical engineering, reactor physics and dynamics, automation 
and control room, and probabilistic risk assessment. 

The competence areas of the academic degrees obtained in 2020 are also shown in Table 
3.3. 

Table 3.3 may be compared with the figures 3.2, 3.6, 3.10, 3.12 and 3.14 in section 3 of [7]. 
The figures show the number of experts with Master´s degree in 2017 and the estimated 
future demand in 2020, 2025 and 2030 by area of competence (all respondents, power 
companies and Posiva, public authorities, universities and research institutes, other industrial 
companies). 

 

Table 3.3 Workload on different competence areas in 2020. The order of the competences 
follows the order in the Annual report 2019 (from largest to smallest in 2019). The person 
months have been estimated by the project managers. 

Competence area Workload in 2020 Academic 
degrees 

Person 
years 

Person 
months Doctor Master 

Thermal hydraulics 8,1 85,3   

Material engineering 5,1 53,8 1  

Severe accidents 2,0 20,6   

Reactor physics and dynamics 3,0 31,2   

Probabilistic risk assessment 2,5 25,8 3  

Automation and control room 2,8 29,7  1 

Project management 2,0 20,9   

Human factors 2,1 21,6  1 

Construction engineering 1,7 17,9 2  

Electrical engineering 1,6 16,3   

Mechanics/Mechanical engineering 2,5 26,5 1  

Nuclear fuel 1,5 15,8   

Quality management and inspections 1,6 17,0  1 

Other nuclear sector expert duties 1,1 11,4  1 

Radiation protection (on-site and off-
site) 0,5 5,4   

Water chemistry 0,7 7,5  1 

Security 0,4 4,0   

Nuclear waste management R&D 0,1 0,8   

Radiochemistry 0,0 0,0     

Process engineering 0,2 2,0     

Safeguards 0,0 0,0   

Operator duties 0,0 0,0     

Nuclear and particle physics 0,0 0,0     
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4. Programme management 

The organisation of SAFIR2022 is shown in Figure 4.1 and its function described in detail in 
the Operational management handbook [5], available on SAFIR2022 website 
http://safir2022.vtt.fi/ . 

 

 

Figure 4.1. Structure of SAFIR2022 organisation. Each project belongs to one of the 
research areas SG1-SG4 and is quided by one of the reference groups (RG1-RG8).  

During the administrative period (January 2020 – March 2021) the SAFIR2022 Management 
Board (MB) held three meetings. Each of the steering groups SG1-SG3 had three meetings 
and SG4 had two meetings. The reference groups RG1-RG8 had three meetings. Due to the 
coronavirus pandemic the meetings were held as remote meetings (Teams).    
 
The MB can annually initiate small preliminary type studies with the order procedure. 
Decisions on the small projects are made after the funding decisions for the actual call for 
proposals. The small projects support the implementation of the SAFIR2022 Framework Plan 
in topics where actual research projects have not been started and they can also introduce 
new topics. The costs of the small projects are included in the budget of the administration 
project (ADMIRE). In 2020, four small projects were realised: 

1. Artificial intelligence for the support of regulator decision making (AI-REGULATOR) 
2. Machine learning in safety critical industry domains (DEFLECT) 
3. Literature study on cobalt-free hard-facings (NOCO) 
4. Synthetic evaluation of the attenuation of seismic waves (SYNTHI). 

 

http://safir2022.vtt.fi/
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The final reports of the small projects can be found on SAFIR2022 extranet. 
 
SAFIR2022 Interim seminar was held on 18.-19.3.2021 as a joint webinar with the KYT2022 
programme. The seminar programme as well as the slides and videos of project 
presentations can be found on SAFIR2022 public website (http://safir2022.vtt.fi/ ). 
SAFIR2022 Interim report [8] includes articles describing the results of the projects in 2019-
2020. 

Information about research carried out in SAFIR2022 is also communicated formally via the 
progress reports of the projects for the reference group meetings, the annual reports of the 
programme and SAFIR2022 website (public and protected extranet). Additional information 
was given in the reference group meetings and other meetings and seminars organised by 
the research projects. The detailed scientific results are published as articles in scientific 
journals and conference papers, and research reports. 
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Appendix 1

Publications in the projects in 2020



Building Operational Readiness of Control Room Crews (BORS)

Conference articles

Laarni, J., Liinasuo, M., Pakarinen, S., Lukander, K., Passi, T., Pitkänen, V., & Salo, L.
(2020). Building Cognitive Readiness and Resilience Skills for Situation Assessment
and Diagnostic Reasoning in a VR CR. In: Stephanidis C., Antona M. (eds.) HCI
International 2020 - Posters. HCII 2020. Communications in Computer and Information
Science, vol 1225. Springer, Cham. https://doi.org/10.1007/978-3-030-50729-9_11

Laarni, J., Tomminen, J., Liinasuo, M., Pakarinen, S., & Lukander, K. (2020).
Promoting Operational Readiness Through Procedures in Nuclear Domain. In: Harris
D., Li WC. (eds.) Engineering Psychology and Cognitive Ergonomics. Cognition and
Design. HCII 2020. Lecture Notes in Computer Science, vol 12187. Springer, Cham.
https://doi.org/10.1007/978-3-030-49183-3_4

Pakarinen, S., Laarni, J., Lukander, K., Inkilä, V.-P., Passi, T., Liinasuo, M., & Salonen,
T.-T. (2020). Promoting Operational Readiness of Control Room Crews Through
Biosignal Measurements. In: Ahram T. (eds) Advances in Artificial Intelligence,
Software and Systems Engineering. AHFE 2020. Advances in Intelligent Systems and
Computing, vol 1213. Springer, Cham. https://doi.org/10.1007/978-3-030-51328-3_78

Research reports

Laarni, J., Pakarinen, S., Passi, T., Lukander, K., Liinasuo, M., & Salonen, T.-T. (2020).
Promoting operational readiness through procedures - Final report of the 2019
simulator study. VTT Research Report, VTT-R-00124-21.

Pakarinen, S., Laarni, J., Koskinen, H., Passi, T., Liinasuo, M., & Salonen, T.-T. (2020).
Virtual-reality based NPP field operator training. Research Report. Finnish Institute of
Occupational Health.

Thesis

Tomminen, J. (2020). FRAM-menetelmän soveltaminen ydinvoimalaitoksen ohjeiden
suunnitteluun. Master’s Thesis. University of Jyväskylä, Faculty of Information
Technology, Cognitive Science, 9.12.2020

Others

Laarni, J. (2021). Multitasking and interruption handling in control room operator work.
In: A.-M. Teperi, & N. Gotcheva: Human Factors in the Nuclear Industry, pp. 127-149.
Woodhead Publishing. https://doi.org/10.1016/B978-0-08-102845-2.00007-7

Laarni, J. (2020). A comparison of prose and flowchart format for presenting
procedures in nuclear domain. Literature review. Slide set. VTT & FIOH.

Liinasuo, M. (2021). Learning from emergency exercises through systematic debriefing.
In: A.-M. Teperi, & N. Gotcheva: Human Factors in the Nuclear Industry, pp. 207-237.
Woodhead Publishing. https://doi.org/10.1016/B978-0-08-102845-2.00007-7

https://doi.org/10.1007/978-3-030-50729-9_11
https://doi.org/10.1007/978-3-030-49183-3_4
https://doi.org/10.1007/978-3-030-51328-3_78
https://doi.org/10.1016/B978-0-08-102845-2.00007-7
https://doi.org/10.1016/B978-0-08-102845-2.00007-7


Liinasuo, M., & Pakarinen, S. (2020). Development of video-based process tracing
methodology - conceptual description. Slide set. VTT & FIOH.

Pakarinen, S., & Salonen, T.-T. (2020). Lecture material on resilience skills training.
Slide set. FIOH & VTT.

Co-simulation model for safety and reliability of electric systems in
flexible environment of NPP (COSI)

Scientific journal articles

P. H. Divshali, P. Laakso, S. Hänninen, R. J. Millar, and M. Lehtonen, “Electrical and
Thermomechanical Co-Simulation Platform for NPP”, Energies, Volume 14, Number 4,
2021. . Available: https://www.mdpi.com/1996-1073/14/4/939

Research reports
P. H. Divshali, S. Hänninen, P. Laakso, T. Korvola, R.J. Millar, “Description of the co-
simulation platform for NPP”, VTT Research Report, DOI: 10.32040/2242-
122X.2020.T382. Available: https://doi.org/10.32040/2242-122X.2020.T382

R.J. Millar, P. H. Divshali, and M. Lehtonen, “D2.2: Baseline simulation results”, Aalto
Report. ISBN: 978-952-64-0252-9 (electronic), Available: http://urn.fi/URN:ISBN:978-
952-64-0252-9

Others:

P. H. Divshali and R.J. Millar “Co simulation model for safety and reliability of electric
systems in flexible environment of NPP, GINO Research Program presentation, Espoo,
Finland, Available: https://www.youtube.com/watch?v=0YuJrzvHra8

New developments and applications of PRA (NAPRA)

Research reports

Liinasuo, M., Karanta, I., Kling, T., Dynamic human reliability analysis ⎼ A stakeholder
survey and an empirical study, VTT Research Report, VTT-R-00184-21.

Tyrväinen, T., Korhonen, T., Kling, T., Extensions to cable room fire PRA study and
method, VTT Research Report VTT-R-01545-20.

Tyrväinen, T., Karanta, I., Kling, T., He, X., Olofsson, F., Massaiu, S., Sparre, E.,
Eriksson, C., Cederhorn, E., Authen, S., Prolonged available time and safe states.
Nordic Nuclear Safety Research NKS-444.

Working Group on RISK assessment, Digital I&C PSA - comparative application of
digital I&C modelling approaches for PSA, OECD NEA/CSNI/R(2021)xy.

https://www.mdpi.com/1996-1073/14/4/939
https://cris.vtt.fi/en/persons/timo-korvola
https://doi.org/10.32040/2242-122X.2020.T382
http://urn.fi/URN:ISBN:978-952-64-0252-9
http://urn.fi/URN:ISBN:978-952-64-0252-9


Björkman, K., Karanta, I., A simple failure tolerance analysis case study for a fictive
boiling water reactor, VTT Research Report VTT-R-00038-21.

Others

Tyrväinen, T., Summary of DIGMAP online meetings.

Development of Framework for justification of Overall Safety (OSAFE)

Master’s Thesis

Turunen, M., Overall safety of small modular reactors, Master’s thesis, LUT University
publication, 12/2020. http://urn.fi/URN:NBN:fi-fe2020120499439

Article in proof-reading and to be submitted

Hyvärinen, J., Vihavainen, J. and Ylönen, M. 2021 An overall safety concept for nuclear
power plants.

Book chapters (extra deliverables)

Gotcheva, N., Oedewald, P. and Ylönen, M. 2020. Systems thinking applied to safety
culture approach in Finland. In Teperi, A.M. and Gotcheva, N. (Eds.) Human Factors in
Nuclear Industry. London: Elsevier.

Ylönen, M. 2020. Assessing the Goodness of the Concept of Institutional Strength-in-
depth. In Teperi, A.M., and Gotcheva, N. (Eds.) Human Factors in Nuclear Industry.
London: Elsevier.

Participative development for supporting human factors in safety
(PARSA)

Others (reviewed scientific book chapters)

Puro, V., Kannisto, H., Lantto, E. Learning from operational events on organisational
level - findings from Finnish nuclear power industry. In: Teperi, A-M., Gotcheva, N.
Human Factors in the Nuclear Industry. A Systemic Approach to Safety. 1st Edition.
ISBN: 9780081028452. Elsevier, Woodhead Publishing.

Teperi, A-M. Applying HF in nuclear industry - people as presence of positive capacity.
2020. In: Teperi, A-M., Gotcheva, N. Human Factors in the Nuclear Industry. A
Systemic Approach to Safety. 1st Edition. ISBN: 9780081028452. Elsevier, Woodhead
Publishing.

Teperi, A-M. Utilizing design thinking for renewal of safety management practices in the
nuclear industry. 2020. In: Teperi, A-M., Gotcheva, N. Human Factors in the Nuclear
Industry. A Systemic Approach to Safety. 1st Edition. ISBN: 9780081028452. Elsevier,
Woodhead Publishing.

Viitanen, K. Human performance tools as a part of programmatic human performance
improvement. In: In: Teperi, A-M., Gotcheva, N. Human Factors in the Nuclear

http://urn.fi/URN:NBN:fi-fe2020120499439
http://urn.fi/URN:ISBN:978-952-60-8574-6


Industry. A Systemic Approach to Safety. 1st Edition. ISBN: 9780081028452. Elsevier,
Woodhead Publishing.

Wahlström, M., Kuula, T., Seppänen, L., Rantanummi, P., Kettunen, P. Resilient power
plant operations through a self-evaluation method. In: In: Teperi, A-M., Gotcheva, N.
Human Factors in the Nuclear Industry. A Systemic Approach to Safety. 1st Edition.
ISBN: 9780081028452. Elsevier, Woodhead Publishing.

Please note, that part of the book chapters above has been started to be prepared
during SAFIR2018 period, but reviewed, finalized and published during SAFIR2022
period. Other funding made possible publications (www.ttl.fi/prohf), too. Funding details
at Acknowledgements.

Predicting extreme weather and sea level for nuclear power plant safety
(PREDICT)

Scientific journal articles

Björkqvist, J.-V., Rikka, S., Alari, V., Männik, A., Tuomi, L., and Pettersson, H., Wave
height return periods from combined measurement–model data: a Baltic Sea case
study, Nat. Hazards Earth Syst. Sci., 20, 3593–3609, https://doi.org/10.5194/nhess-20-
3593-2020, 2020.

Olsson, T., Luomaranta, A., Jylhä, K., Jeworrek, J., Perttula, T., Dieterich, C., Wu, L.,
Rutgersson, A., and Mäkelä, A., 2020: Statistics of sea-effect snowfall along the
Finnish coastline based on regional climate model data, Adv. Sci. Res., 17, 87–104,
https://doi.org/10.5194/asr-17-87-2020.

Pellikka, H., Laurila, T., Boman, H., Karjalainen, A., Björkqvist, J., Kahma, K.,
Meteotsunami occurrence in the Gulf of Finland over the past century. Nat. Hazards
Earth Syst. Sci., 20, 2535–2546, 2020. https://doi.org/10.5194/nhess-20-2535-2020

Conference articles

Laine, M., Räty, O., Leijala, U., Särkkä, J., Johansson, M., Bayesian Hierarchical
Modeling of Sea Level Extremes. AGU Fall Meeting 2020, December 1-17, 2020,
virtual. https://doi.org/10.1002/essoar.10505374.2

Särkkä, J., Räihä, J., Kämäräinen, M., Jylhä, K., Simulating extreme sea levels at the
Baltic Sea coast from synthetic cyclones. EGU General Assembly 2020. May 4-8,
2020, virtual. https://meetingorganizer.copernicus.org/EGU2020/EGU2020-10271.html

Research reports

Gregow, H., Rantanen, M., Laurila, T. K., Mäkelä, A., Review on winds, extratropical
cyclones and their impacts in Northern Europe and Finland. FMI Reports 2020:3, 2020
http://hdl.handle.net/10138/320298

http://www.ttl.fi/prohf
https://doi.org/10.5194/asr-17-87-2020
https://doi.org/10.1002/essoar.10505374.2
https://meetingorganizer.copernicus.org/EGU2020/EGU2020-10271.html
http://hdl.handle.net/10138/320298


Theses

Luomaranta, A., Characteristics of winter climate in Finland in a warming world. Finnish
Meteorological Institute Contributions 169, http://hdl.handle.net/10138/318362

Pellikka, H., Dark-blue horizon: Sea level rise and meteotsunamis on the Finnish coast.
Finnish Meteorological Institute Contributions 167, http://hdl.handle.net/10138/316249

Rantanen, M., Diagnostic Studies of Extratropical Cyclones in the Present and Warmer
Climate. Finnish Meteorological Institute Contributions 165,
http://hdl.handle.net/10138/314037

Others

Olsson, T., Luomaranta, A., Nyman, H., Jylhä, K., 2020: Statistics of sea-effect snowfall
in Finland based on ERA5 reanalysis. PREDICT workshop on probabilistic forecasts.
PREDICT/SAFIR2022 deliverable D1.1.2 in 2020, Finnish Meteorological Institute.

Rantanen, M., Jylhä, K., Särkkä, J., Leijala, U., Räihä, J., 2020: Characteristics of joint
heavy rain and high sea level events. PREDICT/SAFIR2022 deliverable D1.2.1 in
2020, Finnish Meteorological Institute.

Räty, O., Laine, M., Leijala, U., Särkkä, J., Johansson, M., 2020: Manuscript draft:
Bayesian hierarchical modeling of sea level extremes in the Finnish coastal region.
PREDICT/SAFIR2022 deliverable D2.1.1 in 2020, Finnish Meteorological Institute.

Särkkä, J., Räihä, J., 2020: Sea level simulations using synthetic low-pressure systems
PREDICT/SAFIR2022 deliverable D2.2.2 in 2020, Finnish Meteorological Institute.

Safety and security assessment of overall I&C architectures (SEARCH)

Scientific journal articles

Buzhinsky, I., Pakonen, A., Symmetry Breaking in Model Checking of Fault-Tolerant
Nuclear Instrumentation and Control Systems. IEEE Access, vol. 8, 2020, pp. 197684 –
197694. https://doi.org/10.1109/ACCESS.2020.3034799

Koskinen, H., Laarni, J., Norros, L., Liinasuo, M., Savioja, P., Systems usability case in
stepwise control room validation. Safety Science, vol. 134, 2021.
https://doi.org/10.1016/j.ssci.2020.105030

Pakonen, A., Buzhinsky, I., Björkman, K., Model checking reveals design issues
leading to spurious actuation of nuclear instrumentation and control systems. Reliability
Engineering & System Safety, vol. 205, 2021.
https://doi.org/10.1016/j.ress.2020.107237

Conference articles

Buzhinsky, I., Pakonen, A., Timed model checking of fault-tolerant nuclear I&C
systems, 18th IEEE International Conference on Industrial Informatics (INDIN 2020).
Warwick, UK, July 20–23, 2020, pp. 159–164.

https://doi.org/10.1109/ACCESS.2020.3034799
https://doi.org/10.1016/j.ssci.2020.105030
https://doi.org/10.1016/j.ress.2020.107237


Linnosmaa, J., Pakonen, A., Papakonstantinou, N., Karpati, P., Applicability of AADL in
modelling the overall I&C architecture of a nuclear power plant. 46th Annual
Conference of the IEEE Industrial Electronics Society (IECON 2020), Singapore,
October 18–21, 2020, pp. 4337-4344.
https://doi.org/10.1109/IECON43393.2020.9254226

Pakonen, A., Biswas, P., Papakonstantinou, N., Transformation of non-standard
nuclear I&C logic drawings to formal verification models. 46th Annual Conference of
the IEEE Industrial Electronics Society (IECON 2020), Singapore, October 18–21,
2020, pp. 697–704. https://doi.org/10.1109/IECON43393.2020.9255176

Research reports

Hauge, A., Linnosmaa, J., Fredriksen, R., Sechi, H., Safety and Security in DI&C
Design – Systematic Literature Study. HWR-1247, April 29, 2019.

Sechi, F., Hauge, A., Sirola, M, Olsen, S., Linnosmaa, J., Sarshar, S., Early stage
safety assessment using a system model as input. HWR-1287, October 21, 2020.

Theses

Prasun Biswas: Model-to-model transformation of nuclear industry I&C logic to assist
model checking. Tampere University, Master Thesis, April 2020.
http://urn.fi/URN:ISBN:978-952-60-8574-6

Others

Papakonstantinou, N., Pakonen, A., Early Defence-in-Depth assessment of I&C
architectures 2020.

Uncertainty management in fire Risk ANalyses (URAN)

Scientific journal articles

Paudel, D., Hostikka, S. Propagation of modeling uncertainty in stochastic heat-transfer
simulation using a chain of deterministic models. International Journal for Uncertainty
Quantification. 2019. 9(1):1–14.
http://doi.org10.1615/Int.J.UncertaintyQuantification.2018027275

Paudel, D., Hostikka, S. Propagation of Model Uncertainty in the Stochastic
Simulations of a Compartment Fire. Fire Technology, 2019. 55:2027-2054.
http://doi.org/10.1007/s10694-019-00841-9

Paudel, D., Hostikka, S. Meta-model based stochastic simulation of fire barrier cold-
side temperature. Fire Safety Journal, 2020. 116:103175.
http://doi.org/10.1016/j.firesaf.2020.103175

Paudel, D., Rinta-Paavola, A., Mattila, H.-P., Hostikka, S. Multiphysics Modelling of
Stone Wool Fire Resistance. Fire Technology. 2020. https://doi.org/10.1007/s10694-
020-01050-5

https://doi.org/10.1109/IECON43393.2020.9254226
https://doi.org/10.1109/IECON43393.2020.9255176
http://urn.fi/URN:ISBN:978-952-60-8574-6
http://doi.org10.1615/Int.J.UncertaintyQuantification.2018027275
http://doi.org/10.1007/s10694-019-00841-9
http://doi.org/10.1016/j.firesaf.2020.103175
https://doi.org/10.1007/s10694-020-01050-5
https://doi.org/10.1007/s10694-020-01050-5


Research reports

Tissari, A. Cable fire modelling for PRISME 3 benchmark step 2.1. VTT Research
Report VTT-R-00831-20.

Vaari, J. Thermal decomposition of polyethylene by united-atom molecular dynamics
simulation. VTT Research Report VTT-R-00065-21.

Theses

Paudel, Deepak: Uncertainty management for the probabilistic simulation of the
thermal resistance of fire barriers. Aalto University, Department of Civil Engineering.

Others

Gholami Haghighi Fard, M., Hostikka, S. A Three Dimensional Pyrolysis and Heat
Transfer Approach for Modeling Degradation of Electrical Cables in a Cone
Calorimeter. Draft manuscript to be submitted to a journal. Aalto University (2.2.2021)

Effective improvement of leadership and safety culture (EPIC)

Conference articles

Gotcheva, N., Airola, M. Leadership for Safety in Literature and International
Requirements: Preliminary Gap Analysis at Senior Management Level. Presented at
the IAEA online workshop on Systemic Approach to Safety, 7-10 December 2020 1)

Viitanen, K. Implementing a Safety Culture Ambassadors Group for the Improvement of
Nuclear Safety Culture. Extended abstract (withdrawn) 2)

1) Originally submitted and accepted to ESREL2020-PSAM15 conference planned to be held in
Venice, Italy in 2020. Due to COVID-19 situation and postponement of the conference, the
paper was withdrawn.
2) Submitted and accepted to ESREL2020-PSAM15 conference originally planned to be held in
Venice, Italy in 2020. Due to COVID-19 situation and postponement of the conference, the
abstract was withdrawn and is planned to be further developed into a journal article.

Analytical severe accident research (ANSA)

Scientific journal articles

Sevón, T., Analysis of reactor water level measurements during the Fukushima unit 2
accident. Nuclear Engineering and Design, Volume 366, paper 110760.
https://doi.org/10.1016/j.nucengdes.2020.110760

Taivassalo, V., On the wrinkling characteristics of flames in laminar premixed ultra-lean
hydrogen-air mixtures. Article draft.

https://doi.org/10.1016/j.nucengdes.2020.110760


Research reports

Sevón, T., Fukushima Unit 3 Accident Modeling with MELCOR, VTT Research Report
VTT-R-01242-20.

Kärkelä, T., Korpinen, A. & Gouëllo, M., Pool Scrubbing of CsI Aerosol, VTT Research
Report VTT-R-00175-21.

Others

Ilvonen, M., Travel report from the first IAEA CRP J15002 meeting, January 20-24,
2020, Wien, Austria.

Korpinen, A., Travel report from the first THEMIS meeting, November 23–24, 2020
(Remote meeting).

Sevón, T., Travel report from the third ARC-F meeting, February 10–12, 2020, Paris,
France.

Sevón, T., Travel report from the fourth ARC-F meeting, December 14–17, 2020
(Remote meeting).

Sevón, T., Travel report from the CSARP/MCAP meeting, August 31 – September 4,
2020, (Remote meeting).

Coupled Analysis of Transient Scenarios (CATS)

Research reports

Komu, R., Kalinin-3 model for TRACE-PARCS, VTT Research Report VTT-R-01588-
20.

Komu, R., Preliminary study of coupling TRACE with the reactor analysis framework
Kraken, VTT Research Report VTT-R-00939-20.

Komu, R., Implementing the uncertainty and sensitivity analysis tool Sensla for
TRACE-PARCS, VTT Research Report VTT-R-00048-21.

Taivassalo, V., Hovi, V., Hämäläinen, A., Räty, H., Preliminary study on the applicability
of TRAB3D-PORFLO-SMABRE in analyzing the effects of a fuel assembly blockage in
a PWR, VTT Research Report VTT-R-00171-21.

Others

Komu, R., Certification of attendance of NRSHOT-PARCS Course. Nuclear Reactor
Simulation Hands-On-Training. Nuclear and Industrial Engineering (NINE) online
course.

Hovi T., Certification of attendance of NRSHOT-PARCS Course. Nuclear Reactor
Simulation Hands-On-Training. Nuclear and Industrial Engineering (NINE) online
course.



CFD methods for reactor safety assessment (CFD4RSA)

Research reports

Hovi, V., Coupled Apros–CFD Simulation of a VVER-440 Main Steam Line Break, VTT
Research Report VTT-R-00412-21 (to be submitted to Nuclear Engineering and
Design).

Pättikangas, T., Uncertainty Quantification of CFD analysis for nuclear reactors, VTT
Research Report VTT-R-00413-21.

Peltola, J., multiphaseEulerFoam and Coarse Grained Thermal Phase Change Models,
VTT Research Report VTT-R-00261-21.

Taivassalo, V. and Hovi, V., Coarse-mesh CFD modelling of the VVER-1000 vessel
mixing problem with OpenFOAM, VTT Research Report VTT-R-00233-21.

Syrjänen, J., CFD study of condensation test SPA-T3 in PPOOLEX test vessel with
VOF, k-ω turbulence and EMS/EHS condensation models, VTT-R-00144-21.

Silde, A., Modelling of thermal stratification in suppression pool using the Apros
thermalhydraulic model, VTT Research Report VTT-R-00664-20.

Interdisciplinary Fuels And Materials (INFLAME)

Research reports

Arkoma, A., Sensitivity analysis of an RIA benchmark case with the SCANAIR fuel
performance code, VTT Research Report VTT-R-00153-21.

Pohja, R., Moilanen, P., Mechanical properties of ATF claddings – creep experiments,
characterization and creep modelling of DIN 1.4970 material, VTT Research Report
VTT-R-XXXXX-21.

Huotilainen, C., Ikäläinen, T., Peltonen, S., Sipilä, K., In-situ Electrochemical
Impedance Spectroscopy Study of Nuclear Fuel Cladding Material, VTT Research
Report VTT-R-01113-20.

Heikinheimo, J., Loukusa, H., Fuel sintering furnace: introduction and features, VTT
Research Report VTT-R-00832-20.

Kärkelä, T., Gouello, M., Tapper, U., Heikinheimo, J., Temperature induced release
from CsI doped CeO2 pellets, VTT Research Report VTT-R-XXXXX-21.



Developing the working arms of Kraken, the next generation
computational framework for reactor design and licensing analyses
(LONKERO)

Scientific journal articles

Valtavirta, V., Rintala, A., Lauranto, U.,  Validating the Serpent-Ants calculation chain
using BEAVRS fresh core HZP data, Submitted to ASME Journal of Nuclear
Engineering and Radiation Science (Jan 2021).

Conference articles

Valtavirta, V., Rintala, A., Lauranto, U.,  Validating the Serpent-Ants calculation chain
using BEAVRS fresh core HZP data, in 29th International Conference Nuclear Energy
for New Europe, September 7-10, 2020,  Portoroz, Slovenia.

Valtavirta, V., Leppänen, J., A novel Monte Carlo leakage correction for Serpent 2,
submitted to M&C 2021.

Hirvensalo, M., Rintala, A., Sahlberg, V., Triangular geometry model for Ants nodal
neutronics solver, submitted to M&C 2021.

Valtavirta, V., Tuominen, R., A simple reactor core simulator based on VTT’s Cerberus
Python package, submitted to M&C 2021.

Rintala, A., Valtavirta, V., Lauranto, U., Leppänen, J., On the practical use of Serpent 2
for group constant generation, submitted to M&C 2021.

Research reports

Valtavirta, V., Rintala, A., Specifications for the generic polynomial group constant
model of Ants, VTT Research Report VTT-R-00154-21.

Others

Unna Lauranto: “Developing a generic Python based group constant library generator
module for Serpent”, Special assignment, Department of Applied Physics, School of
Science, Aalto University. 23.7.2020.

Markus Hirvensalo: “Triangular geometry model for Ants nodal neutronics solver”,
Special assignment, Department of Applied Physics, School of Science, Aalto
University. 31.8.2020

Mitigation and analysis of fission products transport (MANTRA)

Scientific publications

Kärkelä, T., Pasi, A.-E., Espegren, F., Sevón, T., Tapper, U., Ekberg, C., Tellurium
retention by containment spray system, Submitted to Annals of Nuclear Energy (2020).



Espegren, F., Kärkelä, T., Pasi, A.-E., Tapper, U., Kučera, J., Lerum, H.V., Omtvedt,
J.P., Ekberg, C., Tellurium transport in the RCS under conditions relevant for severe
nuclear accidents, Submitted to Progress in Nuclear Energy (2020).

Research reports

Gouëllo, M., Progress report of the experiments and ASTEC analysis of iodine and
caesium chemistry, VTT-R-00042-21 (2021).

A combined report of MANTRA and ANSA projects: Kärkelä, T., Korpinen, A., Gouëllo,
M., Pool scrubbing of CsI aerosol, VTT-R-00175-21 (2021).

Lindholm, I., Literature survey on radiocesium source term in severe accidents -
chemistry, morphology and clean-up, VTT-R-01248-20 (2020).

Others

Travel account of OECD/NEA ESTER meeting, September 2020.

Passive heat exchanger experiments (PAHE)

Research reports

Joonas Telkkä, Lauri Pyy, Vesa Riikonen, PASI tests for VTT projects, Research
report, PAHE 1/2020, LUT University / Nuclear Engineering, Lappeenranta, 2020, 23 +
16 pages.

PWR PACTEL tests (PATE)

Research reports

Virpi Kouhia, Vesa Riikonen, PWR PACTEL Nitrogen Experiment NCG-30, Research
report, PATE 1/2020, LUT University / Nuclear Engineering, Lappeenranta, 2020, 20 +
7 pages.

Vesa Riikonen, Lauri Pyy, PWR PACTEL experiments of inadvertent opening of SV
and MSRT, Research report, PATE 2/2020, LUT University / Nuclear Engineering,
Lappeenranta, 2020, 13 + 12 pages.

Radiation Shielding and Criticality Safety Analyses (RACSA)

Scientific journal articles

Häkkinen, S., Serpent 2 Validation for Radiation Shielding Applications, submitted to
Journal of Nuclear Engineering and Radiation Science.



Conference articles

Dorval, E., Validation of the Serpent 2 Monte Carlo code for reactor dosimetry
applications. 17th International Symposium on Reactor Dosimetry (ISRD-17),
Lausanne, Switzerland, 16 – 20 November 2021. (Postponed from May 2020 due to
the Covid-19 pandemic).

Häkkinen, S., Serpent 2 Validation for Radiation Shielding Applications, 29th

International Conference Nuclear Energy for New Europe, Portoroz, Slovenia,
September 7–10, 2020 (remote participation)

Leppänen, J., Jokipii, M., Radiation Shielding Calculations at VTT Centre for Nuclear
Safety Using the Serpent 2 Monte Carlo Code, submitted to ANS M&C 2021 - The
International Conference on Mathematics and Computational Methods Applied to
Nuclear Science and Engineering, Raleigh, North Carolina, USA, October 3 – 7, 2021

Research reports

Dorval, E., On the generation of response-matrix data with Serpent 2, VTT Research
Report VTT-R-01489-20.

Juutilainen, P., Valtavirta, V., Status of the criticality safety validation package in 2020,
VTT Research Report VTT-R-00179-21.

Juutilainen, P., ARIANE GU3 burnup benchmark calculations with Serpent 2, VTT
Research Report VTT-R-00232-21.

Others

Kotiluoto, P., Seventh meeting meeting of the management board on development,
application and validation of nuclear data and codes (MBDAV), meeting summary.

Kotiluoto, P., 31st meeting of the nuclear science committee (NSC), meeting summary.

Kähkönen, T., Evaluating the viability of Serpent for Passive Gamma Emission
Tomography (PGET) radiation transport simulations, Physics Special Assignment,
Department of Applied Physics, Aalto University, 2021.

Sparger Separate Effect Tests (SPASET)

Research reports

Puustinen, M., Räsänen, A., Kotro, E., Tielinen, K., Pyy, L., SEF-POOL tests on jet
entrainment. Lappeenranta-Lahti University of Technology LUT. School of Energy
Systems. Nuclear Engineering. Research Report SPASET 1/2020 (D1.2.1).
Lappeenranta 2021. 32 p. + app. 3+1 p.

Giteshkumar, P., Hujala, E., Puustinen, M., CFD simulations and pattern recognition
analysis of the SEF-POOL tests. Lappeenranta-Lahti University of Technology LUT.
School of Energy Systems. Nuclear Engineering. Research Report SPASET 2/2020
(D2.1.1). Lappeenranta 2020. 24 p.



Safety through thermal-hydraulic analyses and cooperation (THACO)

Research reports

Hillberg, S. 2020. Apros analysis of PASI natural circulation experiment VTT-01.
Espoo: VTT. VTT research report. VTT-R-00054-21

Hovi, T. 2020. Assessment of Apros against open phase RBHT reflooding experi-
ments. VTT research report. VTT-R-01349-20

Hovi, T. 2020. Assessment of TRACE against open phase RBHT reflooding exper-
iments. Espoo: VTT. VTT research report. VTT-R-00032-21

Karppinen, I., Szogradi, M. 2020. Analyses of PKL i1.1 LBLOCA parametric
experiments with Apros. Espoo: VTT. VTT research report. VTT-R-00051-21 (not yet
signed)

Enhanced multi-physics calculation capabilities for fuel behaviour and
reactor analyses (EMBER)

Research reports

Rintala, V., Suikkanen, H., Complementing TRANSURANUS with Serpent-calculated
nuclide data in coupled calculations, Research Report EMBER2020 D1.1.1.

Additive manufacturing in nuclear power plants (AM-NPP)
Scientific journal articles

Joni Reijonen, Roy Björkstrand, Tuomas Riipinen, Zaiqing Que, Sini Metsä-
Kortelainen, Mika Salmi. Cross-testing laser powder bed fusion production machines
and powders for distributed manufacturing - variability in mechanical properties of 316L
stainless steel with stress-relieving, solution annealing or hot isostatic pressing.
Submitted to Materials & Design journal.

Research reports

Riipinen, Tuomas, AM-NPP - Standarization in metal AM, VTT Research Report VTT-
R-00617-20

Riipinen, T., Revuelta, A., Vaajoki, A., AM NPP - Configuration of Melt Pool Monitoring
for tracking material quality. VTT-R-00090-21



Advanced Materials CharacterisatiOn for Structural integrity assessment
(AMOS)

Research reports

Arffman, P. Correlation of crack arrest force between standard and sub-sized
impact specimens, VTT-R-00172-21

Lindqvist, S., Peltonen, V. NKS: Fracture toughness behaviour in the ductile-to-
brittle transition region – small and large specimens and shallow and long
cracks, VTT-R-00053-21

Seppänen, T., Lindqvist, S. Embrittlement trend curves in Finland

Sirkiä, L., Kuutti, J. Experimental investigations on the effect of pinhole location
on fracture toughness, VTT-R-01183-20

Critical studies in support of the ageing management of nuclear power
plants concrete infrastructure (CONAGE)

Conference articles

Fahim Al-Neshawy and Hassan Ahmed. Estimation of compressive strength of thick-
walled reinforced concrete structure using combined NDT methods. XXIV Nordic
Concrete Research Symposium, August 11th – 14th 2021, Sandefjord, Norway.
(Postponed because of COVID-19).

Fahim Al-Neshawy, Hassan Ahmed and Jari Puttonen. Challenges in compressive
strength estimation for reinforced concrete structure based on NDT techniques.
Extended abstract: SMiRT 26, 8 – 13 August 2021 in Berlin, Germany
(Postponed because of COVID-19).

Research reports

Al-Neshawy, F., Ahmed, H., and Puttonen, J. Defining concrete compressive strength
by combining the results of different NDT methods. CONAGE Project – SAFIR 2022.
Aalto Research Report AALTO-R-001-2020, 64p.

Ferreira, M., Acquiring field experience concerning AAR in NPPs – Aggregates from
Loviisa & Olkiluoto (2020). CONAGE Project – SAFIR 2022. VTT Research Report
VTT-R-01287 -20, 61p.

Sistonen, Status report on anchor corrosion experiments. CONAGE Project – SAFIR
2022. Aalto Research Report, AALTO-R-002-2020

Bohner, E., et l., Status report on liner corrosion experiments. CONAGE Project –
SAFIR 2022. VTT Research Report VTT-R-(draft)



Modelling of aged reinforced concrete structures for design extension
conditions (CONFIT)

Scientific journal articles

Vilppo, J., Kouhia, R., Hartikainen, J., Kolari, K., Fedoroff, A., Calonius, K. “Anisotropic
damage model for concrete and other quasi-brittle materials”. 27 pages. Preprint
submitted for review to International Journal of Solids and Structures.

Research reports

Ferreira M., Fülöp, L. “Understanding the effect of ageing and deterioration of
reinforced concrete on its durability and mechanical performance”. VTT Research
Report VTT-R-01115-20. 89 pages.

Calonius, K., Fedoroff, A., Kolari, K., Vilppo, J. “Development and calibration of user-
extended Abaqus Concrete Damaged Plasticity material model”. VTT Research Report
VTT-R-00159-21.

Effect of long-term operation on aging and environmentally assisted
cracking of nuclear power plant component materials (ELIAS)

Scientific journal articles

Rik-Wouter Bosch, Stefan Ritter, Matthias Herbst, Renate Kilian, M. Grace Burke,
Jonathan Duff, Fabio Scenini, Yuchen Gu, Alice Dinu, Ulla Ehrnstén, Aki Toivonen,
Radek Novotny, Oliver Martin, Francisco-Javier Perosanz, Andraž Legat & Bojan Zajec
(2020): Stress corrosion crack initiation testing with tapered specimens in high-
temperature water – results of a collaborative research project, Corrosion Engineering,
Science and Technology, DOI: 10.1080/1478422X.2020.1815460

Conference articles

I. Virkkunen, et al. A52/SA502 dissimilar metal RPV repair weld: experimental
evaluation and post-weld characterizations, Proceedings of PVP2020, July 19-24,
virtual (joint effort with FEVAS)

H. Keinänen, et al. A52/SA502 dissimilar metal RPV repair weld evaluation of different
techniques. Proceedings of PVP2020, July 19-24, virtual. (joint effort with FEVAS)

C. Huotilainen, et al. Evalaution of an Alloy 52 / Cladding Carbon Steel Repair Weld by
Cold Metal Transfer, submitted to PVP2021, week of July 12, 2021, virtual. (joint effort
with FEVAS)

Research reports

P. Lapalainen, J. Lydman and J. Lukin. Intermediate updates on annealing studies
erformed in 2019 within ELIAS (SAFIR2022), VTT-R-01128-20, 2020.



Others

Ehrnstén, U. Environmentally assisted cracking of stainless steels in LWRs. In "Nuclear
Corrosion: Research, Progress and Challenges", S. Ritter (Ed.), EFC Publications No.
69, Woodhead Publishing: UK, ISBN: 978-0-12-823719-9, 2020.

Extended lifetime of structural materials through improved water
chemistry (ELMO)

Scientific journal articles

Essi Jäppinen, Tiina Ikäläinen, Frej Lindfors, Timo Saario, Konsta Sipilä, Iva Betova,
Martin Bojinov. A comparative study of hydrazine alternatives in simulated steam
generator conditions —  Oxygen reaction kinetics and interaction with carbon steel.
Electrochimica Acta 369 (2021) 137697.
https://doi.org/10.1016/j.electacta.2020.137697

Research reports

Essi Jäppinen, Konsta Sipilä & Pasi Väisänen. Streaming potential measurements in
PWR primary circuit environment. VTT Research Report VTT-R-01582-20.

Caitlin Huotilainen, Tiina Ikäläinen, Tiina Lavonen, Seppo Peltonen, Konsta Sipilä.
Effect of chloride and sulphide intrusions to A690 corrosion in simulated steam
generator conditions. VTT Research Report VTT-R-01492-20.

Essi Jäppinen. State of the art of monitoring the corrosion product dissolution and
transport. VTT Research Report VTT-R-00961-20.

Tiina Ikäläinen, Timo Saario, Konsta Sipilä, Martin Bojinov. Susceptibility of Alloy 690
to PbSCC - phase 2. VTT Research Report VTT-R-00015-21.

Theses

Frej Lindfors. Hydrazine substitutes for use as oxygen scavengers in the secondary
circuits of pressurized water reactors. Aalto University publication series, Master thesis.
https://aaltodoc.aalto.fi/handle/123456789/43523

Fatigue and evolving assessment of integrity (FEVAS)

Scientific journal articles

Kuutti, J., Virkkunen, I., 2020. Crack closure behaviour of semicircular surface cracks
subjected to cyclic thermal loads. Fatigue and Fracture of Engineering Materials and
Structures, 2020, 43(12), pp. 3063–3067

https://doi.org/10.1016/j.electacta.2020.137697
https://aaltodoc.aalto.fi/handle/123456789/43523


Conference articles

Virkkunen, I. et al. A52/A502 dissimilar metal RPV repair weld: experimental evaluation
and post-weld characterizations. Proceedings of the ASME 2020 Pressure Vessels &
Piping Conference PVP2020, PVP2020-21236, August 3, 2020, Virtual, Online.

Heikki Keinänen, Pekka Nevasmaa, Juha Kuutti, Caitlin Huotilainen, Iikka Virkkunen,
Mikko Peltonen, Henrik Sirén, A52M/SA502 dissimilar metal RPV repair weld:
Evaluation of different techniques, Proceedings of the ASME 2020 Pressure Vessels &
Piping Conference PVP2020, PVP2020-21233, August 3, 2020, Virtual, Online.

Tommi Seppänen, Jouni Alhainen, Esko Arilahti, Jussi Solin, Material and temperature
effects in low and high cycle EAF of austenitic stainless steels. Submitted to the ASME
2021 Pressure Vessels & Piping Conference PVP2021, PVP2021-61507.

Huotilainen et al., 2021. Evaluation of an Alloy 52 / cladded carbon steep repair weld
by cold metal transfer. Submitted to the ASME 2021 Pressure Vessels & Piping
Conference PVP2021, PVP2021-61981, Virtual, Online.

Research reports

Juha Kuutti, Jarno Hiittenkivi, An assessment of fluid-induced vibrations in a PWR
primary circuit, Research Report VTT-R-01114-20, Espoo, 2020.

Theses

Cronvall, O. 2020. Susceptibility of boiling water reactor pressure vessel and its
internals to degradation. Aalto University publication series DOCTORAL
DISSERTATIONS, 136/2020

Kuutti, J. 2020. Development of methods for modelling the failure of quasi-brittle
materials. Aalto University publication series DOCTORAL DISSERTATIONS, 192/2020

Non-destructive examination of NPP primary circuit components and
reliability of inspection (RACOON)

Scientific journal articles (published)

From small project ANDIE:
Virkkunen, I., Koskinen, T., Jessen-Juhler, O. et al. 2021. Augmented Ultrasonic Data
for Machine Learning. J Nondestruct Eval 40, 4. https://doi.org/10.1007/s10921-020-
00739-5

RACOON:
Koskinen, T. Virkkunen, I. Siljama, O. & Jessen-Juhler, O. 2021. The Effect of Different
Flaw Data to Machine Learning Powered Ultrasonic Inspection, J Nonde-struct Eval,
40, 24. https://doi.org/10.1007/s10921-021-00757-x

https://doi.org/10.1007/s10921-020-00739-5
https://doi.org/10.1007/s10921-020-00739-5
https://doi.org/10.1007/s10921-021-00757-x


Scientific journal articles (In review)
Siljama, O. Koskinen, T. Jessen-Juhler, O. & Virkkunen, I. 2020. Automated flaw
detection in multi-channel phased array ultrasonic data using machine learning,
Unpublished : In review.

Virkkunen, I. Koskinen, T. Jessen-Juhler, O. 2020. Virtual round robin – a new
opportunity to study NDT reliability. Unpublished : In review.

Research reports

Jessen-Juhler, O. Koskinen, T. & Virkkunen, I. 2020. Ultrasonic simulation with FEM in
3D, VTT research report VTT-R-01593-20.

Theses

Siljama, O. 2020. Reliable defect detection using machine learning for ultrasonic
inspection of nuclear power plant welds. Master’s Thesis, Aalto University publication
series, https://aaltodoc.aalto.fi/handle/123456789/47116

Safety criteria and improved ageing management research for polymer
components exposed to thermal-radiative environments (SAMPO)

Research reports

Bondeson, A, - SAMPO-Lifetime estimation 2020, RISE, Report : P103584

Ryan, J -SAMPO- Setting up safety margins for O-rings 2020, RISE, Report 9P03241-
02

Pushp, M, -SAMPO- Sensitive analysing techniques, RISE Report 9P03241-4

Toss, H, -SAMPO-Online condition monitoring techniques - Dielectric Properties, RISE
Report

Joki, H., Sipilä, K. Identifying suitable methods for on-site polymer quality verification.
VTT-R-00072-21.

Rinta-Aho, J., Sipilä, K., Vaari, J. Studying the ageing of polyethylene by using non-
destructive testing methods and molecular dynamics simulations. VTT-R-00005-21.

Fatigue Management for LTO (FATIMA)

Conference articles

Solin, J., Seppänen, T., Lemettinen, P., Vanninen, R., Pulkkinen, E. and Faidy, C.
(2020) ‘Codes, Standards, Rules and Assumptions on Environment Assisted Fatigue
for Fatigue Management of Primary Piping’, PVP2020-21501, in Proceedings of the
ASME 2020 Pressure Vessels and Piping Conference, Virtual, Online, July 20-24,
2020. 9 p.

https://aaltodoc.aalto.fi/handle/123456789/47116


Solin, J., Seppänen, T., Lemettinen, P., Vanninen, R. and Pulkkinen, E. (2021) ‘Design
By Analysis, Codes, Standards and Rules on EAF - Applicability to Stainless Steels in
PWR Primary Piping’, PVP2021-62187, submitted to ASME 2021 Pressure Vessels
and Piping Conference. 9 p.

Barsebäck RPV material used for true evaluation of embrittlement (BRUTE)

Scientific journal articles

Hytönen, N. et al., Effect of microstructure on brittle fracture initiation in a thermally
aged boiling water reactor pressure vessel head. International Journal of Minerals,
Metallurgy and Materials, https://doi.org/10.1007/s12613-020-2226-6.

Research reports

Arffman, P. and Saarinen, J. Validation of fracture mechanical testing at CNS using
miniature compact tension specimens, VTT Research Report VTT-R-01174-20.

Arffman, P. Fracture mechanical properties of Barsebäck 2 RPVH weld metal, VTT-R-01455-
20.

Dorval, E. Nuclide activity measurements of trepan #6 from the Barsebäck 2 reactor by
gamma-spectrometry. VTT-R-00073-21.

Ehrnstén, U. Reception of beltline trepans, VTT Research Report VTT-R-00379-20.

Ehrnstén, U. et al. Cutting plans for B2 RPV beltline trepan #6 – cutting in 2020, VTT
Research Report VTT-R- 00063-21.

Hytönen, N. et al. Microstructural investigations of beltline weld metal. VTT-R-00027-
21.

Lydman, J. et al. Fractography and microstructural characterization of Barsebäck 2
RPV head weld W28 miniature fracture toughness specimens. VTT-R-01451-20.

Others

Efsing, P. et al., Yearly reporting to NKS.

Ehrnstén, U. et al. Yearly reporting to SAFIR2022.

Ehrnstén, U. et al. SAFIR2022 mid-term seminar summary.

Ehrnstén, U. et al. Presentation of BRUTE progress to Energiforsk Steering
Committee. January 2021.

https://doi.org/10.1007/s12613-020-2226-6


Infrastructure development at LUT safety research laboratory (IDEAL)

Research reports

Telkkä, J., Short report on the annual maintenance of test facilities, Research Report
IDEAL 1/2020, LUT University.

Kotro, E., Pyy, L., Räsänen, A., Telkkä, J., Shakedown tests of MOTEL, Research
Report, IDEAL 2/2020, LUT University.

Telkkä, J., Hujala, E., Pyy, L., Status report on the advances in thermal hydraulic
measurements, Research Report IDEAL 3/2020, LUT University.

Theses

Kinnunen, S. 2020. 1D temperature distribution measuring in the HIPE test facility
water tank with fiber optic cable. Bachelor’s thesis, LUT University, 2020.
https://lutpub.lut.fi/handle/10024/161190

Participation in Jules Horowitz Reactor project -towards first criticality
(JHR2022)

Research reports

Pekka Moilanen, Status of the MeLoDIE I and MeLoDIE II Experiments – Advanced
Devices for Online Biaxial Study of the Irradiation Creep of LWR Cladding in Test
Reactor Core, VTT-R-01476-20, 2020.

Caitlin Huotilainen, Updates on the JHR Archive Material Programme, VTT-R-01464-
20, 2020.

Others

Seppo Hillberg, Travel Report Summary of Activities and Outcomes of Secondee
Exchange at CEA-Cadarache – My Secondment at CEA Cadarache 10/2019 – 3/2020.

Ville Tulkki, Kokomusmuistio OECD/NEA FIDES Establishment Board meeting, June
22-24, 2020, virtual.

Ville Tulkki, Pekka Moilanen, Travel report from the FIDES: INCA-JEEP Workshop,
October 12-13, 2020, virtual.

Janne Heikinheimo, Travel report from the Halden Programme Group meeting, October
15, 2020, virtual.

Caitlin Huotilainen, Petri Kinnunen, Ville Tulkki; Progress of EU-JHOP2040.

https://lutpub.lut.fi/handle/10024/161190


Appendix 2

Participation in international projects
and networks in 2020



Building Operational Readiness of Control Room Crews (BORS)

OECD/NEA WGHOF (Working Group on Human and Organisational Factors) (Laarni,
J.)

NUGENIA (Nugenia Generation II & III Association) (Laarni, J.)

Co-simulation model for safety and reliability of electric systems in
flexible environment of NPP (COSI)

VTT: Collaboration with EnegiForsk under the “Grid interference on nuclear power plant
operations (GINO) |research program.

New developments and applications of PRA (NAPRA)

OECD/NEA Working Group on Risk Assessment (WGRISK): Participation in
OECD/NEA/WGRISK annual meeting on 26-28 Feb., 2020. Due to outbreak of COVID-
19 pandemia the meeting was shrunk to two day meeting with only part of the
delegates present.

OECD/NEA Working Group on Risk Assessment (WGRISK) task “Digital I&C PSA -
Comparative application of digital I&C modeling approaches for PSA” (DIGMAP).
Participating   countries   include   Republic   of   Korea,   Switzerland,   Finland,
Germany,  France,  The  Netherlands,  United  Kingdom  and  Czech  Republic.

Participation in NKS and NPSAG project “Prolonged available time and safe states”
(PROSAFE) together with Nordic partners (Risk Pilot, Lloyd’s Register Consulting,
Halden Reactor Project)

Development of Framework for justification of Overall Safety (OSAFE)

Collaboration with the ELSMORE (Towards European licensing of small moduar
reactors) project on SMRs, 2020.

Collaboration with EURAD (European Joint Programme on Radioactive Waste
Management), and Sub-task 3.4 of UMAN on human related uncertainties in deep
geological disposal 2020.

European Safety and Reliability Association (ESRA). Ylönen as a co-chair of Technical
committee on Organizational Factors and Safety Culture.

Society for Risk Analysis (SRA) international, US-based association. Ylönen was
elected Council member 2020. SRA-Europe, board member 2020.

https://energiforsk.se/en/programme/grid-interference-on-nuclear-power-plant-operations-gino/
https://energiforsk.se/en/programme/grid-interference-on-nuclear-power-plant-operations-gino/


Participative development for supporting human factors in safety
(PARSA)

Participation in international projects and networks

International project, in which a book was published: Teperi, A-M., Gotcheva, N.
Human Factors in the Nuclear Industry. A Systemic Approach to Safety. 1st Edition.
ISBN: 9780081028452. Elsevier, Woodhead Publishing.

A-M Teperi collaborated with LearnSafe Revisited project led by Aalto university, and
accompanied by University of Basel, University of Valencia and Vattenfall; joint
scientific paper with Schöbel, M., Silla, I., Teperi, A-M., Gustafsson, R., Piirto, A.,
Rollenhagen, C., Wahlström, B.: Contribution of Human and Organizational Factors to
Nuclear Safety in a fifty-year perspective: lessons learnt and way forward.

Predicting extreme weather and sea level for nuclear power plant safety
(PREDICT)

ERA4CS project SERV_FORFIRE, Integrated services and approaches for assessing
effects of climate change and extreme events for fire and post fire risk prevention
(2017-2020)

EAR4CS project URCLIM, impacts of heat stress, flooding risk, and snow clearing and
slipperiness in winter in alternative future urban environments (2017-2020)

ERA4CS project WINDSURFER, wind and wave scenarios, uncertainty and climate
risk assessment for forestry, energy and reinsurance (2017-2020)

COST-CA17109 Understanding and modeling compound climate and weather events
(DAMOCLES). Finnish Management Committee substitute member from FMI.
http://damocles.compoundevents.org/

COST-CA15211 Atmospheric Electricity Network: coupling with the Earth System,
climate and biological systems. Finnish Management Committee member from FMI.
http://www.cost.eu/COST_Actions/ca/CA15211

Collaboration with Uppsala University and Swedish Meteorological and Hydrological
Institute (SMHI)  for studies of sea-effect snowfall.

Baltic Earth (Earth System Science for the Baltic Sea region) project BEAR (Baltic
Earth Assessment Reports).

EUMETSAT Optical Lightning Imager (LI) Mission Advisory Group (MAG). FMI is an
Invited Expert Institute.

Nordic Framework Climate Services (NFCS), Heavy Rainfall Activity, Finnish delegate,
since 2016.

The international HIRLAM programme develops short range numerical weather
prediction since the 1980's. http://hirlam.org/index.php/hirlam-programme-53
FMI is active in the following ECRA (European Climate Research Alliance)

http://hirlam.org/index.php/hirlam-programme-53


Collaborative Programmes: i) Arctic Climate Stability and Change; ii) High Impact
Events and Climate Change; iii) Sea Level Change and Coastal Impacts

Collaboration with the European Centre for Medium-Range Weather Forecasts
(ECMWF) for various subjects, including running case study simulations, and storm
prediction development with (ERF) extended range forecasts.

Collaboration with Nansen Environmental and Remote Sensing Center (NERSC) for
studies about extreme sea level events.

Safety and security assessment of overall I&C architectures (SEARCH)

Aalto: Collaboration with ITMO University (Russia) under the project “Synthesis of
finite-state machine based control algorithms for programmable logic controllers in
distributed cyber-physical systems”

Aalto: Participation in preparation of the European COST action ROSETTE (Rigorous
design of trustworthy autonomous systems)

VTT: IAEA Technical Working Group on Nuclear Power Plant Instrumentation and
Control (TWG-NPPIC)

VTT: Collaboration with OECD HRP under the topic Safety of Digital Instrumentation
and Control Systems

Uncertainty management in fire Risk ANalyses (URAN)

OECD/NEA PRISME3

Effective improvement of leadership and safety culture (EPIC)

Gotcheva, N.: Participation in the IAEA online workshop on Systemic Approach to
Safety, 7-10 December 2020

Analytical severe accident research (ANSA)

OECD/NEA ARC-F (Analysis of Information from Reactor Buildings and Containment
Vessels of Fukushima Daiichi nuclear power station)

OECD/NEA THEMIS (THAI Experiments on Mitigation measures, and source term
issues to support analysis and further Improvement of Severe accident management
measures)

U.S.NRC CSARP (Cooperative Severe Accident Research Program)

BARCO (Benchmarking on Assessment of Radiological Consequences)



IAEA CRP J15002 (Effective use of dose projection tools in the preparedness and
response to nuclear and radiological emergencies)

Coupled Analysis of Transient Scenarios (CATS)

US NRC: Active and close collaboration with the development of the system code
TRACE and the reactor analysis code PARCS. Multiple bugs have been found from
TRACE and PARCS codes through VTT’s work and have been reported to the
developers. The fixes to these errors benefit the whole TRACE-PARCS international
community.

AER working group D participation: mainly administrational communications and
planning, due to the ongoing global pandemic.

OECD/NEA UAM-LWR benchmark: ongoing participation work and communications
regarding the benchmark

CFD methods for reactor safety assessment (CFD4RSA)

NKS project “Thermal Hydraulics of the Suppression Pool”, project partners KTH Royal
Institute of Technology in Stockholm, LUT University and VTT.

OpenFOAM multiphase CFD solver development in co-operation with Helmholtz-
Zentrum Dresden-Rossendorf and the OpenFOAM Foundation.

Interdisciplinary Fuels And Materials (INFLAME)

Participation in Halden Programme Group work on the technical evaluation of fuel
experiments.

Participation in SPARE workshops for starting up a new international research project
on nuclear fuel characterization for the Halden reactor rods.

Participation and contribution in CABRI international programme analytical group
meeting workshop.

Participation in OECD/NEA CSNI Working Group on Fuel Safety (WGFS).

Participation in OECD/NEA Expert Group on Reactor Fuel Performance (EGRFP).

Developing the working arms of Kraken, the next generation
computational framework for reactor design and licensing analyses
(LONKERO)

Coordination and maintenance of the international Serpent user community.
Approximately 1000 users in over 220 organizations in 44 countries.



Mitigation and analysis of fission products transport (MANTRA):
OECD/NEA ESTER (Experiments on Source Term for Delayed Releases)
NUGENIA TA2.4 Source term area
NUGENIA TA2.4 Integration of Pool scrubbing Research to Enhance Source-term
Calculations (IPRESCA) project - Iodine task leader

EU MUSA (Management and Uncertainties of Severe Accident) project assessing the
capability of severe accident codes when modelling reactor and SFP (Spent Fuel Pool)
accident scenarios of Gen II and III.

PWR PACTEL tests (PATE):
OECD/NEA PKL Phase 4 project
OECD/NEA ETHARINUS project

Radiation shielding and criticality safety analyses (RACSA)
OECD/NEA NSC (Nuclear Science Committee)

OECD/NEA MBDAV (Management Board on Development, Application and Validation
of Nuclear Data and Codes)

OECD/NEA WPNCS (Working Party on Nuclear Criticality Safety)

EWGRD (European Working Group on Reactor Dosimetry)

Sparger Separate Effect Tests (SPASET)

LUT: Collaboration with VTT and KTH under the NKS project THEOS,
Thermalhydraulics of the Suppression Pool, NKS_R_2020_130

Safety through thermal-hydraulic analyses and cooperation (THACO)

Representation in the following international research and cooperation programmes:

 OECD/NEA HYMERES-2 (PRG representation)
 OECD/NEA PKL-4 (PRG representation)
 OECD/NEA WGAMA (PRG representation)
 OECD/NEA RBHT (MB representation)
 USNRC CAMP (Finland’s contact person)



Enhanced multi-physics calculation capabilities for fuel behaviour and
reactor analyses (EMBER)

LUT: Collaboration with JRC Institute for Transuranium Elements related to design and
implementation of TRANSURANUS nuclide data interface.

Additive manufacturing in nuclear power plants (AM-NPP)

VTT: Participation in the European EURATOM project NUCOBAM (NUclear
COmponents By Additive Manufacturing)

Advanced Materials CharacterisatiOn for Structural integrity assessment
(AMOS)

NKS collaboration project between Kiwa and KTH, T1.6 in WP1

Critical studies in support of the ageing management of nuclear power
plants concrete infrastructure (CONAGE)

EU ACES Project Collaboration Meeting, 16 October 2020, VTT, Online meeting.

ODOBA Technical Group Meeting, 9 November 2020, IRSN, Online meeting.

ODOBA Syteering Committee Meeting, 10 November 2020, IRSN, Online meeting.

BAM/VTT NDE Scanner Frame collaboration, 25 Novemeber, 2020, Online meeting.

Modelling of aged reinforced concrete structures for design extension
conditions (CONFIT)

Numerical workshops of the international IMPACT IV project that started in 2019
(funded elsewhere)

Test data for calibration of material models and impact simulations is partially obtained
from concrete material and impact test data from the international IMPACT IV project

Participation in ERNCIP (EUROPEAN REFERENCE NETWORK FOR CRITICAL
INFRASTRUCTURE PROTECTION) thematic group ‘Resistance of structures to
explosion effects’, coordinated by EMI (Ernst Mach Institute) (funded elsewhere)

Participation in OECD/NEA/IAGE/IRIS benchmark (funded elsewhere)

Participation in OECD/NEA/IAGE/CASH benchmark (funded elsewhere)

Participation in OECD/NEA/IAGE/VERCORS benchmark (funded elsewhere)

Participation in OECD/NEA/WGIAGE Concrete sub-group



Effect of long-term operation on aging and environmentally assisted
cracking of nuclear power plant component materials (ELIAS)

EU-INCEFA+ project (Increasing Safety in NPPs by Covering gaps in Environmental
Fatigue Assessment).

EU-INCEFA-SCALE project

EU-MEACTOS project (Mitigating Environmental Assisted Cracking through
Optimisation of Surfaces).

EPRI Alloy 690/52/152 PWSCC Research Collaboration

ICG-EAC Meeting Collaboration (International Cooperative Group on Environmentally
Assisted Cracking)

Extended lifetime of structural materials through improved water
chemistry (ELMO)

European Cooperative Group on Corrosion Monitoring of Nuclear Materials – ECG-
COMON. Round robin test on Ni-NiO oxidation of Ni alloys.

Fatigue and evolving assessment of integrity (FEVAS)

NUGENIA Association Technical Area 8 (TA8), ENIQ (European Network for
Inspection and Qualification) Task Group Risk (TGR) activities.

Nugenia: Project ATLAS+ (Advanced structural integrity assessment tools for safe long
term operation)

ASME PVP: Informal networking with the main contributors in the field of environmental
fatigue.

Co-operation with EPRI International EAF R&D Collaboration Group

Participation in CSNI LBB benchmark led by the NRC

Non-destructive examination of NPP primary circuit components and
reliability of inspection (RACOON)

Aalto and VTT: Program for Investigation of NDE by International Collaboration
(PIONIC). Participating countries USA, Finland, Sweden, Switzerland, South-Korea
and Japan.



Fatigue Management for LTO (FATIMA)

EPRI: Membership and participation in EAF International Collaboration Group activities
(group consists of seven major stakeholders+VTT+Fortum+TVO under non-disclosure
agreement)

Barsebäck RPV material used for true evaluation of embrittlement
(BRUTE)

International co-operative group on radiation embrittlement, IGRDM
BREDA – Barsebäck Research and Development Arena, led by Energiforsk, Sweden
Co-operation with Kungliga Tekniska Högskolan, KTH, Stockholm, Sweden, with
professor Pål Efsing, Doctoral Students Magnus Boåsen and Daniela Klein.
Co-operation with Chalmers University, Gothenburg, Sweden, with professor Mattias
Thuvander and Postdoc researcher Kristina Lindqvist.

Infrastructure development at LUT safety research laboratory (IDEAL)

Participation in the SILENCE (SIgnificant Light and heavy water reactor thermal-
hydraulic Experiments Network for the Consistent Exploitation of the data) network.

Participation in Jules Horowitz Reactor project -towards first criticality
(JHR2022)

JHR Working Groups on Materials and Fuel, Caitlin Huotilainen, Petri Kinnunen, Ville
Tulkki

OECD/NEA Framework for In-pile Fuel and Material Irradiation Experiments (FIDES),
Petri Kinnunen, Pekka Moilanen, Ville Tulkki

Collaboration with CEA on the development of MeLoDIE mechanical loading device,
Petri Kinnunen, Pekka Moilanen

Particpiation in Halden Reactor Programe, Janne Heikkinheimo, Ville Tulkki

Secondee Exchange at CEA-Cadarache, Seppo Hillberg

Participation in EU-Horizon 2020 coorindatoin and support action JHR Operation Plan
2040 (JHOP2040), Petri Kinnunen (project coordinator), Caitlin Huotilainen, Ville Tulkki



Appendix 3

Academic degrees obtained in the
projects in 2020



Building Operational Readiness of Control Room Crews (BORS)

Master of Science in Philosophy:

Jatta Tomminen: FRAM-menetelmän soveltaminen ydinvoimalaitoksen ohjeiden
suunnitteluun, University of Jyväskylä, Faculty of Information Technology, Cognitive
Science, 9.12.2020

Development of Framework for justification of Overall Safety (OSAFE)

Master of Science in Technology:

Turunen Mikko, Overall safety of small modular reactors, LUT University.
http://urn.fi/URN:NBN:fi-fe2020120499439

Predicting extreme weather and sea level for nuclear power plant safety
(PREDICT)

Doctor of Philosophy:

Mika Rantanen: Diagnostic Studies of Extratropical Cyclones in the Present and
Warmer Climate. University of Helsinki, Faculty of Science, date of the defence
24.4.2020.

Havu Pellikka: Dark-blue horizon: Sea level rise and meteotsunamis on the Finnish
coast. University of Helsinki, Faculty of Science, date of the defence 25.6.2020.

Anna Luomaranta: Characteristics of winter climate in Finland in a warming world.
University of Helsinki, Faculty of Science, date of the defence 21.8.2020.

Safety and security assessment of overall I&C architectures (SEARCH)

Master of Science in Technology:

Prasun Biswas: Model-to-model transformation of nuclear industry I&C logic to assist
model checking. Tampere University, Faculty of Engineering and Natural Sciences,
acceptance date 4.5.2020.

http://urn.fi/URN:NBN:fi-fe2020120499439


Uncertainty management in fire Risk ANalyses (URAN)

Doctor of Technology:

Paudel, Deepak: Uncertainty management for the probabilistic simulation of the
thermal resistance of fire barriers. Aalto University, Department of Civil Engineering.
Date of the defence 26.11.2020.

Advanced Materials CharacterisatiOn for Structural integrity assessment
(AMOS)

Doctor of Technology:

Sebastian Lindqvist: Fracture toughness, crack path and strength mismatch of Alloy 52
dissimilar metal weld, Aalto University, Department of Mechanical Engineering, date of
the defence 25.9.2020

Extended lifetime of structural materials through improved water
chemistry (ELMO)

Master of Science in Technology:

Frej Lindfors. Hydrazine substitutes for use as oxygen scavengers in the secondary
circuits of pressurized water reactors. Aalto University, Master's Programme in
Chemical, Biochemical and Materials Engineering. Thesis submitted for examination
for the degree of Master of Science in Technology. Espoo 8.1.2020.

Fatigue and evolving assessment of integrity (FEVAS)

Doctor of Technology:

Cronvall, O. 2020. Susceptibility of boiling water reactor pressure vessel and its
internals to degradation.  Aalto University publication series DOCTORAL
DISSERTATIONS, 136/2020

Kuutti, J. 2020. Development of methods for modelling the failure of quasi-brittle
materials. Aalto University publication series DOCTORAL DISSERTATIONS, 192/2020



Non-destructive examination of NPP primary circuit components and
reliability of inspection (RACOON)

Master of Science in Technology:

Oskar Siljama: Reliable defect detection using machine learning for ultrasonic inspec-
tion of nuclear power plant welds, Aalto University, Master's Programme in Mechanical
Engineering, 19.10.2020



Appendix 4

International travels and remote*
meetings in the projects in 2020

*) Due to the COVID-19 pandemic restrictions in 2020,
majority of the planned physical international events
were replaced with remote meetings.



Building Operational Readiness of Control Room Crews (BORS)

Laarni, J., HCI International 2020, July 19-24, 2020 (Remote meeting).

Pakarinen, S., 11th Applied Human Factors and Ergonomics Conference (AHFE 2020),
July 16.-20 (Remote meeting).

Co-simulation model for safety and reliability of electric systems in flexible
environment of NPP (COSI)

“Co-simulation platform to study interactions of thermomechanical system of NPP with
electrical system”, Grid interference on nuclear power plant operations (GINO)
Research program, annual meeting, Energiforsk, Oct 2020 (Remote meeting).

Participation on “Joint IAEA–NEA Workshop on the Current Implementation Status of
Measures to Manage Open Phase Conditions in Electrical P”, Oct 2020 (Remote
meeting).

New developments and applications of PRA (NAPRA)

Tyrväinen, T., WGRISK DIGMAP workshop, April 22-24, 2020 (Remote meeting).

Tyrväinen, T. & Karanta, I., Prolonged available time and safe states seminar,
December 3, 2020 (Remote meeting).

Predicting extreme weather and sea level for nuclear power plant safety
(PREDICT)

 Laine, M., AGU Fall Meeting 2020, December 1-17, 2020 (Remote meeting).

Olsson, T., User workshop on Copernicus regional reanalysis for Europe, September
24, 2020 (Remote meeting).

Särkkä, J., EGU General Assembly 2020. May 4-8, 2020 (Remote meeting).

Safety and security assessment of overall I&C architectures (SEARCH)

Vyatkin V., Seminar on formal methods for cyber-physical systems at ITMO University,
February 20–23, 2020, St. Petersburg, Russia.

Linnosmaa, J., OECD Halden Reactor Project workshop about Safety of Digital
Instrumentation and Control Systems, Topic 3 – Architectural specification and
verification, Halden, Norway, May 10, 2020 (Remote meeting).



Buzhinsky, I., 17th IEEE International Conference on Industrial Informatics (INDIN
2020), July 20–23, 2020 (Remote meeting).

Vyatkin V., Meeting on formal methods for cyber-physical systems at ITMO University,
August 22–23, 2020, St. Petersburg, Russia.

Linnosmaa, J., Pakonen, A., 46th Annual Conference of the IEEE Industrial Electronics
Society (IECON 2020), October 18–21, 2020 (Remote meeting).

Uncertainty management in fire Risk ANalyses (URAN)

Tissari Alexandra, Hostikka Simo: Participation to OECD/NEA PRISME meeting 18-
19.6.2020 (Remote meeting).

Tissari Alexandra, Verma Nikhil: Participation to OECD/NEA PRISME meeting 7-
10.12.2020 (Remote meeting).

Analytical severe accident research (ANSA)

Ilvonen, M., 1st Research Coordination Meeting (RCM1) of IAEA Coordinated Research
Project (CRP) J15002 on Effective use of dose projection tools in the preparedness
and response to nuclear and radiological emergencies, January 20-24, 2020, Wien,
Austria.

Sevón, T., 3rd Programme Review Group (PRG3) and Management Board (MB3)
meetings of OECD/NEA ARC-F project, February 10–12, 2020, Paris, France.

Ilvonen, M., BARCO benchmark kick-off meeting, March 4, 2020, Kyiv, Ukraine.

Sevón, T., Cooperative Severe Accident Research Program (CSARP) and MELCOR
Code Assessment Program (MCAP) meetings, August 31 – September 4, 2020
(Remote meeting).

Ilvonen, M., BARCO benchmark working meeting, November 3–5, 2020 (Remote
meeting).

Korpinen, A. & Taivassalo, T., 1st Programme Review Group (PRG1) and Management
Board (MB1) meetings of OECD/NEA THEMIS project, November 23–24, 2020
(Remote meeting).

Sevón, T., OECD/NEA ARC-F project, 4th Programme Review Group (PRG4) and
Management Board (MB4) meetings, December 14–17, 2020 (Remote meeting).



Coupled Analysis of Transient Scenarios (CATS)

R. Komu, Nuclear Simulator Hands-On-Training. NRSHOT-PARCS Course. Nuclear
and Industrial Engineering (NINE) online course 15.-28.4.2020 (Remote meeting and
training).

T. Hovi, Nuclear Simulator Hands-On-Training. NRSHOT-PARCS Course. Nuclear and
Industrial Engineering (NINE) online course 15.-28.4.2020 (Remote meeting and
training).

H. Räty, AER Scientific Council annual meeting (Remote meeting) 24.11.2020

Interdisciplinary Fuels And Materials (INFLAME)

Heikinheimo, J., SPARE workshop organized by Studsvik, 12.-13.3.2020,
Skype/Stockholm, Sweden (Remote participation).

Tulkki, V., Loukusa, H., Halden Programme Group meeting, 22.-23.4.2020 (Remote
meeting).

Arkoma, A., CSNI Working Group on Fuel Safety (WGFS), 17.-18.9.2020 (Remote
meeting).

Peltonen, J., CIP Analytical Group Meeting Workshop, 13.-15.10.2020 (Remote
meeting).

Heikinheimo, J., Halden Programme Group meeting, 14.-15.10.2020 (Remote
meeting).

Developing the working arms of Kraken, the next generation
computational framework for reactor design and licensing analyses
(LONKERO)

Valtavirta, V., 29th International Conference Nuclear Energy for New Europe,
September 7-10, 2020, Portoroz, Slovenia.

Valtavirta, V., Rintala, A., Tuominen, R., Leppänen, J., 10th Annual Serpent User Group
Meeting, hosted virtually by TU Munich, October 27-30, 2020.

Mitigation and analysis of fission products transport (MANTRA)

Kärkelä, T., Gouëllo, M., OECD/NEA ESTER meeting (Programme Review Group and
Management Board), September 2020 (Remote meeting).



PWR PACTEL tests (PATE)

Heikki Purhonen, Vesa Riikonen, The Program Review Group and Management Board
meetings of the OECD/NEA PKL Phase 4 Project, 29th – 30th September 2020 (Remote
meeting).

Heikki Purhonen, Vesa Riikonen, Joonas Telkkä, The Program Review Group and
Management Board meetings of the OECD/NEA ETHARINUS Project, 30th November –
1st December 2020 (Remote meeting).

Radiation Shielding and Criticality Safety Analyses (RACSA)

Dorval, E., European Working Group on Reactor Dosimetry (EWGRD), November 12,
2020 (Remote meeting).

Häkkinen, S., International Conference NENE "Nuclear Energy for New Europe 2020",
Portoroz, Slovenia, September 7 - 10, 2020 (Remote participation).

Juutilainen, P., 24th Meeting of the OECD/NEA Working Party on Nuclear Criticality
Safety (WPNCS), July 9 - 10, 2020 (Remote meeting).

Kotiluoto, P., Leppänen, J., 7th meeting of the Management Board on Development,
Application and Validation of Nuclear Data and Codes (MBDAV), part 1/2, June 15,
2020 (Remote meeting).

Kotiluoto, P., Leppänen, J., 7th meeting of the Management Board on Development,
Application and Validation of Nuclear Data and Codes (MBDAV), part 2/2, September
21 - 22, 2020 (Remote meeting).

Kotiluoto, P., 31st meeting of the Nuclear Science Committee (NSC), September 23-25,
2020 (Remote meeting).

Safety through Thermal-Hydraulic Analyses and Cooperation (THACO)

Hillberg, S. USNRC CAMP fall meeting, 4.-6.11.2020 (Remote meeting).

Karppinen, I. OECD/NEA WGAMA, 22.-24.9.2020 (Remote meeting).

Karppinen, I., Szogradi, M. OECD/NEA PKL4 PRG, 29.-30.9.2020 (Remote meeting).

Karppinen, I., OECD/NEA HYMERES-2 PRG + analytical workshop, 9.-12.11.2020
(Remote meeting).

Karppinen, I., Silde, A. OECD/NEA ETHARINUS PRG, 30.11.-1.12.2020 (Remote
meeting).

Kurki, J. OECD/NEA RBHT 1st Workshop, 27.-29.10 (Remote meeting).



Additive Manufacturing in Nuclear Power Plants (AM-NPP)

Revuelta, A., Webinar on Metal Additive Manufacturing in nuclear applications
organized by Energiforsk, September 23, 2020 (Remote meeting).

Puukko, P., Workshop on Advanced Manufacturing Technologies for Nuclear
Applications organized by USNRC, December 7-10, 2020 (Remote meeting).

Effect of long-term operation on aging and environmentally assisted
cracking of nuclear power plant component materials (ELIAS)

Huotilainen C. and Que Z., EPRI Alloy 690 Experts Meeting, January 13-14, 2021
(Remote meeting).

Fatigue and evolving assessment of integrity (FEVAS)

Kuutti, J. ASME PVP Conference. August 3, 2020 (Remote meeting).

Seppänen, T. ASME PVP Conference. August 3, 2020 (Remote meeting).

Non-destructive examination of NPP primary circuit components and
reliability of inspection (RACOON)

Koskinen, T. Virkkunen, I. PIONIC 7.12.2020 (Remote meeting).

Koskinen, T. Virkkunen, I. PIONIC 8.10.2020 (Remote meeting).

Koskinen, T. Virkkunen, I. PIONIC 24.7.2020 (Remote meeting).

Koskinen, T. Virkkunen, I. PIONIC7.4.2020 (Remote meeting).

Koskinen, T. Virkkunen, I. PIONIC-6 30.11. – 3.12.2020 (Remote meeting).

Fatigue Management for LTO (FATIMA)

Solin, J. and Seppänen, T., ASME Pressure Vessels and Piping Conference
(PVP2020), August 2020 (Remote meeting).

Solin, J. and Seppänen, T., EAF International Collaboration Group Webcast,
September 24, 2020 (Remote meeting).

Solin, J. and Seppänen, T., EAF International Collaboration Group Webcast, December
9, 2020 (Remote meeting).



Barsebäck RPV material used for true evaluation of embrittlement
(BRUTE)

Ehrnstén, U. BREDA Advisory board meeting, 18.5.2020 (Remote meeting).

Leporanta, J. Visit to Mekelex, Somero, Finland for discussions on electric discharge
hole making possibilities, 28.8.2020.

Arffman, P., Dorval, E., Ehrnstén, U., Hytönen, N., Lindqvist, S., Lydman, J.,
Nevasmaa, P., Que, Z. Participation and presentation at the BREDA-BRUTE seminar,
22.9.2020 (Remote meeting).

Ehrnstén, U. BREDA Advisory board meeting, 6.10.2020 (Remote meeting).

Infrastructure development at LUT safety research laboratory (IDEAL)

Participation in the SILENCE (SIgnificant Light and heavy water reactor thermal-
hydraulic Experiments Network for the Consistent Exploitation of the data) network
meeting in June (Remote meeting)

Participation in Jules Horowitz Reactor project -towards first criticality
(JHR2022)

Ville Tulkki, OECD/NEA FIDES Establishment Board meeting, June 22-24, 2020
(Remote meeting).

Petri Kinnunen, Caitlin Huotilainen, Ville Tulkki, EU-JHOP2040 Kick-off Meeting,
September, 8-9, 2020 (Remote meeting).

Pekka Moilanen, Ville Tulkki, Petri Kinnunen, FIDES INCA-JEEP Workshop, October
12-13, 2020 (Remote meeting).

Janne Heikinheimo, Halden Programme Group Meeting, October 14-15, 2020 (Remote
meeting).
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1. Introduction 

In accordance with Chapter 7a of the Finnish Nuclear Energy Act, the objective of the 
National Nuclear Power Plant Safety Research programme 2019-2022 SAFIR2022 is to 
ensure that should new matters related to the safe use of nuclear power plants arise, the 
authorities possess sufficient technical expertise and other competence required for rapidly 
determining the significance of the matters. High scientific quality is required of the research 
projects in the programme and the results must be available for publication. 

The SAFIR2022 programme’s planning group, nominated by the Ministry of Economic Affairs 
and Employment in November 2017, defined the following mission for national nuclear safety 
programmes: 

National nuclear safety research aims at high national nuclear safety 
assessment capability. It develops and creates expertise, experimental facilities 
as well as computational and assessment methods for solving future safety 
issues in close cooperation with competent international partners. 

The vision of SAFIR2022 was defined as follows: 

The SAFIR2022 research community is a vigilant, internationally recognised 
and strongly networked competence pool that carries out research on topics 
relevant to the safety of Finnish nuclear power plants on a high scientific level 
and with modern methods and experimental facilities. 

The Framework Plan [1] describes the research to be carried out in SAFIR2022. The new 
programme essentially covers the themes of the preceding SAFIR2018 and SAFIR2014 
programmes [2], [3]. 

SAFIR2022 Management Board was nominated in August 2018. It consists of 
representatives of the Radiation and Nuclear Safety Authority (STUK), the Ministry of 
Economic Affairs and Employment (MEAE), Fennovoima Oy, Fortum, Teollisuuden Voima 
Oyj (TVO), Technical Research Centre of Finland Ltd (VTT), Lappeenranta-Lahti University 
of Technology (LUT) and Aalto University (Aalto). In 2019 the management board was 
completed with a representative of Swedish Radiation Safety Authority (SSM). 

A public call for research proposals for 2020 was announced on the 16th of August 2019. 
After the closure of the call on the 11th of October 2020, SAFIR2022 Management Board, 
taking into account the evaluations made by the steering groups, prepared a proposal for the 
MEAE regarding the projects to be funded in 2020. The funding decisions were made by the 
Finnish State Nuclear Waste Management Fund (VYR) in March 2020. In 2020, the 
programme consisted of 35 research projects and a project for programme administration. 

VYR funding is collected from the Finnish utilities Fennovoima Oy, Fortum and Teollisuuden 
Voima Oyj based on their MWth shares in Finnish nuclear power plants (units in operation, 
under construction, and in planning phase according to the decisions-in-principle). In addition 
to VYR, other key organisations operating in the area of nuclear safety also fund the 
programme.  

The planned [4] and actual volumes of the SAFIR2022 programme in 2020 were 6,3 M€ and 
6,4 M€, and 40 and 44 person-years, respectively. 
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This annual report summarises the results of the individual projects (Chapter 2) and provides 
financial and statistical information on research programme (Chapter 3). Administrative 
issues are summarised in Chapter 4. 

Project publications are listed in Appendix 1, information on international co-operation in 
Appendix 2, list of the academic degrees obtained in Appendix 3 and the list of international 
travels and remote meetings in the projects in Appendix 4.  

This report has been prepared by the programme director and project co-ordinator in 
cooperation with the managers and staff of the individual research projects. 
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2. Goals and main results of the research projects in 2020 

The SAFIR2022 research programme is divided into four major research areas: 

1. Overall safety and systemic approach to safety 

2. Reactor safety 

3. Structural safety and materials 

4. Research infrastructure. 

The research areas are presented with more detailed descriptions of their research needs 
during the programme period 2019-2022 in the SAFIR2022 Framework Plan [1]. The 
research areas and research needs are based on the knowledge at the time of making the 
framework plan. The Framework Plan will be updated during the programme period, if 
necessary. 

In 2020, the research was performed in altogether 35 research projects. The total volume of 
the programme was 6,4 M€ and 44 person years. The research projects in the various 
research areas with their planned and actual volumes are given in Table 2.1. 

Summaries of research project results are given in the following subsections. 

Table 2.1. SAFIR2022 projects in 2020. 

Research 
area 

Project Acronym Organi-
sation(s) 

Planned 
costs 
(k€) 

Actual 
costs 
(k€) 

Planned 
volume 
(person 
months) 

Actual 
volume 
(person 
months) 

1. Overall safety and systemic approach to safety 

 Building operational 
readiness of control 
room crews: preparing 
for the unexpected 

BORS 
Excellence 
project 
2020-2022 

VTT, 
Finnish 
Institute 
of 
Occupatio
nal Health 
(FIOH) 

136,0 137,2 11,8 12,7 

 Co-simulation model 
for safety and reliability 
of electric systems in 
flexible environment of 
NPP 

COSI VTT, 
Aalto 

177,0 151,1 15,3 11,4 

 New developments and 
applications of PRA 

NAPRA VTT 
198,7 201,4 12,1 13,7 

 Development of 
framework for 
justification of overall 
safety 

OSAFE VTT, Risk 
Pilot, LUT 

81,9 97,6 9,7 8,5 

 Participative 
development for 
supporting human 
factors in safety 

PARSA FIOH, 
VTT 

85,8 87,5 6,2 6,8 

 Predicting extreme 
weather, sea level and 
atmospheric dispersion 

PREDICT Finnish 
Meteorolo
gical 

171,4 204,6 15,8 19,2 
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for nuclear power plant 
safety 

Institute 
(FMI) 

 Safety and security 
assessment of overall 
I&C architectures 

SEARCH 
Excellence 
project 
2019-2022 

VTT, 
Aalto 

370,0 369,5 32,2 35,5 

 Uncertainty 
management in fire risk 
analyses 

URAN 
Excellence 
project 
2019-2022 

VTT, 
Aalto 

220,0 219,3 17,7 20,3 

 Effective improvement 
of leadership and 
safety culture 

EPIC 
 

VTT 
57,0 57,0 3,8 4,5 

2. Reactor safety 

 Analytical severe 
accident research 

ANSA VTT 
209,0 209,1 11,0 13,4 

 Coupled analysis of 
transient scenarios 

CATS VTT 
163,0 163,2 10,4 12,7 

 CFD methods for 
reactor safety 
assessment 

CFD4RSA VTT 
194,0 196,7 12,1 13,1 

 Interdisciplinary fuels 
and materials 

INFLAME VTT 
181,6 183,0 12,3 12,9 

 Developing the working 
arms of Kraken, the 
next generation 
computational 
framework for reactor 
design and licensing 
analyses 

LONKERO 
Excellence 
project 
2019-2022 

VTT  

254,3 254,8 22,5 25,0 

 Mitigation and analysis 
of fission products 
transport 

MANTRA VTT 
121,4 122,9 7,7 6,6 

 Passive heat 
exchanger experiments 

PAHE LUT 
118,0 125,6 10,0 10,9 

 PWR PACTEL tests PATE LUT 190,0 205,3 16,5 15,7 
 Radiation shielding and 

criticality safety 
analyses 

RACSA VTT 
170,0 170,0 11,4 13,5 

 Sparger separate effect 
tests 

SPASET LUT 
111,0 127,7 9,5 10,6 

 Safety through thermal-
hydraulic analyses and 
co-operation 

THACO VTT 
220,6 220,4 12,9 15,6 

 Enhanced multi-
physics calculation 
capabilities for fuel 
behaviour and reactor 
analyses 

EMBER LUT 

28,6 28,7 3,0 3,2 

 Fuel microstructure and 
radium solubility 

PORA* VTT 
97,5 100,3 7,1 7,9 

3. Structural safety and materials 

 Additive manufacturing 
in nuclear power plants 

AM-NPP VTT, 
Aalto, 
LUT 

71,0 72,4 5,0 4,6 

 Advanced materials 
characterisation for 
structural integrity 
assessment 

AMOS VTT 

165,5 166,8 9,9 10,8 

 Critical studies in 
support of the ageing 

CONAGE VTT, 
Aalto 

142,9 142,9 8,7 10,9 
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management of NPP 
concrete infrastructure 

 Modelling of aged 
reinforced concrete 
structures for design 
extension conditions 

CONFIT VTT, 
Tampere 
University 
of 
Technolo
gy (TUT) 

86,0 85,8 4,0 4,2 

 Effect of long-term 
operation on aging and 
environmentally 
assisted cracking of 
nuclear power plant 
component materials 

ELIAS VTT, 
Aalto, 
TUT 

71,9 75,3 6,0 6,3 

 Extended lifetime of 
structural materials 
through improved water 
chemistry 

ELMO 
Excellence 
project 
2019-2022 

VTT 

193,0 194,4 11,0 12,5 

 Fatigue and evolving 
assessment of integrity 

FEWAS VTT, 
Aalto 

143,1 147,4 9,5 11,1 

 Non-destructive 
examination of NPP 
primary circuit 
components, machine 
learning and reliability 
of inspection 

RACOON VTT, 
Aalto 

185,7 188,8 13,2 16,6 

 Safety criteria and 
improved ageing 
management research 
for polymer 
components exposed 
to thermal-radiative 
environments 

SAMPO 
Excellence 
project 
2019-2020 

VTT, 
RISE 
Research 
Institutes 
of 
Sweden 

189,0 189,8 10,0 11,1 

 Fatigue management 
for LTO 

FATIMA VTT 
116,0 116,4 5,5 6,3 

4. Research infrastructure 

 Barsebäck RPV 
material used for true 
evaluation of 
embrittlement 

BRUTE 
Excellence 
project 
2019-2022 

VTT 

366,0 381,5 22,0 26,1 

 Infrastructure 
development at LUT 
safety research 
laboratory 

IDEAL LUT 

429,0 465,7 25,0 23,3 

 Participation in Jules 
Horowitz Reactor 
project - towards first 
criticality in 2022 

JHR2022 VTT 

129,0 129,0 6,7 7,2 

Programme administration 

 SAFIR2022 
administration 

ADMIRE VTT 436,8 436,8 11,2 12,3 

The costs of ADMIRE are for period 1.1.2020-31.3.2021. The costs include the small projects 
and value-added tax 24%. 
*) PORA project reports to KYT2022 programme (see http://kyt2022.vtt.fi/ ). 

http://kyt2022.vtt.fi/
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2.1 Overall safety and systemic approach to safety 

In 2020 the research area “Overall safety and systemic approach to safety” consisted of nine 
projects:  
 

1. Building operational readiness of control room crews: preparing for the unexpected 
(BORS) 

2. Co-simulation model for safety and reliability of electric systems in flexible 
environment of NPP (COSI) 

3. New developments and applications of PRA (NAPRA) 
4. Development of framework for justification of overall safety (OSAFE) 
5. Participative development for supporting human factors in safety (PARSA) 
6. Predicting extreme weather, sea level and atmospheric dispersion for nuclear power 

plant safety (PREDICT) 
7. Safety and security assessment of overall I&C architectures (SEARCH) 
8. Uncertainty management in fire risk analyses (URAN) 
9. Effective improvement of leadership and safety culture (EPIC). 

2.1.1 BORS – Building operational readiness of control room crews 

The BORS project investigates the Joint Cognitive System (JCS) between an operator and 
nuclear power plant (NPP) process systems from the perspective of human-system 
interfaces (HSIs), procedures, operators’ resources for action and skills training. First, our 
aim is to advance and deepen our understanding of resilience skills and develop specific 
tools and methods for the analysis of simulator data and/or promotion of resilience skills 
assessment and skills training. Second, our aim is to further our understanding of operator 
practices and cognitive processes in complex incidents and severe accidents. To that aim, 
we will conduct simulator tests that are unique in a sense that they are either performed in a 
new kind of environment (i.e., virtual control room or a novel digital control room) or that they 
address topics that have not been widely studied (e.g., stress management and procedure 
use in complex incidents). Third, our aim is to better understand how the JCS is shaped and 
evolved, and how cognitive readiness and resilience skills are acquired. To that aim, we 
develop a training program for the advancement of cognitive readiness and resilience skills in 
operator work. 

Specific goals 

Next, we present the specific goals and research activities of the ongoing work packages, 
WP1, WP2, WP3 and WP5 in 2020. WP4 will start in 2021. 
 
In WP1 of BORS, tools and practices are developed for promotion of operator resilience 
skills and cognitive readiness in complex incidents carried out in a virtual reality control room 
(VR CR). We have analysed the simulator test results from different perspectives, e.g.: 
 

● Build-up of situation awareness in complex accident and incident situations; and 
● Complex troubleshooting in incident situations. 

 
In 2020, we conducted a study in a VR CR consisting of some brief incidents and one longer 
accident situation (Figure 1). Three operator crews participated in this study. In brief 
incidents operators detected malfunctions that are quite difficult to detect and identify, 
diagnosed the malfunction and started to repair it. We also developed a concept for a 
retrospective video-based think- and reason-aloud process tracing method for operator 
training purposes. In this method, video showing both gaze direction and 
psychophysiological recordings are presented to the operator, and his/her task is to verbalise 
what he/she was doing and thinking as he/she conducted the task.   
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Figure 1. Example image from the physical (left) and virtual (right) simulator environment. 

In WP2 of BORS, our aim is to examine the use of virtual reality applications for stress 
management training, training of cognitive and teamwork skills, and training of maintenance 
and visual inspection procedures. The work focuses on collaboration between the CR crew 
and field operators, and maintenance work. 

In 2020, an extensive literature review on field operator training and teamwork between the 
field and control room was prepared. The literature review covers topics such as VR 
solutions for operator training, applications of VR in field operator training an evaluation of 
VR training environments for field operator training. Interviews were also conducted, in which 
field operators and personnel responsible of field operator training were interviewed in one 
Finnish NPP. The aim was to acquire a better understanding of field operator training, needs 
for improvement and the applicability of VR/AR technologies in training. Finally, data has 
been collected in a simulator study, in which the CR operators collaborated with the field 
operator. The aim is to examine the processes that support building a common 
understanding of a fault among CR operators and field operators.   

In WP3 of BORS the aim is to investigate the effect of procedure format and level of 
procedural guidance on operator cognitive processes and mental workload. We will 
investigate the development of the proficient use of procedures and characteristics of 
procedure-based markers of resilience in incident situations. 

In 2020, we analysed and reported the results of the simulator study conducted in 2019. 
According to our findings, most of the crews acted in a quite consistent way, and 
performance was high in both simulator runs. A considerable variation in performance times 
was, however, observed. For most of the crews, communication and collaboration between 
operators was fluent. However, the amount and quality of communication varied quite much 
between crews, and some communication breakdowns were identified. Clear and systematic 
differences were also found in the workload and stressfulness between two scenarios and 
between their different phases (Figure 2). In addition, there was quite much variation in 
procedure use practices between crews. On the other hand, procedures were applied quite 
fluently, indicating that usage practices are quite stable in each crew. According to operator 
interviews, they are satisfied with the present procedures, irrespective of the format. When 
one option has to be chosen among several alternatives, flowchart solution is better, but 
when there is no need to decide between options, prose format is found to be the most 
suitable. 

In WP5 of BORS, the aim is to develop resilience skills training including the implementation 
of the training activities, for simulator trainers, operators and operator support personnel. In 
2020, lecture material on resilience skills training has been prepared and presented in annual 
training days at TVO. 
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Figure 2. Interaction plot depicting skin conductance response (SCR) during baseline, and 
Scenario 1 and 2. BL1 = baseline 1; 1 = Scenario 1; 2 = Scenario 2. SS = Shift supervisor; 
RO = Reactor operator; TO = Turbine operator; AUX = Auxiliary operator. 

Deliverables 

• Satu Pakarinen gave a presentation entitled ”Promoting Operational Readiness of 
Control Room Crews Through Biosignal Measurements” in AHFE 2020 virtual 
conference. 

• Jari Laarni gave a presentation entitled “Promoting operational readiness through 
procedures in nuclear domain” in HCI International 2020 virtual conference. 

• A conference article on building situation understanding in a hybrid CR entitled “Building 
Cognitive Readiness and Resilience Skills for Situation Assessment and Diagnostic 
Reasoning in a VR CR” by J. Laarni, M. Liinasuo, S. Pakarinen, K. Lukander, T. Passi, V. 
Pitkänen, & L. Salo was published, and a poster was presented in HCI International 2020 
virtual conference. 

• A conference article on control room operators’ cognitive strategies in troubleshooting 
entitled “Control room operators’ cognitive strategies in complex troubleshooting” by J. 
Laarni, M. Liinasuo, S. Pakarinen, K. Lukander, & T. Passi was submitted to AHFE 2021. 

• A slide set on the video-based process-tracing method entitled “Development of video 
based process tracing methodology - conceptual description” by M. Liinasuo & S. 
Pakarinen was completed. 

• A literature review on teamwork between the field and the control room entitled “Virtual-
reality based nuclear power plant field operator training” by S. Pakarinen, J. Laarni, H. 
Koskinen, T. Passi, M. Liinasuo, & T.-T. Salonen was completed. 

• A test plan was outlined for the simulator test conducted in November 2020 at Fortum 
Loviisa NPP. 

• A research report on the simulator test results entitled “Promoting operational readiness 
through procedures - Final report of the 2019 simulator study” by J. Laarni, S. Pakarinen, 
T. Passi, K. Lukander, M. Liinasuo, & T.-T. Salonen was completed. 

• A slide set on the effect of procedure format entitled “A comparison of prose and 
flowchart format for presenting procedures in nuclear domain. Literature review” by J. 
Laarni was completed. 



 

 

RESEARCH REPORT VTT-R-00462-21 

13 (146) 

  

 

• Lecture material on resilience skills training was prepared by S. Pakarinen and T.-T. 
Salonen. 

• A master’s thesis entitled “FRAM-menetelmän soveltaminen ydinvoimalaitoksen ohjeiden 
suunnitteluun” was completed by J. Tomminen. 

• A conference abstract entitled ”Augmenting field operator training through virtual reality” 
by H. Koskinen et al. was submitted to ANS NPIC&HMIT 2021. 

A simulator test was conducted in a virtual control room at Fortum on November, 2020. 

 

2.1.2 COSI - Co-simulation model for safety and reliability of electric systems in flexible 
environment of NPP 

General objective 

The project studies safety design principles of electrical systems focusing on selected topics 
considered most relevant for the stakeholders on the three levels of design: 1) plant level 
safety design, 2) systems safety design, and 3) component safety design.  

COSI project aims to develop a multi-physic simulation model which interfaces the internal 
electric power system of NPP and the external high voltage power system to the thermal, 
reactor physical and automation models, for example, Apros. This holistic model covers the 
whole chain of electrical systems enabling a structured approach for evaluation of possible 
common cause failures and design principles of electrical systems in the existing and future 
nuclear power plants (NPP) and small modular reactors including flexible operation. The 
simulation platform will be utilized for evaluating the adequacy and balance of safety 
requirements of the electrical systems in NPP in the cases of faults and disturbances.  

Specific goals  

Electrical systems perform various functions in an NPP, and they are required for the 
operation of many safety systems. In normal operation, all electrical systems are connected 
at the high voltage level, which creates the potential for common cause failures due to faults 
in the plant internal or external power system. In fact, several such incidents have been 
reported. 

An overvoltage is a condition where the voltage applied to a component exceeds what it is 
designed for. Overvoltages are classified into two types depending on the length of the 
condition. Shorter events are known as transient overvoltages while longer events are power 
frequency overvoltages. NPPs are generally considered to be well protected against 
transient overvoltages. However, the same is not true for power frequency overvoltages. 
Common causes of power frequency overvoltages are ground faults, reactive power 
imbalances and voltage control issues. In the Forsmark event in 2006, the generator voltage 
controller compensated for low voltage during a prolonged short circuit condition, and caused 
an overvoltage when the fault was disconnected. According to literature, electrical transients 
may not have been adequately considered in the original design or later modifications of 

plants. However, no existing several such incidents have been reported. 

An open phase condition (OPC) occurs when one or two of the three phases are 
disconnected. Typical reasons are mechanical failures of conductors or breakers. An OPC 
may cause significant phase imbalance downstream of the fault, and the level of imbalance 
is strongly affected by any downstream transformers and different load types. Many OPC 
analyses found in the literature focus on analysing or simulating the electrical behaviour of a 
single component or the entire electrical system of a plant. Typical components analysed are 
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transformers and induction motors. Theoretical calculations, computer simulations and 
laboratory measurements have been found to agree reasonably well. However, analyses of 
entire electrical systems appear to be limited concerning three aspects. First, most 
simulations use very simple models of the loads, where small loads are aggregated into 
larger units and all loads are modelled as constant or using a simple mathematical 
relationship. Second, the simulations only consider electrical effects, ignoring any potential 
dynamics or feedback from electrical protection or thermomechanical system. Finally, even 
time-domain simulation studies appear to be most interested in steady-state behaviour rather 
than transient effects. In OPC analysis, time dynamic effects are important, because the key 
question is whether motors trip, overheat or keep running until the fault is cleared.  

Subsynchronous oscillations (SSO) are several related conditions where components in the 
electrical system interact in an oscillatory manner. They are divided into two traditional types 
and one more recently discovered type depending on which devices participate in the 
interaction. In the subsynchronous resonance (SSR), the oscillation occurs between a 
synchronous generator and a series compensated power line, while in SSTI, a synchronous 
generator interacts with an actively controlled device in the grid. In SSCI, an actively 
controlled generator (wind turbine) interacts with a series compensated power line. 
Subsynchronous oscillations cause significant stresses on electrical and mechanical parts of 
the system because the amplitude of the oscillation will increase until something gives way. 
The turbine generator shaft is usually the weakest link in an interaction that involves a 
synchronous generator. Generator shaft damage is expensive to repair, and missiles 
resulting from shaft failure could hypothetically affect safety systems in an NPP. SSR first 
occurred at Mohave coal power plant in 1970. Since then, it has been researched 
extensively, and SSO analyses are a routine part of HVDC, series compensation and power 
plant projects. Typical studies include mathematical analyses and electrical simulations. 
Simulations in particular are a more useful tool than before due to increased computational 
resources. SSO has been studied in nuclear power plant generators, as NPPs typically have 
large turbine generators that are susceptible to SSO. However, it does not appear to have 
been considered from a nuclear safety perspective before. Its potential effects on 
Thermomechanical system have also not been analysed. Three particularly relevant 
conditions (power frequency overvoltages, open phase conditions and subsynchronous 
oscillations) were selected for in-depth analysis. Based on the literature review and analyses, 
these three conditions were recommended for simulation in the COSI project.  

The existing electrical simulation studies have not considered the thermomechanical system 
feedback effects and other transient dynamics in much detail. Most of the NPP in Finland use 
Apros as the main simulation tool for thermomechanical and automation process. However, 
since Apros cannot simulate the detailed electrical system events, e.g. unsymmetrical faults 
like one phase fault of the electric system, the detailed electrical power system models are 
simulated in different simulation tools. In these circumstances, the interaction of the electrical 
system and the thermomechanical system is neglected. 

In this regard, the aim of WP1 in the COSI project is to design the architecture of the co-
simulation platform for NPP. The co-simulation platform provides the opportunity to simulate 
the interaction between detailed models implemented in different simulation tools. In this 
platform, the master program is developing using the Matlab (or Python). Apros will be the 
Open Platform Communications (OPC) server and the master program is the OPC client for 
connecting to Apros. The master program connects to other power system simulators using 
the appropriate protocol, which depends on the simulator’s features. In this architecture, the 
master program, MATLAB, delivers the mechanical model of APROS to the power system 
simulators. In the same way, the master program delivers the electrical model of power 
system simulators to APROS. The power system simulators can consist of different tools 
used for simulations like PowerFactory, Simulink, etc. The challenge of building the 
architecture of the COSI co-simulation platform covers the data exchange layout among 
simulators, data exchange Intervals, time step handling, the protocol of data exchange 
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between simulators and the initialising of simulators. The proposed co-simulation architecture 
for the COSI platform is in Figure 1. 

Following the architecture design in 2019, WP1 develops the first version of the co-simulation 
platform in 2020. This co-simulation platform includes a master program, which can 
coordinate the co-simulation of different domains using domain-specific simulation tools. This 
Master Program connects to the Apros using Open Platform Communications (OPC) data 
connection. The connecting protocol could be different for other simulation tools that are 
connected to this co-simulation platform. For example, for connecting PSCAD, the FMI-
Compliant Interface developed based on TCP/IP protocol can be used. In this section, the 
implementation of the chosen architecture will be described.  

 

 

Figure 1. The proposed co-simulation architecture for the COSI platform. 

To verify the co-simulation platform, small thermomechanical and electrical models have 
been used. The electrical model includes a Generator that through a unit transformer is 
connected to the high voltage grids and through an auxiliary transformer provides energy for 
three large motors. The generator coupled to a turbine shaft and motors coupled to the basic 
pump, motor pump, and common pump in Apros. The simulation results show that co-
simulation works well. All involved tools have their normal usage environment available that 
can be used to see simulation results and allow the user to edit and change the settings in all 
simulators simultaneously. This way, the model and tools that are developed in each domain-
specific simulator, can be used directly by their domain expert, while the co-simulation 
platform can analyse the interaction of these different domains without simplifying the models 
of any of the domains. 

WP2 implemented a real NPP model using the developed co-simulation platform. Although 
the co-simulation in the small model works well, the co-simulation in a complete NPP faced 
some challenges to integrate generator from electrical simulator to turbine/shaft from Apros. 
There is a conflict; when there are more than one generator Apros calculate the frequency of 
the electrical system and rewrite what written from the electrical simulator. This conflict will 
be solved in the next year plan.  

Currently, the internal electrical grids and thermomechanical model of the NPP is merged 
and co-simulated without any challenge. The results highlighted that the existing 
simplification assumptions and neglecting the interaction between the electrical system and 
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thermomechanical system can misrepresent the electrical and thermomechanical behaviour 
during an electrical fault. 

Deliverables 

• Description of the co-simulation platform for NPP 

• Electrical and Thermomechanical Co-simulation Platform for NPP. 

• Baseline simulation results 

 

2.1.3 NAPRA - New developments and applications of PRA 

The general objective of NAPRA (2019-2022) is to develop methods and analyses for 
probabilistic risk assessment (PRA) of nuclear facilities. It encompasses most PRA research 
carried out in SAFIR2022. Despite decades of development, there still exist room for 
improvement in PRA methods and methodology. A case in point is the need to account for 
the dynamicity of accident scenarios and human involvement in them. New developments 
such as the need to take long accident progression time windows into account pose 
challenges to PRA. Emerging technologies, such as small modular reactors, bring modelling 
and analysis issues that must be addressed for credible PRAs. The key challenge of NAPRA 
is to address - and within resource constraints, to contribute to - a wide-ranging and topical 
mix of PRA research themes that are relevant and interesting from the Finnish nuclear safety 
point of view.  

Specific goals 

WP1 of NAPRA studies PRA of external and internal hazards. In 2020, we have focused on 
fire PRA. The overall goal has been to increase the realism of fire PRA by simulation-based 
event tree modelling. We have developed a simulation-based event tree for a cable room fire 
scenario. The main components of the model are Monte Carlo fire simulations and a 
stochastic operation time model for firefighting. In 2020, we have identified a large number of 
uncertainties in the case study. The most significant uncertainties are related to some fire 
simulation parameters (particularly time of maximum heat release rate), reliability of the 
automatic suppression system and some central firefighting actions. In addition to the case 
study, we have also considered other modelling issues from the point of view of simulation-
based event tree modelling. Modelling of multiple consequences, such as multiple cable 
failures, is relatively straightforward. Multiple fire brigades could also well be incorporated to 
the operation time model given that sufficient information about time delays exist. Fire 
spreading outside the room could be included in the analysis, though it would require some 
more research to develop the detailed modelling approach. 

We have studied reliability analysis of sprinkler systems by reviewing previous analyses 
found in the literature and conducting a simplified fault tree analysis for a generic wet pipe 
system. Such reliability analyses have been quite rare or at least not published. Collection of 
sufficient amount of failure data for sprinkler system components is necessary for credible 
reliability analysis. 

WP3 of NAPRA aims to improve PRA methods concerning human reliability analysis (HRA) 
and time window modelling. An important part of this WP has been to participate in an NKS 
and NPSAG project “Prolonged available time and safe states” (PROSAFE). The PROSAFE 
project has particularly focused on spent fuel pool accidents. The time windows of spent fuel 
pool accidents are typically much longer than in reactor accidents so that there is much more 
time to perform manual actions and repairs. Existing HRA methods have mainly been 
developed for shorter time windows, and repair modelling in PRA has been at quite immature 
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level. Modelling of mission times of safety functions has also been very simplified in PRA. 
The mission times should be determined based on how long it takes to reach the safe state, 
but this is usually not the case. 

We have developed a simulation-based event tree modelling approach for spent fuel pool. It 
integrates deterministic spent fuel pool behaviour and probabilistic analysis. The spent fuel 
pool water level and temperature are calculated in the simulations at every time point of 
interest, e.g. when a make-up system is started or fails. The time windows for probabilistic 
analysis are dynamically calculated based on the current spent fuel pool conditions. For 
example, the mission time of a make-up system is calculated based on how long it takes to 
reach the safe state, i.e. the water level is normal and the spent fuel pool cooling system is 
back in operation. Durations of manual actions, repair times and failure times are drawn from 
probability distributions to determine accident progression timings on each simulation cycle. 

We have analysed two spent fuel pool accident scenarios, transient and loss of offsite power 
(LOOP), using the simulation-based event tree approach. The analysis has been performed 
based on a fictive and simplified static PRA model created for the PROSAFE project. The 
simulation-based event trees have been used quantify top minimal cut sets of the static PRA 
model more realistically. The simulation-based event tree for LOOP is presented in Figure. 
Repair modelling decreased the fuel damage frequency quite a lot compared with the static 
model. The importance of human failure events increased in the results. The importance of 
components and failure modes with long repair times decreased in the results. Dynamic 
treatment of mission times had also some impact on the results, which is seen as decreased 
importance of failure to run events in the LOOP case. The results were more or less 
consistent with the results calculated using other methods, I&AB and enhances event/fault 
tree method, used by PROSAFE partners, even though there were some differences in the 
assumptions and inputs. 

 

Figure 1. Simulation-based event tree for loss of offsite power scenario of a spent fuel pool. 
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The second part of WP3 concentrated on dynamic HRA that considers the changing situation 

that affects human errors. Two studies were carried out on dynamic HRA. The first study was 

a survey to find out how familiar Nordic HRA professionals are with the dynamic HRA 

concept; what are their opinions and experiences on it; and what further research on it would 

be interesting or important. Six Finnish and Swedish human reliability analysis experts from 

five different organizations replied to the query. In general, the respondents’ view is that the 

greatest potential benefit of dynamic HRA is increased realism. On the other hand, they 

emphasized that deployment of dynamic HRA methods should not lead to increased 

complexity of models and workload in analysis, because resources available for HRA are 

limited and the models are already complex. Dynamicity is involved in long time windows and 

annual maintenance break scenarios, among others. The respondents identified also several 

interesting future research topics. 

The second study was an interview of main control-room operators to shed light on dynamic 
HRA related phenomena qualitatively, in the form of asking operators’ opinions on error 
possibility in various operational, possibly error-prone situations in the main control room. 
There was only a small number of interviewees, limiting the conclusions to be made. 
However, even this small sample provided a lot of information and variation, which can also 
reflect the true variation, possibly realised also with a larger sample. The results appear 
possible and true. Whether this is the case, calls for a new study with more interviewees. 

WP4 of NAPRA studies PRA modelling of digital I&C systems. Despite of significant research 
efforts, there is still no international consensus on modelling methods. Therefore, digital I&C 
has been modelled in overly simplified and conservative manner in most PRAs currently. 
Challenges include particularly modelling and quantification of software failures, modelling of 
fault-tolerant features, postulation of common cause failures and common cause failure 
parameter estimation. It should be noted that these issues are not only relevant for PRA but 
also in the deterministic safety demonstration, which includes e.g. fault tolerance analyses. 
Failure tolerance analysis has been therefore chosen as one of the topics that require further 
development due to its common importance both for deterministic and probabilistic safety 
assessment. 

An important part of this WP has to participate an international benchmark study, OECD/NEA 
WGRISK task DIGMAP. In DIGMAP, six participants have prepared PRA models for a fictive 
reactor protection system, and the modelling approaches and results have been compared. 
The project particularly has demonstrated the importance of understanding the diversity of 
the reactor protection systems (or lack of it) and the identification of common cause failure 
(CCF) groups. Both high level and low level modelling approaches were used among 
DIGMAP participants, but the level of modelling detail did not really have impact on the 
overall results. Both approaches have their benefits and drawbacks, and the most suitable 
approach can also depend on the application. It has to be noticed that the development of a 
compact PRA model for digital I&C requires quite detailed background calculations and good 
modelling skills, i.e. there is no easy shortcut. Large CCF groups were technically the most 
challenging modelling issue of the project that caused some differences in the results. It was 
seen that one has to be very careful when using simplifying workarounds. 

In the failure tolerance analysis (FTA) work, a simplified example scenario for a FTA was 
developed and examples of methods for different phases of the FTA were listed. Some 
example computations for the different phases for a fictive boiling water reactor model were 
performed. In the computations, the focus was on an approach (model checking) that could 
support and complement analyses performed with more traditional methods, such as failure 
modes and effects analysis and common cause failure analyses. Based on the example 
computations model checking could be used to support and complement different analyses 
in FTA. 
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Deliverables 

• A research report on a cable room fire PRA study and simulation-based event tree 
method for fire PRA 

• A research report on PRA and HRA of accident scenarios with long time windows 

• A research report on dynamic HRA describing two empirical studies: a stakeholder 
survey and a series of operator interviews. 

• Summary of DIGMAP online meetings. 

• A research report on DIGMAP, the international benchmark study on PRA modelling of 
digital I&C 

• A research report on failure tolerance analysis, a simple failure tolerance analysis case 
study for a fictive boiling water reactor. 

 

2.1.4 OSAFE - Development of framework for justification of overall safety 

The objective of OSAFE (2019-2022) The general objective of the OSAFE project is to 
advance (the understanding of) nuclear power plant safety and security, i.e., overall safety by 
applying a set of methods (risk-informed, graded approach, safety justification, safety culture, 
institutional strength-in-depth, system modelling) and improving of these methods for the 
purposes of safety assessment and safety justifications in the context of operating plant’s 
electric systems and the new technologies, such as SMRs. Thus, the project focuses on both 
the current challenges in the operating plans and the projections to the futures in terms of 
SMRs and non-baseload operation of nuclear power plant and integrated management of 
safety, security and safeguard. 

OSAFE project focused in 2020 on two different tasks: Small Modular Reactors (SMRs) from 
the perspective of design, and semantic modelling in the context of non-baseload operations. 

Specific goal 1 

The objective of the WP 3, Task 3.2 of OSAFE is to carry on the modelling work started in 
2019 aiming at creating a semantic model on overall safety, extending the already created 
OSAFE models, and utilizing the modelling concept in real nuclear-related case studies. The 
context is non-baseload operation.  

Introduction   

Baseload operation refers to operation at steady full rated electrical output. Whereas, non-
baseload operation refers to any change from baseload operation in interfacing with the grid 
(to meet the requirements of the electricity system in balancing generation and demand) 
(IAEA 2018).  The primary consideration for flexible operation (non-baseload operation) is 
matching the flexibility need of the grid system and the capabilities of plants for flexible 
operation.  

Boost in non-baseload operation in nuclear power plants derive from energy markets and 
growing international and national pressures to reduce greenhouse gases and to increase 
the use of renewable energy. Non-baseload operation has not yet been realized in Finland 
on a large scale (apart from couple of times in Olkiluoto). However, operators and regulators 
need to be prepared for it.  
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Semantic modelling 

In semantic modelling it is a question of creation of knowledge model(s) in order to obtain a 
deep understanding of a chosen phenomenon. Different knowledge models can be added in 
the semantic model to complement each other. The benefits of semantic modelling include 
e.g. obtaining multidisciplinary and holistic understanding of non-baseload operation and 
finding new links that would be difficult to realise otherwise due to large amount of data. 

In our study the definition of overall safety refers to outcome of safe, sustainable and 
successful functioning of nuclear power plant (NPP) as a technical system and as an 
organizational system i.e. sociotechnical entity, on which also external actors and factors 
have effects. Overall safety definition is a one knowledge model. The other knowledge 
models include NPP as a technical system, NPP as an organizational system, stakeholders, 
studies on non-baseload (safety impacts).  

Regarding the possible impacts of non-baseload operation on safety of NPP, we looked at 
the maintenance, operation and safety (see Table 1). These aspects are closely connected 
to each other and overall safety. Regarding the maintenance, non-baseload operating 
increases the risk of equipment degradation, and the need for additional monitoring and 
surveillance of maintenance, as well as the need of calibration of measuring equipment. 
From an organizational perspective, maintenance requires additional resources and experts 
in calibration.  

From the operation perspective, non-baseload operation has impacts on reactivity, neutron 
flux changes and these create challenges to reactivity management. Furthermore, the grid-
driven operation requires from NPP organization, review and revision of procedures as well 
as collaboration, communication and interfaces with the grid operator. Regarding the safety, 
non-baseload operation can affect e.g. ageing of components. Therefore, in the PRA and 
safety analysis, attention needs to be paid on the non-baseload operation. In addition, 
evaluation of safety culture, and training regarding non-baseload operation is needed to 
ensure e.g. better understanding of and preparedness for possible effects of non-baseload 
operation. Moreover, non-baseload operation requires also from the regulatory body better 
understanding of challenges related to non-baseload operation, from technical and 
organizational point of view.  

Table 1. Possible impacts of non-baseload operation on safety of NPP 
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Conclusions regarding semantic modelling in the context of non-baseload operation 

Our objective was to create a multidisciplinary view regarding the overall safety in the context 
of non-baseload operation. However, this work would have required a lot of resources. With 
the cut budget we were able to start modelling, but we could not add many knowledge 
models to complement each other. Therefore, the results are only suggestive, indicative 
results. However, we found semantic modelling a promising approach to overall safety in the 
sense that it can find relevant, even invisible links within technical domain, and between 
technical and organizational aspects (e.g. regarding I&C, wear and tear and ageing, and 
maintenance), which could otherwise remain unnoticed. Due to scarce resources we could 
not exploit or show the full potential of semantic modelling. In order to obtain the level where 
the semantic modelling software can independently find links, lot of data needs to be fed in 
the system.    

Regarding the benefits of semantic modelling, first, it enables modelling the same topic from 
several, different viewpoints. Second, it enables detection of new relationships between 
elements with and among different knowledge models. Third , semantic modelling is 
relatively easy to learn. Regarding the limitations of semantic modelling, it is hard to master 
in the sense that it connects several knowledge models with different ontologies and 
assumptions. Making information from different sources commensurable can be challenging. 
Modelling requires collaboration between experts from different fields, and proper 
understanding of ontologies. 

Deliverables 
 

• A slide set summarising the content of semantic modelling and lessons learned. 

• Overall safety seminar on SMRs, on 28th of August 2020. Online seminar, organized by 
the LUT University. Presentations of OSAFE regarding semantic modelling and SMRs 
from a perspective of design. 

• Gotcheva,N., Oedewald, P. and Ylönen, M. 2020. Systems thinking applied to safety 
culture approach in Finland. In Teperi, A.M. and Gotcheva, N. (Eds.) Human Factors in 
Nuclear Industry. London: Elsevier. (extra deliverable) 

• Ylönen, M. 2020. Assessing the Goodness of the Concept of Institutional Strength-in-
depth. In Teperi, A.M., and Gotcheva, N. (Eds.) Human Factors in Nuclear Industry. 
London: Elsevier. (extra deliverable) 

 

Specific goal 2 

WP 4, Task 4.2 SMRs from the perspective of design. The OSAFE project  (Work package 
4.2) concentrated on Small Modular Reactors (SMRs) from the perspective of design. 

The goal was to examine the SMRs and related requirements and challenges for nuclear 
safety justification. Emphasis was on assessment of design features. Impact of SMR safety 
features to the demonstration of compliance of plant safety requirements. SMRs are 
considered as an interesting option for electricity and heat production. They are expected to 
be easier to build and to operate under certain site conditions. The smaller size of the reactor 
offers interesting safety features, notably in terms of residual heat removal and size of 
containment structure. In addition, passive systems for heat removal are introduced to most 
of the SMR designs right from the beginning. 
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The differences in the safety features between normal Light Water Reactor and Light Water 
SMR may have an impact on the demonstration of compliance of plant safety requirements 
for SMR. Analysis on how easily SMR can fulfil the current safety requirements and its 
effects to the licensing process was an important topic worth investigating. Suitable SMR 
concept is investigated, applying ORSAC methodology, and find on what safety functions 
natural and inherent processes can be or are being credited to implement safety functions, 
instead of dedicated safety systems. 

 
The master’s thesis by Mikko Turunen consists of a study of the safety systems of U.S. EPR 
and NuScale SMR design, and comparison of these safety systems with each other by 
researching their Design Control Documents. The objective was to create a comprehensive 
framework for the overall safety of SMRs from a functional Defence-in-Depth (DiD) point of 
view. 

The starting point of this assessment was the proposal of overall safety concept based on 
the functional Defence-in-Depth principle developed by International Atomic Energy Agency 
(IAEA). This concept contains Normal Operation (NO) and Anticipated Operational 
Occurrences (AOOs) are defined as Operational States, while Design Basis Accidents 
(DBAs) and Design Extension Conditions (DECs) without significant fuel degradation and 
with core melting are defined as Accident Conditions (Figure 1). 

 

 

Figure 1. Functional Defence-in-Depth concept developed by IAEA. 

The overall safety concept was developed further by combining the main safety functions 
and the functional DiD concept developed by IAEA (Figure 2). The front-line safety systems 
were attached to the DiD frame by adding the three main safety functions: 1) subcriticality, 2) 
heat removal and 3) containment functions. The subcriticality refers to control of reactor 
power containing the capability to shut down the reactor. The heat removal refers to fuel heat 
removal and cooling that is proportionate to the reactor power.  The containment refers to 
confinement of radioactive materials inside closed systems, or capability to isolate the 
containment, maintain it leak-tight, and also prevent leakages from process systems carrying 
radioactive materials. To the new presentation of the overall safety concept two main support 
functions were attached: power supply and HVAC. Power supply refers to emergency power 
supply, to power safety features of the plant including control room. The HVAC refers to 
heating, ventilation and cooling to maintain operating conditions in safety equipment rooms. 
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Figure 2. Main safety and support functions and functional Defence-in-Depth concept by 
IAEA combined. 

The developed concept was then used by analysing the front-line safety systems of two 
different nuclear power plants and comparing them to get a better understanding of the 
overall safety for Small Modular Reactors. The first facility representing large power reactor 
was an Evolutionary Pressurized Reactor (EPR) originally designed by Areva NP. The actual 
EPR concept had been modified and implemented to a U.S. EPR design. The second facility 
representing SMR concept was NuScale, which is a Pressurized Water Reactor (PWR) with 
an integrated primary circuit designed by NuScale Power. The main reason to end up to the 
comparison of these designs was because U.S. NRC is the governing authority for both 
NuScale and U.S. EPR. They are designed through the same set of regulatory requirements. 
In addition, the majority of the technical details are public and available online from 
Agencywide Documents Access and Management System (ADAMS). 

The systematic analysis and going through the documentation material concluded first the 
creation of large template of 5 x 5 matrix, where front-line safety systems and support 
systems were placed to their respective positions for both studied designs separately. The 
observations were made that there were certain interdependencies between safety systems, 
which were credited in more than one DiD levels. Example of resulting NuScale template is 
presented in Figure 3. In NuScale design, some systems are shared between modules and 
these systems are indicated by a blue font in Figure 3. Decay Heat Removal System (DHRS) 
is designed to remove decay and residual heat from the reactor core and to retain RCS 
inventory in the RPV. DHRS provides residual heat removal and decay heat removal during 
AOOs, DBAs and DECs, and especially during non-LOCAs when the normal secondary side 
cooling is unavailable or otherwise not used. DHRS has safety-related functions during both 
Operational States and Accident Conditions. 
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Figure 3. The major operating systems as well as front-line safety systems implemented in 
NuScale placed on the functional Defence-in-Depth template. 

The results of this assessment show that U.S. EPR implements more safety systems as 
compared to a simple and compact NuScale design. NuScale Power Module design 
implements an integrated primary circuit, which utilizes natural circulation to cool the reactor 
core. U.S. EPR design requires forced circulation with Main Coolant Pumps to create 
sufficient coolant flow to remove heat from the reactor core. Additionally, emergency heat 
removal systems are passive in NuScale design as opposed to more complex active heat 
removal systems in U.S. EPR design. Table 1 shows the gathered information of how many 
safety systems combinations and support systems have safety-related functions between 
different levels of defence in both facilities. 

Table 1. The number of safety system combinations and support systems that have safety-
related functions between different levels of defence. 

Number of safety system combinations 
and support systems  

AOOs    
 

DBAs DECs 

U.S. EPR  17 21 15 

NuScale  12 9 8 
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Deliverables 

Master’s thesis on Overall safety of small modular reactors, Mikko Turunen, (LUT 
University). https://lutpub.lut.fi/handle/10024/161945 

 

2.1.5 PARSA - Participative development for supporting human factors in safety 

General objective 

High reliability field of nuclear power industry is critically reliant on human element. 
Especially, assuring efficient work processes by constant facilitation of work process 
knowledge, competence development and learning at work are crucial to maintain and 
develop safety and system performance. Ageing of personnel, new technologies and new 
ways of organizing work at nuclear plants sets tensions in maintaining and developing 
adequate competencies as well as efficiency of work processes. In nuclear power plants, 
technology becomes older and new generation are recruited to positions of operators and 
other experts. The multiple goals of production, safety, system performance and wellbeing 
challenge the ways that nuclear power plants may form an accurate situational awareness of 
the current state and development needs at work and safety. Especially the ways to 
collaboratively solve the potential tensions faced at everyday work processes becomes a 
crucial skill in the organization.  

The experts themselves are essential in enabling transition and development of knowledge 
and researchers can be of assistance in this knowledge sharing by providing a context for 
learning and by modelling work assignments, which allows communication of features of 
expertise in written and pictorial form. Researchers may facilitate the capability of the nuclear 
power plants in modelling the current competence and tacit knowledge of personnel as well 
as development needs at work processes and workplace learning practices. Evaluation of 
current work processes and workplace learning practices with the skills and orientation of 
participative development (PD) is an essential prerequisite, to generate good working 
practices in future.  

PARSA project focuses its case studies in nuclear maintenance personnel, while it has an 
essential role together with the control room operations, to maintain the basic process of 
nuclear power production. Due to changing nature of maintenance work and nuclear power 
industry in general, our aim is to consider the current state and development needs at 
maintenance work. Particularly, we focus on potential of participative development for 
supporting nuclear safety. We are targeting on improving new ways of action, guidance, 
operational practices and other practical solutions that promote competence development, 
organizational learning and mastery of nuclear maintenance operations, to improve nuclear 
safety. 

 

Goals 

The PARSA project aims to increase knowledge of PD as a way to improve nuclear safety, 
develop and evaluate methods and tools for PD at maintenance of nuclear power plants and 
disseminate these findings to operations and management in the nuclear industry as well as 
at scientific audience.  

The specific goals of the PARSA are first, to create a video based developmental training 
method for new learning and verbalizing embodied knowledge, including task analysis of 
selected maintenance task (heavy lifting) and benchmarking training practices at Électricé de 

https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Flutpub.lut.fi%2Fhandle%2F10024%2F161945&data=04%7C01%7CMarja.Ylonen%40vtt.fi%7C9d2ac5d6ca714964c5c108d8b94987d3%7C68d6b592500843b59b0423bec4e86cf7%7C0%7C0%7C637463072753503104%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=32BJhONGfHv%2FFzKgP3t5TNHz6TJJfmG8TFoEdLDqmCY%3D&reserved=0
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France (WP2). Second, to conduct work process analysis at selected maintenance tasks 
(recurring disturbances, modifications), to find our critical development needs and to promote 
collaborative implementation of corrective actions at nuclear power maintenance. (WP3). 
Third, we reflect the underlying assumptions, limits and possibilities of human performance 
programs and facilitate their development as well as develop and test novel human 
performance tools (WP4). Fourth, we aim to build up a shared view of the needs, measures 
and prerequisites of PD in the context of nuclear maintenance work and safety. (WP1). 

The four work packages of PARSA represent different aspects and themes of PD for 
supporting nuclear safety. The work packages (1-4) and their relation to each other are 
described at the following (Figure 1): 

 

 

Figure 1. Four work packages and their basic aims at the PARSA-project. 

WP2 continued with training concept development in 2020. The training video 
development team at the plant collected appropriate video data of the heavy lifting activities 
that took place during the yearly maintenance. The next step was arranging and facilitating 
the sessions in which the workers themselves discussed the events and the work practices 
that took place. This is called self-confrontation training session testing with the lifting 
operators – the operators will view their own activities and learn from these sessions. 

 
WP3 had two-day work process analysis with five groups of operative personnel and a 

half-a-day workshop accompanied with other experts and organizational levels related to 
maintenance work process in spring 2020. Four different disturbance cases were analyzed 
as examples of maintenance work and collaboration between different actors, and 
development needs were identified. The second set of work process analysis was conducted 
on autumn 2020. Focus was on collaboration between Engineering, Operations and 
Maintenance departments to form a unified view of modification processes. First draft of the 
booklet to guide conduction of work process analysis in NPPs was written, including lessons 
learned from the method utilization with NPP1.  

 
WP4 prepared case studies at NPP1 and NPP2 for 2020, involving examination of pre-job 

briefings and post-job reviews. Planned data collection in NPP1 during 2020 outage 
(observations and interviews) was cancelled due to COVID-19 situation. Due to cancellation 
of data collection in NPP1, focus of 2020 activities was changed. NPP2 case study was 
advanced. Joint workshop with WP3 and WP4 was held on 3 June 2020 to discuss relations 
between HU-tools and work process analysis. 
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In WP1, the main result in 2020 was workshop with professor Eric Hollnagel, in 19 Aug 
2020, successfully conducted at the less critical phase of covid19. Lessons learnt were 
before, during and after the workshop, while preparing joint view of participative development 
(PD) in the nuclear industry and finding out the reciprocity and links between PARSA work 
packages. PARSA sub-studies represent socio-cultural- and socio-technical research 
traditions, combined with frameworks of organisational learning, work at dynamic, complex 
systems as well as the new era of ‘HF in safety’ research. 

 
 
Deliverables  
 

• Preparation and organizing workshop with professor E. Hollnagel, Denmark. 
Presentations of each WP, joint data analysis and discussion; improving PARSA 
outputs and reasoning. 

• PARSA teams further drafted shared view of needs, measures and prerequisites of 
participative development (PD) in the nuclear industry, maintenance work as a 
context, to be further processed as a research report in 2021. 

• extra-deliverable, a book was published: Teperi, AM. & Gotcheva, N. Human 
factors in the nuclear industry. A systemic approach to safety.(mainly conducted 
without PARSA resources, but utilizing SAFIR-network and earlier findings, as well 
as HF research network) 

• A-M Teperi collaborated with other nuclear researchers in Aalto university, 
University of Basel, University of Valencia and Vattenfall, at drafting a scientific 
paper in; Schöbel, M., Silla, I., Teperi, A-M., Gustafsson, R., Piirto, A., 
Rollenhagen, C., Wahlström, B.: Contribution of Human and Organizational Factors 
to Nuclear Safety in a fifty-year perspective: lessons learnt and way forward. Few 
directors and managers in NPP1 and NPP2 were interviewed for the paper 
preparation. 

• Mikael Wahlström and Timo Kuula concretized and re-formulated the training 
method, based on co-creation with power plant. They finalized a slideset 
deliverable with 25 slides as a guideline for NPPs: ‘Video self-confrontation for 
safety development within NPP operations – case of heavy lifting and step-by-step 
guidelines’ 

• Arja Ala-Laurinaho, Vuokko Puro and Ilkka Asikainen conducted several work 
process analysis sessions of selected work processes in NPP1, with personnel 
from different operative units, and with management and experts. Summary of 
findings as slide sets were presented by researchers at RG meetings.  

• Arja Ala-Laurinaho, Vuokko Puro and Ilkka Asikainen drafted a booklet, introducing 
the work process analysis method, to be utilized by nuclear actors. 

• Kaupo Viitanen proceeded case study plans in NPP2. He also drafted a manuscript 
for journal article in co-operation with Nordic nuclear partners (Viitanen, K., Skjerve, 
A.B., Axelsson, C. ‘Human performance tools as a means of formalizing 
maintenance work’ (final draft). 

 

2.1.6 PREDICT - Predicting extreme weather, sea level and atmospheric dispersion for 
nuclear power plant safety 

The general objective of PREDICT is to develop and maintain research expertise and 
methods needed for assessing probabilities of occurrence of safety-relevant single and 
compound extreme weather and sea level events, both in the range of a few days ahead and 
in decadal time scales of recent past and future climatic changes. An important goal is also 
to strengthen expertise on statistical and physical models, analysis steps and processes 
involved when assessing frequencies of external events. The project involves both modelling 
data and observations. 

The project focuses on hazard curves, predictions, and climate change impacts on weather 
and sea-level phenomena that affect the design principles of nuclear power plants (NPPs), 
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potentially pose external threats to existing plants or may hamper the normal operation of the 
Finnish NPPs. The aim is to provide information that can be applied for the determination of 
the design basis for new NPP units, for probabilistic risk assessments of new and existing 
NPPs, and for periodic safety reviews of existing NPPs.  

In 2020, we studied statistics of sea-effect coastal snowfall, and characteristics of joint heavy 
rain and high sea level events in WP1 (extreme weather events in changing climate);  
uncertainty in the exceptional sea level estimates, and influences of properties of low-
pressure systems (cyclones) on sea levels in WP2 (extreme sea level); and probabilistic 
weather forecasts in WP3 (short-range forecasts of extreme weather and sea level events).   

Specific goals 

WP1 of PREDICT focuses on extreme weather, targeting to improve reliability of estimates 
about the likelihood of exceptional single and co-occurring events in the surroundings of the 
NPP sites. In 2020, the topics studied were statistics of intense coastal snowfall during the 
period 1979-2018 and co-occurrence of intense precipitation with high sea level in 1961-
2019.  

 

Figure 1. Annual (September to May) number of favourable days to produce sea-effect 
snowfall in western and southern coastal areas in 1979–2018 according to ERA5. The daily 
mean number of snow band days in 1979–2018 is shown in the red line and the linear trend 
in the blue line.  

In 2020, the climatology of intense coastal snowfall (snow band) in Finland was studied. A 
set of criteria for the detection of days with favourable atmospheric conditions for convective 
snow bands was applied to ERA5 reanalysis data for 1979-2018. These criteria were 
previously tested with regional climate model (RCA4) data for the Finnish coastal areas 
(Olsson et al., 2020) and were modified from a study presented by Jeworrek et al. (2017) for 
the Swedish east coast. Based on the criteria and a 40-year long ERA5 data set, two to eight 
snow band days, on average, were found around Finnish coastal areas annually. Coastal 
precipitation and snow depth changes over land were identified from the daily gridded 
climate dataset for Finland (FMIClimGrid, Aalto et al. 2016, Luomaranta et al. 2019) during 
the detected snow band days. The annual number of favourable days for coastal sea-effect 
snowfall to occur was highest in western coast of Finland (Fig. 1). Also the largest daily 
increase (67 cm) in snow depth was found in that area. Otherwise the largest daily increases 
in snow depth were between 25 cm and 36 cm. The most favourable months for sea-effect 
snowfall were November, December and January but inter-annual variations were large. No 
statistically significant trends in the annual frequency were found during 1979-2018. 

The study of joint heavy precipitation and high sea level events (hereafter compound events) 
in the Finnish coast continued in 2020. As a methodological revision to the earlier study by 
Räihä et al. (2020), we used gridded precipitation data and defined the compound events 
using percentiles of local climatology of sea level and precipitation separately at each tide 
gauge. The main aims of the study in 2020 were to (i) investigate the climatology and trends 
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of the compound events, (ii) characterize the synoptic weather situations which typically lead 
to the compound events and (iii) investigate the link between the large-scale atmospheric 
circulation patterns and the frequency of compound events.  

The findings of the aim (i) were consistent with the earlier work in 2019 (Räihä et al., 2020): 
the compound events tend to occur in late autumn and early winter. In addition to the earlier 
work, we showed that the compound events have slight increasing trends, especially in the 
Bay of Bothnia. What comes to the aim (ii), our results indicated that compound events 
typically take place in association with passing extratropical cyclones. Finally, with the aim 
(iii), we found that Scandinavian pattern, which is often considered as the 2nd mode of the 
circulation variability in the Euro-Atlantic region (after North Atlantic Oscillation), has the 
strongest control to the occurrence of compound events. 

WP2 of PREDICT studies extreme sea level events, aiming to produce accurate and up-to-
date flood risk estimates for the NPPs. In 2020, the work was dedicated to two studies: 1) 
estimation on uncertainty in the exceptional sea levels on the Finnish coast by using 
Bayesian hierarchical modelling and 2) simulation of extreme sea levels induced by an 
ensemble of synthetic low-pressure systems.  

 

Figure 2. Posterior distributions of (left) GEV parameters and the corresponding (middle) 50-
year and (right) 1000-year return level estimates of sea level height (cm) at Oulu and Helsinki 
for the four hierarchical models and tide gauge specific fits. Note that three out of four 
hierarchical models were applied at the Helsinki tide gauge.  

In the first study, theoretical return levels of annual sea level maximum were calculated by 
applying a Generalized Extreme Value (GEV) model to twelve tide gauges on the Finnish 
coast. Models with four different hierarchical descriptions of the GEV parameters were 
examined, denoted as Common, Linear, Spline and GP (Gaussian process) in Fig. 2. These 
models were compared against individual fits at the tide gauges (denoted as Separate in Fig. 
2). The Common model represents the simplest case, where the tide gauge specific GEV 
parameters were assumed to arise from the same joint Gaussian hyper distribution. In the 
three other models, the GEV parameters were estimated using the distance with respect to 
the northernmost tide gauge (Kemi) as a covariate. The preliminary findings indicated that 
the tested hierarchical parameter descriptions yield robust results in comparison to the tide 
gauge specific fits and the range of uncertainty in the estimated GEV parameters is reduced 
by the hierarchical modelling approach. 

In the second study, solutions to tackle the question “How severe flooding could occur in the 
Baltic Sea coast in the present climate, if the weather conditions are optimal” were 
investigated. A two-dimensional hydrodynamic model, forced by surface wind and pressure 
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from an ensemble of synthetic low-pressure systems, was utilised to evaluate strongest 
storm surges and highest sea levels across the Baltic Sea region. Based on the results, 
estimates for maximum sea levels were calculated at the three Finnish NPP sites. The 
preliminary outcomes of the study suggest that the simulation method can be used to 
examine how extreme sea levels behave when cyclone properties vary in the current climate 
and what kind of cyclone tracks have the potential to cause the highest sea level maxima. 

WP3 of PREDICT studies probabilistic weather forecasts and how regional weather 
prediction models bring additional value for decision making. FMI supplies the weather and 
dispersion information required in radiation accidents for the use of radiation and rescue 
authorities. The global models provide forecasts up to 15 days in advance. From these long 
term forecasts a first impression related to weather events can be obtained. While moving 
closer to the actual event time, the importance of a higher resolution prediction system is 
emphasized. The operational probabilistic weather forecasting system MEPS, provides more 
detailed structures of the weather 60 hours ahead. The higher resolution and probabilistic 
approach provides additional support for decision making in case of nuclear emergency. 
Based on the outcomes of the PREDICT workshop held in Helsinki on 9 October 2019, a 
special task was assigned to investigate the weather forecast skill. 

Monthly and seasonal verification scores were investigated for temperature, wind speed, 
wind gust and precipitation. Based on these results we can say that the regional high 
resolution MEPS performs better for the wind and gust, compared to global weather model 
IFS-ENS. For the 3h accumulated precipitation as large improvement is not seen. However, 
a closer investigation between the different precipitation thresholds showed that MEPS has 
higher skill to detect and predict small rain showers. 

Fig. 3 shows an example of a successful forecast of a fairly extreme event. A strong low 
pressure, which was named Liisa at Finnish Meteorological Institute, hit Finland on Thursday 
19th November 2020. It left in total 121 000 households without electricity mainly due to 
fallen trees severing power lines, caused by a strong line of convection passing over 
southern Finland.  MEPS was able to forecast realistically the structure of the convective line 
with good precision in timing and shape. 

 

 

Figure 3 On the left: MEPS control run 19th November 06 UTC, forecasted instantaneous 
precipitation (mm/hour) valid at 09 UTC. On the right: Finnish Meteorological Institute’s radar 
image (an observation) of precipitation at the same time. The convective line of interest is 
marked with a circle in both images. 
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Deliverables 

• A journal paper about statistics of sea-effect snowfall along the Finnish coastline based 
on regional climate model data for an 11-year time period (2000–2010). 

• A report about statistics of sea-effect snowfall in Finland based on ERA5 reanalysis for a 
40-year time period (1979–2018). 

• A doctoral thesis on characteristics of winter climate in Finland in a warming world. 

• A report about characteristics of joint heavy rain and high sea level events in the Finnish 
coast in 1961-2019. 

• A doctoral thesis on diagnostic studies of extratropical cyclones in the present and 
warmer climate.  

• A review report on winds, extratropical cyclones and their impacts in Northern Europe 
and Finland. 

• A manuscript draft about Bayesian hierarchical modeling of sea level extremes in the 
Finnish coastal region.   

• A presentation at the virtual AGU Fall Meeting 2020 about Bayesian hierarchical 
modeling of sea level extremes. 

• A doctoral thesis on sea level rise and meteotsunamis on the Finnish coast.  

• A presentation at the virtual EGU General Assembly 2020 about simulating extreme sea 
levels at the Baltic Sea coast from synthetic cyclones. 

• A report about sea level simulations using synthetic low-pressure systems.   

• A report about probabilistic weather forecasts and their verification.   
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2.1.7 SEARCH - Safety and security assessment of overall I&C architectures 

The general objective of SEARCH (2019-2022) is to develop methods and tools for 
assessing the safety and security of technical design solutions related to overall 
instrumentation and control (I&C) system architectures. Different analysis methods are 
effectively connected to a shared plant model—of the plant as a whole—making it possible to 
verify Defence-in-Depth (DiD) related requirements on, e.g., functional separation or fault 
tolerance. The aim is to develop a framework where any change made in the I&C system 
design could immediately facilitate an update and re-assessment in all the relevant, 
connected tools. Such a framework would support constant re-evaluation through the plant 
development process, as details become available or change. In terms of requirement 
management, a particular focus is on resolving conflicts and assessing trade-offs between 
requirements related to safety, security, safeguards, society and sustainability. 

A specific focus is on broadening the scope in which model checking can effectively be used 
to verify properties on how the I&C systems operate as a whole. Pushing the boundaries in 
terms of addressing also non-functional properties helps promote a deterministic, 
comprehensive approach for overall I&C architecture assessment. SEARCH also builds 
methods and tools to automate the overall model checking work process. 

Specific goals 

WP1 of SEARCH develops methods and tools to ensure that the overall I&C architecture 
fulfils regulatory requirements and plant design constraints related to Defence-in-Depth. Total 
independence of DiD levels is not only prohibitively costly, but potentially less safe due to 
issues with complexity, operability or maintainability. Optimisation of the overall I&C 
architecture calls for compromises (Figure 1), and SEARCH, therefore, develops ways to 
demonstrate that the exceptions to total independence are justifiable design solutions. 
Without going into specific security technologies or intrusion techniques, SEARCH also 
develops methods to assess cybersecurity issues on the system level. 

 

Figure 1. Total independence of DiD levels is not practically feasible (or necessarily even that 
safe), which leads to interconnections between the levels when optimising the overall 
architecture design. 
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To  properly  evaluate  the  proposed  methods  and  tools,  SEARCH  will  throughout  the  
four  years  build  practical  demonstrations  and  tool  prototypes  based  on  actual  
industrial  data.  In  2020, the objective was to further develop the tool demonstration of 
analysing the Hanhikivi-1 I&C architecture design documents provided by Fennovoima. The 
aim was to add checks based on plant-level independence requirements, and the elaborated 
system level requirements, including checks of diversity and failure tolerance aspects. The 
goal was also to expand the source data to include (functional level) I&C diagrams drawn in 
MS Visio, in order to identify I&C system interfaces, and crosscheck the data between the 
other documents. 

Safety and security aspects of I&C systems are often evaluated independently, with 
specialized experts in each topic using separate methods. SEARCH aims at developing 
concurrent safety and security assessment methods, using a multidisciplinary model of the 
system under study. The focus is on security on a high level, with the assessment being 
agnostic to any particular low-level technological security risks or technological 
implementations. In 2020, the objective was to enhance the safety risk assessment data 
model, originally developed as a part of our System Engineering Artefact Model (SEAModel) 
in the SAFIR2018 project SAUNA, to also support security and dependability engineering. 
Thus, it would cover all the main parts of the Reliability, Availability, Maintainability, Safety 
and Security (RAMSS) risk assessment activities.  

For such a hybrid model, we want to offer a way to harmonise the basic risk assessment 
concepts between the three engineering practices (safety, security and dependability). Using 
the harmonised terms, we can create a hybrid risk assessment ontology, which supports 
creation of a structured work item (artefact) storage (such as a database), with traceability 
links, of the input and output work items related to the risk assessment activity. The risk 
assessment ontology should support any risk analysis method, but in 2020 we wanted also 
to create a SEAModel compatible ontology for an early nuclear I&C cybersecurity risk 
assessment called Security Threat Assessment (STA). The idea was not to define a new 
cybersecurity risk assessment procedure, but an ontology (and the derived data model), 
which can be used in the context of any typical security risk assessment procedures, such as 
the ones presented in ISO 31000 or IEC 62443-3-2. In addition, to gain confidence on the 
feasibility of our STA method we wanted to test it with an industrial security related example 
and store the created artefacts in a data repository provided by a well-established industrial 
software tool. The ontology of the STA method is illustrated in Figure 2. 

Supported by in-kind participation from Institute for Energy Technology (IFE), SEARCH also 
studies the use of Architecture Description Languages (ADL) in I&C architecture modelling 
and analysis. ADLs enable the modelling of both hardware and software aspects, supporting 
the “plant-as-a-whole” approach. In 2020, the objective was to continue the with the Halden 
Reactor Project (HRP) on the Halden Safety Fan (HSF) case study, to gain hands-on 
experience working with ADLs, in particular Architecture Analysis & Description Language 
(AADL) with a real existing system. Focusing at the model-driven digitalization of an old 
analog nuclear I&C system from early design and assessment point-of-view. 

WP2 of SEARCH focuses on broadening the ways how a formal verification method called 
model checking can be used, in particular, to cover architecture-level non-functional 
requirements (e.g., fault tolerance). Such analyses are only possible if the plant is modelled 
as a whole, underlining the need for Model-based Systems Engineering (MBSE) practices. In 
addition, SEARCH explores new ways of integrating the tool to everyday work of design 
engineers and analysts, by making the work process more user-friendly. 
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Figure 2.Security Threat Analysis ontology. 

In the SAFIR2018 project SAUNA, a method was developed for injecting hardware failure 
modes into the I&C application logic models used in model checking. In 2020, the objective 
was to broaden the scope to architecture level by including several I&C systems in the same 
model, while experimenting with modelling of both hardware failures and the communication 
delay / asynchrony within and between systems with multiple divisions. 

To further improve the verification framework currently used in practical model checking 
projects, a key objective is to increase the user-friendliness. Automating steps that are 
currently manual also reduces the possibility of human errors, and therefore increases 
reliability. 

In 2019, we developed a method and a prototype of a tool for counterexample explanation 
for model checking. The input system encoded in NuSMV was visualised as a function block 
diagram with possible failure paths highlighted as illustrated in Figure 3. To get the 
explanation, the user was required to find in the diagram the assignments that caused an 
LTL formula failure and click on them. In 2020, the objective was to broaden the scope of 
analysable models, and to enhance the user experience of the tool, in particular, by adding a 
visual connection between LTL formula explanation result and variables in the diagram. 
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Figure 3. The counterexample explanation tool uses blue signal colour to highlight possible 
failure paths. We have added the red arrows to show the direction of the analyst’s attention.  

An additional goal in 2020 was to experiment with the nuXmv model checker. Modelling 
analogue signal processing with NuSMV requires abstractions and simplifications, but 
nuXmv supports infinite-state analysis, which in practice means real number variables. The 
aim was for VTT to collect NuSMV models created in practical customer projects, rewrite the 
models for nuXmv, and check if the analysis times increase. 

Deliverables 

• A slide set describing the public aspects of a demonstration of a DiD assessment tool, 
based on the Hahnikivi-1 I&C architecture 

• A journal manuscript planned for Reliability Engineering & System Safety on I&C risk 
assessment balancing dependability, safety and security 

• A research report on the use of AADL for early design state I&C system development and 
analysis 

• A research report containing a literature review on model-based techniques for the 
assessment of I&C safety and security 

• A conference paper in INDIN 2020 on continuous-time verification of nuclear multi-
redundant I&C systems using model checking 

• A journal article in IEEE Access on the use of symmetry in verifying failure tolerance 
when model-checking safety functions carried out by several I&C systems 

• A journal manuscript submitted to IEEE Access on the graphical explanation of 
counterexamples produced in model checking 

• A conference paper planned for IEEE-INDIN 2021 on the use of the nuXmv model 
checker for verifying I&C application with complex analog signal processing 

• A Master’s thesis on importing the I&C application logic diagram structure from MS Visio 
to model checking tools. 
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2.1.8 URAN - Uncertainty management in fire risk analyses 

The overall goals of the URAN project are to quantify the uncertainties related to the fire 
growth predictions, and to manage them by developing better models that can serve the 
safety assessments of nuclear facilities and installations with different lifespans. The 
objectives of URAN during the whole duration of the project are the following: 
 

• Model uncertainty for fire spread predictions quantified and reduced 
• User effects quantified for fire spread simulations 
• Relative roles of different uncertainty types quantified in a real NPP fire event 
• Understanding the relevant effecs of ageing on flame retardant polymers 
• Model uncertainty can be taken into account in fire-PRA. 
• Education of new fire safety experts. 

 
Real scale model validation has a significant role in this, and in URAN it will be done in 
several levels, all relying on data obtained from the OECD PRISME3 project: 
 

• “Traditional” model validation using large-scale experimental results. In this the 
experimental set-up, input data and the target results are available to the modeller 
from the beginning. 

• Semi-blind exercise where the target results are not available to the modeller. 
• Blind exercise which corresponds to a real case in a NPP. Only limited information 

available to the modeller. 
 
Specific goals in 2020 

Participating in the PRISME3 Analytical Working Group benchmark exercise was continued. 
As part of this work, a stochastic approach was developed for making a simplified cable tray 
geometry for a CFD model (Figure 1). A modified FLASH-CAT fire propagation model was 
developed and implemented into a CFD model. The fire in the mechanically ventilated 
compartment was partially prescribed and partially predicted. The accuracy of the simulated 
HRR could not be quantitatively assessed when constructing the model, as this was a blind 
simulation. However, qualitatively the fire propagation in the cable trays seemed realistic. 

   

Figure 1. Left: examples of stocastically generated cable tray geometries. Middle: snapshot 
of a fire spread simulation. Right: comparison of experimental and simulated heat release 
rate in a cable tray fire. 

The modified FLASH-CAT model seemed promising for engineering purposes. In 
comparison to a simpler fire description with fixed area, a cable tray fire can be implemented 
into a simulation model in a more realistic manner using the FLASH-CAT model. However, if 
the simulated heat release rate should correspond to a specific cable or tray arrangement, 
the tray ignition times in open atmosphere conditions and the heat release rate in cone 
calorimeter results are required 
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A state-of-the-art methodology for the simulation of the cable cone calorimetry with FDS was 
proposed. Following the conventional workflow for cone calorimetry modeling, the Thermo-
Gravimetrical Analysis (TGA) experiments of individual cable components were modeled with 
a one-dimensional pyrolysis and heat transfer method for each layer of the cable. This one-
dimensional TGA modeling choice owes to the fact that micro-scale tests of the components 
are usually performed for a specimen which has greater face area compared to the thickness 
of the sample, enforcing the degradation process mainly through the direction of the sample 
thickness.  

The geometry of the actual cable was constructed using a multitude of solid cuboids bundled 
together to form a substitution for the cylindrical shape of the cable. Attempts were made to 
create the most similar layout to the actual cross-section of the cable, in an effort for 
addressing the geometrical deficiencies of the conventional models. Subsequently, a model 
that represents the three-dimensional pyrolysis and heat transfer within the cable degrading 
in a cone calorimetry setup was established (Figure 2). 

   

Figure 2: Left: FDS model of a cone calorimeter experiment involving a 2D heat transfer and 
pyrolysis model. Right: Comparison of experimental and simulated heat release rate curves 
from a cone calorimeter experiment involving cables. 

We performed united-atom MD simulations of thermal decomposition of fresh and aged 
polyethylene in order to look for effects of ageing on the thermal decomposition process. The 
focus was entirely on the polymer matrix (no additives considered). In constructing the 
molecular models, we assumed that ageing can be described entirely in terms of chain 
scissions, shifting the molecular weight distribution towards lighter molecules. 

The main technical idea in this work was to implement a smooth, dynamic bond-breaking 
mechanism into a force field that in itself is non-reactive (it does not have bond-breaking 
capability). The key parameter of this approach, the critical bond elongation, was calibrated 
against MD simulations using a reactive force field. In addition, main features of the free-
radical degradation reaction mechanism were implemented, involving random scission, 
unzipping and back-biting reactions. This resulted in a computationally efficient, yet 
sufficently accurate method of describing polyethylene thermal degradation using MD.  

The method was used to simulate the TGA experiment of fresh and aged PE and XLPE 
systems (Figure 3). Qualitatively, ageing had a very little effect on the shape and position of 
the simulated TGA curves, suggesting essentially no effect of ageing on pyrolysis of 
polyethylene. Quantitative isoconversional analysis showed a very small increase of 2 
kcal/mol in the activation energy, suggesting that ageing may make the pyrolysis process 
more difficult (Figure 4). 
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Figure 3: Simulated TGA curves for linear (left) and cross-linked (right) polyethylene at a 
heating rate of 3 K/ps. The red curves correspond to fresh material, other colors to various 
degrees of degradation due to ageing. 

 

Figure 4: Overall activation energy for pyrolysis from an isoconversional analysis for fresh 
and aged PE and XLPE. 

 

Deliverables in 2020 
• Participation in the PRISME3 Analytical Working Group phases #2 and #3 (VTT 

research report).  
 

• User effect analysis of the benchmark results (Presentation in RG) 
 

• 3D simulation of the pyrolyzing anisotropic material in FDS: Application to the fire 
spread on electrical cables (Aalto draft journal manuscript) 

 
• Compilation of PRISME 3 results in 2020 (Presentation in RG) 

 
• Thermal decomposition of polyethylene by coarse-grained molecular dynamics 

simulation (VTT research report) 
 

• Propagation of modeling uncertainty in stochastic heat-transfer simulation using a 
chain of deterministic models (journal paper) 
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• Propagation of Model Uncertainty in the Stochastic Simulations of a Compartment 
Fire (journal paper) 

 
• Meta-model based stochastic simulation of fire barrier cold-side temperature (journal 

paper) 
 

• Multiphysics Modelling of Stone Wool Fire Resistance (journal paper) 
 

2.1.9 EPIC - Effective improvement of leadership and safety culture 

The general objective of EPIC is to develop knowledge and approaches that support 
effective improvement of leadership and safety culture. The project is divided into two work 
packages: methodical safety culture improvement (WP1), and characterization of leadership 
activities (WP2). The first work package systematically models how safety culture 
improvement activities are performed in nuclear power companies, focusing on the work of 
the safety culture experts. The second work package identifies good leadership practices 
within a selection of managerial or supervisory contexts at nuclear power companies.  

Specific goals 

WP1 studies the different approaches to implement safety culture improvement, and the 
practices and methods considered to be effective. This is achieved by systematically 
modelling safety culture work in all Finnish power companies using document analysis and 
safety culture expert workshops. For this purpose, EPIC develops a methodical safety culture 
improvement framework, which is then used as a reference to collect experiential data from 
power companies. 

Implementing methodical safety culture improvement function is assumed to follow a Deming 
cycle (plan-do-check-act). Furthermore, because organizational culture emerges from the 
activities of the whole organization – and cannot be managed only by experts – it is assumed 
that to be effective, safety culture improvement function is extensively connected to all other 
organizational functions. Therefore, examining the approaches to implement safety culture 
improvement function involves modelling how the nuclear power companies implement 
phases of Deming cycle for safety culture improvement, and how other organizational 
functions are involved in each of the phases. In addition, the modelling process involves 
identifying the history and motivation (e.g., significant turning points) of safety culture work, 
as well as examining how safety culture experts and the power companies conceptualize 
safety culture. Figure 1 summarizes the modelling framework. 

For each of the main themes (conceptualization, organizing, planning, implementation, 
assessment) of the methodical safety culture improvement framework, a list of items have 
been developed based on existing industry, scientific literature, as well as previous work 
done by the EPIC research team. The items are then reviewed based on power company 
documentation, and together with power company experts. As of early 2021, the draft version 
of the framework contains approximately 60 items. A series of workshops begun in late 2020 
with Finnish nuclear power companies during which data has been collected based on the 
framework. The draft framework has been observed to provide a good reference for 
modelling safety culture work. Based on the experiences of these workshops with power 
companies, development needs of the framework were identified. Some items still need to be 
added and some existing ones require further clarification. The workshops with power 
companies continue during 2021. 
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Figure 1. Illustration of the structure of the framework used for safety culture improvement 
function modelling 

WP2 studies how safety leadership activities in selected contexts enhance safety culture, 
and identifies preconditions for good safety leadership, best practices and observed 
challenges. EPIC carries out focused case studies on leadership in all Finnish nuclear power 
companies. Leadership contexts were selected together with power companies and they 
include: case A (operational decision-making process and the related meeting practices), 
case B (management observation tours) and case C (safety leadership best practices of 
supervisors during daily work).   

Our approach involves reflecting the data from multiple theoretical perspectives. First, 
nuclear industry expectations for leadership and its outcomes (e.g., behavioural or cultural 
change) serve as the baseline (e.g., GSR Part 2, Harmonized Safety Culture Model). Due to 
the general nature of how leadership is described in the nuclear industry documents, we 
complement them with additional models or approaches to leadership. Leadership style 
maturity model is utilized to characterize the extent to which leadership activities cover all 
relevant aspects of the sociotechnical approach to safety, including technical leadership 
(focus on technology), systematic leadership (focus on processes and systems), systemic 
leadership (focus on people), and unitive leadership (focus on integration and alignment of 
human, technology and organization). Organizational tensions and contradicting goals 
approach is utilized to identify the types of (contradicting) roles safety leaders may assume. 
Finally, national cultural characteristics of the leadership activities are considered. These 
perspectives are summarized in Figure 2. 
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Figure 2. Summary of the perspectives used to examine leadership within EPIC 
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In 2020, data collection (interviews and document analysis) and analysis related to case A 
(ODM process and the related meeting practices) was performed. It was observed that it was 
relatively easy to identify place case A findings within the safety culture and leadership 
models chosen. This suggests that the data analysis approach is practical. Using the 
analysis approach, we could identify a variety of leadership activities that work well (i.e., that 
support the ODM process and that facilitate safety culture).  

In case B, observation tour register analysis and document analysis was performed. Open 
feedback field of the observation tour register was analysed by categorizing findings based 
on their polarity (negative, positive), inclusion of “people leadership” issues as well as other 
relevant themes. Case B continues with interviews of observers and employees planned for 
early 2021. 

As part of EPIC research study, a gap analysis (literature review) between nuclear industry 
requirements related to safety leadership and scientific literature on safety leadership was 
performed. The analysis focused specifically on the safety leadership role and 
responsibilities of senior management. The analysis was not able to identify from safety 
leadership literature many empirical studies related to GSR Part 2 requirements 2:3.1b 
(“Acknowledging that safety encompasses interactions between people, technology and the 
organization”) and 2:3.1d (“Establishing that decisions taken at all levels take account of the 
priorities and accountabilities for safety”). The analysis concluded that the study of senior 
management is challenging and recommended that facilitating the collaboration between 
research organizations and senior managers in nuclear facilities is one of the key factors to 
drive further the scientific study of leadership, as well as to assist practitioners in fulfilling the 
latest requirements on leadership and management for safety. 

During the first year of the project (2020), the project started empirical case studies in all 
three Finnish nuclear power companies, as well as developed frameworks and data analysis 
approaches. The findings can be utilized by Finnish power companies (and other nuclear 
organization) in their activities to improve nuclear safety by means of leadership and safety 
culture development. 

Empirical data collection and analysis continues in 2021. Dissemination to practitioners 
(research project report and final seminar) as well as academic audience (conference and/or 
journal articles) are planned for 2022. 

Deliverables 

• First version of framework for planning and continuous follow-up of safety culture 
improvement. Slide set describing the framework at general level was presented at RG1 
meeting 1/2021.  

• Conference abstract and presentation “Implementing a Safety Culture Ambassadors 
Group for the Improvement of Nuclear Safety Culture”. Submitted to 
ESREL2020/PSAM15 conference and accepted. Due to COVID-19 situation the abstract 
was withdrawn, and is planned to be later developed into a journal article. 

• Conference paper and presentation “Leadership for Safety in Literature and International 
Requirements: Preliminary Gap Analysis at Senior Management Level”. Presented in 
IAEA online workshop on Systemic Approach to Safety, 7-10 December 2020. 

• Preliminary results of case studies. Slide set of findings from case study A has been 
prepared and planned to be presented to the power company in early 2021. 
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2.2 Reactor safety 

In 2020 the research area “Reactor safety” consisted of thirteen projects:  
 

1. Analytical severe accident research (ANSA) 
2. Coupled analysis of transient scenarios (CATS) 
3. CFD methods for reactor safety assessment (CFD4RSA) 
4. Interdisciplinary fuels and materials (INFLAME) 
5. Developing the working arms of Kraken, the next generation computational 

framework for reactor design and licensing analyses (LONKERO) 
6. Mitigation and analysis of fission products transport (MANTRA) 
7. Passive heat exchanger experiments (PAHE) 
8. PWR PACTEL tests (PATE) 
9. Radiation shielding and criticality safety analyses (RACSA) 
10. Sparger separate effect tests (SPASET) 
11. Safety through thermal-hydraulic analyses and co-operation (THACO) 
12. Enhanced multi-physics calculation capabilities for fuel behaviour and reactor 

analyses (EMBER) 
13. Fuel microstructure and radium solubility (PORA project which reports to KYT2022 

programme). 
 

2.2.1 ANSA - Analytical severe accident research 

There are still considerable uncertainties associated with severe accident phenomena. This 
is because of the variety of the phenomena, challenging circumstances and the amount of 
possible scenarios. The overall objective of the project is to ensure that a sufficient national 
competence exists in the area of severe accidents and that the tools and methods in use are 
properly validated. The focus will be on phenomena that have been identified interesting for 
the Finnish power utilities or resulting the biggest uncertainties in the safety analyses. 

Specific goals 

The Fukushima accident provides a unique opportunity for obtaining more information about 
the progress of severe accidents and their prevention and mitigation. Analyzing the accidents 
was started already in 2012 and since then, models for the three units are continuously 
developed further when new information is received.  

The third version of VTT's MELCOR model of the Fukushima unit 3 accident was developed. 
Compared to the second version, detailed plant data from the OECD BSAF-2 project was 
now utilized, eliminating most of the uncertainties that were related to unknown dimensions 
of the plant. 

The calculation reproduced the measured reactor and containment pressures fairly well. This 
required manual tuning of the flow rates of the steam-driven cooling systems. A small leak 
from the recirculation pump seal to the drywell was assumed, starting 6 h 20 min after the 
earthquake, in order to reproduce the measured pressure increase. 
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Figure 1. Water level in the reactor. The grey line shows the actual calculated level, the blue 
line is the level indicated by the simulated measurement system, and the red circles are raw 
measurement data. 

The reactor water level measurement system was added to the model. It was based on 
measuring the pressure difference between two water-filled pipelines that were connected to 
the reactor. The measurements were distorted by boiling of the water in the measurement 
system. The measurements could be reproduced well as illustrated in Figure 1 by assuming 
that the reactor depressurization at 42.2 h was caused by automatic depressurization system 
(ADS) actuation, and that a leak of superheated steam from the steam line to the drywell 
started at the same time. ADS alone could not explain the distorted measurements. 
However, the calculations could not rule out a steam line 
failure as a reason for the depressurization, instead of 
ADS actuation. 

Containment is the last safety barrier preventing the 
release of fission products and therefore ensuring the 
integrity of the containment is extremely important. 
Hydrogen combustion constitutes a risk to the 
containment but first hydrogen migration should be 
assessed to estimate the timing for the formation and 
composition of a flammable mixture.    

A benchmark exercise on THAI TH-32 experiment was 
performed to study the applicability of the OpenFOAM 
modelling framework in predicting hydrogen behaviour in 
a containment and to study the efficiency of natural 
convection in eroding light gas stratification. In the 
experiment, helium was used as a simulant for hydrogen.  

 

 

Figure 2. Helium concentration 
100 s after the beginning of 
injection.  
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An applicable OpenFOAM solver and turbulence model were tested in a simplified geometry. 
Once a body-fitted polyhedral mesh was created for the THAI vessel, the warming and 
migration stages of the experiment were computed. Preliminary results for the helium 
concentration (Figure 2) are in a good agreement with the experiment.  

Lean hydrogen mixtures are actually more probable than richer ones despite their analyses 
are less conclusive. VTT’s model for the combustion of lean hydrogen mixtures has been 
developed further and extended to ultra-lean hydrogen concentrations close to the limit of 
flammability. The combustion model is implemented in the CFD-code Fluent as user defined 
functions.  

In order to improve predictivity and reliability of combustion modelling, experimental results 
were further analyzed to determine the characteristics of a key model parameter. 
Computation of hydrogen-air deflagrations are commonly based on the tracking of the 
propagation of a flame front. Wrinkling of the flame front complicates the numerical 
simulations especially in lean mixtures. As wrinkling increases the area of the reacting 
surface and thus the flame speed, it cannot be ignored in analyzing combustion. Detailed 
modelling of a wrinkled flame front would however require so dense spatial discretization that 
it is not computationally applicable when considering hydrogen combustion in large reactor 
containments. The influence of the subgrid-scale wrinkling is commonly incorporated by 
means of the wrinkling factor. 

A number of models has been developed for the wrinkling factor in turbulent flows but the 
wrinkling factor is less comprehensively characterized in conditions without the turbulence-
dominated wrinkling. Especially in lean hydrogen-air mixtures, the influence of the intrinsic 
instabilities and buoyancy on the wrinkling factor is important but poorly quantified. 

If the volume fraction of hydrogen in air is more than about 10 %, the wrinkling factor does 
not vary significantly. In leaner mixtures close to the flammability limit, the wrinkling factor 
features a more complex behavior. Unfortunately the experimental data on these conditions 
is sparse because buoyancy complicates the utilization of deflagration experiments 
performed in spherical vessels.  

In the performed study, the wrinkling factor is determined from the flame propagation in ultra-
lean hydrogen-air mixtures in large-scale experiments performed in the THAI vessel. 
Measured data is applied to evaluate the wrinkling factor as a function of time. Two 
components contributing the total wrinkling factor were identified. The first component 
increases relatively fast after the ignition and is a constant during the combustion. This 
component is probably present in all lean hydrogen-air mixtures and its magnitude likely 
depends on the hydrogen concentration especially in lean mixtures. The contribution of the 
second component is significant in ultra-lean hydrogen-air mixtures. The second component 
increases almost linearly as a function of the pressure dominating at high pressures. 

An important mechanism in mitigating fission product release from the containment is pool 
scrubbing. Experiments in the SAFIR2022 MANTRA project aim at completing the 
experimental matrix for the effect of pool depth, flow rate into the pool and pool chemistry 
both for particulate and gaseous iodine species. The most recent CsI aerosol experiments 
were modelled with ASTEC V2.1.1.6. The experiments were performed with five different N2 
inlet flow rates (109.5 l/min, 71.7 l/min, 39.3 l/min, 24.0 l/min and 17.3 l/min) and four 
different pool depths (10 cm, 30 cm, 50 cm and 70 cm from the bottom of the blowdown 
pipe). Comparison of the analytical and experimental Decontamination Factor (DF) values is 
in Figure 3. 
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Figure 3. Comparison of the analytical and experimental results for CsI aerosol. Five different 
N2 inlet flow rates and four different pool depths were examined.   

DF values produced by ASTEC are notably smaller than recorded in the experiments when 
the carrier gas inlet flow rate is clearly on the jet regime. In addition, experimental DF values 
increase with increasing inlet flow rate at the jet regime whereas analytical DF values 
decrease with increasing inlet flow rate not depending on the regime. So, the behaviour of 
the analytical results is reverse to the experimental results. 

Previously the results have been in a good agreement on the globular regime. However, now 
ASTEC notably overestimates the pool scrubbing efficiency especially with deeper pool and 
slower inlet flow rates. The difference could originate from particle size as in the most recent 
experiments the aerosol particles were bigger and their size varied more than in the earlier 
comparable experiments.  

The effects of geometric mean diameter (dg) and standard deviation of the first distribution 
(GSD) to the DF were studied in a simple sensitivity study on globular and jet regimes. 
Results on the jet regime are in Figure 4. It can be confirmed, that increasing geometric 
mean diameter and increasing standard deviation increase DF notably. The behaviour have 
somewhat similar trend on globular and jet regimes, but the resulted DF values are smaller 
on the jet regime. ASTEC results seem to be very sensitive to particle size and the effect is 
larger on globular regime. 
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Figure 4. The effects of geometric mean diameter (dg) and standard deviation (GSD) to the 
DF on globular regime (N2 inlet flow rate 24 l/min). 

Severe accidents have shown that understanding of dispersion and exposure phenomena 
are needed for all-encompassing nuclear safety. Assessing the transport of radioactive 
release to evaluate the environmental consequences is especially important for defining the 
necessary protective actions. The physical phenomena are complicated, and they can be 
modelled by codes featuring various levels of sophistication.  

A lot of verification and validation effort is needed to check the reliability of the codes being 
developed. Therefore, an international code benchmark BARCO (Benchmarking on 
Assessment of Radiological COnsequences) was participated to compare VTT’s in-house 
codes VALMA and ARANO with well-known international code packages for off-site 
dispersion and dose assessment. The benchmark was based on a hypothetical release 
scenario from the Ukrainian Rivne NPP, which has two VVER-440/213 and two VVER-
1000/320 reactors operating. A real weather scenario, with dispersion direction towards EU 
area, was chosen. 

ARANO results are more limited than VALMA, because only time-independent (i.e. final, after 
cloud passage) radiation doses are readily available. Expectedly, ARANO predicted higher 
maximum doses than VALMA for the 24 hours long release, because only VALMA uses the 
realistic spread of wind direction, which comes from numerical weather prediction through 
the SILAM model. Total dose produced by VALMA is presented in Figure 5. 

In comparison to the results of other participants, ARANO and VALMA results were well 
within the range of the ‘bunch’ of the result values. VALMA predicted lower dose rates near 
the source, but also higher dose rates at longer ranges. These results were explained by the 
dispersion data: data points at very close vicinity of source were not included, and at longer 
ranges was predicted some rain (causing wet deposition), which was not seen by other 
models. 
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Figure 5. Total dose produced by VALMA taking into account external dose and inhalation 
(integration time is one week). Release source is at Rivne NPP in Ukraine and the plume is 
transported westward over Poland.   

Deliverables 

• A scientific article on analysis of reactor water level measurements during the Fukushima 
unit 2 accident. 

• A research report describing the updates to the Fukushima Unit 3 accident MELCOR 
model together with the results compared to available measurements. 

• A draft article on the wrinkling characteristics of flames in laminar premixed ultra-lean 
hydrogen-air mixtures. 

• A research report combining experimental and analytical results for pool scrubbing of CsI 
aerosol.  

 

2.2.2 CATS - Coupled analysis of transient scenarios 

The general objective of CATS (2019-2022) project is to develop the modelling of transient 
events and accidents such that we can give more reliable answers to the safety requirements 
set in the YVL guides. To achieve this, CATS utilizes computational transient analysis tools 
that have been in use for decades as well as participates in the complete renewal of the 
VTT’s reactor analysis system as a part of the ongoing effort to develop the Kraken 
computational platform. The focus in CATS is to further improve the analysis of transient 
scenarios using coupled thermal-hydraulics and reactor core modelling. The researched 
areas include both the computational tools as well as uncertainty and sensitivity analyses of 
the modelling. In addition, CATS includes exploratory research topics such as porous 
computational fluid dynamics (CFD) modelling of transient scenarios. These aid in 
developing both the modelling tools and the modelling expertise of future. 
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Specific goals 

WP1 of CATS focuses on modelling of nuclear power plants with coupled neutronics, 
thermal-hydraulics and system code models. In 2020, focus was on adopting the use of the 
system code TRACE and the reactor analysis code PARCS for modelling of transient 
scenarios. This includes both technical adoption of the tools as well as training and 
producing expertise in their use. TRACE and TRACE-PARCS would serve as an 
independent tools for transient safety analyses. In addition, adoption of TRACE would benefit 
the renewal of VTT’s calculation systems by, in the long term, enabling the coupling of 
TRACE to the VTT’s Kraken computational framework. Work on coupling TRACE to Kraken 
was begun in 2020. Both adoption of TRACE and furthering Kraken development would 
enable the production of more reliable answers to the safety requirements for nuclear power 
plants set in the YVL guides. Kraken aims to meet the challenges of future transient analyses 
by coupling together modern solvers that utilize less assumptions such as neutronics solver 
Ants and system code TRACE. 

Deterministic safety analyses are a key part of ensuring safe and reliable operation of 
nuclear power plants and a very important part of their licensing. The work in CATS produces 
both the tools and the expertise for independent capability for such work. This, in turn, 
ensures a domestic Finnish ability for confirmatory analyses. 

In WP1, two young experts participated in NRSHOT-PARCS nuclear reactor simulation 
hands-on-training course by Nuclear and Industrial Engineering (NINE). The training 
provided specifics of three-dimensional nuclear reactor core modelling with PARCS as a part 
of a simulation to young experts and broadened their expertise. Following the training, the 
first coupled TRACE-PARCS transient analysis calculations of the CATS project were 
performed. In the course of this adoption work, several errors and bugs were found from 
standalone PARCS and TRACE-PARCS. These mostly concerned hexagonal geometries 
and the modelling of VVER-type reactors. These bugs were reported to the TRACE and 
PARCS developers and their fixes will be distributed to all TRACE and PARCS users in 
future code versions. The TRACE-PARCS adoption work in CATS will thus benefit the whole 
international community using TRACE and PARCS, due to fixes and improvements in the 
codes. 

Additionally in WP1, work on coupling the system code TRACE to the Kraken computational 
platform was begun. In 2020, the work consisted of a preliminary study on the coupling 
interfaces already present in TRACE and their applicability for Kraken development. Some 
shortcomings of the existing solutions were found and a promising approach to couple 
TRACE to Kraken was highlighted. This work was preparation for the coupling of TRACE to 
Kraken in CATS 2021. 
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Figure 1. Power values from coupled TRACE-PARCS transient calculation. Power values 
correspond to PARCS power, power transferred from fuel rods to coolant and power 
transferred in the steam generator. The analysed case is a main coolant pump transient from 
Kalinin-3 VVER-1000 benchmark. 

WP2 of CATS expands upon the work in WP1 and adds an additional layer of sensitivity and 
uncertainty analysis on top of transient analysis capabilities. This ensures more reliable and 
holistic answers to the safety requirement questions. Uncertainty and sensitivity analysis is 
an irreplaceable part of best estimate modelling and simulation. By analysing different 
uncertainties, the most impactful variables and parameters of deterministic analyses can be 
found.  

In WP2 in 2020, VTT’s sensitivity and uncertainty analysis tool Sensla was expanded for use 
with TRACE-PARCS and the first sensitivity analyses using TRACE-PARCS with Sensla 
were performed. These steps, together with the work on TRACE-PARCS in WP1 
demonstrated that TRACE and PARCS have been successfully adopted into use. This was a 
continuation and replication of earlier work using HEXTRAN-SMABRE, but this time with the 
newly adopted TRACE-PARCS toolset. In addition, a partial rank correlation coefficient 
calculation routine external to Sensla was developed and taken into use. This increased the 
extend and coverage of uncertainty and sensitivity analyses that can be performed with both 
TRACE-PARCS and HEXTRAN-SMABRE. 
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Figure 2. Peak cladding temperature in a coolant pump transient from Kalinin-3 VVER-1000 
benchmark. The uncertainty intervals were obtained by varying the input parameters of 
repetitive TRACE-PARCS simulations. 

 

Figure 3. Partial rank correlation coefficients of the hot leg 2 coolant temperature with several 
other simulation parameters. Modelled case is a coolant pump transient from Kalinin-3 
VVER-1000 benchmark. 
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WP3 of CATS consists of exploratory research on coupling porous computational fluid 
dynamics (CFD) modelling into transient analysis calculations. This both highlights new 
avenues for research as well as provides new information on the performance of the existing 
simulation methods. In 2020, the examined case is blocked assembly in an EPR core and 
the work builds on previous work in 2019. The blockage locally restricts the flow of coolant. 
An important result of the work is that above the blockage in the fuel assembly in question, 
the temperature of the coolant exceeds its saturation temperature. This unveiled a challenge 
in higher resolution thermal hydraulic simulations of blocked assemblies. While the used 
poroud CFD methodology was focused on single phase calculations, a small portion of the 
reactor is near two-phase phenomena. New simulation approaches which include steam 
bubble formation and drifting need to be developed to fully analyse these kinds of situations. 

 

  

Figure 4. Influence of a blockage on the coolant temperature (°C) in fully coupled TRAB3D-
PORFLO-SMABRE simulation. Values are coolant temperatures. In the blocked case, the 
temperature of the coolant rises past saturation point in a small area. 

 

Deliverables 

• A research report on Kalinin-3 model for TRACE-PARCS and the adoption of TRACE-
PARCS for transient calculations. 

• Research report as a preliminary study of potential approaches for coupling TRACE with 
the reactor analysis framework Kraken. 

• A research report on implementing the uncertainty and sensitivity analysis tool Sensla for 
TRACE-PARCS. 

• Improved computational meshes for porous CFD modelling of a PWR reactor pressure 
vessel with a blockage in a fuel assembly.  
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• Participation of two young experts in NRSHOT-PARCS Nuclear Reactor Simulation 
Hands-On-Training course. Nuclear and Industrial Engineering (NINE) online course.  

• First calculations with standalone PARCS and coupled TRACE-PARCS demonstrated.  

• Research report on exploratory research on modelling a blocked fuel assembly in a PWR 
core with porous CFD thermal hydraulics 

 

2.2.3 CFD4RSA - CFD methods for reactor safety assessment 

The overall objective of the CFD4RSA project is to improve the usability and reliability of 
Computational Fluid Dynamics (CFD) calculations in nuclear Reactor Safety Assessment. 
The work consists of four Work Packages, where topics that are important in safety 
assessment are studied. First, the reliability of coupled CFD-Apros calculations is 
investigated in the modelling of postulated accident scenarios. Second, uncertainty 
quantification methods in CFD calculations are tested and taken into use. Third, coarse-
mesh CFD models are developed for reactor pressure vessel. Fourth, thermal stratification in 
pressure suppression pools of BWRs is studied. 

Specific goals 

In WP1, coupled CFD–Apros simulations are performed. The behavior of the steam 
generator of a PWR is studied with CFD simulations during Main Steam Line Break transient. 
The CFD model of the steam generator is coupled with the Apros model of the of the VVER-
440 nuclear power plant. Journal article on the coupled simulation is written. 

In WP2, uncertainty quantification of CFD calculations is addressed. Traditionally, uncertainty 
of CFD simulations has been assessed by performing a few simulations by varying the mesh 
size, time step, boundary conditions, turbulence models or some model coefficients. 
Recently, approaches that are more systematic have been tested for the uncertainty 
quantification in CFD in international benchmarks. In WP2, these approaches are reviewed 
and used for the calculation of thermal mixing. 

In WP3, coarse-mesh CFD models for reactor pressure vessels are developed and validated. 
The coarse-mesh CFD methods provide three-dimensional analysis for situations, which 
cannot be properly described with lumped parameter models. In the coarse-mesh approach, 
the computational cost is smaller than in traditional CFD calculations, but some additional 
sub-grid-scale modelling of the flow is necessary. This work is done in co-operation with the 
LONKERO project, where the Kraken computational framework is developed. The coarse-
mesh CFD model of the reactor pressure vessel is coupled with the neutron transport solver 
developed in the LONKERO project. 

In WP5, CFD and Apros tools are developed and validated for the analysis of the thermal 
stratification of pressure suppression pools of BWRs. It has been suggested that in the 
Fukushima accident the pressure suppression pool of one of the reactors was thermally 
stratified. At the Royal Institute of Technology (KTH), an Effective Heat Source (EHS) and 
Effective Momentum Source (EMS) model has been developed for the description of the 
thermal stratification, when steam is injected into a pressure suppression pool through 
sparger or vent pipe. In WP5, the EHS/EMS model is implemented into the ANSYS Fluent 
CFD code. In addition, the possibility of implementing an EHS/EMS based model to the 
lumped parameter code Apros is tested. The work is done in co-operation with LUT and KTH 
in the NKS-project THEOS. 
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Deliverables 

• In the SAFIR2018 programme, CFD simulations of VVER-440 steam generator were 
performed. In 2020, the numerical model was improved by making new mesh for the 
steam generator and correcting some issues in the Apros model for the generic VVER-
440 plant. Coupled Fluent–Apros simulation of Main Steam Line Break transient was 
performed. The coupled simulation model is illustrated in Figure 1. After the Main Steam 
Line Break, rapid decrease of pressure and reduction of the surface level in the steam 
generator occur. The Apros model controls the feed water injection and behaviour of the 
reactor, where SCRAM occurs. Journal article is written on the simulation. 

• Uncertainty Quantification (UQ) methods for CFD has been studied. The studies of the 
GEMIX was continued. D In the benchmark, heavy water with added sucrose was mixed 
with lighter water. Deterministic sampling method was considered as an alternative to the 
ASME method. The GEMIX benchmark on mixing of hot and cold water was used as the 
test case for UQ. The results of the test calculation are illustrated in Figure 2. 

• Coarse-mesh models of reactor pressure vessels have been developed and validated for 
the open-source CFD code OpenFOAM. In the coarse-mesh model, the core is 
described, for instance, at fuel rod bundle level by using so-called porous media 
approach. The NuScale SMR reactor is used as the test case in the CFD model 
development. In 2020, mass transfer modelling and multiphase solvers have been 
consolidated to a single solver: multiphaseEulerFoam. Support for anisotropic drag 
modelling and initial models have been implemented and tested. The CFD solver has 
been coupled to the Kraken platform. The platform is used for the coupling of the CFD 
solver with the Ants nodal neutronics code that is developed in the LONKERO project. 
The NuScale model is illustrated in Figure 3. 

• The coarse-mesh CFD models for the reactor have been used to predict thermal 
hydraulics in VVER-1000 pressure vessel. Exercise 1 in Phase 2 of the VVER-1000 
Coolant Transient Benchmarks (V1000CT-2) has been computed. The primary objective 
has been in predicting the mixing and pressure losses in downcomer and lower plenum. 
In 2020, new extended meshes were constructed for studies of the swirling of the flow in 
the downcomer and the reactor core. The new extended CFD models comprise a domain 
starting from the main coolant pumps in the cold legs and ending somewhat above the 
reactor core. The inlet boundary conditions and model parameters were varied to 
optimize the agreement with experimental data. A novel approach was developed to 
calculate the angle of flow rotation from experimental and computed data. The VVER-
1000 model is illustrated in Figure 4. 

• Thermal stratification of the pressure suppression pool of BWR has been studied. The 
effect of steam flow into the pool through the vent pipes and SRV sparger has been 
studied with ANSYS Fluent CFD code. The effective heat and momentum source models 
for the steam jet developed at KTH have been implemented in the Volume Of Fluid (VOF) 

model of Fluent. In the k- model of Fluent code, additional source terms caused by 
buoyancy have been added. The PPOOLEX stratification and mixing experiment SPA-T2 
has been calculated. Improvements to the earlier model for the mixing phase have been 
implemented and tested. 

• The possibilities to implement the effective heat and momentum source based modelling 
approach in the lumped parameter containment model of the Apros system code has 
been studied. Use of six-equation thermal hydraulic model of Apros has been tested for 
the calculation of PPOOLEX stratification and mixing test. The stratification phase of 
experiment could be modelled with some accuracy. The mixing phase seemed to be 
challenging. The most useful approach of the models in Apros need to be further studied. 
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Figure 1. CFD model for a steam generator of a generic VVER-440 reactor. The coupling of 
the CFD model of the steam generator to the Apros model of the reactor is illustrated. 

 

Figure 2. CFD simulation of mixing experiment, where heavy water (with added sucrose) is 
mixed with lighter water. The flow velocity is shown at two locations. The experimental 
results are compared with CFD simulations, where different modelling choices have been 
made. 
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Figure 3. CFD model for NuScale SMR reactor. Stationary state at full power is shown. The 
void fraction, liquid velocity, liquid temperature, and pressure are shown. 

 

Figure 4. CFD model for VVER-1000 reactor, where coolant transient benchmark has been 
calculated. The temperature differences of the coolant in the cold legs lead to temperature 
differences at the core outlet. 
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2.2.4 INFLAME - Interdisciplinary fuels and materials 

The INFLAME project focuses on nuclear fuel behaviour during its irradiation in a nuclear 
reactor. The behaviour of nuclear fuel is studied both by means of modelling and 
experiments. Modelling work in 2020 concentrated on RIA calculations with SCANAIR and 
ENIGMA-SCANAIR codes, contributing to CABRI international program analytical group 
meeting, and to Institut de radioprotection et de sûreté nucléaire (IRSN) SCANAIR in-kind 
work. Code development work continued with the in-house fuel performance module FINIX. 
Also, Serpent modelling of Jules-Horowitz Reactor was partly joined under the project in 
2020 and the work will continue in 2021. 

In the experimental work packages of the project, both cladding and pellet experimental work 
has been performed. On the part of cladding, cladding creep testing, autoclave testing and 
steam furnace testing are developed and some of the material characterization and 
performance tests done. On the part of the pellet, experimental capabilities of the VTT 
Centre for Nuclear Safety are developed and iodine release experiments performed for CsI 
doped CeO2 pellets. 

RIA calculations and benchmarks 

CABRI International Project (CIP) Analytical Group Meeting has been participated and 
results reported during the fuel half-day seminar. VTT participated in the pre-calculations of 
CIP1-2B and CIP3-1R experiments with ENIGMA-SCANAIR codes. CIP1-2B experiment will 
use a high-burnup UO2 fuel with M5 cladding to study especially the boiling crisis and fission 
gas contribution to the clad loading. CIP3-1R experiment focuses on PCMI failure and fuel 
ejection. 

SCANAIR in-kind work consisted of calculation of 2nd order and total effect sensitivity indices 
with the Sobol variance decomposition method for OECD/NEA RIA fuel codes benchmark 
Phase 2 for the fresh fuel. The existing Python and Matlab scripts by Ikonen and Tulkki 
(2014) were extended for SCANAIR. In this case, the interaction effects were found to be 
negligible (2nd order indices close to zero and the first order index S close to the total effect 
index T). Figure 1 shows example of the comparison of 1st order and total effect sensitivity 
indices with correlation coefficients for clad axial elongation. 

 

 

FINIX development 

The development of FINIX in-house fuel performance module continued in 2020 with the 
optimization of the restart functionality and data reading. Thermal correlations for FeCrAl 
cladding material were implemented in the module. 
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Figure 1. Comparison of 1st order and total effect sensitivity indices with correlation 
coefficients for clad axial elongation. The first order Sobol index “S” is close to the total effect 
index “T” indicating that the second order indices are close to zero. 

Serpent modelling of Jules-Horowitz Reactor 

The research exchange to CEA Cadarache was postponed due to the VTT travel ban caused 
by COVID. The original date of the secondment period was in the beginning of October. In 
January 2021 the project began in Finland, with the primary goalpost being the development 
of initial Serpent model for Jules-Horowitz Reactor (JHR). This model will be used for 
benchmarking purposes between Tripoli-4, MCNP and Serpent, after which the studies on 
the neutronic designs of JHR testing devices will be commenced. Among other topics, the 
optimization of OCCITANE experimental device will be performed with the Serpent model by 
calculating estimates for the spectrum ratio, fast neutron flux and gamma heating associated 
with the device. Figure 2a depicts the initial attempt at modelling JHR geometry with Serpent 
by utilizing the French GADGET-input script, whereas figure 2b depicts the relative capture 
cross section of JHR core with homogenized and simplified fuel rod assembly. 

 

 

 

 

 

a) 
 

 

 

 

 

b) 
 



 

 

RESEARCH REPORT VTT-R-00462-21 

58 (146) 

  

 

  

Figure 2. a) the initial attempt at modelling JHR geometry with Serpent by utilizing the French 
GADGET-input script. b) the relative capture cross section of JHR core with homogenized 
and simplified fuel rod assembly. 

Mechanical tests 

A device for mechanical creep testing is already in use at VTT. In this project, the device will 
be used to perform creep tests on available advanced cladding material samples. At the first 
stage, the thermal creep experiments have been carried out with DIN 1.4970 type austenitic 
stainless steel claddings due to the foreseen availability of the different ATF cladding 
material grades. Later in the project, tests for FeCrAl, FeCrSi or Cr-coated Zircaloy claddings 
will be considered if these materials become available for the project. In 2020, experiments 
continued with transient tests using DIN 1.4970 stainless steel. Tests were done with 
alternating pressure, hoop-axial pressure ratio and temperature. 

Autoclave oxidation tests 

A hot loop for testing materials samples in controlled water chemistry and online oxidation 
measurement with electrochemical impedance spectroscopy already exists at VTT. However, 
the available heat flux over the sample in the existing device was only comparable to a low 
linear heat generation rate of the fuel. In this year of the project, the autoclave equipment 
was updated so that a linear heat generation rate of over 20 kW/m could be achieved with 
the apparatus. This enables testing of cladding materials in conditions relevant to a nuclear 
power reactor. The testing apparatus was verified by experiments on E110 cladding alloy 
material at around 300 °C. The impedance measurement performed well and the growth of 
the oxide layer was verified with scanning electron microscopy images. The connection of 
the impedance results to oxide layer thickness were studied with the equivalent circuit 
models. Boiling conditions were also investigated, and coolant boiling could also be 
distinguished from the impedance measurements, extending the applicability of the method. 

 

 

Steam furnace oxidation testing 

VTT participated in the IAEA coordinated research program ACTOF (Analysis of Options and 
Experimental Examination of Fuels for Water-Cooled Reactors with Increased Accident 
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Tolerance) with steam furnace oxidation testing of several advanced cladding materials in 
the past years. The results obtained at VTT in the research program were published in an 
IAEA TECDOC. This year, the experiments in steam environment were conducted for Zr-
based coated claddings at 1200 °C for 30 min. The coatings were pure Cr, CrN, CrAl. The 
behaviour of these coatings was worse than expected: some of the coatings were ripped off 
from the cladding tubes. The tests with the same materials will continue in 2021 with shorted 
exposure times. The tests aim at a new round robin exercise for ATF cladding materials 
under fresh IAEA ATF-TS (Testing and Simulation for Advanced Technology and Accident 
Tolerant Fuels) coordinated research project.  

Pellet annealing test equipment 

An annealing furnace was obtained in 2019 for future testing of pellet materials at VTT. In 
2020, the furnace was tested at VTT Centre for Nuclear Safety building. A remote controller 
system was established and tested for the furnace. In 2020, the first tests for CsI doped 
CeO2 pellets were performed at high temperatures, and iodine and particle release were 
monitored. 

Deliverables 

• Report on higher order sensitivity indices for an RIA case 

• Report on mechanical tests on ATF material 

• Report on results of oxidation behaviour of E110 

• Report on application instructions of the high-temperature tube furnace 

• Report on iodine release behaviour in ceria pellets 

 

2.2.5 LONKERO - Developing the working arms of Kraken, the next generation 
computational framework for reactor design and licensing analyses 

The goal of the LONKERO project is to develop a new Finnish computational reactor 
analysis framework, Kraken. The Kraken framework is built of individual solver modules, all 
of novel Finnish origin, that communicate with a central multi-physics driver, which oversees 
the solving of the coupled problem. 
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Figure 1. A schematic representation of the plans for the completed Kraken 
framework. Finnish solver modules developed at VTT are shown in yellow, 
while potential state-of-the-art third party solvers to be coupled ar shown in 
orange. 

The figure above shows a schematic of the planned couplings for the Kraken framework: 
Solver modules for the three reactor core physics (neutronics, thermal hydraulics and 
thermal mechanics) are coupled together via a reactor core level interface to create a core 
simulator. This core simulator is coupled with system codes via a dedicated interface in the 
future in order to simulate transients with system level feedbacks. Due to the modular 
structure of the framework and the solver agnostic implementation of the interfaces, the 
solvers for each of the physics can be easily switched with minimal effect on the simulation 
model as a whole. This enables the verification of reduced order solutions (e.g. nodal 
diffusion neutronics) against high fidelity solutions of the same physics (e.g. Monte Carlo 
neutronics) without having to change the simulation models for the two other physics 
(thermal hydraulics and thermal mechanics). 

The LONKERO project aims both to construct the Kraken framework during its four year term 
as well as demonstrate its applicability to licensing relevant analyses. Special focus is given 
to the usability of the framework as a whole instead of a collection of separate solver 
modules and the ease of obtaining licensing relevant data (thermal margins, reactivity 
margins, feedback coefficients…) from the simulations. Initial validation of the coupled 
calculation sequences forms an other part of the project. 

While the LONKERO project mainly focuses on the development of the framework as a 
whole it also covers any new implementations that are required for the neutronics solvers 
Serpent and Ants in order to reach the project goals. Lastly, LONKERO covers the 
maintenance of the international Serpent user community as well as the effort to construct a 
similar user community for the Kraken framework as a whole. 
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Specific goals 

Figure 2. A high level overview of the four year plans for the development, 
demonstration and benchmarking of the Kraken framework.  schematic 
representation of the plans for the completed Kraken framework. Finnish 
solver modules developed at VTT are shown in yellow, while potential state-
of-the-art third party solvers to be coupled ar shown in orange. 

As seen from the four year plan in the figure above, year 2020 focused on establishing a 
reactor core simulator capable of modelling reactor operating cycles and automatically 
evaluating licensing relevant data while doing so. Year 2020 also included benchmarking and 
demonstration of both the steady state and operating cycle simulations. Additionally, 
preparatory work was conducted at individual solver level for the transient simulations 
upcoming in 2021. 

Work package 1 focused on developments related to the Serpent-Ants neutronics 
calculation chain. The novel Monte Carlo based leakage correction developed in 2019 was 
submitted to be published in a conference article. A polynomial group constant model with 
plutonium history consideration was developed and implemented in the Ants nodal solver 
and the generation of proper group constants for Ants with Serpent was largely automated 
through the development of a dedicated Python module for the purpose. The work on the 
group constant generation was reported in one special assignment, one conference article 
(submitted) and one research report. Several developments were made regarding the nodal 
modelling of reactors with hexagonal fuel assemblies: A triangular nodal model that can be 
used as a radial subnodalization was developed, implemented and benchmarked resulting in 
one special assignment and one conference article (submitted). Validation work on pin power 
reconstruction in the hexagonal nodal model of Ants was begun and is expected to finish 
during Spring 2021. Finally, a time-dependent nodal model was developed for Ants 
rectangular node simulations, to be implemented in Ants in early 2021 to allow for the moving 
of the project to transient modelling. 

The main goal of work package 2 was the extension of the coupled steady state calculation 
sequences established in 2019 to operating cycle simulations and the construction of a 
reactor simulator that can automatically handle the reactivity and power shape control during 
an operating cycle simulation while automatically evaluating various licensing relevant data. 
These capabilities were demonstrated in an SMR level operating cycle analysis and utilized 
in work package 3 where the Kraken framework was applied to modelling the first two 
operating cycles of the BEAVRS benchmark with very good results. 
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Work package 4 focused on international collaboration and the maintenance of the Serpent 
ecosystem: Providing support for users, updating the on-line user manual Serpent Wiki and 
preparing for the upcoming major version update. The 10th annual Serpent User Group 
Meeting was hosted virtually by the Technical University of Munich in October of 2020. The 
on-line documentation effort Kraken Wiki continued after the good beginning seen in 2019. 

 

Deliverables 

• A special assignment was written on the development and implementation of a triangular 
nodal model for the Ants nodal neutronics solver. 

• A conference paper was written on the development and implementation of a triangular 
nodal model for the Ants nodal neutronics solver. 

• A research report was written on the time-dependent square lattice nodal model that is to 
be implemented in Ants in 2021. 

• A special assignment was written on the creation of a Python module for group constant 
library generation with Serpent. 

• A conference article was written on some recent developments related to group constant 
generation with Serpent especially relating to the modelling of history variations. 

• A research report was written on the specifications, parametrization and evaluation of the 
new generic polynomial group constant model developed for and implemented in Ants. 

• A conference paper was written on the Monte Carlo leakage correction developed in 
LONKERO 2019. 

• A conference paper was written on the validation of Serpent and Ants with BEAVRS hot-
zero-power data. 

• A journal article was written on the validation of Serpent and Ants with BEAVRS hot-zero-
power data. 

• A conference paper was written on the demonstration of the reactor simulator capabilities 
of Kraken in the context of an initial operating cycle for an SMR core. 

 

2.2.6 MANTRA - Mitigation and analysis of fission products transport 

The objective of the project (2019-2022) is to study the behaviour of fission products in severe 
accident conditions. In particular, the aim is to increase understanding of revaporisation and 
transport of iodine and caesium in primary circuit and containment of a nuclear power plant. 
The performed experiments are simulated with the SOPHAEROS, module of the ASTEC 
severe accident analysis code. The primary circuit study has been conducted in close co-
operation with IRSN Cadarache research centre. Another objective is to study the tellurium 
behaviour in primary circuit and containment conditions. Further away from the core area the 
literature becomes increasingly scarce about the effect on tellurium by the conditions it is 
exposed to. These experiments are conducted with VTT´s experimental facilities in 
collaboration between VTT, Chalmers University of Technology and Oslo University as part of 
NKS-R activity. The next objective is to study the pool scrubbing behaviour of fission products 
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in the water pools of containment building. The aim is to widen the knowledge towards 
conditions which are not well-known and to enhance source term calculations. In addition, the 
gathered data in all experiments is used to derive models for the studied reactions, which can 
eventually be implemented in severe accident analysis codes. The objective in the long-term 
severe accident management study is to review literature and discuss with the Finnish nuclear 
stakeholders to scope in view of discovering research topics that might be relevant to the 
stakeholders. 

International collaboration is conducted by participation in the work of OECD/NEA ESTER 
project (started in 2020) and NUGENIA network. The data of MANTRA experiments performed 
as part of SAFIR2022 will be shared within these forums, as well as information related to the 
progress of both forums will be distributed to SAFIR2022 members. 

Specific goals 

The first goal in 2020 was to study the reaction and revaporization/resuspension of the 
deposited CsI particles under Ar/H2 atmosphere, and also in the presence of boric acid, 
simulating primary circuit conditions. The impact of reactions on the transport of gaseous and 
aerosol fractions of Cs and I was specifically investigated. Another goal was to learn to use 
the ASTEC/SOPHAEROS module, focused on the fission product transport, and use it to 
simulate the performed experiments. 
  
The third and fourth goals were focused on the tellurium chemistry. The focus was on the 
preparation of scientific publications based on the experimental work in 2019. The transport 
and chemistry of tellurium in primary circuit conditions was examined in oxidizing and 
reducing conditions. The possible reaction between tellurium and caesium iodide was 
studied. Next, the efficiency of containment spray system on the removal of tellurium aerosol 
particles was investigated. The chemistry of droplets was varied in addition to the droplet 
feed rate. As a fifth goal the retention of CsI aerosol in the containment pool was studied. 
The experiments were performed at ambient temperature and atmospheric pressure. The 
performed aerosol experiments were simulated with ASTEC code by ANSA project and the 
experimentally and analytically obtained decontamination factors were compared. This task is 
also connected to the NUGENIA TA2.4 area IPRESCA project dedicated to pool scrubbing 
research internationally. The sixth goal was to prepare a literature review on the radiocaesium 
source term in severe accidents. The review summarized the knowledge on the chemistry, 
morphology and clean-up of Cs containing deposits. 
 
Another goal was to initiate the follow-up of the OECD/NEA ESTER project. The four-year 
project focuses on the delayed releases due to chemical remobilisation from high temperature 
(reactor coolant system) fission product deposits. Another focus in the ESTER project is to 
study the iodine reactivity (I2 and IOx) with organic compounds, which may be present in the 
containment atmosphere. The aim is to assess the source of organic iodine formation, other 
than iodine-paint interaction. Another important part of the ESTER project is to compare the 
performance of various severe accident analysis codes and the user effect.   
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Figure 1. Fraction of tellurium transported through the model primary circuit (in comparison to 
the release) was higher in the air atmosphere (Experiments T1 to T3) than in the nitrogen 
atmosphere (Experiments T4 to T6). The temperature of the circuit decreased from ca. 1200 
°C to 30 °C in the experiments. 
 
 

 
Figure 2. Removal efficiency of a containment spray system model for tellurium dioxide 
particles in an air atmosphere. The water droplets were efficient in trapping the airborne 
particles. Further increase in the trapping efficiency was observed when the chemistry of 
droplets was varied using alkaline borate solutions. 
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Deliverables 

• In the primary circuit study on caesium and iodine chemistry, the focus was to investigate 
the condensed phase reactions of deposited caesium iodide particles on the circuit 
surfaces. The experiments included a deposition phase of particles at room temperature 
and a revaporisation/resuspension phase of the particles at 700 °C under Ar/H2 
atmosphere and also in the presence of boric acid (H3BO3). The results indicated that CsI 
decomposed during its transport into several iodine species in the Ar/H2 atmosphere. 
Gaseous iodine was released from the CsI deposit during the revaporisation phase. In 
the presence of boric acid, the CsI which was deposited/condensed during the deposition 
phase was not transported during the revaporisation phase. In addition, the release of 
gaseous iodine was higher.  

• The use of ASTEC / SOPHAEROS (computing the fission products and structural 
materials transport and chemistry in the primary circuit and containment of a PWR during 
a severe accident) module was learnt by a new user simulating the above described 
experiments. The analytical work resulted in a good agreement with the experimental 
data for pure compounds (I2, CsI) in the Ar/H2O atmosphere at 700 °C. When another 
compound was added to the chemical system, discrepancies between the model and 
experimental data were found. Especially looking at the release of gaseous iodine, the 
amount of gaseous iodine was systematically underestimated. It stresses the need to 
take into account condensed-phase reactions also in the SOPHAEROS module and to 
further develop the related models. 

• The transport of tellurium in primary circuit conditions was investigated in an NKS-R 
collaboration. The metallic tellurium precursor was released and transported with a rather 
constant rate in a dry or humid nitrogen atmosphere. In case of an air atmosphere, the 
transport of tellurium was notably higher at first. However, the metallic tellurium seemed 
to be oxidised by the oxygen in the course experiments. It led to a significant reduction of 
tellurium release. The fraction of tellurium transported through the model primary circuit 
(in comparison to the release) was the highest in the air atmosphere, see Figure 1. 

• The retention of tellurium aerosols (Te, TeO2) by a containment spray system model was 
also examined in an NKS-R collaboration. The water droplets were efficient in trapping 
the airborne particles. Further increase in the trapping efficiency was observed when the 
chemistry of droplets was varied, see Figure 2. The removal efficiency was high for TeO2 
and Te in an air atmosphere, but the removal efficiency for metallic tellurium decreased in 
an nitrogen atmosphere. 

• Related to the NUGENIA TA2.4 area IPRESCA project dedicated to (gaseous and 
aerosol FP) pool scrubbing research, MANTRA is coordinating a task on gaseous iodine 
retention in the pool. The project includes over 30 international organizations around the 
world. In 2020, the preparation of several conference papers (NURETH-19) summarizing 
the first phase of IPRESCA was ongoing. In addition, the NPP containment pool 
efficiency for the retention of fission products (CsI aerosol) was studied with experiments 
in MANTRA. 

• In the long-term severe accident management study, the goal was to investigate (based 
on the published literature during 2010’s) what is the chemical form and morphology of 
caesium contamination after a severe accident. The post-accident investigations at and 
around the Fukushima plant site provide a broad scope of information. Where applicable, 
the observations and outcomes obtained from Fukushima were compared with the 
Chernobyl accident data. In addition to characterization of contamination, the study 
addressed the latest developments in the clean-up methods of caesium contamination. 
The study also supports thinking of aspects related to long-term severe accident 
management. 
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• OECD/NEA ESTER four-year project was initiated in 2020. The content of the planned 
test programme and analytical work was summarized. 

 

2.2.7 PAHE - Passive heat exchanger experiments 

The objective of the project is to improve understanding of the AES-2006 design PHRS-C 
passive heat removal system and to generate data for code validation. Carefully designed 
experiments are the most reliable way to obtain fundamental understanding and reliable data 
of the phenomena. Data can be used in the development and validation of system and CFD 
codes for the safety analyses of nuclear power plants. Computer analyses are needed in the 
planning of the experiments as well as in post analyses to help understanding the physics in 
the experiments. 

Specific goals in 2020 

In SAFIR2022, VTT proposed projects (THACO and CFD4RSA) where APROS-Fluent 
simulations are used for calculating the operation of the PASI facility. The vessel simulating 
containment conditions will be modelled with Fluent and the rest of the facility with APROS. 
In 2019 the tests were planned with VTT. The tests including facility modifications and 
installation of additional instrumentation were done in 2020. Specific goal of PAHE project in 
2020 was to produce as high-quality data as reasonable possible for APROS-Fluent 
simulation needs of VTT. 

Two experiments were carried out. In the first experiment, the goal was to observe the 
natural circulation behavior of the PASI facility under different steam mass flow rates to the 
containment and how much condensate can be collected from the bottom of the containment 
vessel and from the walls of the containment vessel. In addition, the heat losses from the 
containment were under investigation. 

 

Figure 1. Mass flow rates for condensate drain line and wall flow in relation to steam supply 
line flows. 

It was possible to measure the amount of condensate from the heat exchanger part of the 
containment where the bulk amount of condensate was created. The wall condensation was 
minimal. Most of the time it was below the measurement range of the smallest available flow 
measurement device (Figure 1). 
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Undesired stratification of temperatures in the containment was observed (Figure 2). The 
stratification was most likely due to the condensate in the bottom of the containment. A small 
layer of condensate will be always kept in the bottom of the vessel to ensure that pressure is 
not lost from the containment when draining the line. 

 

Figure 2. Temperatures inside the containment at different elevations. 

The uncertainties in the defined heat losses and heat capacities of the PASI facility are 
relatively high. There is not any single source for the uncertainties. Mostly those are rising 
from the approximations made for the analysis and from the uncertainties in the 
measurements. The most significant source of uncertainty is the flow measurements. An 
additional heat loss experiment was carried out to clarify the situation. 

 

Figure 3. Temperatures at different elevations inside the containment tank. 

Only minor temperature stratification inside the containment vessel was observed (Figure 3). 
Concerning the inner and outer wall temperatures, the temperature was clearly higher at the 
lowest elevation compared with the other elevations. The containment tank temperature at 
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the lowest elevation was closer to the wall temperatures compared to the situation at the 
topmost elevation. 

Deliverables in 2020 

• PASI tests have been carried out to fulfil the needs of VTT 

 

2.2.8 PATE - PWR PACTEL tests 

The objective of the project is to improve the understanding of thermal hydraulic system 
behavior of EPR type PWRs by performing integral effects tests with PWR PACTEL. 
Carefully designed experiments are the most reliable way to obtain fundamental 
understanding and reliable data of the phenomena. Data can be used in the development 
and validation of computer codes for the safety analyses of nuclear power plants. Performing 
experiments not only requires the hardware and programs controlling the devices and 
gathering data, but also the knowledge of the system behavior. Computer analyses are 
needed in the planning of the experiments as well as in post analyses to help understanding 
the physics in the experiments. 

Finland participated in the OECD/NEA PKL Phase 4 project (2016-2020) with PWR PACTEL 
experiments. The OECD/NEA PKL Phase 4 project was performed with the financial support 
of the Finnish Research Programme on Nuclear Power Plant Safety (SAFIR2018 and 
SAFIR2022), the Finnish power company Teollisuuden Voima Oy (TVO), and the partners 
participating in the OECD/NEA PKL Phase 4 project. The authors are grateful for their 
support to OECD Nuclear Energy Agency (NEA), the members of the SAFIR2018 and 
SAFIR2022 Reference Group 4 and the members of the Program Review Group and the 
Management Board of the OECD/NEA PKL Phase 4 project. The data from the experiments 
in the OECD/NEA PKL Phase 4 project will be available to the NEA member countries via 
their CSNI representative organizations three years after the end of the project. 

Specific goals in 2020 

Specific goal in 2020 was to perform the PWR PACTEL nitrogen effect and inadvertent 
opening of SV and MSRT experiments. The effect of nitrogen on the core cooling during 
LOCA has been studied experimentally with the PWR PACTEL facility. The experiments with 
a hot leg break showed that the accumulator nitrogen could stop the primary side 
depressurization and cause a core heat up at reactor pressure above or very close to a 
typical low-pressure safety injection shut-off head. To map the range of the pressures at 
which the decoupling of the primary and secondary side pressures takes place more testing 
is needed, as a function of the break size, the number of the accumulators injecting (nitrogen 
mass) and the number of the steam generators participating in the secondary side 
depressurization (volume available for nitrogen). 

The first test investigating the effect of the number of steam generators on the system was 
carried out in 2020. In this experiment only one loop was used. The overall system behavior 
was as in the reference experiment with two loops (Figure 1). The progression of the main 
parameters was similar and the main event timings were relatively close to each other in the 
experiments, though the transient proceeded slightly faster with one loop. The core heat-up 
started slightly earlier and the amount of water in the pressure vessel and loop was at times 
located slightly differently between the experiments. As the accumulator nitrogen release 
period started the primary pressure decrease stopped. The results showed that the transient 
with either one or two loops and steam generators connected to the system had a similar 
effect on the overall appearance of the decoupling of the pressures, the pressure value level 
when the decoupling appeared, and the length of that period. 
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Figure 1. Pressures in the primary and secondary sides and accumulator. 

An inadvertent opening of the pressurizer pilot operated safety valve with a simultaneous 
spurious full opening of the valves in the main steam relief trains influences the departure 
from nucleate boiling ratio in the beginning of a loss-of-coolant accident. At the same time 
the primary system is cooled down. This affects the core temperature and DNBR, but the 
magnitude of the effects is not clear. The goal of the experiments was to clarify the effect of 
the fast secondary side cooldown. This subject came from a review of the transients 
important for the reactor safety done for SAFIR2018. The experiments were a topic in the 
INTEGRA project of SAFIR2018 but could not be carried out due to the lack of time and 
financing reductions. The subject is relevant to validate I&C fault analysis. The experiments 
were planned in co-operation with TVO in 2019 and were carried out in 2020. 

 

Figure 2. Pressures in the primary and secondary sides. 

Two experiments were performed. In the first experiment opening of one pressurizer safety 
release valve was assumed. The second experiment was similar but the main steam relief 
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valves were assumed to open at the same time as one pressurizer safety release valve. The 
general system behavior was similar in both experiments (Figure 2). The core temperatures 
never increased above the initial values. At the end, the core temperatures stabilized and 
decreased slowly. 

Deliverables in 2020 

• Participating in the OECD/NEA PKL Phase 4 project with PWR PACTEL experiments 

• PWR PACTEL nitrogen effect experiment 

• PWR PACTEL inadvertent opening of SV and MSRT experiments 

 

2.2.9 RACSA - Radiation shielding and criticality safety analyses 

The objective of RACSA (2019-2022) is to develop and maintain validated computational 
tools and human expertise on problems that generally involve particle transport outside the 
reactor core. The radiation shielding in the project covers analyses on both ionizing radiation 
transport and fast neutron exposure against the reactor pressure vessel, the latter also 
known as reactor dosimetry. The criticality safety fraction of the project focuses on methods 
and expertise required to ensure that the fresh and spent fuel is kept subcritical outside 
reactor, which in the scope of the project refers to transport and storage systems. 

The method development is strongly, yet not exclusively, concentrated on the Monte Carlo 
code Serpent. Additionally, development of a new reduced-order code for dosimetry 
applications has been started. Other codes are used particularly for validation and 
comparison purposes and generally whenever considered beneficial.  

Specific goals 

WP1 of RACSA is devoted for radiation shielding problems. The work package contains 
particle transport physics, variance reduction methods required in Serpent (and any Monte 
Carlo code with shielding problems) and validation of previously and newly developed 
functionalities of Serpent. 

The photon transport physics, required in gamma radiation shielding problems, has been 
implemented for Serpent over the previous years and it is currently at a rather mature level. 
Thus, the most urgent priority is a comprehensive validation of the photon transport 
functionalities. To promote this, two shielding benchmarks were calculated in 2019. However, 
as a result of the resignation of the expert on photon transport routines, only the other of 
these was documented in the research report. Therefore, the other of these, the ALARM 
benchmark, was calculated again in 2020 in order to make the Serpent results properly 
documented. Furthermore, it provided an educational opportunity for a new user to test 
whether the previously achieved results could be repeated. 

The Serpent results on the ALARM benchmark repeated the coarsely preserved results 
achieved in 2019. Additionally, a specific study was performed to identify the difference of the 
Serpent versions, as there are a few features constructed in the development branch but 
they are not properly documented. Due to the lack of documentation, it was considered that it 
would be hazardous to integrate them into the future distributions, but on the other hand, 
features significantly affecting the results should be added whatever it takes. The Gaussian 
Energy Broadening functionality. In general, the Serpent calculations on both ALARM and 
OKTAVIAN (calculated and reported in 2019) benchmarks produced good computational 
agreement with MCNP, but various discrepancies were obtained with respect to the 
experimental values. 
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Another major target in the WP1 has been the demonstration of Serpent’s capability of 
modelling complex geometries, such as nuclear power plants and other facilities. The hot-cell 
of VTT Centre for Nuclear Safety, and more precisely, its sample storage vault, has been 
used as the example configuration. The calculations utilizing and testing the CAD model 
geometry import and the variance reduction methods, both developed previously, were 
performed in 2020. In practice, the dose rate field around the vault were determined. They 
were also measured at various positions, but the agreement between the measured and 
calculated values was not very good. There were several inaccuracies in both the 
computational data and measurements, so the outcome is not any kind of dramatic. Thus, 
the results cannot be considered as part of code-to-experiment validation. 

The reactor dosimetry work in WP2 promoted validation of Serpent for dosimetry applications 
and the construction of a new, deterministic dosimetry code, which are the main goals for the 
WP over the whole programme. Two numerical and two experimental benchmarks were 
calculated in 2019 and they are to be presented in ISRD-17 symposium that was originally 
scheduled for May 2020 but has been postponed to late 2021 due to Covid-19. In 2020, the 
validation was continued as the NESDIP-2 benchmark was calculated. The C/E results were 
consistently below unity, i.e. the calculated activities were mostly 80-90 % of the measured 
values. However, the results are in line with another reported calculation on the case. 

Construction for the new deterministic code proceeded in 2020 such that the response-matrix 
formalism was chosen for it and all the necessary routines for the generation of response-
matrix data were implemented in Serpent. As schematized in Figure 1, the rationale is to 
decompose a dosimetry problem domain into a series of single nodes coupled by interface 
currents. Every node has its own embedded mesh. This mesh can be of different types, and 
in practice is chosen in order to capture the main geometrical features of the reactor model. 

The deterministic solver under construction reads the data generated by Serpent at node 
level (in three dimensions), and takes care of coupling currents and solving both local (node-
wise) and global (core-wise) problems for time-dependent neutron sources supplied as 
snapshots along an arbitrary irradiation history. The development of this solver is the main 
focus of the 2021 dosimetry task in RACSA. It is expected that at some point the same 
benchmark problems calculated with Serpent can be exploited towards the validation of the 
new solver. 
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Figure 1. Partition of a problem domain (top left) into blocks connected by interface currents 
(top right). By application of a mesh-in-box concept at node level, the original prob-lem is 
solved onto a computational mesh (bottom left) which is chosen in order to capture the main 
geometrical features of the model (bottom right). 

Criticality safety is the main topic of WP3, divided to the construction and management of the 
validation package and to the work promoting the preparedness to utilize burnup credit in 
spent fuel criticality safety analyses. The validation package consists of a large number of 
benchmark critical experiments modelled for the Monte Carlo codes Serpent and MCNP. 
These are required to determine the systematic bias of the computational platform for each 
application for which either of the codes are used. 

A specific goal with the validation package for 2020 was to deliver the similarity evaluation 
tool for Serpent. The tool is beneficial when the user has to select the experiments to be 
used in each application-specific validation run, since the experiments should share the 
neutronic properties with the application as much as possible.  

The tool utilizes the sensitivity and uncertainty -based methods implemented to Serpent 
previously. Traditionally, the selection has been based on acceptable ranges of relevant 
parameter, which ultimately relies on expert judgement. The new tool provides additional 
mathematical back. Considering MCNP, a similarity tool as well as many other functionalities 
related to criticality safety have been implemented to the utility code Whisper, included in the 
latest MCNP distribution. It was tested in RACSA in 2019 and the testing was somewhat 
continued in 2020, e.g. the functionality of excluding potentially lower-quality benchmarks 
was tested. It was found to be rather sensitive to the selection of the user-defined parameter 
that defines the strictness according to which experiments are rejected. 

In addition to the similarity tool, inputs modelling three experimental series were reviewed 
and confirmed to be correct for use in validation. Preparatory work was also performed to 
integrate the Serpent inputs received from Czech partners to the package, but they were not 
reviewed. The Perl script executing the calculations was upgraded to utilize the Slurm 
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workload manager, making the calculation of large number of inputs faster. The Perl driver 
script preparing new or updated MCNP inputs for Whisper - part of the MCNP package - was 
also modified to take more advantage of Slurm’s features. 

Work for better burnup credit capabilities focused on an early start with a proposed NEA 
benchmark aiming at uncertainty quantification in burnup calculation. The subgroup 
preparing the benchmark had chosen the ARIANE GU3 case from the SFCOMPO database 
of burnup benchmarks and slightly simplified the model for the specific exercise. The 
benchmark has not been officially started, but it was partly calculated with Serpent according 
to the drafted specifications. Propagation of cross-section data uncertainties was left for 
future work, but the effect of uncertainties in fission yield and decay data was evaluated with 
the help of the data sampling mode implemented to Serpent in 2019. 

Even though the benchmark is based on real operating history and experimental data on 
spent fuel compositions, the benchmark is not ideal for code-to-measurement validation. 
Code-to-code comparison can be performed, if the benchmark is executed as planned. The 
SFCOMPO version has been calculated by several actors, but they are not fully comparable 
due to the simplifications in the model. 

Deliverables 

• A conference paper on validation of Serpent for photon transport applications, reporting 
the results of the ALARM benchmark. 

• A (submitted) journal article, extension to the above-mentioned conference paper, 
reporting the Serpent results of ALARM benchmark and, additionally, comparison 
between Serpent development versions 

• A (submitted) conference paper on VTT CNS hot-cell modelling with Serpent. It describes 
a test case about the technical integrity of Serpent photon transport mode and geometry 
import from a CAD model in large, complex configurations. 

• A special assignment on a study about Serpent’s applicability for passive emission 
tomography modelling (partly contributed by RACSA) 

• A research report on ground work for a new deterministic dosimetry analysis code. 

• A research report on progress with the criticality safety validation package. 

• A research report on Serpent calculations for the drafted OECD/NEA burnup uncertainty 
quantification benchmark related to the use of burnup credit in criticality safety analyses. 
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2.2.10 SPASET - Sparger separate effect tests 

Prediction of the long-term thermal behaviour of a large water pool during steam injection 
through blowdown pipes and spargers with computational fluid dynamics (CFD) codes is time 
consuming and requires lots of computational capacity because the associated direct-contact 
condensation (DCC) phenomenon needs to be solved. The simplified Effective Heat Source 
(EHS) and Effective Momentum Source (EMS) models developed at KTH would reduce the 
needed computational capacity. The premise of these models is that due to the difference in 
spatial and time scales between DCC and large pool behaviour, only the integral effects of 
DCC on the pool should be modelled. These effects are defined as heat and momentum 
sources, which determine the large-scale pool circulation and temperature distribution. The 
EHS/EMS models can be implemented both to system and CFD codes. 

The Sparger Separate Effect Tests (SPASET) project (2019-2020) contributes to the 
validation of the simplified EHS/EMS models by increasing knowledge of small-scale 
phenomena affecting the effective heat and momentum sources during steam injection 
through spargers. Tests in the small-scale separate effect test facility (SEF-POOL) at LUT 
support also the validation effort of the DCC and interfacial area models of CFD codes for 
steam injection through spargers as well as implementation of the EHS/EMS models to the 
Apros system code. 

Specific goals 

KTH is developing the simplified EHS and EMS models and implementing them the in 
GOTHIC and ANSYS Fluent codes. The models aim to capture thermal stratification and 
mixing phenomena in a large pool of water. They can be implemented also in system codes, 
such as APROS. The models have already been validated against the PPOOLEX 
experiments where the dynamics of free water surface in the blowdown pipe with different 
steam mass flow rates and transient times was studied. KTH is now extending the validity of 
the EHS and EMS models to spargers, RHR nozzles and sprays. 

Specific goals in 2020 included tests in the SEF-POOL facility to determine important 
variables affecting the effective momentum magnitude and to study jet entrainment in low 
Mach number cases with the help of high-speed imaging and air bubble generation and 
tracing. The design of the facility is such that the effective momentum (liquid force carried by 
the condensate liquid) can be directly measured with a force sensor or it can be calculated 
on the basis of measured steam momentum (steam force at the injection hole). In addition, 
the validation effort of the OpenFOAM models for steam injection through spargers at LUT 
and VTT was supported with the tests. 

For the SEF-POOL tests in 2020, many improvements were made for the imaging system. 
The biggest difference between the previous SEF tests and the tests performed in 2020 was 
the change to stereo viewing perspective, i.e. both high-speed cameras were in angle 
towards the pool. In addition, the calibration procedure was completely changed. A 
calibration video was used where the calibration plate was moved in different angles towards 
the cameras. The video was captured with the framerate of 24 fps and could in theory consist 
of thousands of calibration images (depending on the length of the calibration video) instead 
of static positions and a single image pair per position as was the case before. An example 
of checker detection is presented in Figure 1. 
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Figure 1. Checker edge detection from calibration algorithm (MatLab) using in-house 
manufactured calibration plate. 

The previous results from the SEF POOL tests suggest that with respect to the effective 
momentum the difference between the single and multiple hole cases is small. Also, the 
effect of the injection hole diameter seems to be minor. The SEF-POOL tests in 2019 verified 
that the effect of the nozzle chamfer of the flow plate is also relatively small. On the other 
hand, it was found that there was a significant difference between the sonic and subsonic 
injection regimes. Furthermore, high subcooling of pool water didn’t affect sonic jets, while it 
had an influence on the subsonic injection.  The main varied parameter in the 2020 tests was 
chosen to be the mass flux of the injected steam. The steam mass flux varied between 35-
134 kg/m2s placing the tests mainly in the oscillatory bubble regime on the regime map for 
direct contact condensation. In some of the tests, the flow mode was at least partly external 
chug with detached bubble or external chug with encapsulating bubble depending on the 
pool water temperature. The possible effect of multiple injection holes was also studied 
further by using a three-hole plate in some of the tests. 

One goal of the tests in 2020 was to verify the validity of the EMS/EHS models in highly sub-
cooled conditions. Therefore, during the preparations for the steam injection tests, a few 
kilograms of ice was put in the pool before filling it with water. The initial pool water 
temperature was thus between 1 °C and 7 °C. The tests were continued until the pool water 
temperature was approaching 95 °C. 

For the most part the 2020 tests focused, however, on setting up and tuning the high-speed 
camera system so that KTH can effectively use their in-house tools in the analysis of the 
recordings for tracking the movement of the air bubbles and thus ultimately assess the liquid 
velocity and the amount of jet entrainment. The camera set-up, the lighting conditions and 
the air bubble generation system was improved along the test series according to the 
feedback received from KTH. 

A total of six steam injection tests were performed in the SEF-POOL facility in 2020. In 
addition, two water injection tests were performed. The main purpose of these water injection 
tests was to check the operation of the air bubble generator (without the disturbance of 
steam injection) and to find suitable camera imaging parameters and lighting conditions. All 
the test parameters and procedures were agreed with KTH. The force generated by the 
steam injection and other parameters were measured during the tests. Based on this high-
resolution measurement data, KTH will refine the semi-empirical correlations for the effective 
momentum and define the bubble collapsing frequency, radius, velocity, pressure gradient 
and heat transfer coefficients in more detail. 

Comparison of the measured time-averaged force values between a single hole vs. multi-
hole injection case reveals that they are slightly higher with the same steam mass flux and 
pool temperature in the multi-hole cases. Another interesting trend that can be observed from 
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the force curves is the fact that in the three-hole case the curve reaches its peak value at the 
pool temperature of about 60 °C and then turns very slightly downwards, while in the single -
hole case, the peak occurs at the pool temperature of about 80 °C. Furthermore, the heavy 
shaking of the sparger piping clearly visible in the force curves and associated with the pool 
water heat-up, and seen also in many previous tests, starts in the three-hole cases a little bit 
earlier, i.e. with a lower pool water temperature than in the single- hole cases. Figure 2 
presents the measured time-averaged steam flow rate, pool temperature and force from a 
three-hole case. 
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Figure 2. Measured flow rate (F2102), pool temperature (T2606) and force (X2600) from 
three-hole injection case. 

The oscillatory motion of the steam bubbles in the pool can be divided into three parts. That 
is, the bubble begins to grow attached to the injection hole, detaches when the force balance 
becomes positive in the direction of the steam injection, and collapses as the neck 
connecting the bubble to the injection hole reduces the steam flow into the bubble. 

The collapse phase at large sub-cooling can lead to a steam-water cloud with no clear 
boundary between vapor and liquid. At low sub-cooling, detached bubbles can move a large 
enough distance from the injection hole and allow the formation of a new bubble before their 
collapse. As the sub-cooling of the pool water decreases, the size of the forming steam 
bubbles before their detachment increases. The captured high-speed camera images in 
Figure 3 show the increasing size of steam bubbles along the test as the pool water heats 
up. The last image shows how a new developing bubble has almost caught up with the 
previous detached bubble, which has not completely condensed yet. Collision and merger of 
two successive bubbles was witnessed in some cases during the last phase of the test.  
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Figure 3. Effect of the pool water temperature on the size of developing steam bubbles. 

OpenFOAM simulations of the SEF-POOL tests were performed in 2020. The SEF-INF2-6 
test was chosen as a reference case. Both 2D-axisymmetric and 3D geometries of the SEF-
POOL including the condensation pool around the PC pipe were simulated. The 2D-
axisymmetric domain contained a 1° sector of the whole SEF-POOL facility. To study the 

effect of grid density on the DCC rates, two grid refinements i.e. 1 mm and 2 mm were used 
in the PC pipe uniformly. The 3D domain has a similar grid density to the 2 mm grid case. All 
the simulations were obtained by employing the compressible two-phase solver 
'reactingTwoPhaseEulerFoam', which is based on the Eulerian-Eulerian two-fluid approach 
of the OpenFOAM-7 CFD code. The interfacial heat transfer between steam and water was 
modelled by using the Nusselt number formulation of the Coste continuous model of Coste. 
Flow turbulence was solved by employing the k-Ԑ turbulence model. The effect of interfacial 

area modeling was studied by implementing the Rayleigh-Taylor Interfacial (RTI) area model 
of Pellegrini et al. (2015). For OpenFOAM simulations, the initial and boundary conditions 
were extracted from the measurement data of SEF-INF2 test. 

The OpenFOAM simulations results show the formation and condensation of the bubbles in 
the PC pipe. The coarser version of the grid predicted larger bubble sizes qualitatively. The 
interfacial area modeling increased the DCC rate and thus, the average bubble volume was 
smaller. The denser grid of 1mm grid size in the PC pipe, enlarged the total interfacial area 
compared to the coarser grid, which increased the total DCC rate in the simulations. The 
simulated 3D transient showed that the total DCC rate, interfacial area, and bubble volume 
were smaller in the 3D simulation than in the 2D-axisymmetric simulations. In the 3D 
simulation, the first bubble formation, and its detachment took a little longer time than in the 
2D-axisymmetric simulations. Figures 4 and 5 show the instantaneous fields of volume 
fraction and condensation rate of the 3D OpenFOAM simulation, respectively.  
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Figure 4. Instantaneous volume fraction fields showing formation and condensation of a 
bubble in 3D OpenFOAM simulation of SEF-INF2 test. 

 

Figure 5. Instantaneous condensation rate fields in 3D OpenFOAM simulation of SEF-INF2 
test. 

The pattern recognition-based image analysis algorithm has been improved to cover cases 
where multiple bubbles travel at the same time in the frame being analysed. The extended 
new algorithm can deal with multiple bubbles and tracks the whole bubble lifetime. After 
constructing the tracks of the bubbles, different properties of the bubbles can be evaluated, 
such as mean bubble lifetime, the mean time difference between the bubble formations, the 
corresponding bubble formation frequency, surface velocities, and accelerations to different 
directions in the 2D plane. The algorithm was applied to the SEF-INF2 video recordings and 



 

 

RESEARCH REPORT VTT-R-00462-21 

79 (146) 

  

 

to the instantaneous volume fraction field images of the 2D simulation results. The improved 
algorithm represented the real bubble shape better than before. It yielded good total bubble 
volume of the 2D-axisymmetric case with the 2mm grid size. 

Results showed that image analysis and pattern recognition have great potential in thermal-
hydraulic research e.g. surface velocity and acceleration estimations at arbitrary angles give 
important knowledge, for example in which direction the condensation of the steam bubble 
begins. The image analysis algorithm has been improved and works well with multiple 
bubbles. With suitable video recordings, the algorithm can be used with other flow 
arrangements e.g. pipe flow. 

Deliverables 

• A test series was carried out in the SEF-POOL facility. The test matrix in 2020 contained 
tests both with a single hole and three-hole injection plate configuration. Data of the 
characteristics of small-scale phenomena affecting the effective momentum source was 
provided to be used for the validation of the simplified EMS/EHS models proposed by 
KTH. The SEF POOL results also supported the validation effort of the DCC and 
interfacial area models of CFD codes for steam injection through spargers at VTT and 
LUT. 

• The 2020 tests in the SEF-POOL facility produced good quality high-speed camera 
stereo recordings of the steam jet behaviour and jet entrainment visualized with the help 
of air bubbles injected into the pool. KTH can effectively use their in-house tools in the 
analysis of the recordings for tracking the movement of the air bubbles and thus 
ultimately assess the liquid velocity and the amount of jet entrainment. 

• Both 2D-axisymmetric and 3D OpenFOAM simulations of the SEF-POOL tests were 
performed in 2020. The effect of grid density and RTI area model of Pellegrini et al. 
(2015) on the DCC rates was studied. 

• The extended and improved pattern recognition-based image analysis algorithm was 
applied to the SEF-INF2 video recordings and to the instantaneous volume fraction field 
images of the 2D simulation results. The improved algorithm represented the real bubble 
shape better than before. 

 

2.2.11 THACO - Safety through thermal-hydraulic analyses and co-operation 

THACO is a project focusing on improving nuclear safety, mainly by increasing the reliability 
of thermal-hydraulic deterministic safety analyses of light water nuclear power plants. In 
particular, the focus is on the continued validation of analysis tools for system-scale safety 
assessment, knowledge transfer and education of new experts. A large part of the project is 
focused on international and domestic cooperation projects, which contribute to obtaining 
crucial validation data for the research project, and also to knowledge transfer between 
organizations. 

Main part of the analysis work is carried out with, and related to, the system-scale safety 
analysis tool Apros that has been developed in Finland in cooperation between VTT and 
Fortum, and that is currently used in safety analysis work both at the regulatory side and by 
Finnish utilities Fennovoima, Fortum and TVO. Another code used in lesser extent in the 
project is the U.S. NRC’s system code TRACE. This code provides a suitable benchmark in 
the validation process as an independent, widely used and well-validated safety analysis 
tool. 
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The project contains three work packages: WP1 containing all the analysis work, WP2 
containing international cooperation and management and WP3 containing only participation 
fees of international cooperation projects or programs.  

Specific goals 

In 2020 OECD/NEA Rod Bundle Heat Transfer (RBHT) benchmark was started with open 
phase tests. The tests were performed in the RBHT facility, which has been  developed  by  
the  Pennsylvania  State  University  and  U.S. NRC. It consists of a test section (with lower 
and upper plenums and rod bundle) and a coolant injection and collection systems.  

The performed experiments focused on the impact of rod peak power, inlet subcooling and 
most notable, different reflooding rates and types such as oscillatory reflooding. Two 
experiments 9014 and 9015 had higher reflooding rates whereas seven experiments had low 
reflooding rates. In addition, two experiments 9011 and 9043 had extremely low reflooding 
rates. While these experiments could be used for code validation on their own, their other 
purpose was to provide modelling data in preparation for the incoming blind phase of the 
benchmark.   

These experiments were calculated with both Apros and TRACE. Machine learning was 
utilized in some of the cases and the Apros model was calibrated for the incoming 
benchmark according to these results. With Apros, also BEPU analysis was used for some of 
the cases.  

 

 

(a)                                              (b) 
Figure 1. (a) Apros and (b) TRACE nodalizations of the RBHT test section. 
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Table 1. Normalized Apros and TRACE peak cladding temperature (PCT) results. 
 

Experime
nt 

Apros TRACE 

PCT 
PCT    
time 

PCT 
eleva- 
tion 

PCT 
quench 

PCT 
PCT    
time 

PCT 
eleva- 
tion 

PCT 
quench 

9005 1.002 0.401 1.079 1.017 0.982 5.921 1.043 1.042 

9011 0.966 1.317 1.074 1.145 1.004 0.944 1.149 N/A 

9012 0.953 0.035 1.019 1.043 1.010 0.808 1.015 1.376 

9014 1.007 0.780 1.079 0.860 0.982 1.007 1.043 1.183 

9015 1.008 0.224 1.019 1.033 0.980 0.537 0.985 1.511 

9021 0.963 0.386 1.019 1.063 1.015 0.603 1.015 1.013 

9026 0.941 0.698 1.019 0.939 1.003 1.013 1.015 1.001 

9027 0.953 0.596 1.019 0.960 1.008 0.975 1.015 1.006 

9029 0.971 1.015 1.019 0.958 1.039 1.127 1.007 0.964 

9037 1.023 0.488 1.019 0.993 0.989 5.131 0.985 1.019 

9043 0.966 0.824 0.982 1.080 0.947 0.976 1.108 1.064 

 

 

 

 

Figure 2. Quench front progression in some of the experiments. 

The calibrated Apros model produced overall more accurate results. Quench front 
propagation and rod surface temperature estimations were good. As the benchmark will be 
participated only with Apros, the TRACE  model did not go through similar calibration. The 
results, however, were still quite good. Especially steam exhaust rates and bundle pressure 
drop gave reasonably accurate estimations. The RBHT project will continue in 2021 with a 
blind benchmark. 
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In addition to the RBHT work, the analysis work also included domestic cooperation. PASI 
facility, located in and operated by LUT, is a one-loop model of an open passive containment 
cooling system. VTT-01 experiment, conducted in SAFIR2022 PAHE (LUT), was simulated 
with Apros. This work will now continue in SAFIR2022 CFD4RSA (VTT) when the Apros 
model is coupled with Fluent for the simulation of the same experiment. 

The work also included analysis work regarding OECD/NEA PKL-4 project and master’s 
thesis work on critical flow modelling. These tasks will finalize in 2021. 

International cooperation 

International cooperation is heavily represented in the project. Multiple research projects are 
being actively followed. In addition to the new validation data, these programs also contribute 
to knowledge transfer between organizations. The following programs were participated in 
2020: 

• OECD/NEA Rod Bundle Heat Transfer (RBHT) – MB member 

• OECD/NEA Hydrogen Mitigation Experiments for Reactor Safety Phase 2 
(HYMERES‐2) – PRG member 

• OECD/NEA PKL-4 – PRG member 

• OECD/NEA CSNI Working Group on Analysis and Management of Accidents 
(WGAMA) – country representative 

• U.S. NRC’s Code Applications and Maintenance Program (CAMP) – country 
contact person 

Deliverables 

• Apros analysis of PASI natural circulation experiment VTT-01 

• Assessment of Apros against open phase RBHT reflooding experiments 

• Assessment of TRACE against open phase RBHT reflooding experiments 

• Analyses of PKL i1.1 LBLOCA parametric experiments with Apros 

• A master’s thesis on critical flow modelling with Apros 
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2.2.12 EMBER - Enhanced multi-physics calculation capabilities for fuel behaviour and 
reactor analyses 

EMBER ultimately aims at reducing uncertainties in reactor and fuel analyses via 
development of advanced multi-physics calculation capabilities that will account for the 
reactor core neutronics and thermal hydraulics, and fuel behaviour and burnup. These are 
most typically solved by separate dedicated solvers that range from fast-running simulator-
type solvers to computationally expensive best-estimate tools. To account for feedbacks, the 
separate solvers are coupled to exchange data and to obtain a multi-physics solution after an 
iterative solution process between each other. Such coupled calculation capabilities between 
existing neutronic, fuel behaviour and thermal hydraulic solvers are developed and extended 
in EMBER. 

Monte Carlo method based neutronic and burnup solvers can provide realistic estimates for 
the distributions of neutron flux and nuclide concentrations in the nuclear fuel, with the result 
accuracy mainly limited by the uncertainties of the input data and the available computational 
power. In EMBER, such a solver is adopted as the central tool of the coupled calculation 
system for steady-state neutronic and burnup calculations, for cross section generation for a 
transient neutronic solver and for replacing existing low-fidelity neutronic and nuclide 
composition solution methods in a fuel performance solver.  

The project extends the recently developed coupled neutronic and fuel performance 
calculation capabilities at LUT University by increasing the level coupling between already 
coupled solvers and by adding new solvers to the calculation system to account for thermal 
hydraulic feedback and to provide transient calculation capabilities. The results of EMBER 
should prove useful in analyses aiming to determine limits for the safe operation of reactors 
and in criticality safety analyses including the related burnup credit calculations as well as in 
considerations related to the final disposal of spent fuel. 

  
Figure 1. Work plan of EMBER for the planned duration of three years. 

 

Specific goals 

The aim in WP1 is to develop coupled multi-physics calculation capabilities for fuel and 
reactor behaviour analyses. Capabilities for coupled neutronics and fuel performance 
analyses between the reactor physics code Serpent and the fuel performance code 
TRANSURANUS have been developed at LUT in previous work. The capabilities of this 
toolset are further extended during the project.  

 
Work in WP1 will start by enhancing the existing coupling between Serpent and 
TRANSURANUS via transfer of nuclide concentration distributions calculated by Serpent to 
TRANSURANUS, to replace those calculated by the internal nuclide solver of 
TRANSURANUS with the high-fidelity solution of Serpent. This work will be performed in 
collaboration with the JRC ITU, the organisation maintaining TRANSURANUS. In the next 
stage the multi-physics capabilities will be extended by incorporating a core thermal 
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hydraulics solver to the coupled code system. The thermal hydraulic solver to be used will 
most likely be the subchannel code Subchanflow maintained by Karlsruhe Institute of 
Technology (KIT). During the final year the analysis tool development is expected to be 
related to coupled transient analysis capabilities. The work may consist, e.g., of coupling 
Ants with Subchanflow and TRANSURANUS to form a tool for transient core analyses. 
 
EMBER was started on year 2020 and object for this year was to extent coupling capabilities 
to include nuclide transfer from Serpent to TRANSURANUS. Enhanced version of the 
coupled Monte Carlo neutronics and fuel performance calculation system was created, and 
necessary data interface implemented in TRANSURANUS. Data interface can import nuclide 
information and this information can be used by those TRANSURANUS models which have 
been modified to read new externally provided nuclide concentrations. First this capability 
was demonstrated by transferring fission products from Serpent to TRANSURANUS. 
 
Implementing this type of functionality was no longer possible to achieve without 
modifications to the source code of TRANSURANUS. Thus, a major part of the work was to 
design an interface to TRANSURANUS through which such external data could be imported. 
While regular out-of-the-box data output was sufficient to export data from Serpent, new 
subroutines were needed for the driver program Kytkin to handle the data flow. 
 

Deliverables 

• EMBER2020 D1.1.1 In the work described in this report, the LUT coupled calculation 
system was implemented with the capability to use Serpent-calculated nuclide data in 
TRANSURANUS to further deepen the level of coupling between the two solvers. 
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2.3 Structural safety and materials 

In 2020 the research area “Structural safety and materials” consisted of ten projects:  
 

1. Additive manufacturing in nuclear power plants (AM-NPP) 
2. Advanced materials characterisation for structural integrity assessment (AMOS) 
3. Critical studies in support of the ageing management of NPP concrete infrastructure 

(CONAGE) 
4. Modelling of aged reinforced concrete structures for design extension conditions 

(CONFIT) 
5. Effect of long-term operation on aging and environmentally assisted cracking of 

nuclear power plant component materials (ELIAS) 
6. Extended lifetime of structural materials through improved water chemistry (ELMO) 
7. Fatigue and evolving assessment of integrity (FEVAS) 
8. Non-destructive examination of NPP primary circuit components, machine learning 

and reliability of inspection (RACOON) 
9. Safety criteria and improved ageing management research for polymer components 

exposed to thermal-radiative environments (SAMPO) 
10. Fatigue management for LTO (FATIMA). 

 

2.3.1 AM-NPP - Additive manufacturing in nuclear power plants 

Due to the extremely long operating life of a nuclear power plant, power companies are 
facing the same problem as many other companies giving long service commitments for their 
products: how to ensure proper maintenance, repair and especially the availability of spare 
parts during the whole plant service life. Power plant maintenance is carried out during short 
annual service breaks. The maintenance is well planned, and many components have well 
scheduled exchange intervals either for the whole component or for part thereof. However, 
new, unexpected findings are also observed during the outage, and these may either require 
immediate action, or can be left as they are, for replacement or repair at a later stage, e.g. 
during the next outage. Some spare parts must thus be available during the outage, while 
others must have a reasonable delivery time. A well planned outage also include plans for 
both planned and possible repairs. However, there are many potential issues related to 
availability: very long lead times, lack of tooling needed to prepare the spare part, availability 
of appropriate contract manufacturer etc. One extremely potential answer to this demand are 
the extremely rapid developing and commercialising metal Additive Manufacturing (AM, i.e. 
3D-printing) technologies, particularly powder-based processes that have matured on a wide 
front to production in extremely demanding applications, such as those of aerospace and 
medical industries. Additive manufacturing is also a very interesting in new reactor designs, 
e.g. small modular reactors (SMR). 

The general objective of AM-NPP is to increase the knowledge of stakeholders on the use of 

AM, therefore ensuring the safe use of additively manufactured metallic components in the 

nuclear sector. The work developed during the different work packages aims at: 

- Expand standard procedures and deepen understanding of material-process-property 

relationships. 

- Contribute with scientific based facts to the introduction of AM in nuclear design codes 

- Identify safe ways of replacing obsolete components and realize new designs using AM 
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Specific goals in 2020 

 
As of today, one of the major drawbacks for the adoption of additively manufactured 
components for critical applications is the need to ensure that those components are going to 
perform as expected, and that the whole quality assurance plan and quality control is 
carefully considered. This type of activities are typically supported by a collection of 
standards which provide instructions on what steps are required in order to ensure the proper 
level of quality. As L-PBF is still a relatively new manufacturing process, there is a certain 
level of fragmentation in the different standards as well as some significant gaps. This has 
been clearly identified as part of the roadmapping exercise done during the 2019 together 
with all the stackeholders of the AM-NPP project and during the second year of the project 
effort has been made as part of the WP3 to clarify the status of the standardization 
landscape related to L-PBF manufacturing of AISI 316L material, especially in the nuclear 
context. As a result, a report has been published summarizing the main findings.  
 
On Figure1, a summary diagram of some of the main existing and incoming standards 
related to L-PBF is presented with a tentative organization around different stages of the 
manufacturing value chain for a component made of AISI 316L.  

 

Two of the areas of special significance for the nuclear sector where there is still a gap in the 
existing standards, in addition to material behaviour under irradiation conditions, are fatigue 
and corrosion resistance properties.  
 
 

 
Figure 1. Overview of existing and incoming standards related to L-PBF of AISI 316L 

It can be easily seen that despite the still limited number of published standards, there is a 
wide range of standards in draft phase covering most topics of the manufacturing chain. 
Standardization organizations are being very active and many of these drafts will become 
approved standards in the short future. Once these standards are agreed and final, they will 
support the quality assurance plans of components used in nuclear power plants and will 
increase the confidence of the authorities and regulators, and overall safety of NPPs using 
AM components. Additionally the certification process of a component will become easier 
and faster as well as having a reduced cost. 
 

In order to produce safe AISI316L components manufactured by L-PBF is necessary to have 
a very good understanding of the material properties that can be obtained from the process. 
Additionally, it is important to have solid quality assurance plans and quality control methods 
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which will ensure that the performance of every component manufactured and put into 
service will be as expected. These topics has been covered as part of WP4 and WP6 during 
2020. 

 

 

 

Figure 2. Printed samples for quality evaluation  

To gain a hands on experience on how different quality control methods work together to 
improve the overall component quality and the variability of material properites within a 
manufactured batch, a set of 30 test cubes of 10x10x20mm was printed in an SLM125HL 
machine (125x125mm building platform) (Figure2). All samples were printed with the 
standard parameters provided by the machine OEM and with powder previously analysed for 
chemical composition and particle size distribution. During manufacturing the process was 
monitored using a melt pool monitoring system (commercial PrintRite3D system from 
SigmaLabs Inc., with an approximate spatial resolution of 100µm) and a thermal camera (6 
fps recoding). 

After the build job was finalized and an initial analysis was performed on the process 
monitoring data, the most interesting samples were scanned with an X-Ray Computed 
Tomography system with an approximate voxel size of 8.4µm and the rest where sectioned 
and further analysed using optical microscopy. 

 
 

Figure 3. Example of defect prediction based on melt pool monitoring. 

As this set of printed samples had simple geometries and well controlled and stable 
parameters, very few defects were detected by the MPM system, and a certain degree of 
manual evaluation by the final user was necessary. On Figure3 an example of the prediction 
of a possible defect using this method is presented. 
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Figure 4. Infrared thermal image showing spatter during laser scanning near sample number 
23. top) layer 400, bottom) layer 414 

Manual evaluation of the infrared images shows the existence of some spatter phenomena 
during the printing process which could lead to defects. In Figure4 two sequential frames for 
two different layers is presented. In these images, it can be clearly seen the appearance of 
several hot spots which are indicative of spatter coming from the melt pool which could 
produce defects in the material. 
 
Although X-Ray Computed Tomography is the NDT method which is better suited for the 
detection of small defects in complex metallic components, it is not completely hassle free. 
As it can be seen in Figure5, even for a simple geometry as the one used in these 
experiments, there is a certain level of noise due to edge effects which can make more 
difficult the automated detection of defects. On the other hand, it still allows for an excellent 
level of detection of defects on a sample. Most defects detected in these samples had an 
average radius below 40µm. A few samples presented an increased number of defects on 
the top-most layers whose origin could not be determined. It was not possible to establish a 
correlation between the defects predicted by the process monitoring methods and the 
defects observed using µCT. 
 
The porosity calculated using optical microscopy was small (<0,03%) and there was no 
correlation on porosity level versus position in the building platform. 
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Figure 5. X-Ray Computer Tomography of one of the AISI316L samples. left) top view. right) 
vertical view  

Although in this experimental work there was no clear correlation between the monitoring 
methods and the results of both NDT and optical microscopy examinations, it is important to 
remark that the final material had a very good overall density of >99.97%. This kind of 
comparative analysis should be repeated for a more representative component with more 
complex geometry which might be more likely to showcase defects. Is in that scenario where 
the potential of these process monitoring methods will better assessed.  
 
Also, together with the Busines Finland project Diiva-Liito. A set of material samples which 
has been tested for impact energy has been thoroughly studied using different microscopy 
methods and results has been sent for publication. 
 
Deliverables 

• A research report the status of standardization of L-PBF components made of AISI 316L.  

• A research report about the calibration of process monitoring methods for assessment of 
print quality. 

• A journal paper submitted to Materials & Design on the effect of different production 
machines and powders on the mechanical properties of AISI 316L 

 

2.3.2 AMOS - Advanced materials characterisation for structural integrity assessment 

The structural analysis of nuclear power plant (NPP) safety class 1 components shall be 
based on fracture mechanics. The AMOS (Advanced materials characterisation for structural 
integrity) project focuses on development of analytical and experimental testing methods for 
fracture mechanical assessment of safety class 1 components, the reactor pressure vessel 
and the dissimilar metal welds of the pipe nozzles. The analyses of safety class 1 
components are mandatory according to YVL E4 guidelines. The aim is to develop methods 
so that fracture can be explained, controlled, understood and predicted better than before. 
An important part of the project is also to train new experts to the field of fracture mechanics, 
where several retirements have occurred during the past years. 
 
After introduction of fracture mechanics for safety analysis, the field has evolved and different 
applications have emerged for assessing the structural safety. Firstly, the fracture toughness 
in the ductile-to-brittle transition region as a function of temperature can be described 
statistically with the Master Curve method. The Master Curve enables a probabilistic 
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description of material’s lower boundary fracture toughness. Based on current testing 
practices, the fracture toughness is obtained with specimens with relatively deep cracks, 
loaded in bending, which causes a high constraint condition leading to a conservative 
estimate of the fracture toughness. 
 
The progress of fracture mechanics has enabled the development of miniature specimen 
testing techniques. Miniature specimen test technique is crucial for ensuring that enough 
material is available to assess the effect of irradiation embrittlement on fracture toughness in 
surveillance programmes, considering reuse aspect, and for ensuring the cost-efficiency of 
the testing procedure. 
 
For historical reasons, surveillance programmes are based typically on Charpy-V specimens. 
To obtain fracture toughness related data from tested Charpy-V specimens, miniature testing 
techniques or reconstitution techniques have been developed. Now, the miniature C(T) 
specimen testing technique is under development in several countries. The thickness of the 
specimens is 4 mm, Figure 1. In Japan, USA, France and Russia, this technique has gained 
interest, since fracture mechanical data is required to demonstrate the safety for continued 
operation of the NPP fleets. The miniature C(T) specimen technique has been developed for 
the last 10 years. The method has been validated for base materials, welds, irradiated 
materials, and even for materials from different depth locations relative to the inside surface 
of the RPV. However, more development work is required to make the technique more 
applicable. Currently, the standards that are used for miniature C(T) specimens and the 
quality criteria that those standards include have been developed for 25 mm thick 
specimens, and can thus, be too strict for miniature specimens. If the quality criteria is not 
fulfilled, then the test result has to be discarded, which is unfavourable for surveillance 
programmes where there is restricted amount of material available. 
 
In AMOS project, four topics related to analytical and experimental fracture mechanics were 
identified 1) Miniature C(T) specimens, 3) Ductile tearing and transient loads 4) Small 
specimen testing technique for obtaining crack arrest toughness and 5) Use of fracture 
toughness for structural integrity and aging management. 
 

 
 
Figure 1. Transferability of fracture toughness results from specimens to component level. 
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Specific goals 
 
In WP1 the focus was in the effect on eccentric pinholes of a miniature size C(T) specimen 
which is one part of developing the quality criteria for miniature sized test specimens. 
Obtained experimental results with eccentric pinhole miniature C(T) specimens were 
compared with a reference series of standard dimensioning specimens.   
 
In order to determine the transition temperature T0, the miniature C(T) specimen fracture 
toughness testing was performed with several low test temperatures inside an environmental 
chamber. Two series were tested; eccentric pinhole series and reference series. Obtained 
experimental test results show convergence between series and consequently, substantiates 
the postulate that miniature C(T) specimens even with eccentric pinhole locations gives a 
reliable outcome. Additionally, comparison of load-displacement chart slopes supports this 
assumption; slopes, either COD measured from load line or front face, amongst series are 
either identically or having no more than five percent of difference. 
 
Numerical analysis of eccentric pinholes was performed through three different FE models; 
‘nominal’, ‘mean’ and ‘max’, and was based experimental research data.  In addition to the 
displacements and loading pin forces, the stress intensity factors, and J-integrals were 
evaluated from the simulation using the default Abaqus contour integral calculation routine. 
The simulated load line and front face measuring data was converted into stress intensity 
factors and J-integrals which allowed the evaluation of the accuracy of the standard formulae 
in the eccentric pinhole location case. 
 
Depending on the mode, the comparison of simulation result slopes gave a disparity between 
two to three percent. The disparity in the slopes affects the standard-based evaluation of the 
plastic work done to the specimen, and this affects the resulting J-integral which results differ 
between the simulation results and the standard-based predictions more than the stress 
intensity factors. However, the difference between the simulated J-integrals and those 
obtained with the ASTM E1921 formulae was approximately five percent, when the elastic 
simulations of the stress intensity factors were in good agreement with standard and 
deviated maximum of one point three percent. All in all, numerical analysis likewise 
substantiates the above-mentioned postulate on the effect of eccentric pinholes. 
 
The overall objective is to develop and validate quality criteria for miniature C(T) specimens 
and the results of this study supported this purpose. Both, experimental and numerical 
research confirms the reliability of alleviating of the standards concerning the use of 
miniature sized C(T) specimen. 
 
   WP3 of AMOS focuses on developing a method for assessing the effect of transient loads 
on crack growth in the upper-shelf region and to investigate the ductile failure mechanisms. 
Due to the unfortunate COVID-19 situation, the European Conference of Fracture, ECF, was 
cancelled and the intended conference paper was postponed.  
WP4 of AMOS focuses on validating a model that enables characterization of crack arrest 
toughness of surveillance materials. Although crack arrest toughness is a tempting 
alternative as a minimum fracture toughness of the material, the current test methods are 
quite complicated and require very large specimens. This makes them unappealing for 
surveillance programs. 
 
   To make crack arrest toughness more useful as a material property, it is essential to be 
able to measure it from smaller specimens. Sub-sized impact specimens, such as KLST with 
mm-dimensions of 3x4x27, should be investigated as possible alternatives to standard sized 
10x10x55 Charpy-V specimens. The correlation of small specimen data to standard data 
should be thoroughly established. The correlation is based on measurements, of which the 
methodology, materials and the results as well as the analyses are reported. International 
research programme material JRQ was chosen as test material in 2020, due to abundance 
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of previous results and availability of material. Tests were commenced after machine issues 
were solved in January 2021. Report D4.2.2 will be delivered by the end of March 2021. 
 
WP5 of AMOS focuses on reviewing the methods applying fracture toughness for structural 
integrity analysis and aging management. The different methods used to assess the lower 
boundary curve, e.g. the Master Curve, in the ductile-to-brittle transition region are reviewed. 
Also, the process to assess the experimental uncertainty in these analyses is described. In 
addition, a review is done of the different factors affecting the shift in transition temperature 
due to irradiation and thermal aging. The micromechanical reasons for materials to behave 
differently due to embrittlement are reviewed and the physics behind the developed 
irradiation embrittlement models are described.  
 
A paper was written to ASTM symposium on radiation embrittlement trend curves and their 
use for RPV integrity evaluations. In the paper is described the experience with 
embrittlement trend curves in Finland.  
 
Deliverables 
 

• (D1.2.1) In deliverable 1.2.1, a report is written of the experimental work related to the 
effect of pin-hole location on fracture toughness obtained with miniature C(T) specimens. 
The location of the pin holes is systematically varied to characterize the effect of the pin-
hole location on fracture toughness and the obtained T0. The results are analyzed with 
the Master Curve method. Based on the results a preliminary estimate can be done of the 
effect of pin-hole location on fracture toughness. The work is completed by the numerical 
analyses done in task 1.3. The results are published as a VTT report. 

 

• (D1.6.1) In deliverable 1.6.1, the results are reported in an NKS report. The study 
includes experimental work in the ductile-to-brittle transition region, fracture toughness 
testing at different temperatures, testing with miniature specimens and shallow cracked 
fracture toughness specimens with lower constraint. This work is done together with 
partners from Sweden, KiWa Inspecta and KTH. 

 
 

• (D4.2.2) In deliverable D4.2.2: Crack arrest correlation between standard and sub-sized 
specimens, a report is written on the correlation of crack arrest force between standard 
and sub-sized specimens. The correlation is based on measurements, of which the 
methodology, materials and the results as well as the analyses are reported. 

 

• (D5.2.1) In deliverable 5.2.1, a paper is written to ASTM symposium on radiation 
embrittlement trend curves/equations and their use for RPV integrity evaluations, 
organized in Prague. Deliverable 5.2.1 describes the experience with embrittlement trend 
curves in Finland. 

 
 
 

2.3.3 CONAGE - Critical studies in support of the ageing management of NPP 
concrete infrastructure 

The ageing management of nuclear power plants (NPP) structures, systems and 
components should be implemented proactively throughout the plant’s lifetime. It is initiated 
during the design, and follows through fabrication and construction, commissioning, 
operation including long-term operation (LTO) and all the way through extended shutdown, 
and decommissioning. Many of the decisions related to ageing management are made early 
in the process, during the phases of design, construction and commissioning [1]. 
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Current NPP have been designed for 50 years of operation and the concrete structures are 
constructed before the starting of the NPP operation, i.e. concrete structures’ age is older 
than 50 years. There is evidence that ageing effects in some cases has been underestimated 
during the original design, construction and commissioning or have not been accurately 
taken into account during operation. It has also been recognized that the ageing of plants 
needs to be assessed, and an effective management strategy developed in a timely manner, 
to ensure the necessary technical basis for maintaining safety margins throughout the NPP 
operation. 

The project CONAGE addresses these ageing aspects of NPP structures, systems and 
components. This project identifies special issues that are needed for LTO within the scope 
of ageing management. The topics of research addressed in this project are of interest not 
only for the concrete infrastructure of existing NPPs, but also especially for those in the 
design phase. According to an IAEA study [2], 90 % of all ageing problems are initiated in 
design phase. 

NPP ageing management programmes should have access to relevant concrete related 
R&D. This is fundamental since new developments may contradict assumptions made during 
a plant’s design [2] or highlight new issues previously unknown. Even though concrete has 
been extensively used as a construction material, the concrete used 40 years ago differs 
significantly from that commonly used today. The reinforced concrete structures of NPP (e.g. 
containment, spent fuel pools, water intake/out-take structures, foundations) perform multiple 
safety related functions (e.g. load carrying, radiation shielding and leak tightness). For many 
of these structures, it is neither technically nor economically feasible to have them replaced. 
For this reason, it is important that a comprehensive understanding of all possible ageing 
mechanisms, and their degradation consequence for the safety function of the structure, is 
achieved. This way, adequate considerations can be made during the design of existing 
NPPs, while mitigation measures can be planned for existing NPPs. 

Specific goals 

CONAGE addresses research topics related to the ageing mechanisms and age-related 
degradation, condition assessment and key aspects of ageing management (i.e. inspection, 
monitoring, assessment and remedial measures). The research topics are divided into three 
Work Packages. 

Work Package 1: Non-destructive evaluation of NPP concrete infrastructure, addresses 
condition assessment and inspection of concrete structures.  This work package focuses 
greatly on competence development with concrete NDE, and on the assessment of existing 
and emerging NDE technologies using the full-scale mock-up of a NPP containment wall 
developed in the SAFIR2018 - WANDA project [3]. Finally, the project proposes to host an 
International Seminar on this topic to bring experts from around the world to share their 
research and knowledge and disseminate the project results. The main goals for Work 
Package 1 are: 

• Continue to raise the level of concrete infrastructure related NDE research, focusing on 
the assessment of existing and in-development NDE technologies (Figure 1), and 
studying the multi-technique methodologies for assessment with focus on improving NPP 
ISI. 

• Development of new NDT techniques (Figure 2) and combination of NDT methods to 
assess the structural integrity of thick-walled reinforced concrete structures. 

• Raising the importance of concrete NDE competence through education program of new 
engineers. 
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Figure 1. Views of different NDE equipment: (a) scanning frame for automated NDE 
assessment - ultrasonic array system measurements being tested at VTT laboratory, (b) 
demonstration of the indirect (surface transmission) measurement using ultrasonic pulse 
velocity. 

 

Figure 2. Compressive strength values for the south surface of the mock-up wall based on 
UPV measurements.  

Work Package 2: Assessing the risk of internal expansive reactions for NPP concrete 
infrastructure, addresses ageing mechanisms and age-related degradation of concrete 
structures. This work package focuses studying the potential of NPP infrastructure to 
become damaged due to internal expansive reactions. Initial experimental work, never 
conducted before in Finland, characterises the performance of new Finnish concrete 
compositions (study critical alkali content values for concrete since Finnish concrete codes 
only recently have acknowledged the occurrence of this degradation mechanism in Finland), 
and will study the residual expansion potential of existing NPP concrete (cracking potential) 
subject to accelerated alkali aggregate reactions. This WP initiates the necessary work to 
understand how Finnish concrete (new and from existing structures) perform. The main goals 
for Work Package 2 are: 

• Identify critical areas of NPP SSCs where DEF/AAR have the possibility to occur, based 
on concrete compositions and exposure conditions. 

• Study reactive and non-reactive aggregates and typical Finnish structural grade concrete 
(varying cement types) and quantify their reaction potential (Figure 3). 
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• Contribute significantly to the current state of knowledge concerning AAR performance in 
Finland. 

 

 

   
(a) (b) (c) 

Figure 3. Testing of aggregate reactivity according to the international RILEM guideline AAR. 
(a) View of the moulds after casting (AAR-2.2). (b) View of the measurement frame used, 
and of specimen AG1-1 being measured (AAR-2.2). (c) View of all three AG4 samples after 
length and weight measurements. Noticeable on the surface of the samples are dried gel 
deposits (AAR-4). 

Work Package 3: Assessing steel liner and anchor corrosion, addresses age related 
degradation of steel components embedded or in direct contact with concrete structures. 
This work package focuses on competence development and closing significant knowledge 
gaps with respect to the corrosion of steel liners and anchors in contact with concrete and its 
detection. Corrosion experiments will help to identify the electro-chemical conditions and the 
mechanisms that allow for the corrosion of the steel liner plates at the interface of steel and 
concrete, i.e. in an area where the liner should be passive, thus protected from corrosion.  

Additional experiments will focus on corrosion and bond of anchors in concrete. Non-
destructive examination (NDE) techniques will be assessed that can be used to identify and 
quantify locations and extent of corrosion damage. The full-scale mock-up of a NPP 
containment wall developed in the SAFIR2018 - WANDA project [3] will help to further 
develop feasible NDE technologies as well as assess and verify their applicability in 
detecting steel liner corrosion. The main goals for Work Package 3 are: 

• Examine effects of material ageing, structural design, construction, ambient conditions 
and operation of NPPs on steel liner and anchor corrosion mechanisms and the roles of 
parameters promoting or preventing corrosion.  

• Identify the electrochemical conditions and the mechanisms that allow for the corrosion 
of the steel liner plates and anchors in contact with concrete. 

• Assess the feasibility of NDE technologies for detecting locations and quantifying the 
extent of corrosion damage. Identify and define measures for further development of NDE 
techniques capable of detecting liner corrosion. 
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Deliverables 

• A conference paper in SMiRT-25 (Charlotte, USA) on the design, construction and NDT 
of a mock-up for reinforced concrete walls in NPP.  

• A conference paper in FIB Symposium 2019 (Kraków, Poland) on the construction of 
realistic NPP containment wall mock-up for challenging NDE methods. 

• A research report of round robin NDE testing for concrete cover measurements. Aalto 
University.  

• A research report of round robin NDE testing of general defects in mock-up wall. Aalto 
University.  

• A research report of steel liner inspection of Concrete Containment Mock-up with 
Ultrasound.  

• A research report of assessment of the potential of AAR occurrence in NPP concrete 
structures.  

• A research report of acquiring field experience concerning AAR in NPPs – Aggregates 
from Olkiluoto and Loviisa 

• A research report of corrosion of steel liners and anchors in concrete. 

• A research report of the test setup for steel liner corrosion experiments.  

• A research report of experimental setup of anchor corrosion tests. 

• Master’s thesis on the utilization of non-destructive testing equipment in the quality 
assurance of concrete structures. 
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2.3.4 CONFIT - Modelling of aged reinforced concrete structures for design extension 
conditions 

The protective walls, containment and civil structures of Nuclear Power Plants (NPPs) are 
mainly reinforced concrete (RC) structures. Long term operation of NPPs requires structural 
integrity assessment of aged concrete structures in YVL design extension conditions (DEC) 
e.g. external hazards like earthquakes and wide body aircraft crashes. These DEC have 
been introduced recently in NPP design in Finland. The DEC loads are considerably higher 
than the earlier design basis loads (DBL).  

An airplane crash (APC) on safety related structures, in spite of its low probability, has for a 
long time been recognized as a relevant loading case, especially in designing plants to areas 
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with heavy air traffic. STUK regulation Y/1/2016 requires that the nuclear plant design takes 
into account large airliner crashes, as well as resulting fires and explosions. Nonlinear 
numerical modelling has been used for several years in APC simulation. However, the 
concrete material models used in the simulations have usually been validated only for certain 
types of experimental tests. Therefore, there is a need for a more universal material model 
which is more firmly based on physical phenomena and adequate for different types of 
loading cases, e.g. soft/hard impacts, earthquakes and resulting vibrations. Additional 
themes that require closer focus are the ageing of concrete and the scaling and strain rate 
effects. Ageing of concrete has not been previously taken into account in DEC assessment. 
The material study including ageing and degradation mechanisms involves collaboration 
between structural analysis and concrete material experts at VTT.  

Structural analyses of these phenomena require nonlinear numerical analysis. In order for 
the results of these numerical analyses to be reliable, the applicability of the used methods 
and models should be validated experimentally and analytically. At VTT, computational 
methods and tools for analysing behaviour of reinforced concrete structures under impact 
load have been developed and validated within projects belonging to the previous SAFIR 
programs since year 2003. International impact testing projects (IMPACT 1-4), carried out at 
VTT, have provided unique and valuable experimental data for this work. It is clear that 
substantial improvement of the material model capabilities should be introduced to increase 
reliability of the models aiming to prove performance at DEC stage. Also, the increase in 
computational capacity enables larger calculation models which are needed for highly 
nonlinear numerical simulations. This continuous increase demands continuous development 
of material models and analysis approaches. The material model development involves 
collaboration with Tampere University (TUNI). 

Material model development is a trial and error process, which aims at finding the most 
appropriate mathematical description, such that the response of the model matches the 
response obtained from a number of experimental stress-strain situations. Due to the 
challenges that arise in the calibration of the material model against appropriate test results, 
it is of paramount importance to conduct proper validation simulations. In these small-scale 
validation simulations, the experimental test setup is modelled as accurately as possible 
using finite elements, and the measured macroscopic quantities are then compared to the 
simulated ones. In order to rule out artefacts due to discretization, a sensitivity study on the 
element mesh size has to be performed. 

Specific goals 

The general goal of the project is to develop understanding of the material modelling of 
concrete in the nonlinear domain by improving the use of existing material models, 
developing new material models and using calibration tests to stand at the basis of the 
development. Relatively new concrete material testing and measurement methods (such as 
DIC and ultrasonic methods) have also been further developed in the project. The expected 
result is a validated user-friendly analysis tool for reinforced concrete structures under design 
extension conditions (DEC), which takes the effect of ageing into account and gives more 
reliable results than the previous analysis tools. Methods and modelling techniques 
developed and validated here can directly be applied in safety assessment and design 
analyses of aged reinforced structures of NPPs under design extension conditions. The 
expected main result is a validated user-friendly analysis tool for reinforced concrete 
structures under design extension conditions (DEC), which takes the effect of ageing into 
account and gives more reliable results than the previous analysis tools, especially in highly 
nonlinear cases. 

The implications of material ageing for structural performance assessment and especially for 
numerical modelling of reinforced concrete structures has been studied. This information has 
been summarized, focusing on stressors, degradation mechanisms, potential failure modes, 
and in-service inspection methods. Calculation models have been collected for the 



 

 

RESEARCH REPORT VTT-R-00462-21 

98 (146) 

  

 

estimation of the ageing and deterioration effects on the key mechanical properties. These 
provide inputs for mechanical properties in structural models that take into account the 
ageing and deterioration of concrete in NPP structures. 

The study provides a review of the current state of understanding of the effect of stressors on 
the material and mechanical properties that are currently used in concrete modelling. Focus 
has been on mechanical properties of concrete as a function of the “loading” conditions. 
Figure 1 illustrates an example of the effect of ageing, i.e., accumulated neutron fluence, on 
the compressive strength of concrete. 

 

Figure 1. Relative compressive strength of concrete and mortar specimens versus neutron 
fluence. The neutron spectrum and specimen temperature vary between experiments. A 
decrease in compressive strength above 2×1019 n/cm2 is suggested (Le Pape et al., 2016). 

Generally, it is concluded that models exist for estimating the effect of aging and 
deterioration on a large number of mechanical properties (e.g. compressive strength, tensile 
strength, modulus of elasticity, etc.). Hence, the use of “as-new” properties for estimating 
performance of existing NPP structures should be critically revised. Aged concrete and its 
respective time-dependent properties should be considered in performance estimation for 
NPPs to accidental loads or DEC conditions. 

Ultrasound methods were experimented on concrete cube specimens in order to find out p-
wave and s-wave sound velocity in virgin and damaged concrete (Figure 2). Because 
concrete is a porous material, which attenuates acoustic waves very effectively, the so called 
pitch-catch method has to be used for sound velocity determination. The pitch-catch method 
consists in applying an emitting sensor and a receiving sensor on opposite sides of the 
specimen. Due to internal delay in the electronics, the pitch-catch method has to be first 
calibrated on a specimen with known sound velocity.   

 



 

 

RESEARCH REPORT VTT-R-00462-21 

99 (146) 

  

 

 

(a) s-wave velocity measurements (with unknown offset value 
that needs to be determined by calibration) 

 

(b) pich-catch measurement 

Figure 2. Wavespeed measurements on damaged concrete cube specimen conducted in 
CONFIT project in 2020. 

Two different types of constitutive material models have been developed during the two first 
years of this project. The first one is Concrete Damaged Plasticity (CDP) model that has 
been available in Abaqus Finite Element (FE) code and used at VTT for many years. It was 
further extended and calibrated in the project in 2019. This user-extended CDP model is 
especially suitable for hard impact simulations. The second one is so-called tensorial 
damage model that captures the effect of crack initiation and growth on the continuum 
response. Beside the stress-state, the mechanical response of cracked material depends 
strongly on the opening and closure of micro-cracks, called unilateral effect. The effect is of 
importance in the vibration problems. This is the only material model type that describes 
damage-induced anisotropy and has not been available in any FE code.  It was further 
developed and implemented to Abaqus during 2020. The user-extended CDP model has 
now been partly validated against different types of material tests. The same calibration and 
validation process will be conducted for the other model in the future. 
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Stress-strain relation in unconfined uniaxial compression damage-strain relation in unconfined uniaxial 
compression 

  

Stress-strain relation in unconfined uniaxial tension damage-strain relation in unconfined uniaxial tension. 

  

Stress-strain relation in equibiaxial compression damage-strain relation behaviour in equibiaxial 
compression 

  

Figure 3. Stress-strain relations and damage evolutions in different directions predicted by 
the model under different types of loading schemes. 

Formulation of the anisotropic tensorial damage model is done by specifying two potential 
functions, the specific Gibbs free energy and the dissipation potential. The isotropic potential 
functions are written in terms of invariants forming a functional, i.e. irreducible basis having 
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two symmetric second-order tensor variables, namely the stress tensor and the damage 
tensor, which resembles the crack density tensor of Kachanov. Therefore, the magnitude of 
the components of the damage tensor are not limited above, which makes numerical 
implementation somewhat simpler than using the standard definition of damage as a ratio of 
damaged to the undamaged area. The specific Gibbs free energy is constructed to represent 
linear elastic solid in undamaged states. Furthermore, only linear terms of the damage tensor 
are retained, thus the “crack” interaction is not taken into account. Hardening and softening is 
modelled using a single internal variable. The dissipation potential is chosen in accordance 
to the famous Ottosen failure criterion, which captures the relevant features in concrete 
failure. The formulation is basically non-associated, however, the formulation follows closely 
the one for the standard dissipative solid. An additional convenient feature is that the material 
parameters of the model can be obtained in a closed form solution from standard material 
tests results: uniaxial compression/tension, equibiaxial compression and one extra point on 
the compressive meridian. 

In Figure 3, the model predictions, stress-strain relations and damage evolutions, are shown 
in unconfined compression/tension and equibaxial compression. Correspondence to the well-
known experimental results by Kupfer et al. (1969) is good. It can also be seen from the 
damage-strain curves that the model is able to capture the correct failure mode. 

Deliverables 

• A VTT Research Report (Ferreira M., Fülöp, L. “Understanding the effect of ageing and 
deterioration of reinforced concrete on its durability and mechanical performance”. VTT 
Research Report VTT-R-01115-20. 89 pages) has been written and sent for SAFIR 
review. 

• Two reinforced impact slabs (to be impact tested) and corresponding material test 
specimens have been maintained in test hall conditions. The artificial ageing process of 
the slabs by steel reinforcement corrosion and NDE monitoring has been planned. This 
has been presented in RG meeting. 

• A scientific article “Vilppo, J., Kouhia, R., Hartikainen, J., Kolari, K., Fedoroff, A., 
Calonius, K. “Anisotropic damage model for concrete and other quasi-brittle materials”. 
27 pages.” has been submitted for review to International Journal of Solids and 
Structures. The model theory has been presented with slides in RG meeting. 

• The tensorial damage material model has been implemented into Abaqus/Explicit FE 
code, such that the model can be applied both with Abaqus/Standard and Abaqus/Explicit 
as UMAT and VUMAT user defined subroutines. 

• The experimental tests for calibration of the tensorial damage material model have been 
planned. A feasibility study conducted for calibration of the tensorial damage model using 
wave speed orthotropic properties has been presented with slides in RG meeting. A brief 
report has been written on ultrasonic velocity measurement of a concrete block.  

• A VTT Research Report “Calonius, K., Fedoroff, A., Kolari, K., Vilppo, J. “Development 
and calibration of user-extended Abaqus Concrete Damaged Plasticity material model”. 
VTT Research Report VTT-R-00159-21.” has been written and sent for SAFIR review. 
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2.3.5 ELIAS - Effect of long-term operation on aging and environmentally assisted 
cracking of nuclear power plant component materials 

The key motivation for the ELIAS project is to constantly improve knowledge that is needed 
for proactive aging management and root cause analysis. Aging management of the existing 
fleet of nuclear power plants is becoming an increasingly important topic, especially as many 
units are approaching their design lifetimes or entering long-term operation. Having the 
needed expertise to perform root cause analysis is crucial, as such knowledge cannot be 
acquired instantly when needed, but must be built up gradually during long time, through 
learning by doing. As plants continue to age, there is an increased probability for the need of 
repairs due to extended exposure to a harsh environment (neutron flux, high temperature, 
high pressure, water chemistry). It is paramount that qualified and validated solutions are 
readily available, and that such methods are validated proactively, at a stage when they are 
not yet needed. In ELIAS, a repair method for a postulated through cladding crack into the 
low alloy steel of a nuclear power plant’s reactor pressure vessel (RPV) has been 
investigated.  

The RPV is the most important component of a nuclear power plant, and knowledge on 
radiation embrittlement is therefore paramount. Pressure vessel steels harden under neutron 
irradiation, which leads to the increase of tensile stress values and shift of ductile-to-brittle 
Charpy-V and fracture toughness transition temperatures towards higher temperatures. 
Transition temperature shift depends on neutron fluence and on certain impurity and 
constitutional elements of the steels, e.g. Cu, P, Ni, Mn and Si. The conventional form of 
embrittlement function consists of a chemistry term and a fluence dependent term. The 
chemistry term is related to the microstructure of hardening formations and the fluence term 
to formation dynamics, i.e. to saturation as a function of neutron fluence. This is investigated 
through annealing studies in ELIAS.  

International cooperation is important both for benchmarking our research and to bring the 
latest knowledge in the area to Finland. 

Specific goals 

The work in 2020 was limited to repair welding (RW) studies and international collaboration 
and cooperation activities. The RW work is done in collaboration with the SAFIR2022 FEVAS 
project and by complementary efforts from VTT, Aalto University and Tampere University. 
The specific goals for 2020 was to design, manufacture and preliminary characterize an 
improved RW mock-up based upon the outcomes and lessons learned in 2019. The goals for 
international cooperation was to present results from earlier investigations in the area of 
ageing of nuclear materials, and to bring the latest research findings to the stakeholders 
reach.  

RPV Repair Welding  

As plants continue to age, there is an increased probability for the need of repairs due to 
extended exposure to a harsh environment (neutron flux, high temperature, high pressure, 
water chemistry). It is paramount that qualified and validated solutions are readily available, 
and that such methods are validated proactively, at a stage when they are not yet needed. In 
FEVAS (joint with ELIAS), a repair method for a postulated through cladding crack into the 
low alloy steel of a nuclear power plant’s reactor pressure vessel has been investigated. 

 

Repair welding is thought to represent a “worst-case” scenario where a postulated linear 
crack-like defect exists beneath the cladding and might extend across the interface into the 
RPV steel side. This postulated defect is then removed by machining, and the thereby 
machined groove will be filled by repair-welding using a nickel-base super alloy filler metal 
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(Alloy 52) and using mechanised/robotised arc welding process. While FEVAS focused in 
2020 on computational support for mock-up design and repair welding, ELIAS performed 
repair procedure design and initial characterization of the mock-up in terms of hardness and 
microstructure.  

As an alternative to conventional gas tungsten arc welding (GTAW) process, the use of 
automated gas metal arc welding (GMAW) utilizing Cold Metal Transfer (CMT) mode is 
expected to offer many advantages, such as good weld quality, exceptionally stable arc, 
easy automation and very low heat input along with narrow HAZ, and was used. The 
literature review showed that this is an unexplored area in nuclear, although used elsewhere. 
A postulated crack was excavated from a thermally embrittled relevant low alloy steel (LAS) 
base material (BM) and repaired using a nickel base Alloy 52M filler weld metal (WM) by 
semi-robotized CMAW-CMT. No pre-heating or post-weld heat treatment was applied, as it 
would be nearly impossible to apply these treatments in a reactor pressure vessel repair 
situation.  

In the project, a repair weld mock-up was produced with CMT welding. A postulated crack 
was excavated from a thermally embrittled low alloy steel material and repaired using a 
nickel base filler metal by gas metal arc welding-cold metal transfer. No pre-heating or post-
weld heat treatment was applied, as it would be nearly impossible to apply these treatments 
in a reactor pressure vessel repair situation. One plate was welded, meaning two 
excavations were filled. One excavation was filled with 100 beads along the long side, while 
the second excavation was filled halfway (5 layers) the long side, followed by a 45° hatch 
pattern (6 layers) for a total depth of 40 mm. Both welds appear to be successful. Cross-
sections for welding residual stress (WRS) and microstructural/micromechanical 
characterizations were produced.  

The mock-up weld was sectioned and a metallographic sample prepared to study the weld 
quality and for other microstructural characterizations. Light optical microscopy (LOM) was 
performed on sections from both RWs, see Figure, in addition scanning electron microscopy 
(SEM) characterization of the RWs began.  

 
 

   
Figure 1. LOM images of the microstructure from across the heat affected zone of the 45° 
hatch pattern weld after etching.  
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Vickers microhardness measurements were performed on the specimens from the low alloy 
steel, across the heat affected zone (HAZ) and into the Alloy 52 repair weld, see Figure. The 
maximum hardness was measured in the HAZ close to the interface and that the region of 
high hardness was very localized. Micromechanical testing was performed on the RW 
produced in 2019. Fracture toughness testing was performed on focus ion beam milled 
microcantilevers, see Figure. This was the first time this method has been demonstrated on 
this material in Finland. A total of eight notched micro-cantilevers were ion-milled and tested. 
These tests mimic fracture toughness testing. Results analysis is ongoing but preliminary 
results showed little variation in fracture toughness across the HAZ.  

 

Figure 2. Vickers microhardness, (a) HV0.3 and (b) HV0.1. performed on the RWs. The fusion 
boundary/interface is indicated by the dotted vertical line in the figures.  

 

  

Figure 3. Micromechanical testing of the RW; (left) as-milled (focus ion beam) micro-
cantilever before fracture mechanical testing and (right) post-test micro-cantilever.  

The welding was simulated with the finite element method using in-house welding simulation 
methods within the FEVAS Project. The aim of the simulations was to scope the effects of 
different welding parameters and bead orders on the residual stresses, HAZ extent and 
cooling curves. The computed longitudinal residual stresses show maxima at the surface of 
the weld. A particular interest in the 2020 simulations was the computational prediction of the 
hardness distributions around the weld location based on an empirical correlation formulae 
and the simulated t8/5 cooling time parameter.   

International cooperation and collaboration 

The progress of EU-projects INCEFA+ on environmentally assisted fatigue, and MEACTOS 
on surface treatments to mitigate environmentally assisted cracking to the stakeholders at 
RG meetings.  
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Deliverables 

• One conference paper on repair welding, based upon the results from the collaboration 
between ELIAS and FEVAS.  

• A summary of the intermediate results on RPV annealing studies performed in ELIAS in 
2019.  

• One journal publication on stress corrosion crack initiation testing from the collaborative 
research MICRIN (MItigation of Crack INitiation) project.  

• One book chapter on environmentally assisted cracking of stainless steels in light water 
reactors  

 

2.3.6 ELMO - Extended lifetime of structural materials through improved water 
chemistry 

ELMO project focuses on mitigating different corrosion phenomenon present is NPP steam-
water cycles. The main objectives of the project aim at developing knowledge on optimal 
PWR/VVER water chemistry programs. Several corrosion related topical issues has been 
recognized and included in the project and the project seeks to resolve the identified issues. 
Firstly, a justified alternative(s) for hydrazine replacement in the primary and secondary side 
both during out-age (in SG preservation or fuel exchange) and power generation will be 
proposed. In addition, the surface charge of magnetite and stainless steel is measured in 
simulated secondary side conditions in order to estimate the role of surface charge in the 
magnetite deposition occurring in steam generators. Secondly, further development of 
experimental equipment simulating SG conditions and mathematical tools for evaluating 
kinetics of impurity enrichment and release will be presented. Thirdly, knowledge of PbSCC 
mechanisms will be strengthened and measures for PbSCC mitigation will be evaluated. 
Finally, a literature research on various method that are applicable for on-site measurement 
of corrosion products and their transport were performed. The expected overall outcome is to 
improve the knowledge basis on which decisions on advanced water chemistries are made. 
These results can be used in plant life extension management and safety programs.  

Specific goals 

WP1 of ELMO aims to find replacements for hydrazine used in PWR and VVER secondary 
cycles. Hydrazine is an excellent oxygen scavenger and passivation promoter used in 
nuclear power plants routinely. Hydrazine influences corrosion by three separate ways. 
Firstly, it has a direct reaction in which hydrazine reacts with oxygen to form nitrogen and 
water. Secondly, it decomposes into ammonia under high temperature and pressure, thus 
increasing pH and reducing risk of acidic corrosion, which decreases probability of local 
corrosion modes in SGs. Thirdly, it is suggested to interact with metal oxides, improving 
passivation of metal surfaces, which could slow down flow-accelerated corrosion and thus 
decrease corrosion particle deposition. As hydrazine possess a potential health and 
environmental hazards, it is possible that its use will be banned. Therefore, a search for 
substitutes is important.  

Previously the effectiveness of four alternative chemicals has been studied at room 
temperature and at 50°C. In 2019 two of the previously studied chemicals, iso-ascorbic acid 

(EA) and diethyl-hydroxylamine (DEHA), and in 2020 carbohydrazine (CH) and methyl-ethyl-
ketoxime (MEKO) were tested at normal operating temperatures. The oxygen scavenging 
ability of these chemicals were tested based on oxygen level and redox potential 
measurements at 228°C. The reaction rates with oxygen as function of CH and MEKO 
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concentrations are shown in Figure 1. It seems that the efficiency of both chemicals depend 
on the scavenger chemical concentration. The efficiency of CH is clearly better than in the 
case of MEKO. The efficiencies measured with MEKO differ somewhat from each other as it 
the case of oxygen level measurements it was suspected that the decomposition products of 
MEKO (nitrous oxide) interfered the oxygen level measurement.  

The impedance response of low alloyed steel 22K was analysed. It was shown that the 
charge transfer resistance at the film/solution (RF/S) interface and the capacitance at the 
film/solution interface (CF/S) changed as function oxygen scavenger concentration. From the 
decreasing RF/S and increasing CF/S values it was deduced that the scavenging chemicals 
react at the steel surface 

 

Figure 1. Reaction rate values calculated from oxygen depletion and redox measurements 
for CH and MEKO as function oxygen scavenger concentration.  

 

 

Figure 2. Dependences of charge transfer resistance at the film/solution interface and the 
capacitance at the film/solution interface. 

Zeta potential measurements provided interesting results in WP1 as well. Deposition of 
corrosion products can cause difficult problems in any process environment. In pressurized 
water reactors (PWRs) there are deposition caused problems in both primary and secondary 
circuits. In secondary circuit, deposition increases the corrosion rates and hinders heat 
transfer of the steam generator. In primary circuit, corrosion products tend to deposit on fuel 
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elements increasing the fuel cladding temperatures, which can lead into an increase in the 
fuel cladding corrosion rate, a pressure drop across the core and a creation of Axial Offset 
Anomaly (AOA). 

Electrochemical surface properties of the particles and the substrate surface can affect to 
deposition probability. These surface properties can be studied by measuring zeta potential. 
This report presents the results of zeta potential measurements for magnetite particles in 
beginning of the cycle primary PWR chemistry (1000ppm B, 2 ppm Li) as a function of 
temperature. These values are compared to previously measured zeta potential values of 
magnetite in secondary side water chemistry controlled by ammonia. 

Whereas in secondary chemistry zeta potential values of magnetite tend to approach zero 
millivolts at higher temperatures, in primary water chemistry, the zeta potential values seem 
to have a V-shaped curve, with its minimum being -208 mV measured at 161 °C. 

WP2 studies the effect of boiling to steam generator tubing materials and how impurities are 
enriched and released from boiling steam generator tube surfaces. The enrichment of 
impurities can occur in the steam generators of pressurized water reactors due to the intense 
boiling conditions prevailing within them. In this work, the deposition and release of chloride 
and sulphur based impurities were studied, with a special designed water circulation loop 
simulating the thermal-hydraulic heat transfer conditions in a steam generator. Alloy 690 tube 
samples were used to simulate steam generator tubing. In this setup, in-situ electrochemical 
impedance spectroscopy was used to characterize the evolution of the electrochemical 
system during non-boiling, boiling and after-boiling conditions. Inductively coupled plasma 
mass spectrometry analysis was used to measure the type and amount of deposited and 
released impurities. It was shown that the deposition of the impurity is heavily dependent on 
the form in which the impurities are injected into the system (i.e. salt vs. acid). Deposition 
and release of impurities seemed to be initially linear, but for longer time scales both 
phenomena followed a power-law type behaviour. The amount of depositing impurities was 
estimated to be 19 ppb/cm2 for Cl and 11 ppb/cm2 for SO4 after roughly three days of boiling. 
The maximum deposition and release rates for the impurities were estimated to be 1,7 and 
1,6 ppb/min×cm2 for Cl and 1,50 and 0,93 ppb/min×cm2 for SO4, respectively. No remnants 
of the impurities were found on the sample surface during the post-test oxide 
characterization.  Further verification of the test setup is required in order to evaluate the 
deposition and release rates more accurately. Electrochemical impedance spectroscopy 
measurements revealed that four different physical processes are present in the system and 
the processes related to the double layer and solution properties were affected by boiling. 

Further work in WP2 was listing the measurement tools for dissolved corrosion products and 
their transport, as well as estimating their applicability for on-site measurements. The 
materials of the nuclear power plants are not insoluble at the power plant operating 
environment but are instead affected by different forms of corrosion. Corrosion products, like 
iron, nickel, chromium and copper compounds, are released to the process water as a result 
of corrosion. When these corrosion products move and re-deposit on surfaces, they can 
cause problems. In the primary circuit of a PWR the corrosion products are activated in the 
reactor core and then transported and deposited all over the primary circuit, which results in 
higher personnel radiation doses during maintenances. In the primary circuit, the corrosion 
products tend to deposit on the core region and the fuel assemblies influencing the core and 
the plant performance as well as the fuel integrity. In the secondary circuit, they deposit 
within the steam generator heat exchange tubes and on the surfaces of the steam generator 
components, enhancing the corrosion rates of the steam generators and lowering the 
thermal efficiency of the plant. One way of mitigating these processes is lowering the source 
term of the corrosion products: corrosion and corrosion product transport. 

Several thermal, hydraulic and chemical parameters affect to the corrosion rates and the 
rates of corrosion product transport. In order to understand them better, plant operators and 
research facilities must have tools for monitoring the rates of corrosion product dissolution 
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and transport, preferably in situ and on-line. This report provides an overview to the state-of-
the art of corrosion rate and corrosion product monitoring. Several physical and 
electrochemical corrosion monitoring methods are presented as well as corrosion product 
monitoring methods based on grab sampling, integrated sampling, colorimetric methods, 
turbidity measurements, particle counters, acoustic detection and others. 

In WP4 lead assisted stress corrosion cracking of A690 in alkaline crevice solution was 
studied. Lead (Pb) addition (2.2 mmol kg-1, or 500 wppm) to the alkaline crevice environment 
studied in this work was found to affect markedly the electrochemical behavior of Alloy 690 
tube material at 278 °C. In the current-voltage -curve, the anodic peak just above the 
corrosion potential increased in magnitude by a factor of ca. 3 upon the addition of Pb. On 
the other hand, the impedance magnitude at the lower end of the frequency spectrum 
increased considerably in the passive range. Quantitative interpretation of the EIS data using 
a recent version of the MCM especially developed for Alloy 690 indicates that the oxidation 
processes at the alloy/inner layer interface are accelerated in the presence of Pb, however, 
the charge transfer reactions at the oxide/solution interface are slowed down. Further, 
significantly larger thicknesses are observed for films formed in the presence of Pb, as 
evidenced by both calculations based on EIS and estimations from compositional in-depth 
profiles measured by GDOES. The electronic properties of the oxide are also markedly 
influenced by Pb addition, as inferred by the significant differences in both absolute values 
and potential dependences of the space charge capacitance. The fracture strain of the Alloy 
690 tube material studied in this work was found not to be affected by addition of 500 ppm of 
Pb into the alkaline crevice environment. The fracture surface appearance, as studied by 
scanning electron microscope (SEM) was found to be ductile. Based on the results gained, 
Alloy 690 tube material studied here appears to be not susceptible to SCC in the present 
crevice conditions at 278 °C, however, microscopic examinations are needed to confirm or 
disprove this statement. XPS analysis of the films on the strained and unstrained parts of the 
SSRT specimens exposed in the presence of Pb indicated the presence of Ni(II), Fe(II) and 
Fe(III), PbO and PbSO4  (the latter after 2-8 nm of sputtering). A notable difference with 
regard to the GDOES results on separate samples was the absence of Cr(III) at the surface 
(small quantities of Cr are observable after 8 nm of sputtering for the sample exposed at 
OCP). Concerning the cation composition of the surface and especially Pb(II) content, there 
is a semi-quantitative agreement between GDOES and XPS. 

WP6 focuses on international cooperation, mostly through the ECG-COMON (European 
Cooperative Group on Corrosion Monitoring of Nuclear Materials) group. The current activity 
in the group focuses in a round robin test for Ni/NiO oxidation in various water chemistries.  

Deliverables 

• Essi Jäppinen, Tiina Ikäläinen, Frej Lindfors, Timo Saario, Konsta Sipilä, Iva Betova, 
Martin Bojinov. A comparative study of hydrazine alternatives in simulated steam 
generator conditions —  Oxygen reaction kinetics and interaction with carbon steel. 
Electrochimica Acta 369 (2021) 137697. 
https://doi.org/10.1016/j.electacta.2020.137697 

• Essi Jäppinen, Konsta Sipilä & Pasi Väisänen. Streaming potential measurements in 
PWR primary circuit environment. VTT Research Report VTT-R-01582-20.  

• Caitlin Huotilainen, Tiina Ikäläinen, Tiina Lavonen, Seppo Peltonen, Konsta Sipilä. 
Effect of chloride and sulphide intrusions to A690 corrosion in simulated steam 
generator conditions. VTT Research Report VTT-R-01492-20.  

• Essi Jäppinen. State of the art of monitoring the corrosion product dissolution and 
transport. VTT Research Report VTT-R-00961-20. 

https://doi.org/10.1016/j.electacta.2020.137697
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• Tiina Ikäläinen, Timo Saario, Konsta Sipilä, Martin Bojinov. Susceptibility of Alloy 690 
to PbSCC - phase 2. VTT Research Report VTT-R-00015-21. 

 

2.3.7 FEVAS - Fatigue and evolving assessment of integrity 

The emphasis of the FEVAS project is the research and development of the methods to 
assess the structural integrity of the primary circuit and the uncertainties and conservatisms 
included in these methods. The overarching aim of all research in the project to provide 
advanced and calibrated integrity assessment methods and input information required in 
these methods and to identify and quantify the uncertainties and errors of the structural 
integrity analyses performed to demonstrate the integrity of the primary circuit. The project 
improves the overall safety of NPPs by providing information on the state-of-the-art integrity 
assessment methods and their relations to conventional norm-based methods, including the 
inherent safety margins of the conventional methods. 

In 2020, the work focused in three topics: piping vibrations, environment assisted fatigue and 
repair welding.  

Specific goals 

WP1 

The focus of the first work package is the development of methods needed to assess the 
integrity of nuclear piping, based on the measurement on vibrations and observations of 
other phenomena obtained during plant use. Research related to the methods utilized in the 
design of piping systems is included as well. In 2020, two topics are considered: acoustically 
induced piping vibrations and effects of fluctuating thermal loads on piping. 

The coupling of primary water acoustics and piping vibrations is considered in the project. 
Suitable efficient analytical and numerical modelling capabilities are developed and the 
possible excitation sources are studied. The emphasis is on i) creating understanding of the 
most important acoustic-structural phenomena in the primary circuit and ii) having efficient 
methods which can account for the fluid-structure-interaction (FSI) between the acoustics 
and the piping. The coolant water necessarily affects the dynamic behaviour of piping and 
components. At simplest, the effect can be modelled through the added mass. More complex 
two-way FSI effects result e.g. when the acoustic and structural natural frequencies are 
similar. For the coupled cases FSI modelling methods are necessary, such as 1D or 3D 
acoustic-structural codes or even coupled computational fluid dynamics (CFD) and structural 
analyse. In the work, a literature review was conducted on analytical and numerical methods 
for modelling coupled acoustic-structural piping vibrations. The initial emphasis of the work 
was on 1D tools which enable efficient modelling of the whole circuit and on analytical 
methods which can be used for assessing the significance of different acoustic-structural 
phenomena. 

Apros was seen as a suitable modelling tool and it was used to calculate the acoustic 
pressure propagation in a PWR example primary circuit (Figure 1). Cyclic pressure pulsation 
was produced by the main circulation pump in the model. Figure 1 presents how the 
pressure propagates through the system and attenuates by the flow resistances in the circuit. 
The amplitude of the pulsation generally diminishes but some amplifying phenomena is 
observed at specific excitation frequencies. The excitations where then used as input for the 
structural piping vibrations analysis with Abaqus FE software. Figure 2 shows the structural 
piping model and the resulting hot leg, cold leg and surge line vibrations.  

The assessment was performed one-way coupled such that the feedback effects of structural 
deformations are not considered in the thermal hydraulic assessment. The aims of the 
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assessment was to demonstrate that such an assessment is possible with the selected tools 
and whether the studied load case is severe enough to require a two-way coupling between 
the thermal hydraulic and structural responses. 

The modelling demonstrates the feasibility of the approach. The pressure pulsation was able 
to excite structural vibrations in the circuit but the amplitude of the vibrations was low enough 
so that two-way coupling is not needed. The interface between the analysis tools requires 
additional work to ensure the robustness of the approach. Some special requirements and 
limitations in the approach were identified in the work.  

  

Figure 1. Apros model of a PWR primary circuit and pump-induced pressure amplitudes at 
different segments of the model. 

  

Figure 2. Abaqus structural piping model of a PWR primary circuit and vibration time histories 
in the model caused by pump pressure pulsations.  

The second task in the first WP focused in combining new experimental NDT techniques with 
fracture mechanics simulations to study the behavior of a surface crack subjected to cyclic 
thermal loading. As an improvement to conventional techniques, nonlinear ultrasound 
measurement techniques make it possible to detect partially closed cracks. Such a scenario 
may occur for example due to residual stresses or thermal contraction. In the project, an 
experiment was performed where a surface crack in a thick steel plate was subjected to 
cyclic thermal loading. The specimen was instrumented with ultrasonic sensors, which 
performed on-line monitoring of the crack response during the loading. The scenario was 
simulated using the finite element method to obtain the crack opening displacements and 
contact pressure distributions on the crack face over the full loading cycle. Figure 3 shows 
the numerical predictions of the temperature history, crack opening displacements and 
contact stresses. The crack response signal measured using nonlinear ultrasonic techniques 
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is shown in Figure 4. The ultrasonic response is qualitatively in line with the crack opening 
state distribution.   

  

Figure 3. The temperature histories, crack opening displacement histories, contact stress 
and crack opening displacement over the load cycle obtained from the finite element 
simulation.  

Figure 4. Nonlinear ultrasonic response from the crack over the thermal load cycle. 

WP2 

The second work package focuses in the research on the environmental factor affecting the 
fatigue life of components subjected to the primary water environment and cyclic loading. 
Fatigue design curves are based on testing in air, but for four decades it has been observed 
that a reactor coolant environment degrades fatigue life. The greatest challenge in 
environmentally-assisted fatigue (EAF) has been quantifying the effect through a reduction 
factor, Fen. The WP has two specific goals: to generate valid EAF data in support of a plastic 
strain rate based Fen model which can be applied in cumulative usage factor evaluation of 
plant components and to complete development of a relevant Fen model, which will be 
presented and defended as a PhD thesis by 2022. 

Environmental effects of LWR coolant need to be factored in when defining cumulative 
fatigue usage of primary circuit components. The basis is a set of codified design rules and 
fatigue design curves, based on experimental data. To accurately quantify environmental 
effects, the reference curve in air to which fatigue life in water is compared shall be as 
reliable as possible. Literature studies and accumulated data at VTT reveal that the use of 
common reference curves for a wide range of austenitic stainless steel alloys and 
temperatures is unreliable. Some design codes already include measures to consider this but 
ASME III is not yet among them. The ASME III design curve is adopted from NUREG/CR-
6909 and contains no consideration for dependence of temperature or stainless steel grade. 

Two different stainless steel grades, AISI 304L and 347, have previously been used in 
environmentally-assisted fatigue experiments at VTT. The experimental work in 2020 
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focused in providing additional baseline fatigue data for the development of the Fen model. 
The results from the test series performed at 200 °C is shown in Figure 5. The figure also 
provides a demonstration of realistic environmental effect quantification by using these 
reference curves as an alternative to the NUREG methodology. 

  

Figure 5. LCF test results for 304L at 200 °C (left) and CUF calculation for a isothermal SIS 
transient using the measured baseline data (right).  

WP4 

As plants continue to age, there is an increased probability for the need of repairs due to 
extended exposure to a harsh environment (neutron flux, high temperature, high pressure, 
water chemistry). It is paramount that qualified and validated solutions are readily available, 
and that such methods are validated proactively, at a stage when they are not yet needed. In 
FEVAS (joint with ELIAS), a repair method for a postulated through cladding crack into the 
low alloy steel of a nuclear power plant’s reactor pressure vessel has been investigated. 

Repair welding is thought to represent a ‘worst-case’ scenario where a postulated linear 
crack-like defect exists beneath the cladding and might extend across the interface into the 
RPV steel side. This postulated defect is then removed by machining, and the thereby 
machined groove will be filled by repair welding using a nickel-base superalloy filler metal 
and using mechanised/robotised arc welding process. While FEVAS focused in 2020 on 
computational support for mock-up design and weld procedure tests, ELIAS performed repair 
procedure design, including a literature review, and characterization of the mock-up 
microstructure. 

As an alternative to conventional gas tungsten arc welding (GTAW) process, the use of 
automated gas metal arc welding (GMAW) utilizing Cold Metal Transfer (CMT) mode is 
expected to offer many advantages, such as good weld quality, exceptionally stable arc, 
easy automation and very low heat input along with narrow HAZ, and was used.  

In the project, a repair weld mock-up was produced with CMT welding. A postulated crack 
was excavated from a thermally embrittled low alloy steel material and repaired using a 
nickel base filler metal by gas metal arc welding-cold metal transfer. No pre-heating or post-
weld heat treatment was applied, as it would be nearly impossible to apply these treatments 
in a reactor pressure vessel repair situation. One plate was welded, meaning two 
excavations were filled. One excavation was filled with 100 beads along the long side, while 
the second excavation was filled halfway (5 layers) the long side, followed by a 45° hatch 
pattern (6 layers) for a total depth of 40 mm. Both welds appear to be successful. Cross-
sections for welding residual stress (WRS) and microstructural/micromechanical 
characterizations were produced.  
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The mock-up weld was sectioned and a metallographic sample prepared to study the weld 
quality and for other microstructural characterizations. Light optical microscopy (LOM) was 
performed on sections from both RWs, in addition scanning electron microscopy (SEM) 
characterization of the RWs began. Vickers microhardness measurements were performed 
on the specimens from the low alloy steel, across the heat affected zone (HAZ) and into the 
Alloy 52 repair weld. The maximum hardness was measured in the HAZ close to the 
interface and that the region of high hardness was very localized. Micromechanical testing 
was performed on the RW produced in 2019. This was the first time this method has been 
demonstrated on this material in Finland. A total of eight notched micro-cantilevers were ion-
milled and tested. These tests mimic fracture toughness testing. Results analysis is ongoing 
but preliminary results showed little variation in fracture toughness across the HAZ.  

The welding was simulated with the finite element method using in-house welding simulation 
methods (Figure 6). The aim of the simulations was to scope the effects of different welding 
parameters and bead orders on the residual stresses, HAZ extent and cooling curves. The 
computed longitudinal residual stresses show maxima at the surface of the weld, Figure 7. A 
particular interest in the 2020 simulations was the computational prediction of the hardness 
distributions around the weld location. Based on an empirical correlation formulae and the 
simulated t8/5 cooling time parameter, the as-welded hardness distribution in the base metal 
is shown in Figure 8. 
 
 

 

Figure 6. Finite element model for the mock-up welding simulation and bead order in the 
weld cross-section. 

 

Figure 7. Hardness predictions in the base metal after welding as predicted from the t8/5 
cooling time. 



 

 

RESEARCH REPORT VTT-R-00462-21 

114 (146) 

  

 

  

Figure 8. Computational prediction of the longitudinal (left) and transverse (right) weld 
residual stress distributions after welding at room temperature.  

Deliverables 

• A research report describing coupled pressure pulsation and piping vibration modelling in 
a PWR primary circuit using Apros and Abaqus.  

• A journal article manuscript on nonlinear ultrasound monitoring of dynamic crack closure.  

• A conference paper manuscript on experimental results and development of a new Fen 
model. 

• A conference paper manuscript on repair welding discussing the mock-up design, 
numerical welding simulation and microstructural characterizations. Joint deliverable with 
SAFIR2022 ELIAS. 

 
 

2.3.8 RACOON - Non-destructive examination of NPP primary circuit components, 
machine learning and reliability of inspection 

Efficient and reliable NDE techniques support economical and safe operation of NPPs. The 
RACOON project, addressing “NDE on NPP primary circuit components and reliability of 
inspection” of the SAFIR2022 programme, focuses on the development and understanding of 
NDE methods with novel and state of the art approaches. The end goal is to increase 
reliability of inspections and find non-destructive approaches for aging monitoring. In 2020 
small project ANDIE was merged to RACOON to provide machine learning aspect to non-
destructive inspection. 

Specific goals 

WP1 

WP1 focused on reliability of NDE. The goal for 2020 was to analyse and report the findings 
from the conducted virtual round robin (VRR). The participation for the VRR was good as 12 
inspectors submitted back the results around the world 

In recent times, more and more of the inspections in the nuclear field are per-formed in a 
mechanized manner. This means, that the data acquisition and analysis, that were 
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traditionally conducted simultaneously and interactively, are now separated to distinct steps. 
The analysis is often conducted in a different location after the data acquisition has been 
completed. This division can be carried over to the evaluation of NDT performance. While 
both successful data acquisition and evaluation are critical for the overall performance of the 
NDT, they can now be assessed separately. The quality of the data acquisition is, in general, 
far easier to evaluate. The potential sources of error include incorrect calibration of the 
equipment and failure to maintain sufficient probe coupling during scanning. These can often 
be evaluated without large mock-ups or representative flaws. In contrast, the data evaluation 
phase is challenging to evaluate because the evaluation procedures vary and may include 
significant human judgement. Thus, they necessitate relevant data and, traditionally, large 
mock-ups. Consequently, the primary interest for international round robin is for the 
evaluation and comparison of the data evaluation phase. 

Transportation of the round robin mock-ups all over the world to NDT laboratories is costly 
and a slow process. While the round robin exercise gives valuable insight on the capability of 
the used NDT methods and procedures, they are seldom conducted due to fiscal and time 
constraints. 

The use of virtual flaws opened a possibility to conduct a virtual round robin exercise for 
mechanized data in a completely new way. The round robin was focused on the data 
analysis, where pre-acquired data was distributed around the world, making the exercise far 
more cost-effective than ever before. Moreover, as virtual flaws enable an ample flaw data 
generation a statistically meaningful sample could be generated to quantify the round robin 
performance with a POD. The VRR was divided into two phases, manufacturing, scanning 
and augmentation of the flaws (Virkkunen et al. 2019) and result analysis (Virkkunen et al. 
2020). 

The reported results from 12 different inspectors can be seen in Table 1. The a90/95 was 
estimated in two ways: the standard method and modified. As there are convergence issues 
for POD confidence bound estimation. This gave rise to unrealistic POD estimations i.e., the 
probability of finding zero-sized defect would be >0. This was amended by adding 20 
synthetic misses with the size of 0 to the data to tie the detection probability to 0 at the flaw 
size of 0. 
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Table 1. Summary of the main results for VRR. The modified a90/95 is considered the best 
estimate for the value, due to convergence issues in estimation. False call rates are reported 
both as percentage in data and ASTM-E2862 compliant 95% confidence bound probability of 
false positives (PFP 95). 

 

ID Standard 

a90/95 

Modified 

a90/95 

False calls 

(count) 

False call 

(%) 

PFP 95 

(%) 

A  1.7 11 5% 8% 

B 3.5 1.7 21 9% 13% 

C 1.4 2.0 8 4% 6% 

D 3.2 2.6 13 6% 9% 

E 2.9 2.9 8 4% 6% 

F 5.9 2.9 11 5% 8% 

G 4.1 3.8 9 4% 7% 

H  4.7 5 2% 5% 

I 3.5 4.7 4 2% 4% 

J 5.6 5.3 7 3% 6% 

K 24.5 5.6 10 5% 8% 

L 7.1 7.1 3 1% 3% 

 

The results showed variance with a90/95 ranging from 1.7 mm to 7.1 mm. For the two largest 
a90/95 values the result can be explained with two large misses. The exact reason behind 
these misses were not found, as their signal-to-noise ratio was high enough for almost 
certain detection. This has been seen in other exercises as well, when the inspectors tend to 
miss the critical and large flaws while finding the smallest possible flaw. 

False call performance was between 3% to 13%, with no clear link to the a90/95 
performance. However, as one inspection file was left completely flaw free, no inspector 
could determine the file completely flaw free. In fact, most of the false calls were made in this 
file. Moreover, 4 out of the 12 inspectors identified some files as flawless. The falsely 
flawless identified flaws did contain only small flaws with maximum equivalent flaw size 
below 3 mm.  
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The flaws are infrequent and most of the true data files inspected are flawless. Thus, making 
false calls in excess would hinder the inspection performance in actual inspection conditions. 
Therefore, this experimental setup does not fully represent the same inspections made in 
NPPs. This could be mitigated by increasing the number of flawless files and setting a limit to 
the number of false calls to discourage the inspectors to make false calls.  

 

WP2 

Ultrasonic simulation has been conducted in the WANDA project, predecessor to RACOON 
project (Jessen-Juhler, 2018, Koskinen et al. 2018) with CIVA simulation software. However, 
CIVA simulation approximates the signal widely and for anisotropic situations such as 
austenitic stainless-steel weld or dissimilar metal weld, the approximation might be too vague 
for proper use in reliability exercises or as training data for machine learning (Koskinen et al. 
2021). 

Finite element method FEM was speculated to give more accurate approximation for flaw 
signal generation and simulation efforts were started in 2D in 2019. As flaw signal generation 
was successful in 2D (Jessen-Juhler et. al. 2019), the simulation model was extended to 3D 
shown in Figure 2 a). The model was able to generate an A-scan show in Figure 2 b). The 
simulations contained a simple phased array probe with a rexolite wedge. The wedge 
contained absorbing layers similar to a traditional wedge to reduce the noise from refracted 
ultrasonic waves. Unlike traditional ultrasonic probe, the transmitting and receiving elements 
do not have their own natural frequency, thus the recorded signal needs to be filtered digitally 
around this natural frequency to achieve the desired result. The material properties 
represented a homogeneous stainless-steel. 

While both simulations in 2D and 3D were successful, the number of elements required 
made the computing time to exceed over 20 hours per single A-signal. As the simulated 
model was smaller than required for simulating a complete weld inspection the computation 
would take even longer with Abaqus based solver. Therefore, the time required to simulate a 
B-scan would take mul-tiple these A-scans to be any use for reliability and machine learning 
exercises would be too great. 

The next step for the simulation effort is to find a solution for this computation time issue. 
One viable approach is to investigate other solvers, which might be more efficient in dealing 
with ultrasonic based problems. 

 
a)                                                           b) 

Figure 1. a) The 3D model geometry and setup b) The produced A-scan from 3D simulation 
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Nonlinear ultrasound generation was studied as novel inspection method. The reason to use 
nonlinear ultrasonics is to  

WP3 

Main agenda of WP3 was to do a performance demonstration of austenitic stainless-steel 
weld inspection. The original intent was to inspect genuine inspection data from an NPP, but 
COVID-19 pandemic restricted activities in an outage to only for necessities and this 
research project could not be done in its original intent. 

A substitute stainless-steel welds were acquired from Suisto Engineering and the project 
could be completed with the substitute samples. Thermal fatigue flaws were manufactured to 
stainless-steel base material and virtually transferred to the separate welds to generate 
training data. The model was trained with this initial data and a POD curve in Figure 2 with 
same data, but unforeseen flaws. Additional welds and thermal fatigue flaws were 
manufactured to these three new welds to validate the performance. The flaws and welds 
were scanned with the same procedure and equipment used to inspect the same weld as in 
a regular NPP. To compare the human performance, inspector evaluated the same validation 
scan files. The human inspector fared slightly better but made more false calls than the ML 
model. Therefore, the study demonstrated that the ML model is fully capable of handling the 
same data-rich inspection data, which is traditionally used in inspecting the NPPs. This 
opens the possibility to increase the data amount even further, as data-analysis time is no 
longer an issue. 

 
Figure 2. POD curve for the machine learning model trained to detect flaws in austenitic 
stainless-steel weld. The solid black line represents the POD value and the dashed grey line 
the lower 95% confidence bound. The model achieved a90/95 value of 2.1 mm with a false 
call rate of 2.3%. 

Another study was made from the data generated from the VRR in WP1. The effect of 
different flaw types and sizes on the inspection performance of the machine learning model 
was studied. The study showed how teaching data effects the end result on the performance 
on the model. The flaw type, and sizes have a great effect on the sizes and types of the flaws 
found. If a type of flaw is used in training which might contain features solely related to this 
flaw type or some artefacts from the manufacturing process, the performance of the model to 
find other flaw types might decrease greatly. 
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Deliverables 

• Scientific publication or conference paper on the progress of international virtual round 
robin 

• Conference paper on 3D flaw simulation (Changed to Report) 

• Report will be done with shared effort from FEVAS. The deliverable is shared 50% / 50%. 
(Changed to scientific publication, delayed until March 2021, agreed on RG5 meeting 1, 
2021) 

• Scientific publication or report on the 2020 pilot ML system, including used data, model 
structure and demonstrated performance. 

• Conference paper or presentation on the use of modern convolutional neural network in 
NDT (Changed to scientific publication) 

 

2.3.9 SAMPO - Safety criteria and improved ageing management research for polymer 
components exposed to thermal-radiative environments 

SAMPO project focuses on safe long-term use of polymer components and improving their 
ageing management. This is performed by studying ageing mechanisms in thermal-radiative 
environments, determining how to set acceptance criterion properly and providing robust 
tools for condition monitoring. These topics become more relevant as the original planned 
lifetime of the plants is approaching and extension is considered. Safety criteria assessment 
and ageing management needs to be at sufficient level in order to prevent premature 
component breakdown and avoiding endangering the overall safety 

Specific goals 

The objective of WP1 is twofold. The first objective is to evaluate what different factors need 
to be taken into account when an acceptance criterion is set for a polymer component. The 
second objective is to improve safety margin assessment. In this sense, it is important to 
understand how the material ages in thermal-radiative environments as well as how different 
additives contribute to the ageing mechanism in order to set the acceptance criterion 
properly.  

In 2020 joist seals from (Olkiluoto) was taken out and was compared to accelerated aged 
joists. Acceleration was set to simulate 20 years of use. This showed small figures in 
changed properties of the material as can be seen from Table 1.  

Table 1. Tensile properties and hardness of the aged and unaged joist sealants. 

Sample Tensile strength (MPa) Elongation at break (%) Hardness (IRHD-m)  

naturally aged, 
ref      

6,92 294,5 72,4 

naturally+heat 
aged   

7,01 283,1 78,3 

 

During 2020 DSC and FTIR methods were identified in task 1.2 to be suitable methods for 
on-site analysis of antioxidants while combined TGA and EDS analysis would be suitable to 
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filler analysis. Their applicability for on-site use was estimated to be suitable due to minimal 
sample preparation phase, simplicity of the analysis and robust equipment. A small scale test 
was performed with each method to present their applicability in quality analysis.  

DSC and FTIR both could distinguish aged PE sample from unaged sample. OIT measured 
with DSC decreased from 180 minutes to 10 minutes indicating a heavy antioxidant depletion 
in the material due to ageing (see Figure 1). Similarly carbonyl group peak height was clearly 
affected by ageing, indicating formation of carbonyl groups due to ageing. 

 

 

Figure 1. OIT measured with DSC. Unaged polyethylene on left side and sample aged for 40 
weeks at 100°C on right side.  

TGA analysis were performed on two different size EPDM samples in order to estimate the 
effect of sample size on analysis results. According to the analysis, roughly 40% of the 
sample was non-volatile below 800°C. The EDS analysis performed on the ash revealed 

more the presence of carbon, sulphur and zinc. Sulphur is probably the curing agent, but zinc 
may have various functions. Here zinc is assumed to be used as a processing aid. Thus, 
when the S and Zn contents are taken into account, it can be estimated that the filler content 
of these specific samples were 37,8% for the smaller sample and 38,3% for the larger 
sample. 

The small scale tests performed with each method showed that DSC and FTIR would be 
suitable methods for AO analysis while combined TGA and ESD should suit well for filler 
analysis. OIT and FTIR measurements were clearly capable to distinguish the aged and 
unaged PE samples from each other. Additional measurements would be required to show 
whether they can provide quantitative results with sufficient accuracy. The combined TGA 
and EDS provided the carbon black content of the EPDM rubber tested. Additional non-
volatile additives could be detected as well by EDS and it makes the filler analysis more 
accurate. The resolution of both methods need to be confirmed with further measurements 
with custom made materials.  

In task 1.3 work will be continued to be able to set realistic safety margins for O-rings i.e. 
how well the acceptance criteria are set and safety margin assessment is added. Laboratory 
conditions are normally static whereas O-rings in service are exposed to thermal fluctuations 
and vibrations as well as water. Therefore, aged O-rings were leak tested after exposure to 
simulated thermal and mechanical disturbance in order to set relevant acceptance criteria. 
From Figure 2 the effect of water exposure to compression set can be seen with EPDM and 
nitrile O-rings. Ageing in air proved to be more degrading most likely to due to the better 
availability of oxygen.  

Stress relaxation tests have also been used in the ongoing project in order to evaluate the O-
ring material. This method is similar to compression set, but instead of dimension changes, 
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the sealing force of the rubber or O-ring is measured. Test data is recorded online and the 
specimen are exposed to heat during the measurement, i.e. ageing and measurements are 
performed simultaneously. 

The objective in WP2 is to provide improvements to ageing management in order to enhance 
the long term and safe use of the plants. The most suitable way to do this is to provide 
techniques that can be used to measure component condition non-destructively. For practical 
reasons, these techniques are typically non-destructive or require very small piece of sample 
material. One key issue developing novel non-destructive condition monitoring techniques is 
to understand how the non-destructively measured material parameter relates to polymer 
condition and its ageing. Such correlations are of interest in this research, combined with the 
objective to develop techniques for on-site measurements. 

 

Figure 2. Comparison of the compression set of rubbers aged in air and water. EPDM and 
nitrile rubber samples were aged for half year at 120 and 80 °C, respectively.   

New O-rings was also compared in a leakage rig. The material from these new o-rings were 
made of an industrial quality common in NPPs and seen as a quality rubber made for 
SAMPO-project. These o-rings performed in general worse than COMRADE top-level 
material also when compression set and leak-tested as in COMRADE. In Figure 3, below this 
EPDM quality is named “bad”, this does not mean it´s a bad quality rubber, just that it´s more 
representative in NPP, than the COMRADE top-level. 

 

 

Figure 3. Data of compression made 2020, set for model ‘bad’ material, and one set of data 
of top-level material at 120 °C for comparison. 

Ageing management of polymer materials takes time and effort and we believe that new 
technologies such as digitisation and online measurements would make this easier in the 
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future. These possibilities will be examined in task 2.1. In NPPs, where it is difficult to change 
and sometime also to inspect parts, it would be particularly valuable. For example, in pipes 
for water supply and wastewater placed underground in cities, online monitoring is already 
used to spot leakages of water. Flow meters are placed in the pipes and monitored by 
computers and a leakage may be detected before it is observed above ground. We will try to 
monitor changes in polymer properties in for example cables and O-rings by measuring the 
dielectric properties. Changes in the chemical structure and overall composition of the 
materials are likely to affect the dielectric properties and there are previous examples where 
changes in dielectric properties have been linked to aging of polymeric materials. The effects 
of ageing on the dielectric behaviour of the materials in question could be measured using 
e.g. impedance/dielectric spectroscopy. A very convenient method to monitor the status of 
rubber or polymer materials would be to measure material changes online. If there are large 
enough changes in dielectric behaviour of the materials that can be directly related to the 
ageing process, it should be possible to follow these changes using antenna dielectric 
sensors. By mapping the dielectric behaviour of the materials under test, antennas could 
hopefully be designed to fit the frequency providing the highest sensitivity. Placement, 
environmental factors and calibration of sensors would likely also be issues necessary to 
address as well as monitoring moisture and temperature to avoid overlapping effects of moist 
content and degradation of the monitored polymers. 

If ageing of the materials leads to e.g. cracking or inhomogeneities in the materials these 
could possibly be detected by designing a method utilizing partial discharge. State of the art 
measurements of impedance are not ready for products, only for test samples. The research 
question is how to design specific measurements methods and test samples sizes that are 
suitable for aging tests. The electric properties will be correlated to relevant material 
properties such as elongation, compression set and tightness etc. before and after ageing in 
order to verify the methodology. 

Test of this online monitoring method during 2020 shows that there is a correlation to ageing 
of EPDM-rubber and the dielectric signal. Technique is considered to be in an early stage 
and there will be work done during 2021 to optimize both equipment, such as probe but also 
process wise, to find the ultimate frequency that give the most information from polymer 
materials. 

In task 2.2 we will look at a sensitive technique i.e. MC to be able to measure material 
deterioration/ageing at temperatures, as close as possible to the temperature experienced by 
the material in NPPs. During 2020 the material model developed in task 2.3 was improved in 
order to obtain more accurate predictions. Firstly, the model was improved by taking into 
account the polydispersity of the chains that arises from the catalytic polymerization process. 
Secondly, it was verified that using united atom approach provided similar results as all-atom 
approach. 

The introduction of the polydisperse system yielded in improvements of the ageing model in 
task 2.3. Crystallinity degree increases as chain scission is induced in the amorphous phase, 
which is along with the experimental data found in literature. In addition, the prediction of 
mechanical parameters (elastic modulus, Poisson’s ratio, density, and sound velocity) as 
function of ageing seem to be possible with improved accuracy compared to the previously 
used monodisperse system. 

The predicted sound velocity values for two different molecular weight XLPE systems were 
calculated and the data was obtained using united-atom approach. The predicted results are 
somewhat low in the absolute sense, the effect of ageing on the sound velocity is similarly 
predicted by the united-atom and the all-atom approaches, justifying the use of the 
computationally much more affordable united-atom approach in interpretation of ultrasonic 
data. 
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Further development of ultrasound and DSC techniques for cable condition monitoring were 
continued in 2020. Aged PE and XLPE samples were measured in order to demonstrate the 
sensitivity of the methods. However, it seemed that even after 40 weeks of ageing the 
measurable material properties, i.e. ultrasound velocity and crystallinity degree did not 
change. However, the elongation at break values did decrease, as can be seen from Figure 
4. It is interesting to see that the material remains its elasticity while its ability to withstand 
plastic deformation decreases. This explains why the ultrasound or crystallinity degree 
values stayed constant during this ageing period. Further clarification is required on the 
ageing mechanism to explain the results or predict when the changes in the elasticity begin 
to be seen.  

 

Figure 4. Engineering stress-strain curves for individual PE samples after 0, 16 and 32 
weeks of ageing. 

Within WP3 international cooperation is promoted. This is accomplished by organizing and 
participating meetings and educational events with nuclear power industry members, 
researchers and regulators. The aim is to gain synergistic advantages from a large Nordic 
consortium in research activities, nuclear safety issues and improved plant efficiency. 
However, during 2020 no activities were arranged due to the Covid-19 related restrictions.  

Deliverables 

• Workshop with NPPs choose material from closed NPPs and/or from outages. Find 
suitable reference materials.  

• Report on polymer additive analysis techniques and condition indicators 

• Report suggesting safety margins for O-rings based on the experiments 

• Report on available monitoring techniques based on literature, studies of other industrial 
sectors and initial laboratory tests 

• Report on applicability of microcalorimetry on condition monitoring and first results 

• Review on NDTs detecting ageing induced changes in polymer structures and related 
material model 
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2.3.10 FATIMA - Fatigue management for LTO 

The general objective of FATIMA (2020-2022) is to go beyond existing state-of-the-art (SoA) 
in fatigue management for long-term operation (LTO), accounting for environmental effects 
on fatigue life. Improved realism in fatigue management allows maintaining high load factors 
and economic competitiveness for ageing plants without compromising safety. In addition, 
improved timing and focus of non-destructive evaluation or repair reduces radiation doses of 
personnel. 

Fatigue Management is based on international practices, codes and standards. Improved 
methods can be adopted through scientifically solid justification and international acceptance, 
but consensus on current codes and state-of-the-art for environmentally-assisted fatigue 
(EAF) has been lost. Together with the debated and evolving Fen models for accounting the 
effects of reactor coolant water, ambiguity and volatility in fatigue assessment rules may 
cause uncertainty in long-term fatigue management of primary piping components. 

Such uncertainty requires mitigation through responsible experimental research and 
development of science-based EAF models which remain compatible with the design codes 
and transferable to NPP components. This is the aim and long-term goal of FATIMA. As our 
research capacity is limited, opportunity for collaboration with major international 
stakeholders is an attractive route for discussion and wider acceptance of proposed 
methodologies. 

The research theme and work package focus of FATIMA is summarized in Figure 1. 

 

Figure 1. Research theme and work packages for FATIMA. 

Specific goals 

WP1 of FATIMA is devoted to collaboration activities and understanding the international 
state-of-the-art in fatigue management for LTO. The goal of the latter is to review, analyse 
and discuss the current state-of-the-art in environment-assisted fatigue together with EAF 
related codes and standards and fatigue management procedures. The original ASME III, 
first published in 1963, served as a common root for all design codes and standards currently 
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used for design and safety assessment of NPP primary loop pressure boundaries. The 
Finnish legislation requires that the general safety level of ASME III shall be met, but also 
other Design Codes can be applied. 

Transferability of laboratory results to components in plants was a key target for the original 
‘design by analysis’ fatigue assessment procedures, but ignored in some later adjustments. 
The current fatigue design curve for stainless steels in ASME Code section III is an example 
of this. The German KTA (2013) and Japanese JSME (ongoing) make clear distance to 
fatigue rules in ASME III (2010). The French RCC-M aims to maintain partial compatibility 
with ASME III, but with some corrective measures. 

In 2020, the SoA review task was started and completed. The various challenges in 
management of fatigue and the evolving state-of-the-art in different codes, standards, rules 
and assumptions was discussed. The roots and current status of fatigue curves and design 
criteria applied in Finnish NPP’s were explained. It was concluded that challenges remain in 
developing common understanding and practical application(s) for management of EAF while 
avoiding unnecessary conservatism without compromising safety and operability of reactors. 
It was suggested that collaboration between major stakeholders and contributors is needed, 
if harmonization of the design criteria and regulation is sought for internationally. 

The specific goal of collaboration activities is the membership and active participation in an 
EAF R&D Collaboration Group, moderated by EPRI and formed by the major global 
stakeholders in EAF research. Meetings of the group are opportunities for sharing of ideas, 
discussion and identification of future collaborative research. International activities are 
supplemented by participation in other activities (e.g. ASME Code Week meetings) on a 
case-by-case basis to remain at the forefront of discussions, not only from R&D perspective 
but also from the point-of-view of codes, standards and regulatory framework. 

In 2020, the joint membership of Team Finland (VTT, Fortum and TVO) was accepted by the 
EAF R&D Collaboration Group partners. The group has not been able to meet physically 
since then but has kept discussion active by organizing online webinars, including an 
introductory presentation of Team Finland activities in the past and present. This format of 
activities is expected to continue for the time being, while travel restrictions apply. 

WP2 of FATIMA is dedicated to cyclic experiments and fatigue testing in simulated reactor 
coolant waters (EPR and VVER). Experimental programs on EAF started in USA and Japan 
close to 50 years ago. Code-compatible test methods in relevant LWR coolant water 
environments were not available at that time and strictly speaking incompatible methods 
were introduced, e.g. the Japanese thin walled tubular specimens and ‘companion specimen 
strategy’ used by Argonne National Laboratory (ANL). Based on American and Japanese 
laboratory results, ANL prepared in 2007 a final report NUREG/CR-6909 which remains the 
default reference for the environmental fatigue correction factor, Fen. 

VTT FaBello facility for code compatible low cycle fatigue research in coolant water was 
designed and installed about 10 years ago. Therefore, critical inspection of operability, 
maintenance and assessment of possibilities for upgrading functionality of FaBello is 
targeted within FATIMA. Experimental campaigns with FaBello up to 2018 successfully 
demonstrated limited effects of environment on fatigue life in plant relevant conditions. 
Crucially, these experiments were performed in strain control to retain Code compatibility. In 
fact, transferability issues of nonstandard experiments are suspected to be a major cause of 
mismatch between results with FaBello and ANL, for example. A major target of FATIMA is 
to generate additional experimental data with material batches relevant to domestic NPPs in 
order to confirm the generic expectation of relatively moderate environmental effects for 
austenitic stainless steels in general. 

In 2020, WP2 activities were not yet started and were postponed to begin in 2021. 
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WP3 of FATIMA is dedicated to cyclic experiments and fatigue testing in air. The purpose is 
to research cyclic response and fatigue damage accumulation in different conditions 
excluding environmental effects. The original data and regression model used by Langer for 
the ASME III design curve were ignored when ANL compiled a wide collection of diverse 
fatigue data, fitted mean curves and proposed an alternative design curve for ASME III. As a 
result, the current ASME III design curve (since 2009) is based on a mix of relevant and 
irrelevant, valid and invalid data fitted to a model, which differs from the original code. 

FATIMA targets generation of batch-specific fatigue data for the same heats of material used 
in WP2. The fitted ‘reference curves’ will be compared to the 1963, 1984 and 2009 reference 
and design curves in ASME III. Similar comparison is made also with other relevant code 

curves, at least with the current RCC-M design curve and in a provisional rule RPP-2 
(2016) proposed new curve for RCC-M. Comparison of the experimental results to 
reference and design curves will allow discussion on transferability and design margins. 

A particular focus area of FATIMA is in high cycle fatigue (HCF), where the historical and 
current design curves most notably differ. As NPP components experience combinations of 
different thermal transients and mechanical loads, potential effects of variable amplitude 
loading need consideration. Prior findings at VTT had hinted of major differences between 
ferritic and austenitic steels in HCF damage accumulation under variable amplitude straining. 

In 2020, material procurement was delayed due to administrative reasons and the originally 
scheduled experiments were canceled. Fortunately, an alternative test material was available 
from prior research and could be utilized for the latter half of the year. As the material was of 
a previously much studied type and aimed for temporary use, basic characterization of the 
batch was skipped and the focus in 2020 was placed directly on HCF variable amplitude 
experiments. However, experimental results were inconsistent with previous assumptions. A 
combination of inconclusive results and limited time for interpretation delayed publication of 
the experimental work from 2020 to a later date. Certainly, more attention is needed to 
understand how variable amplitude straining above and below the constant amplitude 
endurance limit influences fatigue usage. 

Deliverables 

• A conference paper submitted to ASME PVP2020 on the state-of-the-art on 
environmentally-assisted fatigue methodologies in international Codes and Standards 

• A conference paper planned for ASME PVP2021 on the applicability of environmentally-
assisted fatigue rules for stainless steel piping to the design by analysis concepts in 
international Codes and Standards 
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2.4 Research infrastructure 

In 2020 the research area “Research infrastructure” consisted of three projects:  
 

1. Barsebäck RPV material used for true evaluation of embrittlement (BRUTE) 
2. Infrastructure development at LUT safety research laboratory (IDEAL) 
3. Participation in Jules Horowitz Reactor project - towards first criticality in 2022 

(JHR2022). 
 

2.4.1 BRUTE - Barsebäck RPV material used for true evaluation of embrittlement 

The objective of BRUTE is twofold, i.e., to perform mechanical and microstructural 
investigations of Barsebäck 2 BWR reactor pressure vessel (RPV) materials in irradiated and 
thermally aged conditions and to pioneer the new infrastructure in the Centre for Nuclear 
Safety, CNS, VTT. Eight trepans with a diameter of 200 mm and full RPV wall thickness 
(~130–160 mm) have been cut from the B2 RPV, from both the beltline welds, subjected to 

thermal load and neutron irradiation during 27 year of operation at 288 C, as well as from 
the vessel head, subjected only to thermal load. Materials from surveillance programmes and 
from accelerated irradiation to mimic about 200 years of operation are also available as well 
as data from earlier test campaigns. This makes the material selection unique. 

The main objective is to determine the comparability of the surveillance programs, used to 
assess the safety and lifetime of the RPVs, with the results of the real RPV material. The 
BREDA project in Sweden, the Barsebäck Research and Development Arena, has planned, 
executed and funded the cutting of the trepans, and is a prerequisite for the BRUTE project. 
Pioneering the new CNS hot cell infrastructure will fully commission the new infrastructure, 
prove the functionality of the equipment in normal project work, confirm the quality of the 
results in routine testing situations and give a valuable reference for future assignments.  

SAFIR2018 BRUTE project was a one-year project, which continued into SAFIR2022 as a 4 
year Excellence project. Four trepans from the reactor pressure vessel head (RPVH) were 
delivered to VTT CNS in March 2019 and from the beltline area in February 2020. The RPVH 
trepans are from weld W28, which is made from high Ni-weld metal. The same filler material 
is used for the beltline welds and additionally for all other RPVs manufactured by Uddcomb, 
i.e., in most Nordic nuclear power plants (NPPs). The chemical composition, determined in 
the BRUTE2019 is seen in Table 1.  

Table 1. Average chemical composition of the submerged arc weld (SAW) of the B2 RPVH.  

 C Si Mn S P Cr Ni Mo Cu Al W V Ti Co B Fe 

SAW 0.057 0.15 1.43 0.007 0.008 0.03 1.48 0.41 0.06 0.024 <0.01 0.006 0.003 0.020 0.0003 bal. 

 

Specific goals in 2020 

The specific goals for BRUTE 2020, are as follows: 

Validation of fracture toughness testing using miniature C(T) specimens. 

Start cutting of beltline trepans in accordance with agreed test matrix and 
prioritisation in addition to possible continued cutting of RPVH trepans.  

Continued mechanical testing, including beltline weld metal. 

Continued microstructural investigations on RPV and beltline weld metal. 
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Reporting of results. 

Preparation of scientific publications on mechanical test results and on/or 
microstructural results as part of doctoral thesis work. 

 

The fracture toughness testing using miniature C(T) specimens was validated in 
BRUTE2020. Encompassed in the validation were pre-test measurements, fatigue pre-
cracking, proper testing, fracture surface imaging as well as data analysis following ASTM 
E1921-19 [1]. The validation was performed with two different materials, NESC-1 project 
material and CRIEPI material from an earlier round-robin. Both are well-characterised 
materials, and therefore evaluated to be suitable for the validation. However, the test results 
showed that the NESC specimens were not suitable for validation purposes. On the other 
hand, the complete T0 obtained for CRIEPI material was -116.7±7.9 °C, in comparison to 
-109 °C of previous VTT tests and -101 °C of original CRIEPI tests, Figure 1. Both datasets 
were deemed inhomogeneous and the reference temperatures after inhomogeneity-related 
conservatism were 85.5 °C and -113.7 °C, respectively.  

 

Figure 1. Master Curve of CRIEPI material. The reference temperature estimate is obtained 
through inhomogeneous dataset analysis. 

The tests and analysis demonstrate that CNS testing facilities are capable of high quality 
Master Curve testing. After some challenges were handled, the load-displacement curves 
have been consistent and the ensuing Master Curves correspond with reference data. 
Furthermore, supplementary measurements such as dimensions and fracture surfaces can 
be made with good accuracy.  

The four trepans, á 27–28 kg, cut from the beltline area of the B2 RPV were delivered to VTT 
in February 2020. The trepans were measured both for activity and physical dimensions and 
the location of the welds in the trepans were identified [2]. The width of the weld varies from 
30 to 44 mm, showing the importance of accurate location of the weld, preparation of cutting 
plans and cutting, as the Charpy V-notch impact (CVN) specimen length is 55 mm, and thus 
exceeds the width of the weld. Only by accurately positioning the CVN specimens in the 
trepan, and additionally checking the achieved accuracy of cutting, can it be assured, that the 
notch is at the correct location of the weld. In total 54 specimens for microstructural 
investigation, hardness measurements, tensile testing, impact testing and activity 
measurements were successful cut from one trepan in 2020 [3].  

One of the goals of the BRUTE project is to get a better understanding of factors affecting 
brittle fracture initiation in RPV materials, starting with the weld metal. As part of this goal, the 
specimens from the fracture toughness testing of the RPVH weld metal were subjected to 
detailed fractography and microstructural investigations [4]. Similar investigations had been 
performed on the impact test specimens earlier. The main results were summarised in a 
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publication in 2020, as part of an ongoing thesis work [5]. The fractographic examination of 
the CVN impact toughness specimens revealed large inclusions (0.5–2.5 μm) at the brittle 
fracture primary initiation sites. Higher impact energies were measured for specimens where 
brittle fracture initiates from a smaller inclusion or an inclusion further from the V-notch, 
Figure 2. The density, geometry and chemical composition of the primary initiation inclusions 
were investigated, and the size of the initiators is larger than the average inclusion size. The 
brittle fracture crack initiated as a microcrack either within the multiphase oxide inclusions or 
from the debonded interfaces between the uncracked inclusions and weld metal matrix. The 
primary fracture site can be determined in all specimens tested in the lower part of the 
transition curve, at and below 41 J reference impact toughness energy, but not above, due to 
the change of the fracture mechanism, and hence the changes in the fracture appearance, 
showing that the value 41 J, commonly used for determination of the ductile to brittle 
transition temperature is a good choice.  

 

Figure 2. The relation between primary initiation a) particle size (μm) and b) distance of the 
initiator from the V-notch (mm) with impact energy. The specimens tested in the lower part of 
the transition curve show a trend, as the weakest location in the process zone of the testing 
temperature breaks first. [5] 

The investigations of the fracture toughness specimen fracture surfaces show that the 
distribution of the initiation sites are concentrated toward the middle of the specimens, which 
is in accordance with expectations, taking the stress state along the specimen width into 
account. The initiation does not always occur at the deepest point of the pre-fatigue crack. 
Similarly to the CVN specimens, there is a correlation between the distance from the notch or 
pre-crack tip, and the mechanical properties, i.e., the impact energy or the fracture 
toughness. Specimens with higher fracture toughness values have their initiation sites further 
away from the pre-fatigue crack tip. Also the amount of ductile crack growth is longer when 
the fracture toughness is higher.  

Two types of initiation sites were observed, i.e., cracked particles and debonded, Figure 3. 
The initiating particle sizes are larger than the average particle size. Similar to the CVN 
specimens, specimens with lower toughness values showed larger initiating particle sizes. 
Concerning the microstructure, which macroscopically consists of as-welded and reheated 
zones with different microstructures, lower fracture toughness values were observed when 
the prefatigue crack tip is in the reheated microstructure.  
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Figure 3. Broken (upper two pictures), and debonded (lower two pictures) particles at the 
brittle fracture primary initiation sites. [4] 

The microstructural investigations of the beltline weld metal show similar microstructures as 
observed in the RPVH weld metal, i.e., acicular ferrite, with some grain boundary ferrite in 
the as-welded regions, and mainly polygonal ferrite in the reheated regions [6]. 

The T0 temperature of the RPVH weld metal, based on Master Curve analysis is  

-103 ± 37 C, which is similar to that of the baseline weld metal specimens, -99 C. This is 
line with the impact test results, showing similar ductile to brittle transition temperature of the 

two materials, i.e., -74 C T41J for the reference material and -75 C T41J for the RPVH 
material. Both results indicate that there is no effect of thermal ageing during the 27 years of 

operation at 288 C.  

Tensile and impact testing on the beltline weld metal were successfully performed in 
BRUTE2020 and the results are being evaluated.  

Deliverables in 2020 

• A public document describing the fracture toughness testing validation. 

• High-quality specimens available for testing, based on cutting plans and 
successful cutting. 

• Extensive results from characterisation of fracture surface from the fracture 
toughness specimens, summarised in a report.  

• A scientific publication based on the results from characterisation of 
microstructure and impact test specimens from the RPVH. 

• Mechanical test results from RPVH and beltline weld metals. 

• Basic documentation of the beltline trepans delivered to VTT. 
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2.4.2 IDEAL - Infrastructure development at LUT safety research laboratory 

The general objective of the IDEAL project (2019–2022) is to develop the experimental 
thermal hydraulic infrastructure at LUT University nuclear safety research laboratory. The 
project comprises maintenance of the existing thermal hydraulic test facilities, development 
and upgrade of the instrumentation and data acquisition capabilities, as well as development 
of the new modular integral test facility, MOTEL. The motivation for the project is in providing 
state-of-the-art experimental thermal hydraulic capabilities, which benefit the whole Finnish 
nuclear community. The maintained and upgraded facilities are used in other important 
SAFIR and industrial safety research projects. Enhancement of the measurement capabilities 
enables production of high-quality data for understanding the thermal hydraulic phenomena 
and for the development and validation of computational tools, such as CFD codes. 
Purchasing and implementing novel measurement techniques promotes the growth of 
expertise in the field of experimental thermal hydraulics. Maintaining the facilities and 
expertise enables rapid solution of problems that arise in the Finnish nuclear power plants. 

 

Specific goals 

WP1 of IDEAL concerns the development of advanced measurement techniques, such as 
particle image velocimetry (PIV), wire-mesh sensors (WMSs), high-speed cameras (HSCs) 
and the related pattern recognition technology, optic fibers for longitudinal temperature 
distribution measurement, and ultrasonic flow meters. 

The optic fiber technique was tested initially in 2019 but the results were not good. Thus, in 
2020, the fibers were further tested as a bachelor’s thesis work. The measurement set-up 
was simpler water pool measurement with both a straight fiber and fibers bent to U-curves. In 

https://doi.org/10.1007/s12613-020-2226-6


 

 

RESEARCH REPORT VTT-R-00462-21 

132 (146) 

  

 

the work, the effect of the capillary pipe curves of different radiuses was studied. In addition, 
the aim was to study the effect of vibration to the measurement accuracy since there was 
indication from the previous measurements that vibration may affect the results. The 
vibration was executed by means of shaking the measurement set-up before the 
measurement. Also, the effect of temperature was studied: all measurements were 
conducted with “cold” water (~10–20 °C) and “hot” water (~50 °C). The spatial resolution 
used in the measurements was 0.65 mm, which is the highest possible with the current 
system. The measurements were conducted inside the water pool of the HIPE (Horizontal 
and Inclined Pipe Experiments) test facility in the LUT laboratory. 

An example of the measurement results is shown in Figure 1. In the figure, the gray dots are 
moving average values of the optic fiber temperature data with the spatial resolution of 0.65 
mm. The red dots are the reference thermocouple measurement values. The black dots are 
the optic fiber temperature values in the locations of the thermocouples. The example figure 
shows really large differences between the fiber and thermocouple measurements. It also 
shows that the deviation of the fiber measurement is approximately 2 °C in this case. Further, 
we can see that the effect of the bends on the measurement result is difficult to interpret from 
the results. The gained results show in general that the fibers still give data, which differs 
relatively much from the reference thermocouple measurements. Based on the results of the 
work, there seems not to be a clear indication on which factors affect the results most 
(bends, temperature, length of the fiber…). In general, it seems that the optic fiber technique 
is not suitable for really accurate temperature measurement, but rather for rougher 1D 
distribution measurement where the interest is more on temperature gradients on certain 
lengths (for example height of a pool, length of a steam generator tube etc.), and where the 
accuracy of the measurement doesn’t play so big role. 

 

Figure 1. Example of measurement results with optic fiber with six bends in cold water. 

The ultrasonic flow meters were initially tested in the above-mentioned PASI natural 
circulation experiment NC-03 in 2019, but the results were not convincing. The testing was 
continued in 2020 in a separate test set-up to prepare for the use in the annular downcomer 
of the MOTEL test facility. A mock-up of the annular downcomer space, a rectangular flow 
channel with a 3.5 cm x 51.5 cm cross-sectional area, was attached to the HIPE test facility 
water tank. The water was circulated from the water tank to the flow channel and back. The 
testing set-up is presented in Figure 2. The flow meter is attached on the surface of the flow 
channel, as it will be attached on the surface of the MOTEL downcomer. 
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Figure 2. Ultrasonic flow meter testing set-up attached to the HIPE test facility. 

The testing was conducted in atmospheric pressure and temperature. The challenge in this 
measurement configuration is that the flow meter assumes circular flow channel (the 
diameter of the channel is put in the meter before measuring). Therefore, a correction factor 
has to be used in order to correct the measurement data to correspond the situation in the 
annular downcomer space. The effect of the curvature of the MOTEL downcomer was 

considered negligible. The flow meter assumes round channel cross-section ( ). In this 

case, the flow channel is rectangular (assumed measurement area ). Thus, the correction 

factor  was used in this case. Measurements were conducted on various lateral locations 
of the flow channel. Example of the results is shown in Figure 3. The reference flow velocity 
data was measured from the HIPE test facility flow channel as volumetric flow. This was 
converted into velocity, assuming that the flow is evenly distributed inside the mock-up flow 
channel. This was one uncertainty in this study since there was no information on how the 
flow was distributed in the channel. The reference velocity data is shown with the blue line in 
the figure below (“Velocity average”). The raw ultrasonic flow meter measurement data is 
shown with the orange line (“Katronic average”). The data corrected with the correction factor 
is shown with the grey line (“Korjattu”). The data in the figure are moving averages to 
smoothen the deviation of the data. 
 

 
 
Figure 3. Ultrasonic flow meter testing result from the center point of the flow channel (50 s 
moving average). 
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Based on the results of this testing, it is difficult to draw clear conclusions on how accurately 
the ultrasonic flow meters measure the flow velocity. It can be seen in the figure above that 
at some velocity levels the correction factor corrects the measured velocity to correspond the 
reference velocity. Nevertheless, at some velocity levels the effect of the correction factor is 
opposite – the corrected values differ even more from the reference velocity than the raw 
data. The results seem to differ according to the lateral location of the flow meter, too. In 
addition, as mentioned above, the reference velocity is very much assumed/approximated, 
thus any clear conclusions are hard to draw. These initial results are promising, though, 
because the magnitude of the measurement result seems to be correct. The testing of the 
ultrasonic flow meters will continue in 2021 with eliminating certain assumptions made. The 
most important improvement is to gain reliable reference velocity data from the mock-up 
channel modeling the annular downcomer. 

The high-speed PIV feasibility study was finalized in 2020. Based on the study it was decided 
that the purchase of a high-speed PIV system will take place later since there are more 
important procurements to be made in the project in 2021. Thus, the possible procurement 
shifts to the future. Within the LUT projects, high-speed cameras have been used to support 
data analyses of various condensation experiments. A pattern recognition algorithm has 
been created and developed with the high-speed camera measurement results. In 2020, a 
plan for the further high-speed camera testing with stand-alone HSC measurements focusing 
only on the cameras to be conducted in 2021 was made. In 2020, an extempore test was 
carried out to prepare for the 2021 studies. In this test, pressurized air was injected into the 
water of the SEF-POOL test facility. The conducted test showed that the SEF-POOL facility 
is an appropriate base when testing the features of the HSC system. Thus, there is no need 
for a separate test facility for this purpose.  

WP2 includes continuous maintenance work in the laboratory, as well as the yearly 
maintenance actions, such as calibration of instruments. In 2020, the annual maintenance 
actions were conducted during the summer. The periodical pressure vessel inspection was 
performed for the (PWR) PACTEL facility. It consisted of internal inspection for core section 
and service inspection for the facility itself. The opening pressures of the PACTEL safety 
valves were tested separately in a test bench. 

Renovation actions of the LUT laboratory have been done within WP2 in 2020. Part of the 
compressed air system was renewed, and new shutoff valves were installed in order to 
minimize the use of compressed air during non-activity periods of the PACTEL facility. Also, 
some of the valve actuators and pilot valves were either fixed or swapped for new 
components. These modifications were made to significantly reduce the amount of 
compressed air wasted. Renewal of the electrical systems of the laboratory has begun in 
2020. To enhance safety, residual current protection devices were installed, and the 
selectivity of the electrical networks were improved. In the next stage, some of the cabling 
will be rerouted in order to relieve the overloading of the cable routing. 

In WP2, also 3D laser scanning of the PASI test facility was conducted in 2020. The purpose 
of this was that with the results of the scanning the accurate pipeline diameters for the test 
facility in the SolidWorks model would be gained. The heat exchanger and the riser and 
downcomer lines of PASI were scanned, and the results are not fully convincing. It seems 
that when scanning bright surfaces with lots of “interference sources” (thermo couple wires 
etc.), the result is not perfect. The gained data should be processed more in order to use it to 
support the design and scaling of test facilities. 

The WP2 also includes a plan for a component stock in the laboratory. The idea behind the 
component stock is to ensure the functionality of the existing test facilities and thus reduce 
the off-production and repairs time if come component breaks, to ensure the laboratory’s 
ability to construct new testing systems that require components with long delivery times 
without any delays and to have a variety of sensors for different applications with different 
working principles. In 2020, 20 k€ out of 30 k€ allocated to the procurement of the 
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components was moved to WP4, because the MOTEL facility needed new signal converters 
for the heating elements, and thus also new measuring cards had to be acquired. The old 
measurement cards will be left for the component stock and can be used in the future. No 
procurements have been made to the component stock, yet. 

WP3 deals with process control and computational systems of the LUT laboratory. The field 
instrumentation of the laboratory will be renewed during SAFIR2022. In 2019, the necessary 
components were purchased: a safety valve to the (PWR) PACTEL primary side, a Coriolis 
flow meter to the accumulator line, a Vortex flow meter to the downcomer line, three pressure 
transducers and twelve differential pressure transducers. The Coriolis and Vortex flow 
meters were installed in 2020. 

The amount of data from the experiments in the LUT laboratory has been expanded due to 
advanced and high-speed measurement capabilities. Similarly, the use of modern 
computational tools, such as CFD, to support and supplement experiments produces large 
data sets. The current EDS storage system is not suitable for large data files. Thus, 
enlargement of the data storage space has been planned and executed within the IDEAL 
WP3. The new computing and data storage servers were purchased in 2020 along with the 
server room modifications realized with LUT internal investment. 

WP4 deals with the development of the new modular integral test facility, MOTEL (MOdular 
TEst Loop). In 2020, final installation works of the facility were done. The shakedown tests of 
MOTEL were conducted in December 2020. The purpose of these tests was to ensure that 
all the facility systems including the process control and data acquisition systems work as 
expected. In the shakedown test, the power feed systems and the steam generator operation 
were tested. In addition, the functioning of the measurement systems was checked. After the 
shakedown test, the official commissioning test of MOTEL was conducted. This test can be 
considered as a second part of the shakedown tests. In the commissioning test, the 
operation of the pressure-related safety equipment as mandated by the Finnish law was 
tested. The safety automation against over-pressurization of the facility as well as the core 
overheating protection system were tested. As the commissioning test was successfully 
conducted, the official operating license of MOTEL was granted, and the facility is ready for 
the characterizing experiments. These include a heat loss experiment, a pressure loss 
experiment and an experiment characterizing natural circulation. 

WP5 of IDEAL concerns the management of the project. International co-operation is also 
included in this work package. International co-operation is realized by means of participation 
to SILENCE, a worldwide network for owners of thermal hydraulic test facilities. 

Deliverables 

• A research report describing the actions and development of the advanced thermal 
hydraulic measurement techniques (PIV, WMS, high-speed cameras, optic fibers…) in 
the LUT laboratory in 2020. 

• Maintenance of the test facilities in the LUT laboratory, covering e.g. yearly maintenance 
actions, such as calibration of instruments. 

• A research report shortly describing the maintenance actions in the LUT safety research 
laboratory in 2020. 

• Enlargement of the data storage space and upgrade of the computation servers. 

• A research report describing the conducting and the results of the MOTEL shakedown 
and commissioning tests. 
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• Project management, including preparation and participation in the RG meetings. 

• Participation in the SILENCE (a network for large test facility operators) meeting. 

 

Publications in 2020 not listed as official deliverables of the project: 

• A bachelor’s thesis regarding the optic fiber testing in the HIPE test facility water pool. 

 

2.4.3 JHR2022 - Participation in Jules Horowitz Reactor project - towards first criticality 
in 2022 

Over the past forty years, materials testing reactors (MTR) in Europe have provided essential 
and invaluable support to the nuclear power plant community and nuclear industry. They 
have played an important role in the development and qualification of both materials and 
nuclear fuel used in today’s nuclear power plants (NPP), along with ensuring the continued 
safety in current and future reactor concept designs. As the existing feet of MTRs continues 
to age, they will face an increasing probability of shut down due to outdated safety standards 
and experimental capabilities that are no longer able to respond to today’s increasing 
demands and requirements. The only MTR under construction in Europe is the Jules 
Horowitz Reactor (JHR) at CEA in Cadarache, France. The JHR has been labeled as a 
European Strategic Forum Research Infrastructure (ESFRI) since 2008 and will become an 
important part of European nuclear research infrastructures (NRI) in the coming years. 
Finland is participating in the construction of the JHR with at 2% in-kind contribution, which 
includes the delivery of several experimental devices to serve the needs of the JHR and the 
nuclear community.  

Goals 

The JHR2022 project is comprised of four work packages (WP). WP1 focusses on 
participation in the JHR Working Groups (WG) and international collaboration activities. WP2 
focuses on materials investigations, including MeLoDIE II developments and MeLoDIE II’s 
role in the OECD/NEA Framework Programme for In-pile Fuel and Materials Irradiation 
Experiments (FIDES), along with the JHR Archive Material Programme (JAM). WP3 focuses 
on nuclear fuel and, more specifically, the reporting from the secondee exchange at CEA-
Cadarache. WP4 includes all project management activities.   

International activities 

In the JHR2022 project, participation in the materials (MWG), fuel (FWG) and 
technology (TWG) working groups of the JHR consortium takes place. The 10th Annual 
Technical Seminar, traditionally held in during the spring, was initially postponed to fall 2020 
and eventually canceled due to the unprecedented pandemic situation. In addition, no face to 
face working group meetings were held, nonetheless the working groups remained active 
through remote meetings and teleconferences.  

The OECD/NEA Framework for In-pile Fuel and Materials Irradiation Experiments (FIDES) is 
progressing. Several experimental projects for the new framework, termed Joint 
Experimental Programmes (JEEPs), have been proposed. The proposed JEEPs include the 
P2M project (tests in BR2 reactor in Belgium and PIE investigations at CEA), the MIR-LOCA 
project (loss-of-coolant accident (LOCA) tests in the MIR reactor in Russia) and the INCA 
project (in-pile creep studies of advanced technology fuel (ATF) claddings at the LVR-15 
reactor in Czech Republic). Finland is participating in the INCA project. In 2002, the (i) FIDES 
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establishment board meeting and the (ii) INCA Project Workshop were organized virtually 
and attended by project members.  

The JHOP2040 project, submitted in response to the Euratom call section NRFP-16 in 2019 
(proposal for a roadmap for use of Euratom access rights to Jules Horowitz Reactor 
experimental capacity) was funded. The project’s kick-off meeting was held virtually on 
September 8-9, 2020.  

Participation in the Halden Reactor Programme Group meeting, held virtually on October 14-
15, 2020, took place.  

In addition, a secondee exchange to CEA-Cadarache took place from October 2019 – March 
2020. The focus of Seppo Hillberg’s secondee project was on JHR irradiation test device 
inspection methods, specifically initiating how and where the inspections take place. The 
irradiation test devices are inserted in the vicinity of the reactor core and contain material or 
fuel samples. According to French regulation, JHR irradiation test devices must undergo a 
periodic non-destructive inspection every 40 months. Select inspection methods were 
evaluated and the focus of this secondee exchange was on ultrasonic (volumetric) and eddy 
current (surface C-scan) inspection methods.  

MeLoDIE II development 

The MeLoDIE mechanical loading device destined for use at the JHR for in-pile fuel cladding 
irradiation creep testing is being developed within this project. VTT according to necessary 
modifications for exploitation in the LVR-15 reactor in Rez, Czech Republic. The deployment 
of the device in LVR-15 would be part of the OECD/NEA FIDES framework in the INCA 
proposal that will be coordinated by Centrum výzkumu Řež (CVR). Eventually, based upon 
both the experience gained and improvements, a third version will be adapted for 
experiments in JHR. 

MeLoDIE I is an instrumented in-reactor creep experiment for fuel cladding tube specimen 
under controlled bi-axial loading to be carried out in the Osiris research reactor. The original 
MeLoDIE device was designed and delivered to CEA in 2012 for use in the OSIRIS Reactor 
at CEA Saclay in France. The MeLoDIE loading device is part of the sample holder installed 
in the CHOUCA capsule and the targeted test temperature will be 350oC The internal 
pressure of the zirconium tubular sample will be 160 bar.  

The design of the MeLoDIE II device is based on the lessons learned from the use of the 
MeLoDIE I device. The main emphasis in the design is on changing the structure of the load 
frame so that it can be made simpler, lighter and stronger. Also, the redesign of the diameter 
measuring device is an important part of the design of the MeLoDIE II device. The structure 
of the loading frame must allow the use of different type of the DG (diameter gauge) 
methods. A diagram of the MeLoDIE I and II devices can be seen in Figure.  
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Figure 1. MeLoDIE I and II devices with the diameter gauge system. 

 

Deliverables 

• Research report on the development of the MeLoDIE II test device in 2020 

• Research report on the Status of the JHR Archive Material Programme in 2020.  

• Travel report from the OECD/NEA FIDES Establishment Board Meeting  

• Travel report from the FIDES INCA Workshop 

• Travel report from the Halden Reactor Project Programme Group Meeting  

• Travel report from the Secondee exchange at CEA-Cadarache  

• Travel report summarizing the Progress of the EU-JHOP2040 Project 
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3. Financial and statistical information 

 
The planned and actual volumes of the SAFIR2022 programme in 2020 were 6,3 M€ and 6,4 
M€, and 40 and 44 person years, respectively. The funding partners were VYR with 4,216 
M€, VTT with 1,223 M€, Lappeenranta-Lahti University of Technology with 0,310 M€, NKS 
with 0,152 M€, Aalto University with 0,138 M€, SSM with 0,036 M€, Halden Reactor Project 
with 0,036 M€ and other partners with 0,311 M€. The planned and actual funding by the 
major funding partners are illustrated in Figure 3.1. The planned and actual costs by cost 
category are shown in Figure 3.2. The personnel costs make up the major share. 
 

 

Figure 3.1. Planned and actual funding of the SAFIR2022 programme in 2020. 

 

 

Figure 3.2. Planned and actual costs of the SAFIR2022 programme in 2020. 
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Figures 3.3-3.6 show the cost and volume distribution by research area. In the figures, the 
following abbreviations are used for the steering group research areas:  SG1 Overall safety 
and systemic approach to safety, SG2 Reactor safety, SG3 Structural safety and materials, 
and SG4 Research infrastructure. 

 

Figure 3.3. Planned and actual costs by research area in 2020. 

 

 

Figure 3.4. Planned and actual volumes by research area in 2020. 

The actual costs coincided well with the planned costs in all research areas (Figure 3.3). On 
the other hand, the actual volumes in person-years were higher than the planned volumes 
(Figure 3.4). The fact is also reflected in the higher actual than planned personnel costs 
(Figure 3.2). 

In the research areas SG3 and SG4 the shares of person-years were lower than their shares 
of total funding because of higher other than personnel costs (Figures 3.5-3.6). In SG1 and 
SG2 the shares of the person-years were bigger than their shares of the total funding. 
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Figure 3.5. Distribution of total funding in SAFIR2022 research areas in 2020. 

 

 

Figure 3.6. Distribution of person-years in SAFIR2022 research areas in 2020. 
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The numbers of different kind of publications and other documents made in SAFIR2022 
research projects during 2020 are listed in Table 3.1. The programme produced 185 
documents in 2020 consisting of 27 scientific journal articles, 29 conference articles, 85 
research reports, 12 theses and 32 other delivered documents.  
 
The average number of publications in the research projects was 3,6 per person-year 
(“Others” in Table 3.1 excluded), and the average number of scientific journal articles was 
0,64 per person-year. There were differences in the number and type of publications 
between the projects but most of the projects wrote also scientific and conference articles in 
addition to research reports.  
 

Table 3.1 Publications and other documents produced in the SAFIR2022 projects in 2020. 

Project 
acronym 

Volume 
(person 
years) 

Research 
reports 

Scientific 
journal 
articles 

Conference 
articles 

Theses Others Total 
 

BORS 
1,2 

2 0 3 1 1 7 

COSI 
1,1 

2 1 0 0 1 4 

NAPRA 
1,3 

5 0 0 0 0 5 

OSAFE 
0,8 

0 0 1 1 2 4 

PARSA 
0,6 

0 0 0 0 5 5 

PREDICT 
1,8 

1 3 2 3 4 13 

SEARCH 
3,4 

2 3 3 1 1 10 

URAN 
1,9 

2 4 0 1 1 8 

EPIC 
0,4 

0 0 2 0 0 2 

ANSA 
1,3 

2 1 0 0 5 8 

CATS 
1,2 

3 0 0 0 2 5 

CFD4RSA 
1,2 

5 1 0 0 0 6 

INFLAME 
1,2 

5 0 0 0 0 5 

LONKERO 
2,4 

1 1 5 0 2 9 

MANTRA 
0,6 

3 2 0 0 0 5 

PAHE 
1,0 

1 0 0 0 0 1 

PATE 
1,5 

2 0 0 0 0 2 

RACSA 
1,3 

3 1 2 0 0 6 

SPASET 
1,0 

2 0 0 0 0 2 

THACO 
1,5 

4 0 0 0 0 4 

EMBER 
0,3 

1 0 0 0 0 1 
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PORA 
0,8 

2 0 0 0 1 3 

AM-NPP 
0,4 

2 1 0 0 0 3 

AMOS 
1,0 

4 0 0 1 0 5 

CONAGE 
1,0 

4 0 2 0 0 6 

CONFIT 
0,4 

2 1 0 0 0 3 

ELIAS 
0,6 

1 1 3 0 1 6 

ELMO 
1,2 

4 1 0 1 0 6 

FEVAS 
1,1 

1 1 4 2 0 8 

RACOON 
1,6 

1 4 0 1 0 6 

SAMPO 
1,1 

6 0 0 0 0 6 

FATIMA 
0,6 

0 0 2 0 0 2 

BRUTE 
2,5 

7 1 0 0 1 9 

IDEAL 
2,2 

3 0 0 0 0 3 

JHR2022 
0,7 

2 0 0 0 5 7 

Total 42,4 85 27 29 12 32 185 

 

Altogether 12 higher academic degrees were obtained in the research projects in 2020:  
seven Doctoral degrees and five Master’s degrees (Table 3.2). The academic degrees are 
listed in Appendix 3. 

 

Table 3.2 Academic degrees obtained in the projects in 2020. 

Project acronym Doctor Master 

BORS  1 

OSAFE  1 

PREDICT 3  

SEARCH  1 

URAN 1  

AMOS 1  

ELMO  1 

FEVAS 2  

RACOON  1 
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Table 3.3 shows the workloads of the projects in 2020 on the competence areas defined in 
the latest competence survey in Finland [6], [7]. Highest workloads were put on thermal 
hydraulics, material and mechanical engineering, reactor physics and dynamics, automation 
and control room, and probabilistic risk assessment. 

The competence areas of the academic degrees obtained in 2020 are also shown in Table 
3.3. 

Table 3.3 may be compared with the figures 3.2, 3.6, 3.10, 3.12 and 3.14 in section 3 of [7]. 
The figures show the number of experts with Master´s degree in 2017 and the estimated 
future demand in 2020, 2025 and 2030 by area of competence (all respondents, power 
companies and Posiva, public authorities, universities and research institutes, other industrial 
companies). 

 

Table 3.3 Workload on different competence areas in 2020. The order of the competences 
follows the order in the Annual report 2019 (from largest to smallest in 2019). The person 
months have been estimated by the project managers. 

Competence area Workload in 2020 Academic 
degrees 

Person 
years 

Person 
months Doctor Master 

Thermal hydraulics 8,1 85,3   

Material engineering 5,1 53,8 1  

Severe accidents 2,0 20,6   

Reactor physics and dynamics 3,0 31,2   

Probabilistic risk assessment 2,5 25,8 3  

Automation and control room 2,8 29,7  1 

Project management 2,0 20,9   

Human factors 2,1 21,6  1 

Construction engineering 1,7 17,9 2  

Electrical engineering 1,6 16,3   

Mechanics/Mechanical engineering 2,5 26,5 1  

Nuclear fuel 1,5 15,8   

Quality management and inspections 1,6 17,0  1 

Other nuclear sector expert duties 1,1 11,4  1 

Radiation protection (on-site and off-
site) 0,5 5,4   

Water chemistry 0,7 7,5  1 

Security 0,4 4,0   

Nuclear waste management R&D 0,1 0,8   

Radiochemistry 0,0 0,0     

Process engineering 0,2 2,0     

Safeguards 0,0 0,0   

Operator duties 0,0 0,0     

Nuclear and particle physics 0,0 0,0     
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4. Programme management 

The organisation of SAFIR2022 is shown in Figure 4.1 and its function described in detail in 
the Operational management handbook [5], available on SAFIR2022 website 
http://safir2022.vtt.fi/ . 

 

 

Figure 4.1. Structure of SAFIR2022 organisation. Each project belongs to one of the 
research areas SG1-SG4 and is quided by one of the reference groups (RG1-RG8).  

During the administrative period (January 2020 – March 2021) the SAFIR2022 Management 
Board (MB) held three meetings. Each of the steering groups SG1-SG3 had three meetings 
and SG4 had two meetings. The reference groups RG1-RG8 had three meetings. Due to the 
coronavirus pandemic the meetings were held as remote meetings (Teams).    
 
The MB can annually initiate small preliminary type studies with the order procedure. 
Decisions on the small projects are made after the funding decisions for the actual call for 
proposals. The small projects support the implementation of the SAFIR2022 Framework Plan 
in topics where actual research projects have not been started and they can also introduce 
new topics. The costs of the small projects are included in the budget of the administration 
project (ADMIRE). In 2020, four small projects were realised: 

1. Artificial intelligence for the support of regulator decision making (AI-REGULATOR) 
2. Machine learning in safety critical industry domains (DEFLECT) 
3. Literature study on cobalt-free hard-facings (NOCO) 
4. Synthetic evaluation of the attenuation of seismic waves (SYNTHI). 

 

http://safir2022.vtt.fi/
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The final reports of the small projects can be found on SAFIR2022 extranet. 
 
SAFIR2022 Interim seminar was held on 18.-19.3.2021 as a joint webinar with the KYT2022 
programme. The seminar programme as well as the slides and videos of project 
presentations can be found on SAFIR2022 public website (http://safir2022.vtt.fi/ ). 
SAFIR2022 Interim report [8] includes articles describing the results of the projects in 2019-
2020. 

Information about research carried out in SAFIR2022 is also communicated formally via the 
progress reports of the projects for the reference group meetings, the annual reports of the 
programme and SAFIR2022 website (public and protected extranet). Additional information 
was given in the reference group meetings and other meetings and seminars organised by 
the research projects. The detailed scientific results are published as articles in scientific 
journals and conference papers, and research reports. 
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Appendix 1

Publications in the projects in 2020



Building Operational Readiness of Control Room Crews (BORS)

Conference articles

Laarni, J., Liinasuo, M., Pakarinen, S., Lukander, K., Passi, T., Pitkänen, V., & Salo, L.
(2020). Building Cognitive Readiness and Resilience Skills for Situation Assessment
and Diagnostic Reasoning in a VR CR. In: Stephanidis C., Antona M. (eds.) HCI
International 2020 - Posters. HCII 2020. Communications in Computer and Information
Science, vol 1225. Springer, Cham. https://doi.org/10.1007/978-3-030-50729-9_11

Laarni, J., Tomminen, J., Liinasuo, M., Pakarinen, S., & Lukander, K. (2020).
Promoting Operational Readiness Through Procedures in Nuclear Domain. In: Harris
D., Li WC. (eds.) Engineering Psychology and Cognitive Ergonomics. Cognition and
Design. HCII 2020. Lecture Notes in Computer Science, vol 12187. Springer, Cham.
https://doi.org/10.1007/978-3-030-49183-3_4

Pakarinen, S., Laarni, J., Lukander, K., Inkilä, V.-P., Passi, T., Liinasuo, M., & Salonen,
T.-T. (2020). Promoting Operational Readiness of Control Room Crews Through
Biosignal Measurements. In: Ahram T. (eds) Advances in Artificial Intelligence,
Software and Systems Engineering. AHFE 2020. Advances in Intelligent Systems and
Computing, vol 1213. Springer, Cham. https://doi.org/10.1007/978-3-030-51328-3_78

Research reports

Laarni, J., Pakarinen, S., Passi, T., Lukander, K., Liinasuo, M., & Salonen, T.-T. (2020).
Promoting operational readiness through procedures - Final report of the 2019
simulator study. VTT Research Report, VTT-R-00124-21.

Pakarinen, S., Laarni, J., Koskinen, H., Passi, T., Liinasuo, M., & Salonen, T.-T. (2020).
Virtual-reality based NPP field operator training. Research Report. Finnish Institute of
Occupational Health.

Thesis

Tomminen, J. (2020). FRAM-menetelmän soveltaminen ydinvoimalaitoksen ohjeiden
suunnitteluun. Master’s Thesis. University of Jyväskylä, Faculty of Information
Technology, Cognitive Science, 9.12.2020

Others

Laarni, J. (2021). Multitasking and interruption handling in control room operator work.
In: A.-M. Teperi, & N. Gotcheva: Human Factors in the Nuclear Industry, pp. 127-149.
Woodhead Publishing. https://doi.org/10.1016/B978-0-08-102845-2.00007-7

Laarni, J. (2020). A comparison of prose and flowchart format for presenting
procedures in nuclear domain. Literature review. Slide set. VTT & FIOH.

Liinasuo, M. (2021). Learning from emergency exercises through systematic debriefing.
In: A.-M. Teperi, & N. Gotcheva: Human Factors in the Nuclear Industry, pp. 207-237.
Woodhead Publishing. https://doi.org/10.1016/B978-0-08-102845-2.00007-7

https://doi.org/10.1007/978-3-030-50729-9_11
https://doi.org/10.1007/978-3-030-49183-3_4
https://doi.org/10.1007/978-3-030-51328-3_78
https://doi.org/10.1016/B978-0-08-102845-2.00007-7
https://doi.org/10.1016/B978-0-08-102845-2.00007-7


Liinasuo, M., & Pakarinen, S. (2020). Development of video-based process tracing
methodology - conceptual description. Slide set. VTT & FIOH.

Pakarinen, S., & Salonen, T.-T. (2020). Lecture material on resilience skills training.
Slide set. FIOH & VTT.

Co-simulation model for safety and reliability of electric systems in
flexible environment of NPP (COSI)

Scientific journal articles

P. H. Divshali, P. Laakso, S. Hänninen, R. J. Millar, and M. Lehtonen, “Electrical and
Thermomechanical Co-Simulation Platform for NPP”, Energies, Volume 14, Number 4,
2021. . Available: https://www.mdpi.com/1996-1073/14/4/939

Research reports
P. H. Divshali, S. Hänninen, P. Laakso, T. Korvola, R.J. Millar, “Description of the co-
simulation platform for NPP”, VTT Research Report, DOI: 10.32040/2242-
122X.2020.T382. Available: https://doi.org/10.32040/2242-122X.2020.T382

R.J. Millar, P. H. Divshali, and M. Lehtonen, “D2.2: Baseline simulation results”, Aalto
Report. ISBN: 978-952-64-0252-9 (electronic), Available: http://urn.fi/URN:ISBN:978-
952-64-0252-9

Others:

P. H. Divshali and R.J. Millar “Co simulation model for safety and reliability of electric
systems in flexible environment of NPP, GINO Research Program presentation, Espoo,
Finland, Available: https://www.youtube.com/watch?v=0YuJrzvHra8

New developments and applications of PRA (NAPRA)

Research reports

Liinasuo, M., Karanta, I., Kling, T., Dynamic human reliability analysis ⎼ A stakeholder
survey and an empirical study, VTT Research Report, VTT-R-00184-21.

Tyrväinen, T., Korhonen, T., Kling, T., Extensions to cable room fire PRA study and
method, VTT Research Report VTT-R-01545-20.

Tyrväinen, T., Karanta, I., Kling, T., He, X., Olofsson, F., Massaiu, S., Sparre, E.,
Eriksson, C., Cederhorn, E., Authen, S., Prolonged available time and safe states.
Nordic Nuclear Safety Research NKS-444.

Working Group on RISK assessment, Digital I&C PSA - comparative application of
digital I&C modelling approaches for PSA, OECD NEA/CSNI/R(2021)xy.

https://www.mdpi.com/1996-1073/14/4/939
https://cris.vtt.fi/en/persons/timo-korvola
https://doi.org/10.32040/2242-122X.2020.T382
http://urn.fi/URN:ISBN:978-952-64-0252-9
http://urn.fi/URN:ISBN:978-952-64-0252-9


Björkman, K., Karanta, I., A simple failure tolerance analysis case study for a fictive
boiling water reactor, VTT Research Report VTT-R-00038-21.

Others

Tyrväinen, T., Summary of DIGMAP online meetings.

Development of Framework for justification of Overall Safety (OSAFE)

Master’s Thesis

Turunen, M., Overall safety of small modular reactors, Master’s thesis, LUT University
publication, 12/2020. http://urn.fi/URN:NBN:fi-fe2020120499439

Article in proof-reading and to be submitted

Hyvärinen, J., Vihavainen, J. and Ylönen, M. 2021 An overall safety concept for nuclear
power plants.

Book chapters (extra deliverables)

Gotcheva, N., Oedewald, P. and Ylönen, M. 2020. Systems thinking applied to safety
culture approach in Finland. In Teperi, A.M. and Gotcheva, N. (Eds.) Human Factors in
Nuclear Industry. London: Elsevier.

Ylönen, M. 2020. Assessing the Goodness of the Concept of Institutional Strength-in-
depth. In Teperi, A.M., and Gotcheva, N. (Eds.) Human Factors in Nuclear Industry.
London: Elsevier.

Participative development for supporting human factors in safety
(PARSA)

Others (reviewed scientific book chapters)

Puro, V., Kannisto, H., Lantto, E. Learning from operational events on organisational
level - findings from Finnish nuclear power industry. In: Teperi, A-M., Gotcheva, N.
Human Factors in the Nuclear Industry. A Systemic Approach to Safety. 1st Edition.
ISBN: 9780081028452. Elsevier, Woodhead Publishing.

Teperi, A-M. Applying HF in nuclear industry - people as presence of positive capacity.
2020. In: Teperi, A-M., Gotcheva, N. Human Factors in the Nuclear Industry. A
Systemic Approach to Safety. 1st Edition. ISBN: 9780081028452. Elsevier, Woodhead
Publishing.

Teperi, A-M. Utilizing design thinking for renewal of safety management practices in the
nuclear industry. 2020. In: Teperi, A-M., Gotcheva, N. Human Factors in the Nuclear
Industry. A Systemic Approach to Safety. 1st Edition. ISBN: 9780081028452. Elsevier,
Woodhead Publishing.

Viitanen, K. Human performance tools as a part of programmatic human performance
improvement. In: In: Teperi, A-M., Gotcheva, N. Human Factors in the Nuclear

http://urn.fi/URN:NBN:fi-fe2020120499439
http://urn.fi/URN:ISBN:978-952-60-8574-6


Industry. A Systemic Approach to Safety. 1st Edition. ISBN: 9780081028452. Elsevier,
Woodhead Publishing.

Wahlström, M., Kuula, T., Seppänen, L., Rantanummi, P., Kettunen, P. Resilient power
plant operations through a self-evaluation method. In: In: Teperi, A-M., Gotcheva, N.
Human Factors in the Nuclear Industry. A Systemic Approach to Safety. 1st Edition.
ISBN: 9780081028452. Elsevier, Woodhead Publishing.

Please note, that part of the book chapters above has been started to be prepared
during SAFIR2018 period, but reviewed, finalized and published during SAFIR2022
period. Other funding made possible publications (www.ttl.fi/prohf), too. Funding details
at Acknowledgements.

Predicting extreme weather and sea level for nuclear power plant safety
(PREDICT)

Scientific journal articles

Björkqvist, J.-V., Rikka, S., Alari, V., Männik, A., Tuomi, L., and Pettersson, H., Wave
height return periods from combined measurement–model data: a Baltic Sea case
study, Nat. Hazards Earth Syst. Sci., 20, 3593–3609, https://doi.org/10.5194/nhess-20-
3593-2020, 2020.

Olsson, T., Luomaranta, A., Jylhä, K., Jeworrek, J., Perttula, T., Dieterich, C., Wu, L.,
Rutgersson, A., and Mäkelä, A., 2020: Statistics of sea-effect snowfall along the
Finnish coastline based on regional climate model data, Adv. Sci. Res., 17, 87–104,
https://doi.org/10.5194/asr-17-87-2020.

Pellikka, H., Laurila, T., Boman, H., Karjalainen, A., Björkqvist, J., Kahma, K.,
Meteotsunami occurrence in the Gulf of Finland over the past century. Nat. Hazards
Earth Syst. Sci., 20, 2535–2546, 2020. https://doi.org/10.5194/nhess-20-2535-2020

Conference articles

Laine, M., Räty, O., Leijala, U., Särkkä, J., Johansson, M., Bayesian Hierarchical
Modeling of Sea Level Extremes. AGU Fall Meeting 2020, December 1-17, 2020,
virtual. https://doi.org/10.1002/essoar.10505374.2

Särkkä, J., Räihä, J., Kämäräinen, M., Jylhä, K., Simulating extreme sea levels at the
Baltic Sea coast from synthetic cyclones. EGU General Assembly 2020. May 4-8,
2020, virtual. https://meetingorganizer.copernicus.org/EGU2020/EGU2020-10271.html

Research reports

Gregow, H., Rantanen, M., Laurila, T. K., Mäkelä, A., Review on winds, extratropical
cyclones and their impacts in Northern Europe and Finland. FMI Reports 2020:3, 2020
http://hdl.handle.net/10138/320298

http://www.ttl.fi/prohf
https://doi.org/10.5194/asr-17-87-2020
https://doi.org/10.1002/essoar.10505374.2
https://meetingorganizer.copernicus.org/EGU2020/EGU2020-10271.html
http://hdl.handle.net/10138/320298


Theses

Luomaranta, A., Characteristics of winter climate in Finland in a warming world. Finnish
Meteorological Institute Contributions 169, http://hdl.handle.net/10138/318362

Pellikka, H., Dark-blue horizon: Sea level rise and meteotsunamis on the Finnish coast.
Finnish Meteorological Institute Contributions 167, http://hdl.handle.net/10138/316249

Rantanen, M., Diagnostic Studies of Extratropical Cyclones in the Present and Warmer
Climate. Finnish Meteorological Institute Contributions 165,
http://hdl.handle.net/10138/314037

Others

Olsson, T., Luomaranta, A., Nyman, H., Jylhä, K., 2020: Statistics of sea-effect snowfall
in Finland based on ERA5 reanalysis. PREDICT workshop on probabilistic forecasts.
PREDICT/SAFIR2022 deliverable D1.1.2 in 2020, Finnish Meteorological Institute.

Rantanen, M., Jylhä, K., Särkkä, J., Leijala, U., Räihä, J., 2020: Characteristics of joint
heavy rain and high sea level events. PREDICT/SAFIR2022 deliverable D1.2.1 in
2020, Finnish Meteorological Institute.

Räty, O., Laine, M., Leijala, U., Särkkä, J., Johansson, M., 2020: Manuscript draft:
Bayesian hierarchical modeling of sea level extremes in the Finnish coastal region.
PREDICT/SAFIR2022 deliverable D2.1.1 in 2020, Finnish Meteorological Institute.

Särkkä, J., Räihä, J., 2020: Sea level simulations using synthetic low-pressure systems
PREDICT/SAFIR2022 deliverable D2.2.2 in 2020, Finnish Meteorological Institute.

Safety and security assessment of overall I&C architectures (SEARCH)

Scientific journal articles

Buzhinsky, I., Pakonen, A., Symmetry Breaking in Model Checking of Fault-Tolerant
Nuclear Instrumentation and Control Systems. IEEE Access, vol. 8, 2020, pp. 197684 –
197694. https://doi.org/10.1109/ACCESS.2020.3034799

Koskinen, H., Laarni, J., Norros, L., Liinasuo, M., Savioja, P., Systems usability case in
stepwise control room validation. Safety Science, vol. 134, 2021.
https://doi.org/10.1016/j.ssci.2020.105030

Pakonen, A., Buzhinsky, I., Björkman, K., Model checking reveals design issues
leading to spurious actuation of nuclear instrumentation and control systems. Reliability
Engineering & System Safety, vol. 205, 2021.
https://doi.org/10.1016/j.ress.2020.107237

Conference articles

Buzhinsky, I., Pakonen, A., Timed model checking of fault-tolerant nuclear I&C
systems, 18th IEEE International Conference on Industrial Informatics (INDIN 2020).
Warwick, UK, July 20–23, 2020, pp. 159–164.

https://doi.org/10.1109/ACCESS.2020.3034799
https://doi.org/10.1016/j.ssci.2020.105030
https://doi.org/10.1016/j.ress.2020.107237


Linnosmaa, J., Pakonen, A., Papakonstantinou, N., Karpati, P., Applicability of AADL in
modelling the overall I&C architecture of a nuclear power plant. 46th Annual
Conference of the IEEE Industrial Electronics Society (IECON 2020), Singapore,
October 18–21, 2020, pp. 4337-4344.
https://doi.org/10.1109/IECON43393.2020.9254226

Pakonen, A., Biswas, P., Papakonstantinou, N., Transformation of non-standard
nuclear I&C logic drawings to formal verification models. 46th Annual Conference of
the IEEE Industrial Electronics Society (IECON 2020), Singapore, October 18–21,
2020, pp. 697–704. https://doi.org/10.1109/IECON43393.2020.9255176

Research reports

Hauge, A., Linnosmaa, J., Fredriksen, R., Sechi, H., Safety and Security in DI&C
Design – Systematic Literature Study. HWR-1247, April 29, 2019.

Sechi, F., Hauge, A., Sirola, M, Olsen, S., Linnosmaa, J., Sarshar, S., Early stage
safety assessment using a system model as input. HWR-1287, October 21, 2020.

Theses

Prasun Biswas: Model-to-model transformation of nuclear industry I&C logic to assist
model checking. Tampere University, Master Thesis, April 2020.
http://urn.fi/URN:ISBN:978-952-60-8574-6

Others

Papakonstantinou, N., Pakonen, A., Early Defence-in-Depth assessment of I&C
architectures 2020.

Uncertainty management in fire Risk ANalyses (URAN)

Scientific journal articles

Paudel, D., Hostikka, S. Propagation of modeling uncertainty in stochastic heat-transfer
simulation using a chain of deterministic models. International Journal for Uncertainty
Quantification. 2019. 9(1):1–14.
http://doi.org10.1615/Int.J.UncertaintyQuantification.2018027275

Paudel, D., Hostikka, S. Propagation of Model Uncertainty in the Stochastic
Simulations of a Compartment Fire. Fire Technology, 2019. 55:2027-2054.
http://doi.org/10.1007/s10694-019-00841-9

Paudel, D., Hostikka, S. Meta-model based stochastic simulation of fire barrier cold-
side temperature. Fire Safety Journal, 2020. 116:103175.
http://doi.org/10.1016/j.firesaf.2020.103175

Paudel, D., Rinta-Paavola, A., Mattila, H.-P., Hostikka, S. Multiphysics Modelling of
Stone Wool Fire Resistance. Fire Technology. 2020. https://doi.org/10.1007/s10694-
020-01050-5

https://doi.org/10.1109/IECON43393.2020.9254226
https://doi.org/10.1109/IECON43393.2020.9255176
http://urn.fi/URN:ISBN:978-952-60-8574-6
http://doi.org10.1615/Int.J.UncertaintyQuantification.2018027275
http://doi.org/10.1007/s10694-019-00841-9
http://doi.org/10.1016/j.firesaf.2020.103175
https://doi.org/10.1007/s10694-020-01050-5
https://doi.org/10.1007/s10694-020-01050-5


Research reports

Tissari, A. Cable fire modelling for PRISME 3 benchmark step 2.1. VTT Research
Report VTT-R-00831-20.

Vaari, J. Thermal decomposition of polyethylene by united-atom molecular dynamics
simulation. VTT Research Report VTT-R-00065-21.

Theses

Paudel, Deepak: Uncertainty management for the probabilistic simulation of the
thermal resistance of fire barriers. Aalto University, Department of Civil Engineering.

Others

Gholami Haghighi Fard, M., Hostikka, S. A Three Dimensional Pyrolysis and Heat
Transfer Approach for Modeling Degradation of Electrical Cables in a Cone
Calorimeter. Draft manuscript to be submitted to a journal. Aalto University (2.2.2021)

Effective improvement of leadership and safety culture (EPIC)

Conference articles

Gotcheva, N., Airola, M. Leadership for Safety in Literature and International
Requirements: Preliminary Gap Analysis at Senior Management Level. Presented at
the IAEA online workshop on Systemic Approach to Safety, 7-10 December 2020 1)

Viitanen, K. Implementing a Safety Culture Ambassadors Group for the Improvement of
Nuclear Safety Culture. Extended abstract (withdrawn) 2)

1) Originally submitted and accepted to ESREL2020-PSAM15 conference planned to be held in
Venice, Italy in 2020. Due to COVID-19 situation and postponement of the conference, the
paper was withdrawn.
2) Submitted and accepted to ESREL2020-PSAM15 conference originally planned to be held in
Venice, Italy in 2020. Due to COVID-19 situation and postponement of the conference, the
abstract was withdrawn and is planned to be further developed into a journal article.

Analytical severe accident research (ANSA)

Scientific journal articles

Sevón, T., Analysis of reactor water level measurements during the Fukushima unit 2
accident. Nuclear Engineering and Design, Volume 366, paper 110760.
https://doi.org/10.1016/j.nucengdes.2020.110760

Taivassalo, V., On the wrinkling characteristics of flames in laminar premixed ultra-lean
hydrogen-air mixtures. Article draft.

https://doi.org/10.1016/j.nucengdes.2020.110760


Research reports

Sevón, T., Fukushima Unit 3 Accident Modeling with MELCOR, VTT Research Report
VTT-R-01242-20.

Kärkelä, T., Korpinen, A. & Gouëllo, M., Pool Scrubbing of CsI Aerosol, VTT Research
Report VTT-R-00175-21.

Others

Ilvonen, M., Travel report from the first IAEA CRP J15002 meeting, January 20-24,
2020, Wien, Austria.

Korpinen, A., Travel report from the first THEMIS meeting, November 23–24, 2020
(Remote meeting).

Sevón, T., Travel report from the third ARC-F meeting, February 10–12, 2020, Paris,
France.

Sevón, T., Travel report from the fourth ARC-F meeting, December 14–17, 2020
(Remote meeting).

Sevón, T., Travel report from the CSARP/MCAP meeting, August 31 – September 4,
2020, (Remote meeting).

Coupled Analysis of Transient Scenarios (CATS)

Research reports

Komu, R., Kalinin-3 model for TRACE-PARCS, VTT Research Report VTT-R-01588-
20.

Komu, R., Preliminary study of coupling TRACE with the reactor analysis framework
Kraken, VTT Research Report VTT-R-00939-20.

Komu, R., Implementing the uncertainty and sensitivity analysis tool Sensla for
TRACE-PARCS, VTT Research Report VTT-R-00048-21.

Taivassalo, V., Hovi, V., Hämäläinen, A., Räty, H., Preliminary study on the applicability
of TRAB3D-PORFLO-SMABRE in analyzing the effects of a fuel assembly blockage in
a PWR, VTT Research Report VTT-R-00171-21.

Others

Komu, R., Certification of attendance of NRSHOT-PARCS Course. Nuclear Reactor
Simulation Hands-On-Training. Nuclear and Industrial Engineering (NINE) online
course.

Hovi T., Certification of attendance of NRSHOT-PARCS Course. Nuclear Reactor
Simulation Hands-On-Training. Nuclear and Industrial Engineering (NINE) online
course.



CFD methods for reactor safety assessment (CFD4RSA)

Research reports

Hovi, V., Coupled Apros–CFD Simulation of a VVER-440 Main Steam Line Break, VTT
Research Report VTT-R-00412-21 (to be submitted to Nuclear Engineering and
Design).

Pättikangas, T., Uncertainty Quantification of CFD analysis for nuclear reactors, VTT
Research Report VTT-R-00413-21.

Peltola, J., multiphaseEulerFoam and Coarse Grained Thermal Phase Change Models,
VTT Research Report VTT-R-00261-21.

Taivassalo, V. and Hovi, V., Coarse-mesh CFD modelling of the VVER-1000 vessel
mixing problem with OpenFOAM, VTT Research Report VTT-R-00233-21.

Syrjänen, J., CFD study of condensation test SPA-T3 in PPOOLEX test vessel with
VOF, k-ω turbulence and EMS/EHS condensation models, VTT-R-00144-21.

Silde, A., Modelling of thermal stratification in suppression pool using the Apros
thermalhydraulic model, VTT Research Report VTT-R-00664-20.

Interdisciplinary Fuels And Materials (INFLAME)

Research reports

Arkoma, A., Sensitivity analysis of an RIA benchmark case with the SCANAIR fuel
performance code, VTT Research Report VTT-R-00153-21.

Pohja, R., Moilanen, P., Mechanical properties of ATF claddings – creep experiments,
characterization and creep modelling of DIN 1.4970 material, VTT Research Report
VTT-R-XXXXX-21.

Huotilainen, C., Ikäläinen, T., Peltonen, S., Sipilä, K., In-situ Electrochemical
Impedance Spectroscopy Study of Nuclear Fuel Cladding Material, VTT Research
Report VTT-R-01113-20.

Heikinheimo, J., Loukusa, H., Fuel sintering furnace: introduction and features, VTT
Research Report VTT-R-00832-20.

Kärkelä, T., Gouello, M., Tapper, U., Heikinheimo, J., Temperature induced release
from CsI doped CeO2 pellets, VTT Research Report VTT-R-XXXXX-21.



Developing the working arms of Kraken, the next generation
computational framework for reactor design and licensing analyses
(LONKERO)

Scientific journal articles

Valtavirta, V., Rintala, A., Lauranto, U.,  Validating the Serpent-Ants calculation chain
using BEAVRS fresh core HZP data, Submitted to ASME Journal of Nuclear
Engineering and Radiation Science (Jan 2021).

Conference articles

Valtavirta, V., Rintala, A., Lauranto, U.,  Validating the Serpent-Ants calculation chain
using BEAVRS fresh core HZP data, in 29th International Conference Nuclear Energy
for New Europe, September 7-10, 2020,  Portoroz, Slovenia.

Valtavirta, V., Leppänen, J., A novel Monte Carlo leakage correction for Serpent 2,
submitted to M&C 2021.

Hirvensalo, M., Rintala, A., Sahlberg, V., Triangular geometry model for Ants nodal
neutronics solver, submitted to M&C 2021.

Valtavirta, V., Tuominen, R., A simple reactor core simulator based on VTT’s Cerberus
Python package, submitted to M&C 2021.

Rintala, A., Valtavirta, V., Lauranto, U., Leppänen, J., On the practical use of Serpent 2
for group constant generation, submitted to M&C 2021.

Research reports

Valtavirta, V., Rintala, A., Specifications for the generic polynomial group constant
model of Ants, VTT Research Report VTT-R-00154-21.

Others

Unna Lauranto: “Developing a generic Python based group constant library generator
module for Serpent”, Special assignment, Department of Applied Physics, School of
Science, Aalto University. 23.7.2020.

Markus Hirvensalo: “Triangular geometry model for Ants nodal neutronics solver”,
Special assignment, Department of Applied Physics, School of Science, Aalto
University. 31.8.2020

Mitigation and analysis of fission products transport (MANTRA)

Scientific publications

Kärkelä, T., Pasi, A.-E., Espegren, F., Sevón, T., Tapper, U., Ekberg, C., Tellurium
retention by containment spray system, Submitted to Annals of Nuclear Energy (2020).



Espegren, F., Kärkelä, T., Pasi, A.-E., Tapper, U., Kučera, J., Lerum, H.V., Omtvedt,
J.P., Ekberg, C., Tellurium transport in the RCS under conditions relevant for severe
nuclear accidents, Submitted to Progress in Nuclear Energy (2020).

Research reports

Gouëllo, M., Progress report of the experiments and ASTEC analysis of iodine and
caesium chemistry, VTT-R-00042-21 (2021).

A combined report of MANTRA and ANSA projects: Kärkelä, T., Korpinen, A., Gouëllo,
M., Pool scrubbing of CsI aerosol, VTT-R-00175-21 (2021).

Lindholm, I., Literature survey on radiocesium source term in severe accidents -
chemistry, morphology and clean-up, VTT-R-01248-20 (2020).

Others

Travel account of OECD/NEA ESTER meeting, September 2020.

Passive heat exchanger experiments (PAHE)

Research reports

Joonas Telkkä, Lauri Pyy, Vesa Riikonen, PASI tests for VTT projects, Research
report, PAHE 1/2020, LUT University / Nuclear Engineering, Lappeenranta, 2020, 23 +
16 pages.

PWR PACTEL tests (PATE)

Research reports

Virpi Kouhia, Vesa Riikonen, PWR PACTEL Nitrogen Experiment NCG-30, Research
report, PATE 1/2020, LUT University / Nuclear Engineering, Lappeenranta, 2020, 20 +
7 pages.

Vesa Riikonen, Lauri Pyy, PWR PACTEL experiments of inadvertent opening of SV
and MSRT, Research report, PATE 2/2020, LUT University / Nuclear Engineering,
Lappeenranta, 2020, 13 + 12 pages.

Radiation Shielding and Criticality Safety Analyses (RACSA)

Scientific journal articles

Häkkinen, S., Serpent 2 Validation for Radiation Shielding Applications, submitted to
Journal of Nuclear Engineering and Radiation Science.



Conference articles

Dorval, E., Validation of the Serpent 2 Monte Carlo code for reactor dosimetry
applications. 17th International Symposium on Reactor Dosimetry (ISRD-17),
Lausanne, Switzerland, 16 – 20 November 2021. (Postponed from May 2020 due to
the Covid-19 pandemic).

Häkkinen, S., Serpent 2 Validation for Radiation Shielding Applications, 29th

International Conference Nuclear Energy for New Europe, Portoroz, Slovenia,
September 7–10, 2020 (remote participation)

Leppänen, J., Jokipii, M., Radiation Shielding Calculations at VTT Centre for Nuclear
Safety Using the Serpent 2 Monte Carlo Code, submitted to ANS M&C 2021 - The
International Conference on Mathematics and Computational Methods Applied to
Nuclear Science and Engineering, Raleigh, North Carolina, USA, October 3 – 7, 2021

Research reports

Dorval, E., On the generation of response-matrix data with Serpent 2, VTT Research
Report VTT-R-01489-20.

Juutilainen, P., Valtavirta, V., Status of the criticality safety validation package in 2020,
VTT Research Report VTT-R-00179-21.

Juutilainen, P., ARIANE GU3 burnup benchmark calculations with Serpent 2, VTT
Research Report VTT-R-00232-21.

Others

Kotiluoto, P., Seventh meeting meeting of the management board on development,
application and validation of nuclear data and codes (MBDAV), meeting summary.

Kotiluoto, P., 31st meeting of the nuclear science committee (NSC), meeting summary.

Kähkönen, T., Evaluating the viability of Serpent for Passive Gamma Emission
Tomography (PGET) radiation transport simulations, Physics Special Assignment,
Department of Applied Physics, Aalto University, 2021.

Sparger Separate Effect Tests (SPASET)

Research reports

Puustinen, M., Räsänen, A., Kotro, E., Tielinen, K., Pyy, L., SEF-POOL tests on jet
entrainment. Lappeenranta-Lahti University of Technology LUT. School of Energy
Systems. Nuclear Engineering. Research Report SPASET 1/2020 (D1.2.1).
Lappeenranta 2021. 32 p. + app. 3+1 p.

Giteshkumar, P., Hujala, E., Puustinen, M., CFD simulations and pattern recognition
analysis of the SEF-POOL tests. Lappeenranta-Lahti University of Technology LUT.
School of Energy Systems. Nuclear Engineering. Research Report SPASET 2/2020
(D2.1.1). Lappeenranta 2020. 24 p.



Safety through thermal-hydraulic analyses and cooperation (THACO)

Research reports

Hillberg, S. 2020. Apros analysis of PASI natural circulation experiment VTT-01.
Espoo: VTT. VTT research report. VTT-R-00054-21

Hovi, T. 2020. Assessment of Apros against open phase RBHT reflooding experi-
ments. VTT research report. VTT-R-01349-20

Hovi, T. 2020. Assessment of TRACE against open phase RBHT reflooding exper-
iments. Espoo: VTT. VTT research report. VTT-R-00032-21

Karppinen, I., Szogradi, M. 2020. Analyses of PKL i1.1 LBLOCA parametric
experiments with Apros. Espoo: VTT. VTT research report. VTT-R-00051-21 (not yet
signed)

Enhanced multi-physics calculation capabilities for fuel behaviour and
reactor analyses (EMBER)

Research reports

Rintala, V., Suikkanen, H., Complementing TRANSURANUS with Serpent-calculated
nuclide data in coupled calculations, Research Report EMBER2020 D1.1.1.

Additive manufacturing in nuclear power plants (AM-NPP)
Scientific journal articles

Joni Reijonen, Roy Björkstrand, Tuomas Riipinen, Zaiqing Que, Sini Metsä-
Kortelainen, Mika Salmi. Cross-testing laser powder bed fusion production machines
and powders for distributed manufacturing - variability in mechanical properties of 316L
stainless steel with stress-relieving, solution annealing or hot isostatic pressing.
Submitted to Materials & Design journal.

Research reports

Riipinen, Tuomas, AM-NPP - Standarization in metal AM, VTT Research Report VTT-
R-00617-20

Riipinen, T., Revuelta, A., Vaajoki, A., AM NPP - Configuration of Melt Pool Monitoring
for tracking material quality. VTT-R-00090-21



Advanced Materials CharacterisatiOn for Structural integrity assessment
(AMOS)

Research reports

Arffman, P. Correlation of crack arrest force between standard and sub-sized
impact specimens, VTT-R-00172-21

Lindqvist, S., Peltonen, V. NKS: Fracture toughness behaviour in the ductile-to-
brittle transition region – small and large specimens and shallow and long
cracks, VTT-R-00053-21

Seppänen, T., Lindqvist, S. Embrittlement trend curves in Finland

Sirkiä, L., Kuutti, J. Experimental investigations on the effect of pinhole location
on fracture toughness, VTT-R-01183-20

Critical studies in support of the ageing management of nuclear power
plants concrete infrastructure (CONAGE)

Conference articles

Fahim Al-Neshawy and Hassan Ahmed. Estimation of compressive strength of thick-
walled reinforced concrete structure using combined NDT methods. XXIV Nordic
Concrete Research Symposium, August 11th – 14th 2021, Sandefjord, Norway.
(Postponed because of COVID-19).

Fahim Al-Neshawy, Hassan Ahmed and Jari Puttonen. Challenges in compressive
strength estimation for reinforced concrete structure based on NDT techniques.
Extended abstract: SMiRT 26, 8 – 13 August 2021 in Berlin, Germany
(Postponed because of COVID-19).

Research reports

Al-Neshawy, F., Ahmed, H., and Puttonen, J. Defining concrete compressive strength
by combining the results of different NDT methods. CONAGE Project – SAFIR 2022.
Aalto Research Report AALTO-R-001-2020, 64p.

Ferreira, M., Acquiring field experience concerning AAR in NPPs – Aggregates from
Loviisa & Olkiluoto (2020). CONAGE Project – SAFIR 2022. VTT Research Report
VTT-R-01287 -20, 61p.

Sistonen, Status report on anchor corrosion experiments. CONAGE Project – SAFIR
2022. Aalto Research Report, AALTO-R-002-2020

Bohner, E., et l., Status report on liner corrosion experiments. CONAGE Project –
SAFIR 2022. VTT Research Report VTT-R-(draft)



Modelling of aged reinforced concrete structures for design extension
conditions (CONFIT)

Scientific journal articles

Vilppo, J., Kouhia, R., Hartikainen, J., Kolari, K., Fedoroff, A., Calonius, K. “Anisotropic
damage model for concrete and other quasi-brittle materials”. 27 pages. Preprint
submitted for review to International Journal of Solids and Structures.

Research reports

Ferreira M., Fülöp, L. “Understanding the effect of ageing and deterioration of
reinforced concrete on its durability and mechanical performance”. VTT Research
Report VTT-R-01115-20. 89 pages.

Calonius, K., Fedoroff, A., Kolari, K., Vilppo, J. “Development and calibration of user-
extended Abaqus Concrete Damaged Plasticity material model”. VTT Research Report
VTT-R-00159-21.

Effect of long-term operation on aging and environmentally assisted
cracking of nuclear power plant component materials (ELIAS)

Scientific journal articles

Rik-Wouter Bosch, Stefan Ritter, Matthias Herbst, Renate Kilian, M. Grace Burke,
Jonathan Duff, Fabio Scenini, Yuchen Gu, Alice Dinu, Ulla Ehrnstén, Aki Toivonen,
Radek Novotny, Oliver Martin, Francisco-Javier Perosanz, Andraž Legat & Bojan Zajec
(2020): Stress corrosion crack initiation testing with tapered specimens in high-
temperature water – results of a collaborative research project, Corrosion Engineering,
Science and Technology, DOI: 10.1080/1478422X.2020.1815460

Conference articles

I. Virkkunen, et al. A52/SA502 dissimilar metal RPV repair weld: experimental
evaluation and post-weld characterizations, Proceedings of PVP2020, July 19-24,
virtual (joint effort with FEVAS)

H. Keinänen, et al. A52/SA502 dissimilar metal RPV repair weld evaluation of different
techniques. Proceedings of PVP2020, July 19-24, virtual. (joint effort with FEVAS)

C. Huotilainen, et al. Evalaution of an Alloy 52 / Cladding Carbon Steel Repair Weld by
Cold Metal Transfer, submitted to PVP2021, week of July 12, 2021, virtual. (joint effort
with FEVAS)

Research reports

P. Lapalainen, J. Lydman and J. Lukin. Intermediate updates on annealing studies
erformed in 2019 within ELIAS (SAFIR2022), VTT-R-01128-20, 2020.



Others

Ehrnstén, U. Environmentally assisted cracking of stainless steels in LWRs. In "Nuclear
Corrosion: Research, Progress and Challenges", S. Ritter (Ed.), EFC Publications No.
69, Woodhead Publishing: UK, ISBN: 978-0-12-823719-9, 2020.

Extended lifetime of structural materials through improved water
chemistry (ELMO)

Scientific journal articles

Essi Jäppinen, Tiina Ikäläinen, Frej Lindfors, Timo Saario, Konsta Sipilä, Iva Betova,
Martin Bojinov. A comparative study of hydrazine alternatives in simulated steam
generator conditions —  Oxygen reaction kinetics and interaction with carbon steel.
Electrochimica Acta 369 (2021) 137697.
https://doi.org/10.1016/j.electacta.2020.137697

Research reports

Essi Jäppinen, Konsta Sipilä & Pasi Väisänen. Streaming potential measurements in
PWR primary circuit environment. VTT Research Report VTT-R-01582-20.

Caitlin Huotilainen, Tiina Ikäläinen, Tiina Lavonen, Seppo Peltonen, Konsta Sipilä.
Effect of chloride and sulphide intrusions to A690 corrosion in simulated steam
generator conditions. VTT Research Report VTT-R-01492-20.

Essi Jäppinen. State of the art of monitoring the corrosion product dissolution and
transport. VTT Research Report VTT-R-00961-20.

Tiina Ikäläinen, Timo Saario, Konsta Sipilä, Martin Bojinov. Susceptibility of Alloy 690
to PbSCC - phase 2. VTT Research Report VTT-R-00015-21.

Theses

Frej Lindfors. Hydrazine substitutes for use as oxygen scavengers in the secondary
circuits of pressurized water reactors. Aalto University publication series, Master thesis.
https://aaltodoc.aalto.fi/handle/123456789/43523

Fatigue and evolving assessment of integrity (FEVAS)

Scientific journal articles

Kuutti, J., Virkkunen, I., 2020. Crack closure behaviour of semicircular surface cracks
subjected to cyclic thermal loads. Fatigue and Fracture of Engineering Materials and
Structures, 2020, 43(12), pp. 3063–3067

https://doi.org/10.1016/j.electacta.2020.137697
https://aaltodoc.aalto.fi/handle/123456789/43523


Conference articles

Virkkunen, I. et al. A52/A502 dissimilar metal RPV repair weld: experimental evaluation
and post-weld characterizations. Proceedings of the ASME 2020 Pressure Vessels &
Piping Conference PVP2020, PVP2020-21236, August 3, 2020, Virtual, Online.

Heikki Keinänen, Pekka Nevasmaa, Juha Kuutti, Caitlin Huotilainen, Iikka Virkkunen,
Mikko Peltonen, Henrik Sirén, A52M/SA502 dissimilar metal RPV repair weld:
Evaluation of different techniques, Proceedings of the ASME 2020 Pressure Vessels &
Piping Conference PVP2020, PVP2020-21233, August 3, 2020, Virtual, Online.

Tommi Seppänen, Jouni Alhainen, Esko Arilahti, Jussi Solin, Material and temperature
effects in low and high cycle EAF of austenitic stainless steels. Submitted to the ASME
2021 Pressure Vessels & Piping Conference PVP2021, PVP2021-61507.

Huotilainen et al., 2021. Evaluation of an Alloy 52 / cladded carbon steep repair weld
by cold metal transfer. Submitted to the ASME 2021 Pressure Vessels & Piping
Conference PVP2021, PVP2021-61981, Virtual, Online.

Research reports

Juha Kuutti, Jarno Hiittenkivi, An assessment of fluid-induced vibrations in a PWR
primary circuit, Research Report VTT-R-01114-20, Espoo, 2020.

Theses

Cronvall, O. 2020. Susceptibility of boiling water reactor pressure vessel and its
internals to degradation. Aalto University publication series DOCTORAL
DISSERTATIONS, 136/2020

Kuutti, J. 2020. Development of methods for modelling the failure of quasi-brittle
materials. Aalto University publication series DOCTORAL DISSERTATIONS, 192/2020

Non-destructive examination of NPP primary circuit components and
reliability of inspection (RACOON)

Scientific journal articles (published)

From small project ANDIE:
Virkkunen, I., Koskinen, T., Jessen-Juhler, O. et al. 2021. Augmented Ultrasonic Data
for Machine Learning. J Nondestruct Eval 40, 4. https://doi.org/10.1007/s10921-020-
00739-5

RACOON:
Koskinen, T. Virkkunen, I. Siljama, O. & Jessen-Juhler, O. 2021. The Effect of Different
Flaw Data to Machine Learning Powered Ultrasonic Inspection, J Nonde-struct Eval,
40, 24. https://doi.org/10.1007/s10921-021-00757-x

https://doi.org/10.1007/s10921-020-00739-5
https://doi.org/10.1007/s10921-020-00739-5
https://doi.org/10.1007/s10921-021-00757-x


Scientific journal articles (In review)
Siljama, O. Koskinen, T. Jessen-Juhler, O. & Virkkunen, I. 2020. Automated flaw
detection in multi-channel phased array ultrasonic data using machine learning,
Unpublished : In review.

Virkkunen, I. Koskinen, T. Jessen-Juhler, O. 2020. Virtual round robin – a new
opportunity to study NDT reliability. Unpublished : In review.

Research reports

Jessen-Juhler, O. Koskinen, T. & Virkkunen, I. 2020. Ultrasonic simulation with FEM in
3D, VTT research report VTT-R-01593-20.

Theses

Siljama, O. 2020. Reliable defect detection using machine learning for ultrasonic
inspection of nuclear power plant welds. Master’s Thesis, Aalto University publication
series, https://aaltodoc.aalto.fi/handle/123456789/47116

Safety criteria and improved ageing management research for polymer
components exposed to thermal-radiative environments (SAMPO)

Research reports

Bondeson, A, - SAMPO-Lifetime estimation 2020, RISE, Report : P103584

Ryan, J -SAMPO- Setting up safety margins for O-rings 2020, RISE, Report 9P03241-
02

Pushp, M, -SAMPO- Sensitive analysing techniques, RISE Report 9P03241-4

Toss, H, -SAMPO-Online condition monitoring techniques - Dielectric Properties, RISE
Report

Joki, H., Sipilä, K. Identifying suitable methods for on-site polymer quality verification.
VTT-R-00072-21.

Rinta-Aho, J., Sipilä, K., Vaari, J. Studying the ageing of polyethylene by using non-
destructive testing methods and molecular dynamics simulations. VTT-R-00005-21.

Fatigue Management for LTO (FATIMA)

Conference articles

Solin, J., Seppänen, T., Lemettinen, P., Vanninen, R., Pulkkinen, E. and Faidy, C.
(2020) ‘Codes, Standards, Rules and Assumptions on Environment Assisted Fatigue
for Fatigue Management of Primary Piping’, PVP2020-21501, in Proceedings of the
ASME 2020 Pressure Vessels and Piping Conference, Virtual, Online, July 20-24,
2020. 9 p.

https://aaltodoc.aalto.fi/handle/123456789/47116


Solin, J., Seppänen, T., Lemettinen, P., Vanninen, R. and Pulkkinen, E. (2021) ‘Design
By Analysis, Codes, Standards and Rules on EAF - Applicability to Stainless Steels in
PWR Primary Piping’, PVP2021-62187, submitted to ASME 2021 Pressure Vessels
and Piping Conference. 9 p.

Barsebäck RPV material used for true evaluation of embrittlement (BRUTE)

Scientific journal articles

Hytönen, N. et al., Effect of microstructure on brittle fracture initiation in a thermally
aged boiling water reactor pressure vessel head. International Journal of Minerals,
Metallurgy and Materials, https://doi.org/10.1007/s12613-020-2226-6.

Research reports

Arffman, P. and Saarinen, J. Validation of fracture mechanical testing at CNS using
miniature compact tension specimens, VTT Research Report VTT-R-01174-20.

Arffman, P. Fracture mechanical properties of Barsebäck 2 RPVH weld metal, VTT-R-01455-
20.

Dorval, E. Nuclide activity measurements of trepan #6 from the Barsebäck 2 reactor by
gamma-spectrometry. VTT-R-00073-21.

Ehrnstén, U. Reception of beltline trepans, VTT Research Report VTT-R-00379-20.

Ehrnstén, U. et al. Cutting plans for B2 RPV beltline trepan #6 – cutting in 2020, VTT
Research Report VTT-R- 00063-21.

Hytönen, N. et al. Microstructural investigations of beltline weld metal. VTT-R-00027-
21.

Lydman, J. et al. Fractography and microstructural characterization of Barsebäck 2
RPV head weld W28 miniature fracture toughness specimens. VTT-R-01451-20.

Others

Efsing, P. et al., Yearly reporting to NKS.

Ehrnstén, U. et al. Yearly reporting to SAFIR2022.

Ehrnstén, U. et al. SAFIR2022 mid-term seminar summary.

Ehrnstén, U. et al. Presentation of BRUTE progress to Energiforsk Steering
Committee. January 2021.

https://doi.org/10.1007/s12613-020-2226-6


Infrastructure development at LUT safety research laboratory (IDEAL)

Research reports

Telkkä, J., Short report on the annual maintenance of test facilities, Research Report
IDEAL 1/2020, LUT University.

Kotro, E., Pyy, L., Räsänen, A., Telkkä, J., Shakedown tests of MOTEL, Research
Report, IDEAL 2/2020, LUT University.

Telkkä, J., Hujala, E., Pyy, L., Status report on the advances in thermal hydraulic
measurements, Research Report IDEAL 3/2020, LUT University.

Theses

Kinnunen, S. 2020. 1D temperature distribution measuring in the HIPE test facility
water tank with fiber optic cable. Bachelor’s thesis, LUT University, 2020.
https://lutpub.lut.fi/handle/10024/161190

Participation in Jules Horowitz Reactor project -towards first criticality
(JHR2022)

Research reports

Pekka Moilanen, Status of the MeLoDIE I and MeLoDIE II Experiments – Advanced
Devices for Online Biaxial Study of the Irradiation Creep of LWR Cladding in Test
Reactor Core, VTT-R-01476-20, 2020.

Caitlin Huotilainen, Updates on the JHR Archive Material Programme, VTT-R-01464-
20, 2020.

Others

Seppo Hillberg, Travel Report Summary of Activities and Outcomes of Secondee
Exchange at CEA-Cadarache – My Secondment at CEA Cadarache 10/2019 – 3/2020.

Ville Tulkki, Kokomusmuistio OECD/NEA FIDES Establishment Board meeting, June
22-24, 2020, virtual.

Ville Tulkki, Pekka Moilanen, Travel report from the FIDES: INCA-JEEP Workshop,
October 12-13, 2020, virtual.

Janne Heikinheimo, Travel report from the Halden Programme Group meeting, October
15, 2020, virtual.

Caitlin Huotilainen, Petri Kinnunen, Ville Tulkki; Progress of EU-JHOP2040.

https://lutpub.lut.fi/handle/10024/161190


Appendix 2

Participation in international projects
and networks in 2020



Building Operational Readiness of Control Room Crews (BORS)

OECD/NEA WGHOF (Working Group on Human and Organisational Factors) (Laarni,
J.)

NUGENIA (Nugenia Generation II & III Association) (Laarni, J.)

Co-simulation model for safety and reliability of electric systems in
flexible environment of NPP (COSI)

VTT: Collaboration with EnegiForsk under the “Grid interference on nuclear power plant
operations (GINO) |research program.

New developments and applications of PRA (NAPRA)

OECD/NEA Working Group on Risk Assessment (WGRISK): Participation in
OECD/NEA/WGRISK annual meeting on 26-28 Feb., 2020. Due to outbreak of COVID-
19 pandemia the meeting was shrunk to two day meeting with only part of the
delegates present.

OECD/NEA Working Group on Risk Assessment (WGRISK) task “Digital I&C PSA -
Comparative application of digital I&C modeling approaches for PSA” (DIGMAP).
Participating   countries   include   Republic   of   Korea,   Switzerland,   Finland,
Germany,  France,  The  Netherlands,  United  Kingdom  and  Czech  Republic.

Participation in NKS and NPSAG project “Prolonged available time and safe states”
(PROSAFE) together with Nordic partners (Risk Pilot, Lloyd’s Register Consulting,
Halden Reactor Project)

Development of Framework for justification of Overall Safety (OSAFE)

Collaboration with the ELSMORE (Towards European licensing of small moduar
reactors) project on SMRs, 2020.

Collaboration with EURAD (European Joint Programme on Radioactive Waste
Management), and Sub-task 3.4 of UMAN on human related uncertainties in deep
geological disposal 2020.

European Safety and Reliability Association (ESRA). Ylönen as a co-chair of Technical
committee on Organizational Factors and Safety Culture.

Society for Risk Analysis (SRA) international, US-based association. Ylönen was
elected Council member 2020. SRA-Europe, board member 2020.

https://energiforsk.se/en/programme/grid-interference-on-nuclear-power-plant-operations-gino/
https://energiforsk.se/en/programme/grid-interference-on-nuclear-power-plant-operations-gino/


Participative development for supporting human factors in safety
(PARSA)

Participation in international projects and networks

International project, in which a book was published: Teperi, A-M., Gotcheva, N.
Human Factors in the Nuclear Industry. A Systemic Approach to Safety. 1st Edition.
ISBN: 9780081028452. Elsevier, Woodhead Publishing.

A-M Teperi collaborated with LearnSafe Revisited project led by Aalto university, and
accompanied by University of Basel, University of Valencia and Vattenfall; joint
scientific paper with Schöbel, M., Silla, I., Teperi, A-M., Gustafsson, R., Piirto, A.,
Rollenhagen, C., Wahlström, B.: Contribution of Human and Organizational Factors to
Nuclear Safety in a fifty-year perspective: lessons learnt and way forward.

Predicting extreme weather and sea level for nuclear power plant safety
(PREDICT)

ERA4CS project SERV_FORFIRE, Integrated services and approaches for assessing
effects of climate change and extreme events for fire and post fire risk prevention
(2017-2020)

EAR4CS project URCLIM, impacts of heat stress, flooding risk, and snow clearing and
slipperiness in winter in alternative future urban environments (2017-2020)

ERA4CS project WINDSURFER, wind and wave scenarios, uncertainty and climate
risk assessment for forestry, energy and reinsurance (2017-2020)

COST-CA17109 Understanding and modeling compound climate and weather events
(DAMOCLES). Finnish Management Committee substitute member from FMI.
http://damocles.compoundevents.org/

COST-CA15211 Atmospheric Electricity Network: coupling with the Earth System,
climate and biological systems. Finnish Management Committee member from FMI.
http://www.cost.eu/COST_Actions/ca/CA15211

Collaboration with Uppsala University and Swedish Meteorological and Hydrological
Institute (SMHI)  for studies of sea-effect snowfall.

Baltic Earth (Earth System Science for the Baltic Sea region) project BEAR (Baltic
Earth Assessment Reports).

EUMETSAT Optical Lightning Imager (LI) Mission Advisory Group (MAG). FMI is an
Invited Expert Institute.

Nordic Framework Climate Services (NFCS), Heavy Rainfall Activity, Finnish delegate,
since 2016.

The international HIRLAM programme develops short range numerical weather
prediction since the 1980's. http://hirlam.org/index.php/hirlam-programme-53
FMI is active in the following ECRA (European Climate Research Alliance)

http://hirlam.org/index.php/hirlam-programme-53


Collaborative Programmes: i) Arctic Climate Stability and Change; ii) High Impact
Events and Climate Change; iii) Sea Level Change and Coastal Impacts

Collaboration with the European Centre for Medium-Range Weather Forecasts
(ECMWF) for various subjects, including running case study simulations, and storm
prediction development with (ERF) extended range forecasts.

Collaboration with Nansen Environmental and Remote Sensing Center (NERSC) for
studies about extreme sea level events.

Safety and security assessment of overall I&C architectures (SEARCH)

Aalto: Collaboration with ITMO University (Russia) under the project “Synthesis of
finite-state machine based control algorithms for programmable logic controllers in
distributed cyber-physical systems”

Aalto: Participation in preparation of the European COST action ROSETTE (Rigorous
design of trustworthy autonomous systems)

VTT: IAEA Technical Working Group on Nuclear Power Plant Instrumentation and
Control (TWG-NPPIC)

VTT: Collaboration with OECD HRP under the topic Safety of Digital Instrumentation
and Control Systems

Uncertainty management in fire Risk ANalyses (URAN)

OECD/NEA PRISME3

Effective improvement of leadership and safety culture (EPIC)

Gotcheva, N.: Participation in the IAEA online workshop on Systemic Approach to
Safety, 7-10 December 2020

Analytical severe accident research (ANSA)

OECD/NEA ARC-F (Analysis of Information from Reactor Buildings and Containment
Vessels of Fukushima Daiichi nuclear power station)

OECD/NEA THEMIS (THAI Experiments on Mitigation measures, and source term
issues to support analysis and further Improvement of Severe accident management
measures)

U.S.NRC CSARP (Cooperative Severe Accident Research Program)

BARCO (Benchmarking on Assessment of Radiological Consequences)



IAEA CRP J15002 (Effective use of dose projection tools in the preparedness and
response to nuclear and radiological emergencies)

Coupled Analysis of Transient Scenarios (CATS)

US NRC: Active and close collaboration with the development of the system code
TRACE and the reactor analysis code PARCS. Multiple bugs have been found from
TRACE and PARCS codes through VTT’s work and have been reported to the
developers. The fixes to these errors benefit the whole TRACE-PARCS international
community.

AER working group D participation: mainly administrational communications and
planning, due to the ongoing global pandemic.

OECD/NEA UAM-LWR benchmark: ongoing participation work and communications
regarding the benchmark

CFD methods for reactor safety assessment (CFD4RSA)

NKS project “Thermal Hydraulics of the Suppression Pool”, project partners KTH Royal
Institute of Technology in Stockholm, LUT University and VTT.

OpenFOAM multiphase CFD solver development in co-operation with Helmholtz-
Zentrum Dresden-Rossendorf and the OpenFOAM Foundation.

Interdisciplinary Fuels And Materials (INFLAME)

Participation in Halden Programme Group work on the technical evaluation of fuel
experiments.

Participation in SPARE workshops for starting up a new international research project
on nuclear fuel characterization for the Halden reactor rods.

Participation and contribution in CABRI international programme analytical group
meeting workshop.

Participation in OECD/NEA CSNI Working Group on Fuel Safety (WGFS).

Participation in OECD/NEA Expert Group on Reactor Fuel Performance (EGRFP).

Developing the working arms of Kraken, the next generation
computational framework for reactor design and licensing analyses
(LONKERO)

Coordination and maintenance of the international Serpent user community.
Approximately 1000 users in over 220 organizations in 44 countries.



Mitigation and analysis of fission products transport (MANTRA):
OECD/NEA ESTER (Experiments on Source Term for Delayed Releases)
NUGENIA TA2.4 Source term area
NUGENIA TA2.4 Integration of Pool scrubbing Research to Enhance Source-term
Calculations (IPRESCA) project - Iodine task leader

EU MUSA (Management and Uncertainties of Severe Accident) project assessing the
capability of severe accident codes when modelling reactor and SFP (Spent Fuel Pool)
accident scenarios of Gen II and III.

PWR PACTEL tests (PATE):
OECD/NEA PKL Phase 4 project
OECD/NEA ETHARINUS project

Radiation shielding and criticality safety analyses (RACSA)
OECD/NEA NSC (Nuclear Science Committee)

OECD/NEA MBDAV (Management Board on Development, Application and Validation
of Nuclear Data and Codes)

OECD/NEA WPNCS (Working Party on Nuclear Criticality Safety)

EWGRD (European Working Group on Reactor Dosimetry)

Sparger Separate Effect Tests (SPASET)

LUT: Collaboration with VTT and KTH under the NKS project THEOS,
Thermalhydraulics of the Suppression Pool, NKS_R_2020_130

Safety through thermal-hydraulic analyses and cooperation (THACO)

Representation in the following international research and cooperation programmes:

 OECD/NEA HYMERES-2 (PRG representation)
 OECD/NEA PKL-4 (PRG representation)
 OECD/NEA WGAMA (PRG representation)
 OECD/NEA RBHT (MB representation)
 USNRC CAMP (Finland’s contact person)



Enhanced multi-physics calculation capabilities for fuel behaviour and
reactor analyses (EMBER)

LUT: Collaboration with JRC Institute for Transuranium Elements related to design and
implementation of TRANSURANUS nuclide data interface.

Additive manufacturing in nuclear power plants (AM-NPP)

VTT: Participation in the European EURATOM project NUCOBAM (NUclear
COmponents By Additive Manufacturing)

Advanced Materials CharacterisatiOn for Structural integrity assessment
(AMOS)

NKS collaboration project between Kiwa and KTH, T1.6 in WP1

Critical studies in support of the ageing management of nuclear power
plants concrete infrastructure (CONAGE)

EU ACES Project Collaboration Meeting, 16 October 2020, VTT, Online meeting.

ODOBA Technical Group Meeting, 9 November 2020, IRSN, Online meeting.

ODOBA Syteering Committee Meeting, 10 November 2020, IRSN, Online meeting.

BAM/VTT NDE Scanner Frame collaboration, 25 Novemeber, 2020, Online meeting.

Modelling of aged reinforced concrete structures for design extension
conditions (CONFIT)

Numerical workshops of the international IMPACT IV project that started in 2019
(funded elsewhere)

Test data for calibration of material models and impact simulations is partially obtained
from concrete material and impact test data from the international IMPACT IV project

Participation in ERNCIP (EUROPEAN REFERENCE NETWORK FOR CRITICAL
INFRASTRUCTURE PROTECTION) thematic group ‘Resistance of structures to
explosion effects’, coordinated by EMI (Ernst Mach Institute) (funded elsewhere)

Participation in OECD/NEA/IAGE/IRIS benchmark (funded elsewhere)

Participation in OECD/NEA/IAGE/CASH benchmark (funded elsewhere)

Participation in OECD/NEA/IAGE/VERCORS benchmark (funded elsewhere)

Participation in OECD/NEA/WGIAGE Concrete sub-group



Effect of long-term operation on aging and environmentally assisted
cracking of nuclear power plant component materials (ELIAS)

EU-INCEFA+ project (Increasing Safety in NPPs by Covering gaps in Environmental
Fatigue Assessment).

EU-INCEFA-SCALE project

EU-MEACTOS project (Mitigating Environmental Assisted Cracking through
Optimisation of Surfaces).

EPRI Alloy 690/52/152 PWSCC Research Collaboration

ICG-EAC Meeting Collaboration (International Cooperative Group on Environmentally
Assisted Cracking)

Extended lifetime of structural materials through improved water
chemistry (ELMO)

European Cooperative Group on Corrosion Monitoring of Nuclear Materials – ECG-
COMON. Round robin test on Ni-NiO oxidation of Ni alloys.

Fatigue and evolving assessment of integrity (FEVAS)

NUGENIA Association Technical Area 8 (TA8), ENIQ (European Network for
Inspection and Qualification) Task Group Risk (TGR) activities.

Nugenia: Project ATLAS+ (Advanced structural integrity assessment tools for safe long
term operation)

ASME PVP: Informal networking with the main contributors in the field of environmental
fatigue.

Co-operation with EPRI International EAF R&D Collaboration Group

Participation in CSNI LBB benchmark led by the NRC

Non-destructive examination of NPP primary circuit components and
reliability of inspection (RACOON)

Aalto and VTT: Program for Investigation of NDE by International Collaboration
(PIONIC). Participating countries USA, Finland, Sweden, Switzerland, South-Korea
and Japan.



Fatigue Management for LTO (FATIMA)

EPRI: Membership and participation in EAF International Collaboration Group activities
(group consists of seven major stakeholders+VTT+Fortum+TVO under non-disclosure
agreement)

Barsebäck RPV material used for true evaluation of embrittlement
(BRUTE)

International co-operative group on radiation embrittlement, IGRDM
BREDA – Barsebäck Research and Development Arena, led by Energiforsk, Sweden
Co-operation with Kungliga Tekniska Högskolan, KTH, Stockholm, Sweden, with
professor Pål Efsing, Doctoral Students Magnus Boåsen and Daniela Klein.
Co-operation with Chalmers University, Gothenburg, Sweden, with professor Mattias
Thuvander and Postdoc researcher Kristina Lindqvist.

Infrastructure development at LUT safety research laboratory (IDEAL)

Participation in the SILENCE (SIgnificant Light and heavy water reactor thermal-
hydraulic Experiments Network for the Consistent Exploitation of the data) network.

Participation in Jules Horowitz Reactor project -towards first criticality
(JHR2022)

JHR Working Groups on Materials and Fuel, Caitlin Huotilainen, Petri Kinnunen, Ville
Tulkki

OECD/NEA Framework for In-pile Fuel and Material Irradiation Experiments (FIDES),
Petri Kinnunen, Pekka Moilanen, Ville Tulkki

Collaboration with CEA on the development of MeLoDIE mechanical loading device,
Petri Kinnunen, Pekka Moilanen

Particpiation in Halden Reactor Programe, Janne Heikkinheimo, Ville Tulkki

Secondee Exchange at CEA-Cadarache, Seppo Hillberg

Participation in EU-Horizon 2020 coorindatoin and support action JHR Operation Plan
2040 (JHOP2040), Petri Kinnunen (project coordinator), Caitlin Huotilainen, Ville Tulkki



Appendix 3

Academic degrees obtained in the
projects in 2020



Building Operational Readiness of Control Room Crews (BORS)

Master of Science in Philosophy:

Jatta Tomminen: FRAM-menetelmän soveltaminen ydinvoimalaitoksen ohjeiden
suunnitteluun, University of Jyväskylä, Faculty of Information Technology, Cognitive
Science, 9.12.2020

Development of Framework for justification of Overall Safety (OSAFE)

Master of Science in Technology:

Turunen Mikko, Overall safety of small modular reactors, LUT University.
http://urn.fi/URN:NBN:fi-fe2020120499439

Predicting extreme weather and sea level for nuclear power plant safety
(PREDICT)

Doctor of Philosophy:

Mika Rantanen: Diagnostic Studies of Extratropical Cyclones in the Present and
Warmer Climate. University of Helsinki, Faculty of Science, date of the defence
24.4.2020.

Havu Pellikka: Dark-blue horizon: Sea level rise and meteotsunamis on the Finnish
coast. University of Helsinki, Faculty of Science, date of the defence 25.6.2020.

Anna Luomaranta: Characteristics of winter climate in Finland in a warming world.
University of Helsinki, Faculty of Science, date of the defence 21.8.2020.

Safety and security assessment of overall I&C architectures (SEARCH)

Master of Science in Technology:

Prasun Biswas: Model-to-model transformation of nuclear industry I&C logic to assist
model checking. Tampere University, Faculty of Engineering and Natural Sciences,
acceptance date 4.5.2020.

http://urn.fi/URN:NBN:fi-fe2020120499439


Uncertainty management in fire Risk ANalyses (URAN)

Doctor of Technology:

Paudel, Deepak: Uncertainty management for the probabilistic simulation of the
thermal resistance of fire barriers. Aalto University, Department of Civil Engineering.
Date of the defence 26.11.2020.

Advanced Materials CharacterisatiOn for Structural integrity assessment
(AMOS)

Doctor of Technology:

Sebastian Lindqvist: Fracture toughness, crack path and strength mismatch of Alloy 52
dissimilar metal weld, Aalto University, Department of Mechanical Engineering, date of
the defence 25.9.2020

Extended lifetime of structural materials through improved water
chemistry (ELMO)

Master of Science in Technology:

Frej Lindfors. Hydrazine substitutes for use as oxygen scavengers in the secondary
circuits of pressurized water reactors. Aalto University, Master's Programme in
Chemical, Biochemical and Materials Engineering. Thesis submitted for examination
for the degree of Master of Science in Technology. Espoo 8.1.2020.

Fatigue and evolving assessment of integrity (FEVAS)

Doctor of Technology:

Cronvall, O. 2020. Susceptibility of boiling water reactor pressure vessel and its
internals to degradation.  Aalto University publication series DOCTORAL
DISSERTATIONS, 136/2020

Kuutti, J. 2020. Development of methods for modelling the failure of quasi-brittle
materials. Aalto University publication series DOCTORAL DISSERTATIONS, 192/2020



Non-destructive examination of NPP primary circuit components and
reliability of inspection (RACOON)

Master of Science in Technology:

Oskar Siljama: Reliable defect detection using machine learning for ultrasonic inspec-
tion of nuclear power plant welds, Aalto University, Master's Programme in Mechanical
Engineering, 19.10.2020



Appendix 4

International travels and remote*
meetings in the projects in 2020

*) Due to the COVID-19 pandemic restrictions in 2020,
majority of the planned physical international events
were replaced with remote meetings.



Building Operational Readiness of Control Room Crews (BORS)

Laarni, J., HCI International 2020, July 19-24, 2020 (Remote meeting).

Pakarinen, S., 11th Applied Human Factors and Ergonomics Conference (AHFE 2020),
July 16.-20 (Remote meeting).

Co-simulation model for safety and reliability of electric systems in flexible
environment of NPP (COSI)

“Co-simulation platform to study interactions of thermomechanical system of NPP with
electrical system”, Grid interference on nuclear power plant operations (GINO)
Research program, annual meeting, Energiforsk, Oct 2020 (Remote meeting).

Participation on “Joint IAEA–NEA Workshop on the Current Implementation Status of
Measures to Manage Open Phase Conditions in Electrical P”, Oct 2020 (Remote
meeting).

New developments and applications of PRA (NAPRA)

Tyrväinen, T., WGRISK DIGMAP workshop, April 22-24, 2020 (Remote meeting).

Tyrväinen, T. & Karanta, I., Prolonged available time and safe states seminar,
December 3, 2020 (Remote meeting).

Predicting extreme weather and sea level for nuclear power plant safety
(PREDICT)

 Laine, M., AGU Fall Meeting 2020, December 1-17, 2020 (Remote meeting).

Olsson, T., User workshop on Copernicus regional reanalysis for Europe, September
24, 2020 (Remote meeting).

Särkkä, J., EGU General Assembly 2020. May 4-8, 2020 (Remote meeting).

Safety and security assessment of overall I&C architectures (SEARCH)

Vyatkin V., Seminar on formal methods for cyber-physical systems at ITMO University,
February 20–23, 2020, St. Petersburg, Russia.

Linnosmaa, J., OECD Halden Reactor Project workshop about Safety of Digital
Instrumentation and Control Systems, Topic 3 – Architectural specification and
verification, Halden, Norway, May 10, 2020 (Remote meeting).



Buzhinsky, I., 17th IEEE International Conference on Industrial Informatics (INDIN
2020), July 20–23, 2020 (Remote meeting).

Vyatkin V., Meeting on formal methods for cyber-physical systems at ITMO University,
August 22–23, 2020, St. Petersburg, Russia.

Linnosmaa, J., Pakonen, A., 46th Annual Conference of the IEEE Industrial Electronics
Society (IECON 2020), October 18–21, 2020 (Remote meeting).

Uncertainty management in fire Risk ANalyses (URAN)

Tissari Alexandra, Hostikka Simo: Participation to OECD/NEA PRISME meeting 18-
19.6.2020 (Remote meeting).

Tissari Alexandra, Verma Nikhil: Participation to OECD/NEA PRISME meeting 7-
10.12.2020 (Remote meeting).

Analytical severe accident research (ANSA)

Ilvonen, M., 1st Research Coordination Meeting (RCM1) of IAEA Coordinated Research
Project (CRP) J15002 on Effective use of dose projection tools in the preparedness
and response to nuclear and radiological emergencies, January 20-24, 2020, Wien,
Austria.

Sevón, T., 3rd Programme Review Group (PRG3) and Management Board (MB3)
meetings of OECD/NEA ARC-F project, February 10–12, 2020, Paris, France.

Ilvonen, M., BARCO benchmark kick-off meeting, March 4, 2020, Kyiv, Ukraine.

Sevón, T., Cooperative Severe Accident Research Program (CSARP) and MELCOR
Code Assessment Program (MCAP) meetings, August 31 – September 4, 2020
(Remote meeting).

Ilvonen, M., BARCO benchmark working meeting, November 3–5, 2020 (Remote
meeting).

Korpinen, A. & Taivassalo, T., 1st Programme Review Group (PRG1) and Management
Board (MB1) meetings of OECD/NEA THEMIS project, November 23–24, 2020
(Remote meeting).

Sevón, T., OECD/NEA ARC-F project, 4th Programme Review Group (PRG4) and
Management Board (MB4) meetings, December 14–17, 2020 (Remote meeting).



Coupled Analysis of Transient Scenarios (CATS)

R. Komu, Nuclear Simulator Hands-On-Training. NRSHOT-PARCS Course. Nuclear
and Industrial Engineering (NINE) online course 15.-28.4.2020 (Remote meeting and
training).

T. Hovi, Nuclear Simulator Hands-On-Training. NRSHOT-PARCS Course. Nuclear and
Industrial Engineering (NINE) online course 15.-28.4.2020 (Remote meeting and
training).

H. Räty, AER Scientific Council annual meeting (Remote meeting) 24.11.2020

Interdisciplinary Fuels And Materials (INFLAME)

Heikinheimo, J., SPARE workshop organized by Studsvik, 12.-13.3.2020,
Skype/Stockholm, Sweden (Remote participation).

Tulkki, V., Loukusa, H., Halden Programme Group meeting, 22.-23.4.2020 (Remote
meeting).

Arkoma, A., CSNI Working Group on Fuel Safety (WGFS), 17.-18.9.2020 (Remote
meeting).

Peltonen, J., CIP Analytical Group Meeting Workshop, 13.-15.10.2020 (Remote
meeting).

Heikinheimo, J., Halden Programme Group meeting, 14.-15.10.2020 (Remote
meeting).

Developing the working arms of Kraken, the next generation
computational framework for reactor design and licensing analyses
(LONKERO)

Valtavirta, V., 29th International Conference Nuclear Energy for New Europe,
September 7-10, 2020, Portoroz, Slovenia.

Valtavirta, V., Rintala, A., Tuominen, R., Leppänen, J., 10th Annual Serpent User Group
Meeting, hosted virtually by TU Munich, October 27-30, 2020.

Mitigation and analysis of fission products transport (MANTRA)

Kärkelä, T., Gouëllo, M., OECD/NEA ESTER meeting (Programme Review Group and
Management Board), September 2020 (Remote meeting).



PWR PACTEL tests (PATE)

Heikki Purhonen, Vesa Riikonen, The Program Review Group and Management Board
meetings of the OECD/NEA PKL Phase 4 Project, 29th – 30th September 2020 (Remote
meeting).

Heikki Purhonen, Vesa Riikonen, Joonas Telkkä, The Program Review Group and
Management Board meetings of the OECD/NEA ETHARINUS Project, 30th November –
1st December 2020 (Remote meeting).

Radiation Shielding and Criticality Safety Analyses (RACSA)

Dorval, E., European Working Group on Reactor Dosimetry (EWGRD), November 12,
2020 (Remote meeting).

Häkkinen, S., International Conference NENE "Nuclear Energy for New Europe 2020",
Portoroz, Slovenia, September 7 - 10, 2020 (Remote participation).

Juutilainen, P., 24th Meeting of the OECD/NEA Working Party on Nuclear Criticality
Safety (WPNCS), July 9 - 10, 2020 (Remote meeting).

Kotiluoto, P., Leppänen, J., 7th meeting of the Management Board on Development,
Application and Validation of Nuclear Data and Codes (MBDAV), part 1/2, June 15,
2020 (Remote meeting).

Kotiluoto, P., Leppänen, J., 7th meeting of the Management Board on Development,
Application and Validation of Nuclear Data and Codes (MBDAV), part 2/2, September
21 - 22, 2020 (Remote meeting).

Kotiluoto, P., 31st meeting of the Nuclear Science Committee (NSC), September 23-25,
2020 (Remote meeting).

Safety through Thermal-Hydraulic Analyses and Cooperation (THACO)

Hillberg, S. USNRC CAMP fall meeting, 4.-6.11.2020 (Remote meeting).

Karppinen, I. OECD/NEA WGAMA, 22.-24.9.2020 (Remote meeting).

Karppinen, I., Szogradi, M. OECD/NEA PKL4 PRG, 29.-30.9.2020 (Remote meeting).

Karppinen, I., OECD/NEA HYMERES-2 PRG + analytical workshop, 9.-12.11.2020
(Remote meeting).

Karppinen, I., Silde, A. OECD/NEA ETHARINUS PRG, 30.11.-1.12.2020 (Remote
meeting).

Kurki, J. OECD/NEA RBHT 1st Workshop, 27.-29.10 (Remote meeting).



Additive Manufacturing in Nuclear Power Plants (AM-NPP)

Revuelta, A., Webinar on Metal Additive Manufacturing in nuclear applications
organized by Energiforsk, September 23, 2020 (Remote meeting).

Puukko, P., Workshop on Advanced Manufacturing Technologies for Nuclear
Applications organized by USNRC, December 7-10, 2020 (Remote meeting).

Effect of long-term operation on aging and environmentally assisted
cracking of nuclear power plant component materials (ELIAS)

Huotilainen C. and Que Z., EPRI Alloy 690 Experts Meeting, January 13-14, 2021
(Remote meeting).

Fatigue and evolving assessment of integrity (FEVAS)

Kuutti, J. ASME PVP Conference. August 3, 2020 (Remote meeting).

Seppänen, T. ASME PVP Conference. August 3, 2020 (Remote meeting).

Non-destructive examination of NPP primary circuit components and
reliability of inspection (RACOON)

Koskinen, T. Virkkunen, I. PIONIC 7.12.2020 (Remote meeting).

Koskinen, T. Virkkunen, I. PIONIC 8.10.2020 (Remote meeting).

Koskinen, T. Virkkunen, I. PIONIC 24.7.2020 (Remote meeting).

Koskinen, T. Virkkunen, I. PIONIC7.4.2020 (Remote meeting).

Koskinen, T. Virkkunen, I. PIONIC-6 30.11. – 3.12.2020 (Remote meeting).

Fatigue Management for LTO (FATIMA)

Solin, J. and Seppänen, T., ASME Pressure Vessels and Piping Conference
(PVP2020), August 2020 (Remote meeting).

Solin, J. and Seppänen, T., EAF International Collaboration Group Webcast,
September 24, 2020 (Remote meeting).

Solin, J. and Seppänen, T., EAF International Collaboration Group Webcast, December
9, 2020 (Remote meeting).



Barsebäck RPV material used for true evaluation of embrittlement
(BRUTE)

Ehrnstén, U. BREDA Advisory board meeting, 18.5.2020 (Remote meeting).

Leporanta, J. Visit to Mekelex, Somero, Finland for discussions on electric discharge
hole making possibilities, 28.8.2020.

Arffman, P., Dorval, E., Ehrnstén, U., Hytönen, N., Lindqvist, S., Lydman, J.,
Nevasmaa, P., Que, Z. Participation and presentation at the BREDA-BRUTE seminar,
22.9.2020 (Remote meeting).

Ehrnstén, U. BREDA Advisory board meeting, 6.10.2020 (Remote meeting).

Infrastructure development at LUT safety research laboratory (IDEAL)

Participation in the SILENCE (SIgnificant Light and heavy water reactor thermal-
hydraulic Experiments Network for the Consistent Exploitation of the data) network
meeting in June (Remote meeting)

Participation in Jules Horowitz Reactor project -towards first criticality
(JHR2022)

Ville Tulkki, OECD/NEA FIDES Establishment Board meeting, June 22-24, 2020
(Remote meeting).

Petri Kinnunen, Caitlin Huotilainen, Ville Tulkki, EU-JHOP2040 Kick-off Meeting,
September, 8-9, 2020 (Remote meeting).

Pekka Moilanen, Ville Tulkki, Petri Kinnunen, FIDES INCA-JEEP Workshop, October
12-13, 2020 (Remote meeting).

Janne Heikinheimo, Halden Programme Group Meeting, October 14-15, 2020 (Remote
meeting).
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