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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 2019 was announced on the 24th of August 2018. After
the closure of the call on the 19th of October 2018, 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 2019. The funding decisions were made by the Finnish
State Nuclear Waste Management Fund (VYR) in March 2019. In 2019, the programme
consisted of 32 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 2019 were 6,7 M€ and
6,8 M€, and 44 and 46 person-years, respectively.
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.
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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 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 2019
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 2019, the research was performed in altogether 32 research projects. The total volume of
the programme was 6,8 M€ and 46 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 2019.
Research
area

Project

Planned
volume
(person
months)

Actual
volume
(person
months)

132,0

10,7

11,9

203,4

165,3

17,7

13,9

VTT

217,9

217,0

14,2

14,9

OSAFE

VTT, Risk
Pilot, LUT

85,0

92,1

5,8

5,9

PARSA

FIOH,
VTT

121,4

121,3

9,9

10,2

PREDICT

Finnish
Meteorolo
gical
Institute
(FMI)
VTT,
Aalto

178,6

235,6

17,2

23,7

368,0

370,3

31,4

29,1

Acronym

Organisation(s)

Planned
costs
(k€)

VTT,
Finnish
Institute
of
Occupatio
nal Health
(FIOH)
VTT,
Aalto

132,0

NAPRA

1. Overall safety and systemic approach to safety
BORS
Building operational
readiness of control
room crews: preparing
for the unexpected

Co-simulation model
for safety and reliability
of electric systems in
flexible environment of
NPP
New developments and
applications of PRA
Development of
framework for
justification of overall
safety
Participative
development for
supporting human
factors in safety
Predicting extreme
weather, sea level and
atmospheric dispersion
for nuclear power plant
safety
Safety and security
assessment of overall
I&C architectures

COSI

SEARCH

Actual
costs
(k€)
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Uncertainty
management in fire risk
analyses
2. Reactor safety
Analytical severe
accident research
Coupled analysis of
transient scenarios
CFD methods for
reactor safety
assessment
Interdisciplinary fuels
and materials
Developing the working
arms of Kraken, the
next generation
computational
framework for reactor
design and licensing
analyses
Mitigation and analysis
of fission products
transport
Passive heat
exchanger experiments
PWR PACTEL tests
Radiation shielding and
criticality safety
analyses
Sparger separate effect
tests
Safety through thermalhydraulic analyses and
co-operation
3. Structural safety and materials
Additive manufacturing
in nuclear power plants

Excellence
project
2019-2022
URAN
Excellence
project
2019-2022

VTT,
Aalto

220,7

220,3

17,0

18,9

ANSA

VTT

264,0

269,0

16,3

18,7

CATS

VTT

200,0

200,0

15,0

16,0

CFD4RSA

VTT

194,0

195,4

11,9

12,0

INFLAME

VTT

243,0

243,0

15,2

18,5

LONKERO
Excellence
project
2019-2022

VTT

254,3

253,4

20,5

21,6

MANTRA

VTT

161,8

161,8

9,5

9,2

PAHE

LUT

126,0

126,5

11,5

12,3

PATE
RACSA

LUT
VTT

233,0
180,0

234,1
180,6

20,0
12,8

20,1
14,0

SPASET

LUT

165,0

165,8

15,0

15,2

THACO

VTT

227,7

228,2

15,0

17,6

AM-NPP

VTT,
Aalto,
LUT
VTT

93,0

94,1

8,2

8,6

137,0

136,8

7,9

9,5

CONAGE

VTT,
Aalto

151,4

151,6

9,2

10,3

CONFIT

VTT,
Tampere
University
of
Technolo
gy (TUT)
VTT,
Aalto,
TUT

115,7

115,7

4,8

6,7

136,0

135,4

8,4

8,7

Advanced materials
characterisation for
structural integrity
assessment
Critical studies in
support of the ageing
management of NPP
concrete infrastructure
Modelling of aged
reinforced concrete
structures for design
extension conditions

AMOS

Effect of long-term
operation on aging and
environmentally
assisted cracking of

ELIAS
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nuclear power plant
component materials
Extended lifetime of
structural materials
through improved water
chemistry
Fatigue and evolving
assessment of integrity
Non-destructive
examination of NPP
primary circuit
components, machine
learning and reliability
of inspection
Safety criteria and
improved ageing
management research
for polymer
components exposed
to thermal-radiative
environments
4. Research infrastructure
Barsebäck RPV
material used for true
evaluation of
embrittlement
Infrastructure
development at LUT
safety research
laboratory
Participation in Jules
Horowitz Reactor
project - towards first
criticality in 2022
Pre-emptive reduction
of radiological
laboratory legacy waste
Programme administration
SAFIR2022
administration

VTT

193,0

193,2

10,5

11,0

VTT,
Aalto
VTT,
Aalto

180,0

183,1

11,6

11,3

128,6

131,8

8,5

10,8

SAMPO
Excellence
project
2019-2020

VTT,
RISE
Research
Institutes
of
Sweden

184,0

184,0

9,0

10,3

BRUTE
Excellence
project
2019-2022
IDEAL

VTT

366,8

369,6

20,1

23,4

LUT

448,0

448,0

28,5

29,9

JHR2022

VTT

136,0

136,0

7,2

7,5

LABWAST

VTT

306,0

309,0

19,5

19,9

ADMIRE

VTT

373,0

373,0

10,0

10,2

ELMO
Excellence
project
2019-2022
FEWAS
RACOON

The costs of ADMIRE are for period 1.1.2019-31.3.2020. The costs include the small projects
and value-added tax 24%.

2.1

Overall safety and systemic approach to safety

In 2019 the research area “Overall safety and systemic approach to safety” consisted of eight
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)
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8. Uncertainty management in fire risk analyses (URAN).
2.1.1

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

The BORS project aims to study the Joint Cognitive System (JCS) from the perspective of
human-system interfaces (HSIs), procedures, operators’ resources for action and skills
training. First, our aim is to identify the key functions and activities (i.e., resilience skills,
resources for action and constraints) and their dependencies for the proposed work. The
second 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. This work is partly based on existing methods and tools
that have been developed in earlier studies. Third, 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., complex troubleshooting). Fourth,
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 of WP1 and WP3 which have been started in 2019. The
other three WPs will start in 2020 and 2021.
In WP1 of BORS, tools and practices are developed for promotion of operator resilience skills
and cognitive readiness in complex incidents. Furthermore, methods are developed for the
online assessment of situation awareness and workload in simulator tests in a virtual reality
control room (VR CR). We will analyse the simulator test results from three different
perspectives:
●

Build-up of situation awareness in complex accident and incident situations;

●

Complex troubleshooting in incident situations; and

●

Operator workload and stress in different phases of an accident or an incident situation.

In addition, we will develop 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 will be presented to the operator.
In 2019, we conducted a pilot simulator study in a VR CR to investigate the build-up of situation
awareness in incident situations, operators’ mental states and activities during complex
troubleshooting and variation of operator workload and stress at different phases of task
execution.
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 investigate the
development of the proficient use of procedures and characteristics of procedure-based
markers of resilience in incident situations.
Procedures can be presented in different formats such as step-by-step text-based instructions,
decision trees and flowcharts. Traditionally, operating procedures have been presented in
paper format, but today procedures are presented to a larger extent on a computer.
Procedures guide operator behaviour and set constraints of what is acceptable and what is
not. There is a trade-off between too strong level of guidance and too weak guidance: Too
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strong guidance restricts adaptive operator activity, but too strict division of tasks between
operators may have detrimental effects on crew’s shared understanding of the situation.
In 2019, we developed an analysis framework for the identification of resilience skills that
enable intelligent use of procedures. The framework was partly based on the approach
proposed by Wachs and Saurin (2018). An analysis of critical functions and their interaction
was carried out by using the Functional Resonance Analysis Method (FRAM; Hollnagel, 2012).
A FRAM model was developed by a software tool called the FRAM Model Visualiser. The basic
idea behind the FRAM is to develop questions that are discussed with those who will use the
procedure in their work. According to our results, the FRAM methodology was successfully
applied to the analysis of the selected proceduralized activity. It was found that one fruitful
approach is to first create an overview FRAM model describing the main activities of the task
from the perspective of the nuclear process (see Figure 1), and after that, create a more
detailed description, looking at the task from the control room operators’ perspective. Some
potential variability of the functions was identified – mainly related to the communication and
collaboration between operators and between operators and personnel in the field.

Figure 1. A simplified FRAM model describing the critical functions related to the triggering of
boron chain, designed on the basis of the first focus group meeting.
In 2019 we also conducted an extensive simulator study with 14 TVO operator crews, in which
traditional, text-based versions of two incident procedures were used (Figure 2). The results
of the simulator tests will be analysed in 2020.
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Figure 2. Set-up of the Olkiluoto test (left) and illustration of the biosignal instrumentation
(right).
Deliverables
·
·

·

·
·
·
·
·
·
·
·
·

A conference article on the development of a virtual nuclear power plant control room for
human factors evaluations was completed. It will be submitted to STSS/ISOFIC/ISSNP
2020.
An abstract entitled “Quantifying stress and workload with continuous, unobtrusive biosignal measurements, and the association of stress and workload on work performance”
by S. Pakarinen et al., was submitted to XXII World Congress on Safety and Health at
Work.
A conference article entitled “Promoting operational readiness of control room crews
through biosignal measurements” by S. Pakarinen et al., was completed and submitted to
the 11th International Conference on Applied Human Factors and Ergonomics (AHFE
2020) to be held in July 16-20, 2020, in San Diego, USA.
Pilot simulator test was conducted in a virtual control room at Fortum on January 23-24,
2020.
Two design workshops were held at TVO, in which the first versions of FRAM models were
developed. The models were revised and finalized.
A research report (“FRAM-menetelmän soveltaminen ydinvoimalaitoksen ohjeiden
suunnitteluun” by J. Tomminen) on the application of the FRAM method for the analysis of
an emergency operating procedure was completed.
15 simulator test sessions (i.e., one pilot test session and 14 full-scale test sessions) were
conducted at TVO between September and November, 2019.
Manuscript on the application of the Systems Usability Case (“Systems Usability Case in
stepwise control room validation” by H. Koskinen et al. was revised and submitted to Safety
Science.
J. Laarni participated in the ANS NPIC&HMIT 2019 conference (held in Orlando, USA, on
February 9-14, 2019) and presented two papers (from SAFIR2018 projects).
A conference paper entitled “Promoting operational readiness through procedures in
nuclear domain” by J. Laarni et al. was submitted to HCI International 2020.
J. Laarni held three training sessions at Fortum Loviisa (“Turvatärkeiden kertauskoulutus”),
May, 2019.
S. Pakarinen held three training sessions including measurement device demonstration at
TVO Loviisa (“BORS Operaatiovalmius valvomoissa”), Oct-Nov, 2019.

RESEARCH REPORT VTT-R-00311-20
12 (127)
2.1.2

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

General objective
The project will study 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 will 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, reactorphysical and automation models like f.ex. 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 and in small modular reactors including flexible operation. The simulation platform will
be utilized for evaluation the adequacy and balance of safety requirements of the electrical
systems in NPP in the cases of faults and disturbances.
Specific goals
Most of the nuclear power plants 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 this regard, the aim of WP1 was to design the architecture of co-simulation platform for
nuclear power plant. The co-simulation platform provides the opportunity to simulate
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 master program is the OPC client for
connecting to Apros. The master program connects to other power system simulators using
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 between simulators and
the initialising of simulators. The proposed co-simulation architecture for the COSI platform is
in Figure1.
In order to prove the appropriate working of the architecture, a simplified Apros and electrical
models have been developed, see Figures 2 and 3. The preliminary test results show that the
co-simulation and operation of interfaces using simple control commands and different time
scales in simulations in normal operation of APROS and Power system simulators work as
expected. The real simulations using the exact NPP component models are planned to start in
the year 2020.
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Figure 1. The proposed co-simulation architecture for the COSI platform

Figure 2. The Simulink model of the test case

Figure 3. The Apros model of the test case
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WP2 studied the requirements for simulations in COSI platform. Electrical systems perform
various functions in a nuclear power plant (NPP), and they are required for the operation of
many safety systems. In normal operation, all electrical systems are connected together 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 electrical simulation studies appear to consider the dynamics of other
plant systems during disturbances. This is true even though other systems have played a
crucial role in many incidents that were initiated by electrical transients.
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 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 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 with regard to 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 process systems. Finally, even time domain simulation studies appear
to be mostly interested in steady state behaviour rather than transient effects. In OPC analysis,
time dynamic effects are important, because they 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 causes 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 process systems have also not been analysed.
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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 process system
feedback effects and other transient dynamics in much detail, and that COSI could provide
insight into their effects on nuclear safety
WP3 studied the safety assessment of electric systems of NPP. Term “safety case” was
deliberately used instead of safety analysis report to emphasize the safety demonstration
aspect of the safety assessment. The work covered the definition of overall safety case for
electric systems by investigating initiating events, faults and disturbances related to electric
systems. Focus of the safety case was during the operation stage of facility life cycle. Safety
case consists of possible initiating events, faults, disturbances and other types of events like
change of operation mode related to whole chain of electric systems, which have impact on
nuclear safety. The primarily focus was on those systems for which STUK has issued
requirements and which belong to some Safety Class.
The work based on the literature review of the NPP electrical systems. The literature focused
on electrical system reliability, electrical disturbances and simulation of electrical systems. The
literature survey did not attempt to analyse incident reports directly. Instead, it reviewed various
reports that have already analysed and categorised entries from operational experience
databases. The literature review covered the role of electrical systems in an NPP and the
design principles applied to them. Also the previous work done under the SAFIR 2018
programme during 2017-2017 and specific requirements related to NPP electrical systems
were treated. Based on the literature survey the safety case of electric systems in NPP for cosimulation was proposed. It covered the whole chain of electric systems enabling the structured
approach for evaluation of possible common cause failures, faults, disturbances and design
principles. These enables also evaluation the adequacy and balance of safety requirements
including design philosophies, applied to the design of safety critical systems like redundancy,
diversity, separation, fail-safety and automatic start.
The proposed safety case included typical fault based studies of electrical systems like
lightning overvoltages, short circuit, ground and open phase faults. Also other types of events
were included in the safety case which are related to the safe operation of NPP like
subsynchoronous oscillation, loss of AC power, operation of the switch-over automation,
connections to the external grid and flexible operation of NPP. The aim was not to provide a
complete compilation of possible initiating events for the safety case related to electric
systems, but to show important illustrative examples.
The work covered also the role of electric systems in probabilistic risk assessment (PRA). The
main initiating events addressed to electric systems in PRA are the loss of external power
(LOOP) and also in some countries, the open phase conditions. The almost similar event is
the loss of internal grid, which may result from LOOP. Faults simultaneously impairing multiple
redundant trains of the electrical power supply system of NPPs have recently received growing
attention by the nuclear community. Such events have generally not been included in PRAs of
NPPs yet. The preliminary proposal of COSI safety case included some candidates of events
for further investigation by simulation in order to analyse the impacts and the propagation in
internal grid. This work will provide inputs at the development of modelling and quantification
methods to include them in PRAs. The current PRA models of Finnish NPPs is possible to
extend to allow for the modelling of the electric phenomena identified in the COSI simulation
phase. This includes adding relevant equipment not modelled before and new failure modes
of equipment already modelled. The additional reliability parameters and frequencies of
initiating events required to quantify the extended PRA model need to be estimated. Finally,
the additional failure mechanisms considered in the extended PRA model is possible to
evaluate quantitatively.
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Deliverables in 2019
·

·
·
·

Research report was published describing the architecture design of COSI platform based
on using the Matlab (or Python) as the Master program. APROS is used in Open Platform
Communications (OPC) server and Matlab is the OPC client for connecting APROS, and
connecting to other Power system simulators using appropriate protocol, which depends
on the simulator’s features.
Research report was published proposing three particularly relevant conditions (power
frequency overvoltages, open phase conditions and subsynchronous oscillations) to be
analyzed in the baseline simulations using COSI platform.
Research report was published proposing safety case of the whole chain of electric
systems of NPP including typical fault based studies, other types of events and the role of
electric systems in probabilistic risk assessment (PRA).
Master’s thesis on Electrical disturbances in nuclear power plants and their simulation
requirements.

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. Despite decades of development,
there still exist room for improvement in PRA methods and methodology. Also new
developments such as the need to take long accident progression time windows into account
pose challenges to PRA. 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.
PRA is by its nature multidisciplinary, and aims at a holistic understanding of risks that the
system under consideration is subjected to. This is reflected in the different work packages of
NAPRA that will 1) develop methods for and understanding of external and internal hazards
and their impact on nuclear facilities, 2) consider the issues with and select and apply methods
for the analysis of accidents with long time windows and of humans and crews working in
dynamic contexts, 3) explore the features and problems related to the reliability assessment
of systems containing digitalized subsystems, and their role in PRA, and 4) deal with the
challenges of such emerging fields as multi-unit and site-level PRA, and the PRA of small
modular reactors.
Specific goals
WP1 of NAPRA studies PRA of external and internal hazards, with focus on fires and seismic
events. In fire PRA, the goals are to increase the realism of fire PRA by a dynamic approach,
to find the best way to combined deterministic and probabilistic modelling, and to develop a
general-purpose tool for the needs of fire PRA. In seismic PRA, the goal is to study the Finnish
practice of conducting seismic PRA and compare this with international practices.
In 2019 fire PRA task, we have implemented an old nuclear power plant cable room fire
scenario in a new tool, simulation-based event tree of FinPSA (Figure 1). The main
components of the model are Monte Carlo fire simulations and a stochastic operation time
model for firefighting. The fire simulations were performed separately using deterministic Fire
Dynamics Simulator (FDS), and the results of the simulations were imported to FinPSA. The
stochastic operation time model is implemented in FinPSA scripts in eight parts corresponding
to different operational phases, including fire detection, guard centre actions, control room
actions and fire brigade actions. The results calculated using FinPSA are approximately same
as the results calculated by the old tool, Excel-based Probabilistic Fire Simulator (PFS), but
FinPSA offers better model structure, better readability and better maintainability than PFS.
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Figure 1. Simulation-based event tree model for cable fire scenario.
In 2019 seismic PRA task, the standard procedure of conducting SPRA in Finland has been
investigated and compared with international practices using the draft version of
OECD/NEA/CSNI TOP No. 2: Seismic Probabilistic Safety Assessment for Nuclear Facilities
as the reference. Potential topics for the future SPRA research have been identified.
WP3 of NAPRA aims to improve PRA methods concerning human reliability analysis and time
window modelling. An important part of this WP is to participate in an NKS and NPSAG project
“Prolonged available time and safe states” (PROSAFE). Time windows are currently modelled
in a very simplified manner in PRA, i.e. the mission time is typically 24 hours for almost all
safety functions. PRA would be more realistic if the mission times would be defined on the
basis of how long it takes to reach a safe and stable plant state. However, modelling of many
different time windows can easily make a PRA model too complex to manage. A practical
approach to handle various time windows is therefore needed. Long time windows, which have
not been modelled much in PRA, are particularly studied. Longer time windows bring in the
need to model component repairs and recovery actions. Human reliability analysis in long time
window scenarios is also studied.
In 2019, we have conducted a literature survey and prepared a questionnaire on topics related
to the modelling of long time windows in PRA. Answers to the questionnaire highlighted spent
fuel pool accidents, HRA in long mission time scenarios, modelling of different time windows,
repairs and dynamic success criteria as important topics to be studied. In the PROSAFE
project, hypothesis testing was performed with three spent fuel pool PRA models and one
reactor PRA model to identify important modelling cases and issues. Particularly, repair
modelling was identified as an area, where significant improvements could be possible, and
also, less conservative treatment of time windows could be beneficial. Based on the hypothesis
testing, the literature study and the questionnaire answers, requirements were outlined for the
PRA methods. The research on methods was started by evaluating currently available
methods.
A literature survey was also carried out on dynamic human reliability analysis (HRA) to clarify
the nature of human error and performance from a dynamic perspective, the dynamic nature
of the operating environment of the nuclear power plant operator and the meaning of the
concept of dynamic HRA as it is expressed in scientific literature. The concept is not always
defined but apparently, the dynamic nature is seen either in the phenomena dynamic HRA
focuses on or defined as the methods used in human reliability assessment. Furthermore,
dynamic HRA tends to scrutinise human error as closely related to the contextual aspects,
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opposed to the presently central but also older, static approach, according to which human is
prone to make errors as such. The various methods presently available for dynamic HRA are
presented. The largest group of methods concentrate on the simulation and modelling of
human cognitive processes. No comprehensive methodology for dynamic HRA has been
created but instead, each method tends to focus on some aspect or aspects considered
relevant from the dynamic perspective. Due to the context of the present HRA study, the hybrid
control room is also scrutinised from the perspective of dynamic HRA. The nature of control
room does not seem to raise needs or requirements for a specifically dynamic approach. The
authors present their conception of dynamic HRA, discuss the need for the usage of dynamic
HRA and contemplate the possibilities for the usage of dynamic HRA in the future.
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 is to participate an international benchmark study, OECD/NEA
WGRISK task DIGMAP. In DIGMAP, six participants prepare PRA models for a fictive reactor
protection system, and the modelling approaches are compared. In 2019, we have developed
a draft PRA model for benchmarking. Preliminary comparisons of the models and results have
been performed, but it was decided that the assumptions related to common cause failures
should still be harmonized to make the models more comparable. Anyway, the used modelling
approaches vary significantly, e.g. with regard to level of detail, which makes the comparison
interesting.
YVL guide B.1 mandates the use of failure tolerance analyses (FTA) to assess the fulfilment
of failure criteria of safety systems and their support system and common cause failures. In
NAPRA, a survey among the Finnish nuclear power companies and STUK was carried out to
clarify the concept of FTA, and the potential role of PRA as a part of it. The most important
result of the survey is that PRA is not a promising approach to support FTA. On the other hand,
failure tolerance analysis results have important uses in PRA.
WP5 of NAPRA is dedicated to severe reactor accidents. However, the work has so far focused
only on multi-unit PRA. The goals have been to identify requirements for the methods for multimodule analysis of small modular reactors (SMRs) and to participate in international multi-unit
PRA activities.
SMRs are a novel approach to nuclear reactor design, and practical experience about them is
as of yet non-existent. This poses challenges to PRA of SMRs. PRA tool, method and risk
metric development is needed to account for the SMR reliability and the uncertainties related
to SMR risk. Especially methods to handle passive features and multi-module issues in PRAs
should be investigated or enhanced. In 2019 we reviewed the literature related to SMR PRA.
Several approaches have been suggested for passive system reliability modelling. Either
traditional methods are used or dynamic methods (mainly dynamic event trees) are suggested
for accounting for unique features of SMR risk. SMR risks have also been considered from
level 2 and 3 perspective.
We have participated in a coordinated research project of IAEA on multi-unit PRA. We have
presented results from the previous SITRON project at an IAEA meeting, and contributed to a
multi-unit PRA TECDOC draft.
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Deliverables
·
·
·
·
·
·
·
·
·
·

A research report presenting international and Finnish practices on seismic probabilistic
risk assessment.
A research report presenting a simulation-based event tree model for a cable room fire
scenario.
A research report presenting the results from a literature study on Dynamic HRA and a
research plan for the next year related to that.
A research report presenting the results from a literature study and a questionnaire on
topics related to long time windows in PRA.
A report on methods for modelling long time windows in PRA and HRA.
A research report presenting a draft PRA model of a digital reactor protection system for
the DIGMAP benchmark study and describing the status of DIGMAP briefly.
A conference paper in ASRAM 2019 about the DIGMAP benchmark study.
A research report on a survey on the use of PRA to support failure tolerance analyses.
A research report presenting the findings from a literature survey about PRA of small
modular reactors.
A conference paper in ESREL 2019 about level 2 multi-unit PRA.

2.1.4

OSAFE - Development of framework for justification of overall safety

The general objective of the OSAFE project (2018-2022) is to advance (the understanding of)
nuclear power plant safety and security, i.e., overall safety by applying a set of methods (riskinformed, 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, decommissioning 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 decommissioning and
SMRs. Figure 1 illustrates the idea of OSAFE project.

Figure 1. OSAFE, Framework for evaluating overall safety
The main arguments for this study are that the overall safety requires authentically
multidisciplinary research that makes it possible to improve integrated framework where
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human and organizational and technical approaches are incorporated into one framework.
Second argument is that now is the prime time to deal with SMRs and decommissioning, so
that the Finnish nuclear community is well equipped to ensure the overall safety when the
decommissioning phase and new technologies related to SMRs are actualised. In addition,
recently operating plants have faced external disturbances, which have had implications on
electric systems of operating plants. Electric systems are central to many safety functions in
the power plants, thus their study is relevant from the perspective of overall safety. In addition,
licensing of digital I&C has turned out be one of the main obstacles both for new-builds and
modernisation projects due to its complexity. Therefore, there is a need to approach these
challenges and overall safety from the multidisciplinary perspectives. “Overall safety” is
inherently an overwhelming and ambiguous term. Thus, the overall research questions are
the following:
·

What features and structures should be included in a framework for overall safety?

·

What practical methods and tools would be needed to operationalize such a
framework?

Due to cuts in the budget, OSAFE project has needed to adjust its specific goals and to focus
on some selected tasks. Respectively, expectations regarding the project results need to be
adjusted to the resources available.
Specific goals
WP 1 Overall safety concept and benchmarking criteria for safety assessment and safety
justifications
Only the task regarding the overall safety concept and underlying safety principles was carried
out in 2019, based on literature review. All together 6266 hits were received from Elsevier
database by using “overall safety” as a key word. However, closer examination showed that
many of these hits were not relevant, because overall was linked to e.g. samples, or economy,
not safety. Therefore, we started to look at the close terms to overall safety, such as
sociotechnical, or holistic understanding of safety. Literature review covered 30 articles. The
research questions for this task are the following: What is overall safety? In what contexts it is
used? What are the neighbouring concepts of overall safety?
It is important to understand that there are different sources for the need of holistic
understanding of safety. There are both practical and theoretical aspects regarding the need.
This need derives for instance from the IAEA nuclear safety convention and the requirement
that each country regularly provides an overview of its nuclear safety situation. It is partly the
structure of the national safety reports, which guide the understanding of overall safety. In
addition, accident investigations in the high risk industries have paved a way to the need for
understanding different factors contributing to accidents. In fact, accident investigations have
shown that accident are results of both technical and organizational factors. Therefore, one
should be able to look at the technical and organizational factors simultaneously (Harvey and
Stanton 2014). However, currently nuclear safety is approached predominantly from the
technical or organizational perspectives, that means compartmentalized approach, not
simultaneous approach. [Moreover, complexity theories and system of system thinking as well
as sociotechnical systems thinking have enhanced the need for understanding the overall
safety.] What is then overall safety?
Based on the literature review, we state that overall safety can be characterized as a
sociotechnical phenomenon that refers to interconnectedness and complexity of technical and
social systems. Sociotechnical approaches have adopted ideas from general systems theory,
for instance that the system consists of interconnected components. Each component is
unaware of the behaviour of the whole system and it cannot see the influences of its actions
(Kleiner et al. 2015). Complexity in sociotechnical systems arises from the multiplied networks
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of relationships, interactions and interconnectedness between the components or subsystems.
As a result, the boundaries of systems become obscure (Dekker et al. 2011). Furthermore,
interconnectedness of different systems generates complexity that is difficult, if not impossible,
to govern and regulate (Hollnagel et al. 2011, Leveson 2012, Aven and Ylönen 2018; Ylönen
et al. 2017a). It means that a system as a whole cannot be accurately predicted by knowing
the states of the individual elements of the system. Hence, complexity is inherent in
sociotechnical systems thinking.
With regard to underlying safety principles, such as defence-in-depth, safety culture,
institutional strength-in-depth were dealt with. As argued by Grote (2018) and Möller et al.
(2018), there are several safety principles, and some of them aims to take a holistic view.
However, safety principles are based on different logics, and can be complementing, partly
overlapping or even contradictory to each other (Grote 2018).
With regard to safety-critical organisations, sociotechnical thinking has become highly relevant
(Ylönen et al. 2017a; Le Coze et al. 2017). Resilience engineering has emphasised the
interdependency of system effectiveness, efficiency and safety. If the system is not able to
take into account both the technical and social aspects, it will lead to unsuccessful system
performance or even accidents in the long run (Hollnagel et al. 2011; Leveson 2012).
Therefore, the literature review on overall safety and its neighbouring concepts indicated the
necessity to understand the overall safety, but also the difficulty to get understanding of overall
safety due to complexity of technical and organizational aspects and their interrelationships.
As no single expert is able to grasp the totality of the complex systems, a system modelling is
needed. In WP 2 modelling possibilities of overall safety was dealt with.

WP 2 Improving methodologies for creating framework for evaluating overall safety
In this work package we focused on task 2.5 dealing with Development of overall safety
framework. The goal is to create an overall safety framework that builds on integrated set of
methods and tools. The method for creating this initial integrated overall safety framework is
dialogue and collaboration between all research partners and analysis of the content of existing
tools, and the relationships between the tools and their different aspects. The initial integrated
framework was presented as slide set in the end of 2019 and it will be tested in the next years
through cases in Work package 3. The slide set included the ORSAC-model (Hyvärinen et al.
2016) and semantic modelling. These can be seen as complementary frameworks, as
semantic modelling can provide input to ORSAC-model and vice versa.
In 2020, 2021 and 2022 the overall safety framework is developed further based on both
conceptual, theoretical and empirical (case studies) feedback provided by all tasks.
Development of overall safety framework requires iterative method, continuous discussions
and creation of understanding about the main aspects and dimensions of overall safety and
how these are related to each other.

WP 4 Project coordination and dissemination
The goal of the task T4.2 is to disseminate the findings of the project through end user oriented
seminars and workshops. Overall safety seminar will be arranged yearly. In 2019 it was
arranged in September. It provides a discussion forum for representatives from TSO,
universities, nuclear industry and the regulatory body. In 2019 overall safety was the theme of
the seminar. Five presentations were hear from the topic.
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Deliverables
·
·
·
·

Article draft on overall safety perspectives/framework, potential target journal RESS.
Overall safety framework, initial set of guidance, slide set
Overall Safety Seminar on 11th of September 2019 and related arrangements
Extra deliverable: Assessing the goodness of the concept of institutional strength in
depth. A chapter for the book on Human Factors in the Nuclear Industry, published by
Elsevier.

Scientific background of the OSAFE project draws on sociotechnical perspective, resilience,
risk and organizational studies. In the following, we provide a short characterization of
sociotechnical aspects of safety as well as the directions to which the development of the
sociotechnical perspective could go.
The sociotechnical perspective challenges the conventional probabilistic risk analysis, which
draws on his-torical data. In the context of sociotechnical systems and the subsequent
emerging surprises, the historical data does not help to predict the forthcoming events.
Therefore, there are serious deficiencies related to probabilistic risk analysis in the context of
sociotechnical issues and overall safety. Surprises deriving from sociotechnical properties of
a system, call for a holistic understanding of safety (Aven and Ylönen 2018; Ylönen et al.
2017a; Le Coze et al. 2017; Le Coze 2016). That would mean taking into account macro, meso
and micro level as-pects and studying the reality in which power companies and their personnel
operate, so that the constraints that the implementation of safety requirements encounter in
everyday life, is better understood.
In addition, the sociotechnical perspective calls for a resilience perspective. Resilience
understood as a system’s ability to maintain its core functions in the phase of expected or
unexpected disturbances and surprises (Weick and Suthcliffe 2007) or to recover from losses
within relatively short time period. Resilience perspective stresses the ability of a system to
respond to surprises, learn from them, monitor weak signals and anticipate future surprises in
terms of unknown knowns, that means that somebody knows, but the knowledge of that
somebody has not spread and reached the persons who have an ability to intervene, prevent
things happening or mitigate losses. Sometimes resilience perspective is seen as excluding
risk analysis. However, there are strong arguments for seeing risk perspective as
complementing part of the resilience approach. Namely, systems differ from each other in
terms of vulnerabilities, i.e. what kind of stressors they can stand. Therefore, for the sake of
resilience and overall safety it is of big importance to identify vulnerabilities of a system and
that kind of identification is enhanced by the risk analysis that emphasises uncertainties and
differentiates between various types of stressors, such as unknown and known stressors and
that emphasises the strength of knowledge behind the risk analysis. Hence, this study draws
on the sociotechnical perspective, resilience and risk analysis, human and organizational
factors, safety justifications and system modelling in order to advance the understanding of
overall safety of nuclear power plants in the different stages of their life cycles.
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
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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 is an essential prerequisite, to generate good working practices and new human
performance tools 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 improve participative development at maintenance of nuclear
power plants.
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
France (WP2). Second, to conduct work process analysis at selected maintenance tasks
(recurring disturbances), 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 participative development as well as develop and test novel human performance
tools (WP4). Fourth, we aim to build up a synthesis of the current state and development needs
of maintenance work and safety as well as options of participative development to support
safety and work at nuclear maintenance. (WP1).
The four work packages of PARSA represent different aspects and themes of participative
development for supporting human performance at improving nuclear safety. The work
packages (1-4) and their relation to each other are described at the following (Figure 3):
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Figure 3. Four workpackages and their basic aims at the PARSA-project.
In 2019 onsite study conducted by WP2 featured active interaction with collaborating power
plant for the purpose of understanding the training needs and the basic challenges in the tobe-developed maintenance work. The existing literature on maintenance work was reviewed
as well. Limitations on what kind of training methods are possible were considered. Two
workshops with the collaborating plant we conducted, to agree that heavy-lifting would be
video-taped by the operating organization. The video data on heavy lifting was then collected
during yearly maintenance; VTT researchers commented and provided guidelines. The
developing a training method concept is targeted based on review of heavy-lifting sessions
with video material. The videos will be reviewed together with the workers along with test
training sessions, planned for winter 2019 - January 2020.
By WP3, interviews at NPP maintenance were conducted in 2019 to provide information for
selecting and prioritizing the most critical work processes for analyses during 2020-2021. A
workshop with NPP nuclear maintenance and plant operations participants (n=10) was held,
to introduce the planned work process analysis method, and to preliminary test the use of the
method in actual work process. At the workshop, based on joint discussion and preliminary
interview findings, two work processes for further analysis in 2020 was selected. In 2020, we
will focus on work processes related to disturbance case and recurring disturbances from
learning, knowledge sharing, and process and safety improving perspectives. Tasks will
provide process descriptions of critical work phases and visualize the knowledge related to the
work as well as identify the challenges at work. The booklet of the work process analysis
method is to be written in 2020-2021, to facilitate congruent, independent development work
in NPPs.
In WP4, a book chapter was written in 2019, describing the most common human performance
(HU-/HUP) tools in the nuclear industry, and typical challenges and potential success factors
regarding their implementation and use based on available literature. A manuscript of a journal
article on HU-tools and their implementation was finalized. Workshops were planned to be
conducted with power companies and one workshop was held already. Links between WP2
and WP3 were discussed internally within PARSA research team and with industry
representatives in workshop, as part of WP1 actions. Actions in 2020 were planned, to design
and carry out case studies at NPPs, facilitate participative development of HU-tool
implementation and utilize data collected in other work packages. Work at 2021-22 includes
outlining of what types of novel HU-tools are needed. Novel HU-tools are planned to be
developed and examined in collaboration with power companies on the basis of other PARSA
findings. Benchmarking HU type of procedures with other safety critical fields is planned at the
next years, too.
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In WP1, we conducted a ‘Synergy workshop with nuclear actors’, with three NPPs, STUK
participants, and FIOH and VTT researchers, to form a shared understanding of the current
state, work demands and changes in nuclear maintenance work, as well as the current forms
and benefits of participative development in Finnish nuclear power. Joint discussion of the first
data findings from interviews (WP3) offered workshop participants a possibility to reflect
current challenges of nuclear maintenance work, as well forms of participative practices to
support that.
PARSA held regular meetings and workshops, to form a holistic view of the maintenance work,
and the ways, with which to improve safety of the maintenance work by using concrete tools
with participative orientation. A preliminary model (including changes, management, demands
at maintenance work) was drafted and introduced at nuclear actors’ synergy workshop.
As an extra deliverable in WP1, with the aim to proceed human factors (HF) related research
in nuclear, and book project has been organised, with 21 authors from nine organisations
(including e.g. VTT, FIOH, Aalto university, Vattenfall, NPP experts, international private
consultant). Co-operation has given solid basis for mutual understanding among the
researchers at the field, and overview of organisational development frameworks, models and
tools with HF in perspective, to improve nuclear safety further. This work has not been
conducted with PARSA resources, but however utilized the existing platform and network of
previous SAFIR research.
Deliverables
·
·
·

·

·

·

·

·
·

Joint workshop of nuclear energy industry actors at ‘HF and safety’ sector was
conducted, and summary of findings was reported and discussed in RG.
A draft of a holistic model regarding participative development in nuclear energy
industry was designed, to be further modified in light of further study findings from all
work packages.
A-M Teperi organized book project with another editor and 21 authors from nine
organizations (including e.g. VTT, FIOH, Aalto university, STUK, Vattenfall, NPP
experts, international private consultant). The book aims to view current perspectives
on HF and to proceed HF related research in nuclear. (other deliverable; mainly
conducted without PARSA resources)
A-M Teperi wrote a conference paper in collaboration with Aalto university, emeritus
professor Björn Wahlström and professor Robin Gustafsson, with oral presentation
at SYP seminar in Marina Congress Center in Helsinki, October 2019 (Ydintekniikan
päivät).
M. Wahlström presented a conference poster ‘Understanding of maintenance
training needs and preliminary concept of novel camera-based training method’ at
REA 2019 conference (Resilience engineering association), Sweden, Kalmar. Initial
feedback for plans, existing ideas and the initial results were acquired through poster
presentation.
V. Puro and I. Asikainen implemented interviews in NPP maintenance, study
participants as operative personnel and supervisors. Interview themes included
changes at maintenance work, work organization, management and leadership in
maintenance, development needs and proposals for more accurate objects of work
process analysis in 2020. Summary of interview findings as slide set was presented
by researchers both at nuclear energy actors’ joint workshop and reported in RG.
A. Ala-Laurinaho with her team implemented workshop with NPP maintenance
personnel, including representative of operations and business management, to
present interview findings and the aims, method and practices of the forthcoming
work process analysis. The main target was to jointly define selected work processes
for analysis in 2020.
K. Viitanen drafted a manuscript for journal article in co-operation with Nordic nuclear
partners, with the title ‘Human performance tools as a means of formalizing
maintenance work’.
K. Viitanen drafted a book chapter on human performance tools, with the title ‘Human
performance tools as a part of programmatic human performance improvement’.
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Chapter will be included to the book published by Elsevier in 2020 edited by A-M
Teperi and N. Gotcheva, in collaboration of FIOH and VTT.

2.1.6

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

The general objective of PREDICT (2019-2022) is to develop and maintain research expertise
and methods needed for assessing probabilities of occurrence of safety-relevant single and
compound extreme weather and marine 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 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),
potentially pose external threats to existing plants or may hamper the normal operation of the
Finnish NPPs. The aim is 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.
PREDICT involves both modelling data and observations. The work has been divided into
three main work packages: 1) extreme weather events in changing climate; 2) extreme sea
level; and 3) short-range forecasts of extreme weather and sea level events.
Specific goals
WP1 of PREDICT focuses on extreme weather, targeting to improved reliability of estimates
about the likelihood of exceptional single and co-occurring events in the surroundings of the
NPP sites. In 2019, the phenomena studied were intense coastal snowfall and co-occurrence
of intense precipitation with high sea level. Besides, WP1 contributed to a benchmark exercise
provided by Working Group on External Events (WGEV) of OECD/NEA.
Cold air outbreaks over a relatively warm open sea can trigger formation of convective seaeffect snowfall (snow band) which may maintain itself for several days over the sea and move
towards the coast depending on the wind direction. Such intense snowfall may clog the
ventilation systems and the air intakes of the diesel generators in NPPs. A set of criteria for
the selection of days with moderate to favourable atmospheric conditions for convective snow
bands, previously presented by Jeworrek et al. (2017) for the Swedish east coast, was slightly
modified according to outcomes from four Finnish case studies with a convection-permitting
numerical weather prediction model HARMONIE-AROME. Based on the refined criteria and
an 11-year long climate model (RCA4) simulation, four sea-effect snowfall events, on average,
were found around Finnish coastal areas annually. The events were more intensive on the
western coast of Finland than on the southern coast and most of them occured in NovemberJanuary. Heavy coastal precipitation events were also identified from the daily gridded climate
dataset for Finland (FMIClimGrid) as well as from weather radars for comparison with the
HARMONIE-AROME results.
To examine the co-occurrence of two anomalous events, 1- and 2-dimensional frequency
distributions of sea level data from seven mareographs and daily precipitation sum from nearby
weather stations were analysed. Compound events lasting for more than 1 day were also
studied. The mean annual number of days with heavy precipitation (≥ 20 mm/day) together
with the exceedance of the warning level of a high sea level was 0.0 - 0.14, depending on the
site (in Helsinki 0.1; see Figure 1). Days with substantial precipitation (≥ 4.5 mm/day) and a
sea level exceeding the half of the warning level were clearly more common, but subsequently
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such days occurred much less frequently. Prolonged events lasting for ≥ 5 days were
unpresented at 3 out of 7 places during 1960-2018.

Figure 1. Two-dimensional frequency distribution of maximum sea level height and daily
precipitation near the Helsinki Kaivopuisto tide gauge in 1960-2018. The dash-dot (dotted) line
depicts the boundary for elevated-level (high-level) compound events. The mean annual
numbers of the compound events are shown in the box on the right.
The OECD/NEA Benchmark on External Events Hazard Frequency and Magnitude Statistical
Modelling aimed to collect information on different ways to model extremely rare events and
the related uncertainties. Two synthetic cases were predefined, both giving pairs of return
periods and return levels, but only in the first case the synthetic model producing the return
levels was presented. We selected generalized extreme value (GEV) distribution as our model
candidate due to its well-known theoretical background and the relatively straightforward
estimation of its parameters. Two Bayesian approaches, directly providing information on
parameter and observation uncertainty, were tested. The main conclusion from the study was
that a careful analysis of data and proper knowledge on the underlying physical processes is
required to reasonably estimate the quality of, and uncertainties in, the fitted parameters. The
results were documented in an R notebook.
WP2 of PREDICT studies extreme sea level events, aiming to produce accurate and up-todate flood risk estimates for the NPPs. In 2019, the work concentrated on two different studies.
The first study aimed to shed more light on the uncertainties in the coastal flood risk estimates,
by investigating different extrapolation functions on the uppermost sea level estimates, and
how sea level time series evolve in time. The second study initiated the work towards
estimating the highest sea levels that could occur on the Baltic coast by generating synthetic
low-pressure systems.
Flood hazard curves accompanied by uncertainty ranges indicating the lower and upper
bounds of the estimates provide a helpful tool to plan coastal areas in a flexible and safe
manner. The uncertainty studies focused on the short-term sea level variations that range from
hours and weeks up to years, and are caused mainly by meteorological components (variations
in air pressure and wind), and changes in the total water amount in the Baltic Sea. Firstly, two
different extrapolation functions (Weibull and exponential distribution) were applied to the highend tails of the sea level distributions based on monthly maxima (1971-2018), and their effect
on the flood risk estimates were analyzed. In this study, we found that differences between the
selected two extrapolations are largest on the northern Finnish coast and smallest in the
southern Finnish coast.
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As a second step of the uncertainty studies, we analyzed how distributions evolve in time
throughout the complete time series since the tide gauges have been in operation. Comparison
of the probability distributions for time periods 1929-1958 (I), 1959-1988 (II) and 1989-2018
(III) based on 4-hour interval sea level observations, revealed that the lowest sea levels
corresponding to certain exceedance frequencies are found in period I for almost all of the tide
gauges on the Finnish coast.
A possibility to evaluate the theoretical maximum sea level that could occur on the Baltic Sea
coast has raised a lot of interest within the EXWE and PREDICT projects, as it would be useful
for NPPs purposes. Such a maximum is not straightforward to define, since most components
affecting sea level do not have clear physical upper limits. However, the study initiated during
2019 started to tackle this question by developing a program that generates simulated lowpressure systems. One numerical simulation is 10 days long, and the cyclone depth, velocity
and direction of propagation are adjustable (see example in Figure 2.). The simulations are
planned to be used as input for a sea level model in later considerations of defining the worstcase scenario of flooding at the NPP locations.

Figure 2. An example of simulated cyclones to identify extreme sea levels on the Baltic Sea
coast. Contours represent sea level air pressure (hPa) and wind barbs represent the wind
direction and speed at the height of 10 m. A full barb is added for each 10 knots (about 5 m/s)
and a half barb for each 5 knots.
WP3 of PREDICT aims at providing actionable forecasts of extreme weather and sea level
events and conditions for the benefit of safe and economical nuclear power production. To this
end, a workshop on forecasts of extreme events was held on the 9th of October 2019 on the
premises of FMI, with the purpose of identifying forecasts that are both relevant for nuclear
safety, and within the capabilities of the available forecasting systems. The workshop attracted
24 participants from five institutes (STUK, Fortum, Fennovoima, TVO, and FMI. Conclusions
from the workshop were, that nuclear power production and monitoring make use of
meteorological information for two distinct purposes: 1) preparing to calculate and predict the
consequences of harmful substances accidentally released into the environment, and 2)
ensuring safe power production. The first application is served by maintaining a continuous
awareness of the meteorological conditions affecting dispersion and fall-out on spatial scales
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from the local to the regional or continental. Observations and short-range forecasts are the
preferred data source. Established procedures for gathering and distributing the needed data
exist, but some points of useful development were noted, and included in the workshop report.
The second application relies on localized forecasts or warnings of extreme, and therefore rare
conditions or events. Warnings should be issued with sufficient lead time to allow concerned
parties to make adequate preparations, typically at least a day or two ahead. The workshop
concluded that the power of existing forecasting systems to give useful warnings needs to be
assessed in a dedicated study.
Deliverables
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·

A manuscript submitted to Advances in Science and Research (ASR) about sea-effect
snowfall statistics along the Finnish coastline based on regional climate model data.
An oral presentation in the EUMETSAT Baltic+ 2019 Course about sea-effect snowfall in
the Baltic Sea region.
A poster presentation in the EMS Annual Meeting about detecting sea-effect snowfalls on
Finnish coastlines.
A poster presentation in the EMS Annual Meeting about case studies of sea-effect snowfall
on the Finnish coast with ERA5 data.
A report about joint frequency distributions of heavy rainfall and high sea level.
A presentation in the EMS Annual Meeting about exceptional weather and sea level events
in Finland.
A master’s thesis on prolonged dry, wet and hot periods in the changing climate of Finland.
An R notebook contributing to the OECD/NEA Benchmark on External Events Hazard
Frequency and Magnitude Statistical Modelling.
A journal paper about an intense windstorm over Finland due to the hurricane Debby has
been published, originally written in SAFIR2018 EXWE.
A journal paper about machine learning classifiers for predicting deep convection has been
published, originally written in SAFIR2018 EXWE.
A manuscript about extrapolation techniques and uncertainty related to the coastal flood
risk estimates in Finland.
A report about impacts of using different extrapolation techniques to assess coastal flood
risk estimates at the Finnish NPP sites.
A poster presentation in the AGU Fall Meeting (Dec 2019, San Francisco, USA) about
studying the extrapolation techniques and uncertainty related to the coastal flood risk
estimates in Finland.
A report about a method for generating synthetic low-pressure systems.
A doctoral thesis on waves in archipelagos.
A journal paper about comparison of WAM, SWAN and WAVEWATCH III wave models in
the Finnish archipelago.
A workshop on probabilistic forecasts and a report outlining the invited presentations and
summarizing the outcomes of the discussions during the workshop.

References
Jeworrek, J., Wu, L., Dieterich, C., Rutgersson, A., 2017: Characteristics of convective snow
bands along the Swedish east coast. Earth System Dynamics, 8, 163–175.
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
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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.
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 2019, the practical demonstrations began with the DiD assessment of early
Hanhikivi-1 I&C architecture. Based on overall I&C architecture design documents provided by
Fennovoima, the objective was to develop a tool demonstration, where applicable DiD
principles (safety classification, communication separation, diversity) were assessed.
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
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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 2019, the particular objectives were to (1) compile a set of safety and
security DiD requirements applicable to early I&C system design (see an example in Figure
2), (2) model the relevant I&C elements and their independencies, while focusing on security
attributes, and (3) develop a proof on concept tool for early hybrid safety-security I&C system
assessment.

Figure 2. A draft hybrid risk assessment data model for safety and security.
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 2019, the objective was to study the use of ADLs in modelling
overall I&C architectures, and in particular defining a suitable case to support the study.
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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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 (Figure 3). In 2019, 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.
An additional goal was to study—using models VTT has built in practical customer projects
related to the Olkiluoto 3 EPR and the Loviisa I&C renewal—the real-world scalability of the
failure modelling approach developed in SAUNA.

Figure 3. By utilising symmetry, the hardware failure model can be made simple, if the focus
of formal verification is on single failure tolerance (example based on U.S. EPR FSAR).
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 the SAUNA project, a technique was developed for visualising the counterexamples
produced by model checkers by highlighting important variables at important time steps. In
SEARCH, a goal for 2019 was to extend the counterexample explanation features by
highlighting relevant paths in function block diagrams. In particular, the objective was to
develop a graphical prototype tool, which would allow the user to click on a certain variable in
the function block diagram, and the tool would then highlight the signal path(s) that cause that
variable to have that value on that time step (Figure 4).
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Figure 4. A tool (called Oeritte) explains a model checking counterexample by, among other
means, highlighting a set of paths in the function block diagram
Although graphical tools are already used in practical model checking projects, another still not
automated step is that the analyst has to manually copy the function block diagrams from the
source documents (e.g., PDF or MS Office files). In 2019, the goal was to experiment with the
automated creation of formal models, based on standardized automation software containers
(i.e., the IEC 61131 PLCopen XML file format). Such standard formats would facilitate MBSE,
but nuclear industry I&C systems are based on non-standard, vendor-specific function blocks.
Accordingly, the objective was to see how standard PLCopen models could be augmented to
capture the necessary, industry-specific features, and then develop a prototype tool
demonstrating the transformation from MS Visio block diagrams to model checking.
On the topic of probabilistic risk analysis (PRA), the OECD/WGRISK/DIGREL project has
developed a common taxonomy for failure modes of digital I&C systems. Due to the nature of
software, the way that software failure modes are defined can differ from the hardware failures.
Model checking, on the other hand, focuses on detailed analysis of the application software,
and can reveal complex scenarios where the application logic violates functional requirements.
Model checking could therefore support the definition of failure modes in PRA. Accordingly, a
specific research objective in 2019 was to review the models VTT has created in practical
model checking projects, analyse and classify the identified design issues, and compare the
findings to the proposed failure taxonomy.
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 conference paper in RAMS 2020 on model-driven method and a prototype tool for hybrid
safety-security assessment of complex systems in an early design phase
A conference paper planned for the INDIN 2020 conference on the applicability of AADL in
modelling the overall I&C architecture
A journal paper in IEEE Access on model checking of I&C application logics, taking into
account hardware failures and communication delay
A journal paper submitted to RESS on using model checking to analyse spurious actuation
of I&C systems, also accounting for hardware failures
A conference paper submitted to CAV 2020 describing a tool that explains the
counterexamples of model checking by highlighting important paths in the function block
diagram
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·
·
·

A doctoral thesis on the combined use of formal methods for reliability assurance of
software in safety-critical systems
A conference paper planned for ETFA 2020 on the automatic generation of formal
verification models based on vendors specific MS Visio diagrams
A research report on the potential applications of model checking in support of PSA

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 2019
Significant effort was spent on participating in the first phase of the PRISME3 Analytical
Working Group benchmark exercise. In this work, the purpose was to perform an open
simulation of cable tray fires both in open atmosphere and in confined environment with Fire
Dynamics Simulator software version 6.7.1 (Figure 1). Two different modelling approaches for
cable geometries were used: solid obstacles (generation I models) and particles (generation II
models). Furthermore, two different methods were used in the simulations to model the fire
propagation. In the prescribed simulation, the heat release rate (HRR) of the fire was directly
taken from the experiments. In the predictive simulation, the fire propagation was modelled
utilizing a pyrolysis model.
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Figure 1. Left: the IRSN DIVA facility for conducting fire experiments in confined environment.
The two rooms marked with a dashed line were used for the experiments modelled in the
benchmark. Right: FDS model of a cable tray fire in the DIVA facility.
It was found that the results from generation I models seem promising for capturing the cable
tray fire behaviour in a physically meaningful way. Especially good results were obtained for
the predictive simulations in open atmosphere conditions (Figure 2). Generation II model was
calibrated to produce results with quantitatively correct magnitude in the confined atmosphere.
However, the modelling choices made in the calibration process rendered the utilized particle
model unphysical, as the calibrated model failed to predict the fire behaviour in the open
atmosphere. Evidently, further work is needed to develop generation II models.

Figure 2: Left: Experimental and simulated cone calorimeter results, illustrating the good
quality of the pyrolysis model used. Right: Experimental and simulated heat release rates in
the open atmosphere cable fire test for two different levels of numerical accuracy (LES or
VLES), and two convective heat transfer models used at cable surfaces (semi-empirical or loglaw).
The activities in the PRISME3 experimental campaigns during the year 2019 were compiled
and presented for the Finnish stakeholders. In the ECFS (Electrical Cabinet Fire Spread)
campaign, 6 tests out of a total 8 planned tests were carried out in 2019. Three of these were
open atmosphere tests, and three were conducted in confined enclosures. The CFP (Cable
Fire Propagation) campaign was in a planning stage in 2019, with the actual tests scheduled
for 2020-2021. The S3 (Smoke Stratification and Spread) campaign was completed in 2019.
Five tests were conducted, and the final report was issued in April 2019.
Work was initiated to develop a generation III FDS model for burning cables. This new
approach involves describing the geometry of the cables as cubic obstructions (Figure 3), and
using the new HT3D heat transfer routine of the FDS, developed during 2018. As a first step,
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verification tests were developed that can be used during the model development work to
ensure the fundamental performance requirements, such as mass and energy conservation.

Figure 3. Left: generation III geometry model for pyrolysis of electrical cable. Right: mesh and
geometry of modelled cylindrical cable.
The use of meta-modelling in reducing the computational cost of stochastic fire simulations
was investigated. Two specific meta-models were used in this work: Response Surface
Method (RSM), and Gaussian Process (GP). Their performance was evaluated in a stochastic
room fire scenario to predict surface temperatures on the cold side of the wall. The procedure
consisted of performing a limited set of deterministic simulations with a predictive finite-element
(FE) heat transfer model, and using this data to train the meta-models. The results showed
that both RSM and GP helped to achieve accurate stochastic prediction, despite few
deterministic data points. The combination of various kernel functions in GP made it possible
to approximate the time-dependent non-linear FE solutions. The polynomial based RSM,
however, did not perform well for highly non-linear problems. Uncertainty compensation
method helps to improve the accuracy of meta-model based stochastic predictions.
A study was conducted on the chemical and physical structures of base polymeric materials
used in nuclear power plants, and how the structures translate to material properties. The
standard mechanism for aging of the polymers, the autocatalytic oxidative degradation
mechanism, was introduced and discussed. The report also presented the most common
classes of additives: curing agents fillers, plasticizers, antioxidants, and colorants. Their role
for the properties of the base polymer and the aging behaviour was discussed. The report
provides base information for atomistic modelling of polymeric materials and their aging
processes.
A method was developed to perform thermal decomposition simulations of polymeric materials
in a coarse-grained representation. Reference thermal decomposition simulations were
conducted using a reactive force field (ReaxFF) for linear and cross-linked polyethylene
systems. The coarse-grained method qualitatively reproduces the pyrolysis product
distributions from the reactive MD simulations (Figure 4, left). An isoconversional analysis for
the coarse-grained simulations reveals a global activation energy for the decomposition
reaction in agreement with the corresponding reactive analysis (Figure 4, right). The coarsegrained simulations are faster by at least two orders of magnitude.
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Figure 4: Left: comparison of experimentally measured and simulated decomposition product
distributions for polyethylene at three different conversions. Right: activation energy for
conversion as a function of extent of conversion, as obtained from an isoconversional analysis
of simulation results.
Deliverables in 2019
·
·
·
·
·
·
·

·

2.2

Participation in the PRISME3 Analytical Working Group phase #1 (VTT research
report).
Validation of generation I and II FDS models for burning cable trays (VTT research
report)
Preparations and background information for the PRISME AWG phase #2.
(Presentation in RG)
Verification of cylindrical 3D heat conduction objects in FDS. (Aalto technical report)
Compilation of PRISME3 results in 2019. (Presentation in RG)
Surrogate models for probabilistic fire simulations. (Aalto technical report)
Survey of relevant polymers, known ageing mechanisms and possible implications for
fire behaviour. (VTT research report)
Baseline thermal decomposition simulations for an unaged polymer using coarsegrained molecular dynamics. (Presentation in RG).

Reactor safety

In 2019 the research area “Reactor safety” consisted of eleven projects:
1.
2.
3.
4.
5.

Analytical severe accident research (ANSA)
Coupled analysis of transient scenarios (CATS)
CFD methods for reactor safety assessment (CFD4RSA)
Interdisciplinary fuels and materials (INFLAME)
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).
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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 for the Fukushima unit 2 accident was developed.
Compared to the second version, detailed plant data from the OECD BSAF-2 project was
utilized, and now it was possible to eliminate most of the uncertainties that were related to
unknown dimensions of the plant. Now, most of the remaining uncertainties are related to
physical and chemical models and nodalization in MELCOR, and uncertain boundary
conditions, for example the water injection rate with the fire engine and locations of various
leaks.
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 could be satisfactorily reproduced by assuming a small safety
relief valve gasket leak to the drywell, starting 78.5 h after the earthquake. The leak of hot
steam caused evaporation of the water in the measurement system pipelines and thereby
distorted the measurement. Drywell pressure during the reactor depressurization is presented
in Figure 1
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Figure 1. Drywell pressure during the reactor depressurization.
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The calculation reproduces the measured pressures well. This required manual tuning of the
RCIC flow rates and flooding rate of the torus room with water from the tsunami. Camera
inspections have shown that the reactor lower head has failed and debris has been ejected to
the pedestal. This could be reproduced by shifting the fire engine pump curve to lower
pressures, so that the water injection did not succeed until 14 h after the start of the fire engine.
Proper functioning of the passive safety features under all circumstances will be ensured after
validating the models against suitable experiments and developing reliable modelling
practices. To have an in-depth understanding of the phenomena affecting heat transfer in a
crucible type core catcher, the analyses should be made with a CFD-based tool. This work
was started with creating a model to analyze KTH’s SIMECO-2 experiments with OpenFOAM.
Unfortunately, the SIMECO-2 experiments were delayed so the simulation results had to be
benchmarked with the pre-test analyses performed at KTH. External boundary conditions were
defined somewhat differently, so the results are not directly comparable. KTH had used a
uniform temperature at the external boundary, whereas in the VTT’s model, the temperature
of the external boundary was defined based on heat transfer from the pool. However, the
results seem to agree reasonably. This work is still ongoing.
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. Lean hydrogen mixtures are actually more probable than
richer ones despite they are less analyzed. VTT’s model for the combustion of lean hydrogen
mixtures was 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.
Modelling the combustion of ultra-lean hydrogen mixtures is a most challenging task. The
propagation of the flame front is influenced by several competing phenomena. Compared to
somewhat richer mixtures, instabilities are weak and develop slowly. There might thus not be
time for some instabilities to turn on because of other phenomena, for instance, convection.
The flame propagation velocity is assumed to be determined by the dominating phenomenon
of laminar burning and different flame instabilities. The influence of the flame thickness on the
burning velocity is taken into account. Buoyancy reduces the speed of flame if the flame front
propagates downward.
The performance of the revised modelling framework was tested by computing eight THAI
combustion experiments with downward and upward flame propagations. In these
experiments, the volume fraction of hydrogen in air varies from 7 to 11.8 %. The computational
results are mainly in a good agreement with experimental results. The model reflects the
influences of changes in the experimental conditions even quantitatively. Considering the
complexity of the hydrogen combustion and the number of phenomena involved in these
experiments the agreement is remarkable. An example of comparison of computational and
experimental first flame arrival times is in Figure 2.
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Figure 2. Computational (left) and experimental (right) first flame arrival time on a vertical
cross-section for Test HD-3 with 9.01 vol-% for H2.
The final objective of severe accident management is to minimize the potential source term to
the environment. 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. These experiments provide
excellent validation data for the integral codes.
Experiments for CsI aerosol and CH3I considering the effect of NaOH and Na2S2O3 were
analysed with ASTEC V2.1.1.6. Experimental and analytical Decontamination Factor (DF)
results for CsI were in a good agreement at the globular injection regime (Figure 3). The effect
of NaOH seemed to be negligible. When the pool inlet flow reached the jet regime (69 l/min
and 103 l/min), the analytical and experimental values started to differ more, analytical results
being overly conservative.
Experimental and analytical DF results for CH3I were also in a good agreement for a pure water
pool. In the experiments was observed that Na2S2O3 could enhance trapping of CH3I.
Unfortunately, this effect could not be reproduced in the model by adding a chemical reaction
either between Na2S2O3 and dissolved CH3I or Na2S2O3 and I-. Only increasing the individual
mass transfer coefficient in the liquid side increased trapping of CH3I. This results from the way
pool scrubbing phenomenon is modelled in ASTEC. It seems, that chemical reactions are not
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taking place at the bubble-water interface “during pool scrubbing”, but after the products are
fully transferred into aqueous phase.
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Figure 3. Comparison of the analytical and experimental results for CsI with NaOH added to
the pool. Five different N2 inlet flow rates and three different pool depths were examined. N2
inlets 69 l/min and 103 l/min are on jet regime injection.
Deliverables
·
·
·

A research report describing the updates to the Fukushima Unit 2 accident MELCOR model
together with the results compared to available measurements.
A research report of VTT’s model for the combustion of lean hydrogen mixtures.
A research report combining experimental and analytical results for pool scrubbing of
gaseous and particulate iodine.

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. 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 and modelling of hot pins
inside reactor cores. These aid in developing both the modelling tools and the modelling
expertise of future.
Specific goals
WP1 of CATS focuses on modelling of nuclear power plants with coupled neutronics, thermalhydraulics and system code models. In 2019, focus was on adopting the use of TRACE for
modelling of transient scenarios. TRACE would serve as an independent system code for
transient safety analyses. In addition, adoption of TRACE would benefit the renewal of VTT’s
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calculation systems by, in the long term, enabling the coupling of TRACE to the VTT’s Kraken
computational framework. 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.
A Master’s thesis was produced jointly by WP1 and WP2 of CATS 2019.
In WP1, the adoption of TRACE was hastened significantly by cooperation with Karlsruhe
Institute of Technology, which provided a TRACE model for VVER-1000. The provided model
was used as a basis for the work in the master’s thesis. The TRACE model had several
simplistic features which were corrected.
In addition in WP1, transient analysis calculations of BWR overpressurization transient were
calculated with the transient analysis code TRAB3D as a stand-alone calculation as well as
with TRAB3D coupled to system code SMABRE. The calculations were compared to past
measurements of the transient. New nodalization models were tested and analysed to see if a
more dense nodalization would enable SMABRE to model pressure waves in the BWR steam
line correctly. It was observed that SMABRE doesn’t reproduce the measured pressure waves.
This holds with both sparse and dense nodalization. The built-in BWR steam line model in
stand-alone TRAB3D did not reproduce the measured pressure waves either. For full
conclusiveness, the same calculations should be repeated with the process simulation and
system code Apros.

Figure 1: Simulation results of the BWR overpressurization transient and the measured data.
A plot of steam line 1 flow during the transient.
- TRAB3D corresponds to stand-alone TRAB3D
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- TRAB3DSMABRE-13 to TRAB3D coupled to SMABRE with sparse nodalization
- TRAB3D-SMABRE to TRAB3D coupled to SMABRE with dense nodalization
- 311K301 corresponds to measurements.
WP2 of CATS includes development of the analysis methodology for transient safety analyses
such as those carried out in WP1. This includes both computational methods as well as
uncertainty and sensitivity analyses carried out by performing multiple transient safety
analyses. Uncertainty and sensitivity analyses are a major ongoing theme in CATS, but in
addition to those, analysis and listing of calculation methodologies of thermal margins was
carried out. This listing serves as the base of developing thermal margin calculation methods
for the Kraken computational platform.
Uncertainty and sensitivity analyses were the major topic of WP2. Master’s thesis “Uncertainty
and Sensitivity Analysis for Nuclear Reactor” was produced by combining work from WP1 and
WP2. In the thesis uncertainty and sensitivity analyses were done to separate core, separate
system, and coupled core-system models using HEXTRAN, TRACE, and coupled HEXTRANSMABRE codes, respectively. The modelled case was Kalinin-3 coolant transient where one
of the main coolant pumps is switched off at nominal power. The goal was to recognize the
sources of uncertainty in each model and how the uncertainties propagate from one calculation
step to another. In each case, a few input parameters were found that affected the model
outcome the most: gas gap conductivity and core inlet coolant temperature in HEXTRAN, liquid
to wall heat transfer coefficient and wall drag in TRACE, and gas gap conductivity and
homologous pump curve in HEXTRAN-SMABRE. During the work, VTT’s sensitivity analysis
tool was developed further and the VVER-1000 model for TRACE was improved.

Figure 2. Total fission power during the transient calculated with HEXTRAN-SMABRE with
variations in the calculation parameters.
WP3 of CATS consists of exploratory research on coupling porous computational fluid
dynamics (CFD) modelling into transient analysis calculations. The examined case is blocked
assembly in an EPR core, which locally restricts the flow of coolant. Compared to the
corresponding case without core clogging, the coolant temperature rises more at the location
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of the blockage (Figure 3). Above the blockage in the fuel assembly in question, the coolant
flow rate returns close to the unblocked case value, which together with mixing reduces the
influence of the blockage higher up in the core and especially in the upper plenum. However,
the applied mesh was coarse especially in the core region and thus the results should be
considered only qualitative. The feasibility study demonstrates the applicability of the coupled
TRAB3D-PORFLO-SMABRE modelling framework in analysis of PWRs as well as the
applicability of the porous CFD approach.

Figure 3. Influence of a blockage on the coolant temperature (°C) in the heated part of an EPR
core on a vertical cross-section plane in fully coupled TRAB3D-PORFLO-SMABRE simulation.
Values are coolant temperature change in Celsius relative to unrestricted flow case.
Deliverables
·
·
·
·
·
·
·

D1.1.1 Komu, R., TRACE model for a VVER reactor. Presented by Ville Sahlberg in
reference group meeting.
D1.1.2: Komu, R., TRACE Quick Start Guide, VTT Research Report, VTT-R-01293-19.
D1.2.1: Hämäläinen, A., BWR overpressurization transient and SMABRE steam line
dynamics, VTT Research Report, VTT-R-01296-19.
D2.1.1: Räty, H., On the methodology of calculating thermal margins, VTT Research
Report VTT-R-00197-20.
D2.2.1: Komu, R., Uncertainty and Sensitivity Analysis for Nuclear Reactor Core and
Thermal-Hydraulic System Models. Master’s thesis, University of Oulu, December
20169. http://urn.fi/URN:NBN:fi:oulu-201912193338
D3.1.1. Hovi, V., CFD grid for PWR reactor pressure vessel. Presented by Ville
Sahlberg in reference group meeting.
D3.1.2: Taivassalo, V., Feasibility study on the applicability of TRAB3D-PROFLOSMABRE in analyses of core clogging in a PWR, VTT Research Report VTT-R-0019520.
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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 assesment 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 pressurizer of a
PWR is studied with CFD simulations during loss-of-feed-water transient. The CFD model of
the pressurizer is coupled with the Apros model of the of the VVER-440 nuclear power plant.
Journal articles on the coupled simulations 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,
more systematic approaches on the uncertainty quantification in CFD have been tested 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
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 will be coupled with the neutron transport solver
developed in the LONKERO project.
In WP5, CFD and Apros tools for the analysis of the thermal stratification of pressure
suppression pools of BWRs is developed and validated. 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 Effec-tive Heat Source (EHS) and
Effective Momentum Source (EMS) model has recently been developed for the de-scription 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.
Deliverables
·

·

In the SAFIR2018 programme, CFD simulations of VVER-440 pressurizer were performed.
In 2019, the CFD model was improved by rewriting the evaporation/condensation model of
the spray droplets. Coupled Fluent–Apros simulation of loss-of-feed-water transient was
performed, where the main feed water pumps stop and reserve feed water pumps fail to
start. Pressure increases and decreases during the transient, which leads to SCRAM. The
operation of the pressurizer is illustrated in Figure 1. Journal article was written on the
simulation.
Uncertainty Quantification (UQ) methods for CFD were reviewed by first performing a
literature study. Deterministic sampling or polynomial chaos expansion were found to be
promissing methods in terms of number of simulations that are realistically possible in
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·

·

·

·

power reactor applications. In addition, the ASME method was considered. The GEMIX
benchmark on mixing of hot and cold water was used as the test case for UQ. In the
benchmark, heavy water with added sucrose was mixed with lighter water. The results of
the test calculation are illustrated in Figure 2Coarse-mesh models of reactor pressure vessels have 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. In 2019, the
work has focussed on the creation of a proof-of-concept framework for regional mass,
momentum and interfacial models. The NuScale SMR reactor has been used as the test
case in the CFD model development. Porous media models for wall boiling, pressure
losses and heat transfer have been developed and tested. Loss-of-feed-water transient
has been used as the test case. 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.
Thermal stratification of the pressure suppression pool of BWR has 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 Fluent code by using user-defined
functions. Stratification of the pressure suppression pool in a PPOOLEX experiment has
been simulated.
The possibilities to implement the effective heat and momentum source based modeling
approach in the lumped parameter containment model of the Apros system code has been
studied. Two alternatives were considered: (1) adapting some features of the model in the
lumped parameter containment model, or (2) implementing EHS/EMS model by using the
six-equation model and using it as a user component in the containment model. The latter
alternative seems to be more promissing for further studies.
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Figure 1. CFD model for a pressurizer of a generic VVER-440 reactor. The operation of the
spray and heater systems is illustrated. The temperature of the spray droplets and the flow
velocity of water are shown.

Figure 2. CFD simulation of mixing experiment, where heavy water (with added sucrose) is
mixed with lighter water. The experimental results at two locations are compared with CFD
simulations, where different modelling choises have been made.
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Figure 3. CFD model for NuScale SMR reactor. Results from a test simulation of a loss-offeedwater transient are shown. The void fraction, liquid velocity, phase change, liquid
temperature and pressure are shown during the transient.

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 concentrates on nuclear fuel behavior during its irradiation in a nuclear
reactor. The behavior of nuclear fuel is studied both by means of modelling and experiments.
Modelling work in 2019 concentrated on development of the fuel behavior module FINIX,
contributing to an fuel code international benchmark and issues regarding advanced and
accident-tolerant cladding materials. 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 tests performed.
On the part of the pellet, experimental capabilities of the VTT Centre for Nuclear Safety are
developed in this project. Experiments regarding the in-pile behavior of fuel pellets have never
previously been performed in Finland.
FINIX development
The FINIX fuel behavior module has been developed at VTT in previous SAFIR projects and
is used as the internal fuel behavior solver in VTT rector dynamics and neutronics codes. In
recent years, the development has centered on improvement of FINIX steady-state predictions
of fuel behavior. This year, the various improvements in the coupling interface of FINIX were
implemented, and the results of the latest validation and verification presented at the TopFuel
conference.
The most major update was the inclusion of a restart capability, e.g. to end a calculation, write
the calculation state to disk, and continue later from the same calculation state. This is
necessary for various reactor dynamics simulations, for example, but also for simulating a base
irradiation and a transient back-to-back with FINIX. The restart functionality was tested with
FINIX simulations where a base irradiation of a RIA test was calculated with FINIX and then
continued with a FINIX simulation of the RIA test in question. It was found that the results
calculated by FINIX were similar to results calculated with FRAPCON and FRAPTRAN, fuel
performance codes developed by US NRC. Differences were found in the initial state for the
transient calculated by the codes, which is expected from experience in international
benchmarks.
In addition to the restart functionality, several small updates to FINIX were performed, including
improved error reporting, input checking functionality, option to change rod internal gas
contents within a simulation and the possibility to use cmake to compile the code.

RESEARCH REPORT VTT-R-00311-20
50 (127)

Figure 1. Cladding surface temperature in CABRI REP-Na1 RIA test with different code
systems: base irradiation with FRAPCON and transient with FRAPTRAN as a reference, and
base irradiation with FRAPCON or FINIX when transient is calculated with FINIX.
OECD/NEA RIA Fuel Codes Benchmark
In the past ten years, VTT has participated in the OECD/NEA RIA Fuel Codes benchmark
phases one, two and three. In the benchmark, international participants have all calculated
various reactivity insertion accident cases and the results of different codes have been
compared. VTT has participated to the benchmark with the SCANAIR code, which is developed
by IRSN in France. The last phase ended in 2019, and a synthesis report is being made from
the three phases of the benchmark from the past ten years. VTT participated in the writing of
the report, which will be published as an NEA report.
Advanced cladding materials
In this first year of the project, the recent OECD/NEA State-of-the-art Report on Light Water
Reactor Accident-Tolerant Fuels was summarized and presented as a conference paper at the
Nuclear Science and Technology Symposium in Helsinki. This review of the extensive report
concentrated on most relevant advanced cladding materials for Finland. The mechanical
behavior and oxidation behavior, and fuel performance implications were summarized for three
material classes: coated zirconium alloys, FeCrAl/FeCrSi alloys and a Russian material
42HNM. It was concluded that coated zirconium alloys provide the most promising material for
near-term applications.
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 will be carried out with chromium coated zirconium alloy
claddings and possibly 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 and/or FeCrSi type claddings will be considered if these materials become available
for the project. In 2019, the first tests using DIN 1.4970 stainless steel were performed as
benchmark tests. One objective of the first tests is also to prepare, modify and verify the testing
equipment for transient tests, so that the equipment can reliably perform and measure tests
with alternating pressure, hoop-axial pressure ratio and temperature.
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Figure 2. The VTT thermal creep test results combined with results from literature [22, 23] and
the Többe correlation model predictions for DIN 1.4970 material at the temperature range of
500 - 850°C.
Autoclave oxidation testing development
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 makes possible for testing 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 degrees C. The impedance measurement performed well and the
growth of the oxide layer could be distinguished from the test results. The connection of the
impedance results to oxide layer thickness is to be performed in the future. Boiling conditions
were also investigated, and coolant boiling could also be distinguished from the impedance
measurements, extending the applicability of the method.

Figure 3. Cartridge heater covered with fittings and three samples for autoclave testing.
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Steam furnace oxidation testing
In previous years, VTT participated in the IAEA coordinated research program ACTOF
(Analysis of Options and Experimental Examination of Fuels for Water-Cooled Reactors with
Increased Accident Tolerance) with steam furnace oxidation testing of several advanced
cladding materials in the past years. In this final year of the ACTOF project, the results obtained
at VTT in the research program were summarized for future publication in an IAEA TECDOC.
Pellet annealing test equipment
An annealing furnace was obtained in 2019 for future testing of pellet materials at VTT. During
the course of the project, the furnace was tested at the manufacturer in Sweden and later
shipped to VTT Centre of Nuclear Safety. In addition, the future plans for the annealing tests
to be performed with the new furnace were presented at the Nuclear Science and Technology
Symposium in Helsinki. A gas feeding system will be implemented for the furnace, in which the
oxygen partial pressure will be controlled. Samples with a controlled amount of oxygen can
then be prepared in the furnace.

Figure 4. Annealing furnace for pellet materials in its acceptance test.

Deliverables
·
·
·
·
·
·
·
·

A research report describing a new version of the FINIX fuel behavior module, where new
features such as the ability to restart a calculation has been implemented.
VTT text contribution to the OECD/NEA synthesis report of the OECD/NEA RIA fuel codes
benchmark
A conference paper on selected ATF cladding materials relevant to Finland
A report on the cladding creep tests on benchmark materials
A report on the construction of the autoclave loop with increased heat flux through the
cladding and online electrochemical impedance spectroscopy measurement
Report on the VTT contribution to the IAEA CRP ACTOF
A conference paper on high temperature separate effects tests to be performed in the VTT
CNS laboratories with new equipment obtained in 2019
A conference paper on the validation and verification of the FINIX fuel behavior module.
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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.

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 (~1000 users from 220 organizations in 44 countries in

RESEARCH REPORT VTT-R-00311-20
54 (127)
the beginning of 2020) as well as the effort to construct a similar user community for the Kraken
framework as a whole.
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-theart third party solvers to be coupled ar shown in orange.
As seen from the four year plan in the figure above, the year 2019 focused on creating a multiphysics coupling between the solvers for steady state analyses, laying the groundwork for
automating steady state analyses and starting the demonstration and benchmarking for steady
state simulations. Additionally, the individual solver modules were prepared for fuel cycle
simulations by implementing missing features that will be needed in the coupled fuel cycle
simulations to be conducted in 2020.
Work package 1 focused on developments related to the Serpent-Ants neutronics calculation
chain. The project aimed to find optimal ways to generate the group constants required in the
calculation chain. A journal article was written and submitted to Annals of Nuclear Energy
testing the different ways that diffusion coefficients can be generated by Serpent as well as the
different leakage correction methods available in Serpent. Group constants were generated
with various methods and their performance in Ants 2D full core simulations was evaluated
against reference Serpent calculations. Additionally, a novel Monte Carlo based leakage
correction method was developed and implemented in Serpent. The new approach
automatically leakage corrects all Serpent results in an inherent manner. This approach can
thus be used also for burnup calculations, something which was challenging to achieve with
the pre-existing deterministic leakage correction implementations.
The rectangular lattice pin power reconstruction methodology in Ants was verified against
Serpent reference calculations and reported as a conference article, which was the winner of
the young author award at the conference (NENE 2019).
The Serpent-Ants calculation chain was prepared for the upcoming fuel cycle simulations by
implementing the CRAM approach in Ants for solving the matrix exponential in the Bateman
depletion equations. Furthermore, Serpent was extended with capabilities for generating data
required to apply microdepletion in a reduced order neutronics solver, i.e. the data required to
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accurately evaluate and track individual nuclide concentrations and their effects on the group
constants in the reduced order neutronics solver during a burnup calculation. Microdepletion
capabilities were also implemented in Ants.
The main goal of work package 2 was the coupling of the individual core level solver modules
via a core level multi-physics interface so that steady state coupled calculations can be
executed. This required the development of a multi-physics driver module (Cerberus),
implementing data transfer capabilities to the solver modules as well as the driver module,
specifying a common communication syntax for field transfers and execution instructions as
well as implementing capabilities for the solvers to follow the specified instructions.
On the thermal mechanics side, a new solver module SuperFINIX was created to handle the
core level fuel behavior solution as the FINIX fuel behavior module is focused on solving the
thermal mechanics problem for an individual fuel rod. SuperFINIX handles the core level fuel
behavior solution flow distributing the work to individual FINIX instances and collecting the
results to various core level data fields of different resolutions so that the same SuperFINIX
instance can provide fuel behavior data at assembly, rod or rod-radial level.
The coupled calculation capabilities developed in WP2 were demonstrated in work package
3 through investigations conducted for a NuScale-sized SMR reactor core. The SMR core was
modelled mainly with two coupled calculation sequences, where the thermal hydraulics was
always modelled by Kharon and the thermal mechanics by SuperFINIX. The neutronics were
solved either with the continuous energy Monte Carlo code Serpent or the diffusion solver of
the nodal neutronics code Ants, for which group constants had been generated with Serpent.
Licensing relevant information such as control rod worths, shutdown margins, reactivity
coefficients and maximum fuel temperatures were evaluated with the coupled code systems
demonstrating the capabilities of the framework. Work was also started on the BEAVRS
benchmark which is intended to serve as the first actual validation case for the framework. The
analysis of the BEAVRS benchmark will continue in 2020.
Work package 4 focused on international collaboration and the maintenance of the Serpent
ecosystem: Providing support for users, distributing new code versions, updating the on-line
user manual Serpent Wiki and general bug fixes. The 9th annual Serpent User Group Meeting
was hosted by Georgia Institute of Technology in Atlanta, GA, USA in October of 2019. The
on-line documentation effort Kraken Wiki was also started, containing installation, running and
input manuals for the different solver modules of Kraken as well as general information on the
code coupling in the framework.
Deliverables
·
·
·
·
·
·

An article was written and submitted in Annals of Nuclear Energy on the evaluation of the
performance of the leakage correction and diffusion coefficient generation methods in
Serpent.
A research report on the development of a novel Monte Carlo leakage correction approach
was written detailing the approach, its implementation in Serpent and verification against
the deterministic fundamental mode leakage correction approach.
A conference article was written and presented on the rectangular lattice pin power
reconstruction methodology in the Ants nodal neutronics solver (NENE 2019).
A theory manual and an user manual were written in the Kraken Wiki for the heat transfer
models implemented in the Kharon closed channel porous medium multi-phase thermal
hydraulics solver.
An abstract was written and presented in the American Nuclear Society Winter Meeting on
the novel temperature sensitivity methodology implemented in the Serpent Monte Carlo
code.
A conference article was written and presented regarding the newly developed core level
fuel behavior solver module SuperFINIX and its variable fidelity capabilities (NENE 2019).
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·
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A conference article was written and submitted to PHYSOR2020 on the demonstration of
the capabilities of the Kraken framework through simulations conducted for an SMR reactor
core.
An conference article was written and presented on the general plans related to the Kraken
framework as well as the first steady state coupled results obtained with the framework
(M&C 2019).
A conference article on the modelling of cladding oxidation with the coupled solvers of the
Kraken framework was written and presented (NENE2019).
A special assignment was written on the use of the Kraken framework for evaluating control
rod related design bases in an SMR reactor core (Department of Physics, Aalto University).
A symposium abstract was written and presented on the use of the Kraken framework for
evaluating control rod related design bases in an SMR reactor core (SYP 2019).
An overview presentation of the Kraken framework was given in a symposium (SYP 2019).

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 in the water pools of
containment building. The aim is to widen the knowledge towards conditions which are not wellknown 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 STEM-2,
OECD/NEA BIP-3 (both end in 2019), OECD/NEA ESTER (start in 2020) and NUGENIA
programmes. The data of experiments performed as part of SAFIR2022 will be shared within
these forums, as well as information related to the progress of programmes will be distributed to
SAFIR2022 members.
Specific goals in 2019
The first goal in 2019 was to study the reaction between gaseous molecular iodine (I2) and
gaseous caesium hydroxide (CsOH) in the primary circuit conditions. The ratio between the
compounds was varied. The impact of reactions on the transport of gaseous fraction 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. At first 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 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 and gaseous iodine (I2) 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
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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 discuss with the Finnish nuclear stakeholders about the relevant long-term
severe accident management issues.
Another goal was to continue the follow-up of the OECD/NEA STEM-2 and OECD/NEA BIP-3
programmes. In both programmes year 2019 was the last year. The programmes e.g. verify the
findings of the previous CATFIS project in ruthenium chemistry, and also produce
complementary and new data on the ruthenium transport in the RCS and on the iodine behaviour
in the gas phase of containment building and on the painted containment walls. A significant part
of the programmes is to compare the performance of various severe accident analysis codes
and the user effect.

Figure 1. Particle size distribution of the suspended aerosols calculated with the version
V2.1.1.6 of the ASTEC/SOPHAEROS module for sampling points at 138 °C and
experimentally determined in the sampling line. In the experiment, powdery caesium iodide
and molybdenum trioxide were vaporised together at 700 °C in an atmosphere composed of
argon and steam. The fraction of gaseous iodine at the outlet of the EXSI-PC facility was
experimentally measured to be 68.5 % of the total iodine reaching the sampling line (gas +
aerosols).
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Figure 2. Decontamination factor (DF) results for CsI particles as a function of N2 (carrier gas)
flow rate to the pool. The pool depth was varied from 10 to 70 cm. The pool was filled with
water or a mixture of water and NaOH (pool 20 °C). DF seemed to increase due to increasing
flow rate to the pool (globular regime). On the other hand, further increase in the flow rate
decreased the DF (jet regime). In general, the deeper pool was resulting in a higher DF.

Deliverables in 2019
·

·

·

In the primary circuit studies the source of iodine was gaseous I2, which was reacted
together with the vaporised CsOH at 700 °C under Ar/H2O atmosphere. The CsOH mass
concentration was varied in the experiments. The results were compared with the reference
experiments using I2 or CsOH only. The reaction between the compounds resulted in the
formation of CsI particles. However, another compound was also observed, but it could not
be identified. A distinctive feature of the compound was the yellowish colour. Most of the
gaseous iodine (ca. 98.7 %) reacted to form particles and/or reacted with the stainless steel
surfaces of the experimental facility (deposition, sorption). In case of the I2 reference
experiment, more than 97 % of iodine transported in a gaseous form. In comparison, CsOH
was transported mainly as particles (over 97 %).
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. As an exercise, the previous experiment
studying the reaction between CsI and MoO3 in an Ar/H2O atmosphere at 700 °C was
examined. The aerosol transport was rather well simulated, see Figure 1. Whereas, the
transport of gaseous iodine almost two times too low for the simulation in comparison to
the experiment. In general, the estimated wall temperature of the experimental facility
seemed to have a significant impact on the results and it should be better addressed in
future simulations.
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
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·
·

·

be oxidised by the oxygen in the course experiments. It led to a significant reduction of
tellurium release. The retention of tellurium aerosols (Te, TeO2) by a containment spray
system was also examined. 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.
The NPP containment pool efficiency for the retention of fission products as aerosol
particles (CsI) and gaseous compounds (I2) was studied. The experimentally determined
decontamination factor (DF) increased with the increasing pool depth (up to 70 cm pool
depth used in the experiments), see Figure 2. The increasing N2 (carrier gas) flow rate to
the pool increased the DF in globular regime, whereas a decrease in the DF was observed
in the jet regime. Alkaline pool increased the DF notably for gaseous I2. In general, integral
code simulations resulted smaller DFs than recorded in the experiment (simulations
performed in ANSA project). This is conservative what comes to the potential source term.
ASTEC V2.1.1.6 resulted in similar DF results in comparison to experimental results for
soluble CsI aerosol. This study will be continued in the coming years to improve
understanding on the pool scrubbing phenomenon. The experimental and analytical
methods will be enhanced to allow the code validation covering low/high temperatures and
flow rates etc.
The third meeting of NUGENIA TA2.4 area IPRESCA project dedicated to pool scrubbing
research was participated. MANTRA is coordinating a task on gaseous iodine retention in
the pool. The project includes over 30 international organizations around the world.
In the long-term severe accident management study, the key outcomes and
recommendations of OECD/NEA, IAEA, US DOE and EU SARNET working groups or
projects was reviewed and a limited scope overview of recent Fukushima-related journal
articles from the past three years for the background information was summarized. To
recognize useful and sustainable research topics close discussions with all Finnish utilities
and STUK were carried out. The long-term accident management research topics that are
interesting for the Finnish NPPs were identified and listed.
Both OECD/NEA programmes, STEM-2 and BIP-3, were finalized and the outcomes
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
Specific goals in 2019 were to get more experience and experiment data for code validation of
flow oscillations in the AES-2006 design type PHRS-C passive heat removal system, make a
TRACE model of the PASI facility, and provide the plans for the experiments and required
facility modifications including cost estimation for APROS-Fluent validation experiments with
the PASI facility.
The AES-2006 design PHRS-C passive heat removal system is designed to operate without
an external power source and to rely on relatively small gravitational pressure differences. The
system operates at low near atmospheric pressure, meaning that it is susceptible to boiling
oscillations due to large water-steam density difference. While oscillating flow may be an
efficient heat removal mechanism, it may cause dynamic loads and consequent fatigue on
system piping, containment penetrations, pipe supports, and associated vessels.
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Seven characterizing experiments were performed with the PASI test facility in 2018. One of
these experiments was the natural circulation experiment, which was performed in order to
characterize the basic facility operation modes. Flow oscillations were observed in the
experiment, which ended before the system reached quasi-steady two-phase flow conditions.
It was expected that the oscillations would even out when the temperature in the system
increases to the saturation temperature of the water pool. This was tested with a new natural
circulation test in 2019. Pre-test calculations with APROS were done to find experiment
parameters.
In the experiment, the loop mass flow rate fluctuated strongly with the average oscillation
frequency of about 0.01 Hz (Figure 1). The oscillation continued approximately for one hour,
until the end of the experiment. Hence, the assumed attenuation of the flow oscillation was not
achieved in this experiment.
In addition, two advanced measurement techniques were tested in the experiment. The tested
techniques were the optic fiber technique for longitudinal temperature distribution
measurement and the flow measurement with the ultrasonic flow meters. The optic fiber was
placed within the water pool, and the flow ultrasonic meters were assembled on the parts of
the heat exchange tubes outside the vessel simulating containment conditions. This testing
was reported in the SAFIR2022 IDEAL project.

Figure 1. Flow oscillation period of the experiment and the results of the Fourier analysis for
that period.
Computer analyses are needed in the planning of the experiments as well as in post analyses
to help understanding the physics in the experiments. An APROS model of PASI created by
VTT is available also at LUT. For comparison, the TRACE model of the PASI test facility was
made at LUT and was validated against the results of the PASI pressure and heat loss
experiments and the first natural circulation experiment.
The pressure losses in the TRACE model showed a good agreement with the measured
values. Only the pressure losses through the sparger in the normal and reverse flow direction
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and the pressure losses through the heat exchanger in the reverse flow direction were outside
the error limits of the measurements. The general trend of the increasing and decreasing rates
of the temperatures during heat up and cooldown phases were relatively well predicted with
the TRACE model, indicating that the heat losses of the model also match well with the facility.
In the natural circulation experiment, the single-phase natural circulation flow rate and the start
of the flow oscillation in the loop was well predicted by TRACE. However, in the TRACE
calculation the flow oscillation tended to stabilize and the system reached a quasi-steady twophase flow in the loop while in the experiment the flow oscillation continued until the end of the
test.
In SAFIR2022, VTT proposed projects (THACO and CFD4RSA) where APROS-Fluent
simulations are used for calculating the operation of the PASI facility. A test series with PASI
is needed to fulfil these needs. In 2019 the tests were planned with VTT. Facility modifications
and installation of additional instrumentation are planned for year 2020. PASI was designed
for studies of the AES-2006 design PHRS-C passive heat removal system specially to identify
physical mechanisms that can reduce performance or prevent the functioning of the loop. The
exact modelling of the vessel simulating containment conditions was not considered
significant. These new experiments require some additional instrumentation and possible
facility modifications to the vessel simulating containment conditions. The tests will be carried
out in 2020.
Deliverables in 2019
·
·
·

A PASI natural circulation test has been carried out to test if the flow oscillations will even
out when the temperature in the system increases to the saturation temperature of the
water pool
The TRACE simulation model of the PASI facility has been made and the characterizing
experiments have been calculated as validation cases
The upcoming tests were planned with VTT to support SAFIR2022 THACO and CFD4RSA
projects

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 participates in the OECD/NEA PKL Phase 4 project (2016-2020) with PWR PACTEL
experiments. The OECD/NEA PKL Phase 4 project is 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.
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Specific goals in 2019
Specific goals in 2019 were to perform the PWR PACTEL experiments in the OECD/NEA PKL
Phase 4 project, calculate one of the PWR PACTEL experiment (NCG-23) with APROS and
the PKL benchmark test (PKL test i2.2 run 3) with TRACE in the OECD/NEA PKL Phase 4
project, and plan the forthcoming PWR PACTEL nitrogen effect and inadvertent opening of SV
and MSRT experiments.
Finland participates in the OECD/NEA PKL Phase 4 project. Most of the OECD countries using
nuclear power are participating in the PKL projects. The OECD/NEA PKL Phase 4 experiments
investigate safety issues relevant for current PWR plants as well as for new PWR design
concepts by means of systematic parameter studies on thermal-hydraulic phenomena and
transient tests under postulated accident scenarios. The test topics have been arranged
according to the two focus areas implemented into the experiments: parametric studies on
thermal-hydraulic procedures for model development and validation of T/H system codes and
experimental verification of cool-down procedures and operation modes for different incidents
and accidents.
In the OECD/NEA PKL Phase 4 project three PWR PACTEL experiments were performed in
2018 and 2019. The PWR PACTEL tests complements the PKL experiment(s) on IB/SBLOCA. The experiments were planned in co-operation with the project partners. In the earlier
PWR PACTEL experiments studying the effect of nitrogen in LOCA, the piston effect of
nitrogen (Figure 1) was studied. In these experiments, the line between the upper plenum and
downcomer was open and the break location near the downcomer. Therefore, nitrogen
escaped through the break and no clear piston effect was observed. In the PWR PACTEL
experiments of the OECD/NEA PKL Phase 4 project, the break location was near the steam
generator and the effect of the line between the upper plenum and downcomer was tested.
The experiments required a reference experiment where nitrogen was not released to the
primary system. Two experiments where nitrogen was released to the primary system, were
carried out and reported in 2019.

Figure 1. Anticipated behavior of the reactor cooling system during LOCA when nitrogen in the
accumulator is released to the primary side.
Most of the organizations participating in the OECD/NEA PKL Phase 4 Project do analytical
work with thermal-hydraulic codes. LUT participates in also the analytical work of the
experiments with the PKL facility for educational purposes. In 2018 a TRACE model of the PKL
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facility was made in the SAFIR2018 INTEGRA project. The model has been used in the
simulations of the selected PKL experiment in 2019. LUT participates in the next joint ATLASPKL Workshop in May 2020 in Brussels with an APROS simulation of one PWR PACTEL
nitrogen experiment and the TRACE simulation of the selected PKL experiment.
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). Pre-test
simulations with APROS have been done to plan the experiments and a test plan has been
written. In the pre-test simulations the effect of break size and suitable break sizes in the
experiments have been studied.
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 is 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 have been planned in
co-operation with TVO in 2019 and will be carried out in 2020.
Deliverables in 2019
·
·
·
·
·

Participating in the OECD/NEA PKL Phase 4 project with PWR PACTEL experiments
Simulations of one of the PWR PACTEL nitrogen experiments with APROS
Simulations of the PKL benchmark test with TRACE
Test plans for the forthcoming PWR PACTEL nitrogen effect experiments
Test plans for the forthcoming 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, developing a new reduced-order code for dosimetry applications
has been planned. 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
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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. The documented one presented the results of
OKTAVIAN benchmarks, where neutron and photon leakage from different sample materials
was measured using a D-T neutron source.
Samples of 12 various materials were used. The Serpent results (obtained with the
development version of 2.1.32) were compared to MCNP6.2 results and experimental
measurements. The computational results showed good agreement in all cases, but in
comparison with the experimental results, varying discrepancy was observed. This suggests
that there may be some uncertainty in the measurements.
Additionally, the ALARM-CF benchmark with a Cf-252 neutron and gamma source inside iron
and lead spheres was calculated, but the results are not yet officially published. For neutron
spectrum, both Serpent and MCNP agreed pretty well with the experimental results. In
contrast, the calculated photon spectra did not agree with the experimental results.
In order to put the previously implemented variance reduction methods of Serpent to a real
test, photon transport in complex geometries are calculated. In 2019, previously performed
development and test calculations utilizing CAD-based geometry description on VTT CNS hotcell facilities was written to a conference paper (M&C 2019). For further testing, a CAD model
has been constructed on the sample storage vault of the CNS laboratory. The preliminary tests
with Serpent suggest that the model works, but the actual Serpent calculations will be
performed in 2020.
The focus of WP2 is on reactor dosimetry. Similarly as in the case of photon transport, the year
2019 was initially envisaged for validating Serpent 2 in reactor dosimetry applications. Given
the strong shielding aspect that reactor dosimetry problems often entail, the validation of
Serpent for this type of applications also means that different variance reduction (VR)
techniques must be tested, and their computational performance appraised, when possible.
Weight Windows (WWs, also generated by Serpent) are the main VR technique to be used.
In order to carry out this task in line with international standards, the validation was planned
following the U.S. NRC Regulatory Guide 1.190, which prescribes code-to-code comparisons
(verification) and comparison against experimental dosimetry benchmarks, of which the Guide
provides an explicit list of cases. The vast majority of experimental benchmarks were sourced
from the SINBAD database, with the exception of computational benchmarks, of which only a
few (2 out of 4) were finally obtained thanks to the cooperation of one of the original authors
involved in the study of those problems.
The first step in WP2 consisted of identifying all benchmark cases to be calculated with Serpent
2 (and some with MCNP). This step constituted milestone M2. Prior to attaining M2, it became
evident that tasks which were envisaged for future years in WP2 had to be carried out in 2019
in order to be able to accurately model the benchmarks. In particular, the development of
flexible, geometry-and-material-independent external neutron source routines at pin- (or plate) level became imperative. The requirement for flexibility mainly stems from the need to model
substantially different reactor fuel types (Cartesian and Hexagonal lattices; plane- and bentplate geometry for MTR reactors; (hollow) cylindrical pins; mixture of various fission spectra,
etc.). Such external source routine development was successful, yet time-consuming. In
consequence, not all benchmark problems could be calculated during 2019; instead, it is
foreseen that the validation of Serpent 2 (and, eventually, the reduced-order neutronic solver
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to be developed in the upcoming years) will be a goal spanning throughout WP2 of
SAFIR2022/RACSA.
A total of four benchmark problems yielding good agreement (2 computational + 2
experimental) with reference data were calculated; and a dedicated conference paper was
accepted for presentation in the upcoming ISRD-17. The development of the models was not
free from drawbacks, either: a few fixes to Serpent 2 were needed, in particular when dealing
with duplicated energy entries in dosimetry XS files; and the treatment of periodic and reflective
boundary conditions in combination with weight windows. Whilst attempting to solve the first
one of the aforementioned problems, the code NJOY was put to use in the generation of
dosimetry XS files in ACE format based on dosimetry XS data from the International Reactor
Dosimetry and Fusion File (IRDFF) in ENDF format.
During 2019, the present reactor dosimetry practitioner participated for the first time in a
meeting of the European Working Group on Reactor Dosimetry (EWGRD). This meeting was
particularly relevant given the imminence of the next International Symposium on Reactor
Dosimetry (ISRD) to be held in Lausanne in 2020. In addition to practicalities related to ISRD17, valuable information was circulated about the manufacturing of fissile dosimeters and
serious challenges in the supply of selected certified material for reactor dosimetry from
European suppliers.
The WP3 covers criticality safety studies, divided into two subtasks: in the first, the validation
package for analyses with fresh fuel configurations is constructed as a continuation to the
process that has been going on over several years and in the other, the capabilities are
constructed to enable the use of burnup credit in analyses concerning spent nuclear fuel. 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.
Since the number of modelled experiments, or code inputs in practice, is already rather large
after the efforts put in the previous SAFIR programmes, the focus for 2019 was on improving
the usability of the package. More accurately, in order to facilitate the selection of sufficiently
similar experiments with respect to any application - required by the international standards
and guidelines - developing a computational tool to evaluate the similarity was planned.
The development of such a tool was, however, shelved for a while as it was found that the new
version of MCNP already contains a utility software called Whisper that performs the similarity
assessment, in addition to several other functionalities that are valuable in criticality safety
validation. The tests with MCNP/Whisper code sequence suggested that it can be a very
beneficial tool, but a few open issues are still remaining. What is clear, anyway, is that Whisper
runs only with MCNP and since the similarity tool should be compatible with Serpent too, the
need for developing it did not vanish, but it is planned for 2020. However, the studies with the
theoretical background of Whisper methodologies revealed that it should be a rather
straightforward task with the currently existing Serpent functionalities.
In the other task, the plan was to promote the preparedness for criticality safety analyses with
spent fuel so that burnup credit (BUC) could be used. Using BUC somewhat complicates the
analyses, since the knowledge of uncertainties related to the fuel depletion calculation over
irradiation and the criticality calculation of the spent fuel add variables that need to be taken
into account. The plan for 2019 was to evaluate the impact of the decay and fission yield data
uncertainties in the nuclear data on the multiplication factor (keff) in a spent fuel storage
configuration, when Serpent is used for the entire computing chain.
The original idea was to calculate the spent fuel criticality calculations in a realistic 3dimensional geometry, utilizing the burnup data produced in the KYT2022/KÄRÄHDE project
for spent fuel source term evaluation. However, the current Serpent implementation did not
enable the use of the burnup data obtained from a 2D burnup calculation for a single fuel
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assembly in the infinite lattice for more than one assembly, so the post-irradiation keff
calculations were also performed in infinite 2D lattice. Two different lattice configurations were
utilized in the calculations: the first as used for a CB-6 cask specified for an old OECD/NEA
burnup credit benchmark, and the other resembling the neutronics environment of the planned
Finnish final disposal concept with iron and copper around the assemblies.
A development version Serpent 2.1.32 was used in the calculations that required the random
sampling functionality of decay and fission yield data. The calculations were performed for a
VVER-440 fuel assembly with mostly 4.2 wt-% U-235 fuel and a few burnable absorber (Gd)
pins. Since the low-burnup components of the spent fuel are the most reactive ones, the
calculations focused on spent fuel with discharge burnup 5, 7, 10, 15 and 20 MWd/kgU, of
which 7 MWd/kgU represents the highest keff during irradiation. In total, 300 Serpent decay
calculations were run with criticality calculations at the given decay points. Attention was paid
to the early phase, 100 years after irradiation and to the later reactivity peak encountered
approximately 10 000 - 25 000 years later, depending on the burnup. The results suggest that
the uncertainty of spent fuel keff increases along with the increasing discharge burnup, which
is rather understandable. It remained somewhat unclear, whether the calculated keff values can
be assumed normally distributed. Possibly a larger number of calculations could bring some
clarity to the question. The double standard deviation (that would represent roughly 95 %
confidence interval in the normal distribution) in the studied cases varied between 175 and 284
pcm.
Deliverables
·
·
·

·
·

·
·
·
·

A journal article (in press) describing the photon transport physics model implemented to
Serpent 2 Monte Carlo code. The article was mostly written within the SAFIR2018/KATVE
project, but finalized in 2019 and accepted in early 2020.
A journal article on the variance reduction methods implemented to Serpent 2 Monte Carlo
code. The article was written in the SAFIR20187KATVE project, but published in 2019.
A conference paper on photonuclear physics model implementation to Serpent 2 Monte
Carlo code, enabling consideration of secondary particles created by high-energy photons.
The contents were mainly produced earlier, but the paper was written and published in
2019.
A research report on the validation calculations of the photon transport functionality of
Serpent 2 Monte Carlo code.
A conference paper describing the implementation of the global variance reduction scheme
with self-adaptive weight-window mesh in the Serpent 2 Monte Carlo code and related test
calculations using the VTT CNS hot-cell facility as a realistic example. The contents were
mainly produced earlier, but the paper was written and published in 2019.
A memo on the CAD model created to describe the radioactive sample storage vault in the
VTT CNS laboratory. The CAD model paves the way for the further testing of the
capabilities of Serpent to calculate photon transport in a complicated geometry.
A conference paper describing the current status of the verification and validation of
Serpent 2 Monte Carlo code for reactor dosimetry applications, as well as the code
extensions required for the calculation of dosimetry benchmarks.
A research report describing the test calculations with MCNP-6.2/Whisper code sequence
to determine its applicability for criticality safety analyses.
A research report describing the impact of nuclear decay and fission yield data on the
multiplication factor of a spent VVER-440 fuel to facilitate the assessment of required safety
margins in interim storage and final disposal, if burnup credit is applied.
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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 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 2019 included tests in the SEF-POOL facility to study important variables
affecting the effective momentum magnitude. 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.
The previous results from the SEF-POOL tests suggest that with respect to the effective
momentum there is no noticeable difference between single and multiple holes, nor between
holes with different diameters. This may suggest that the effect of the chamfer of the injection
hole (or other geometrical modifications) might be also relatively small. On the other hand, it
was found that there is a significant difference between the sonic and subsonic injection
regimes. The data indicates that different regimes might exist for Jakob number values larger
than 0.12. Jakob number represents the ratio of sensible heat to latent heat absorbed (or
released) during the phase change process. Based on the findings listed above it was decided
that the following issues are addressed in the 2019 tests:
i.

Effect of high Ja numbers on the effective momentum, i.e. steam injection into initially
highly subcooled pool, (at least Tp ≤ 10ºC), in sonic and subsonic regimes

ii.

Effective momentum in the transition regime, i.e. the effect of transition from sub-sonic
to sonic flow conditions (steam injection at Mach numbers ~0.9<M<1.1)

iii.

Effective momentum at mass fluxes higher than 300 kg/m2s

iv.

Effect of nozzle chamfer
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A total of nine steam injection tests were performed in the SEF-POOL facility in 2019. The test
parameters and procedures were obtained from KTH. The effective momentum and other
parameters were measured during the tests. In addition, high-speed video clips of the DCC
phenomenon of steam were recorded.
Most of the tests concentrated on the effect of high Ja numbers on the effective momentum in
sonic and sub-sonic regimes as well as on effective momentum in the transition regime i.e.
steam injection at Mach numbers ~0.9<M<1.1. In the sub-sonic case (Figure 1) the measured
force values first jump to about 3.0-3.5 N when the steam injection is started and after that
have an increasing trend until the pool temperature reaches 80 °C. In the sonic case (Figure
2) the force values increase to about 28-30 N with the initiation of steam injection but then have
only a very gradual increasing trend.
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Figure 1. Measured forces (X2600, X2601), flow rate (F2102) and pool temperature (T2605)
from the sub-sonic SEF-S20R test.
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Figure 2. Measured forces (X2600, X2601), flow rate (F2102) and pool temperature (T2605)
from the sonic SEF-S21 test.
KTH has made a preliminary analysis of the effect of sub-cooling on the effective momentum
coefficient C, i.e. the ratio of liquid momentum rate to the theoretical value of momentum rate
of steam. Figure 3 shows C coefficient as a function of Ja number from the SEF-S20R and
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SEF-S21 tests among the earlier SEF-POOL tests. There is a different tendency for the
effective momentum (C coefficient) at water temperatures below 15 degrees. The SEF-S20R
and SEF-S21 tests confirm that high subcooling doesn’t affect sonic jets, while it has a
significant influence on the subsonic injection.

Figure 3. Effect of sub-cooling on the effective momentum coefficient in various SEF-POOL
steam injection tests (Figure composed by KTH).
One test was done to check if there is any different tendency in the range of very high steam
flow fluxes (~500-600 kg/m2s) compared to the highest cases (~320-330 kg/m2s) studied
before. The measured forces are almost linear and have a slightly increasing trend with the
rising pool temperature in both cases. The results of the test thus suggest that the higher mass
flow rates have no effect on the effective momentum coefficient.
Two tests of the test campaign in 2019 concentrated on the effect of the chamfered injection
hole. This means that the injection plate used in those tests was manufactured so that a 125°
chamfer on the outlet edge of the 16 mm orifice was formed. Practically all the injection holes
in plant spargers are drilled with chamfers. The earlier tests in the SEF-POOL facility (or in the
PPOOLEX facility) have not addressed the chamfer effect, i.e. all the tests have been run with
straight holes. Both sub-sonic and sonic flow conditions were covered in the tests. Compared
to the reference cases done with a straight injection hole the measured force values are close
to each other. It can be concluded that the chamfer effect on the effective momentum
magnitude is almost insignificant.
In 2019 tests, one objective was to develop the image analysis approach to evaluate flow
velocity around the steam jet. The goal was to be able to estimate water entrainment along the
jet. For that purpose, a horizontal pipe with small holes drilled on the upper side was installed
to the central line of the pool below the elevation of the steam jet. During the tests, a small
amount of air was injected into the pipe so that a stream of small bubbles escaping from the
holes on the upper side was formed. The air bubbles were then drawn into the by-passing
liquid flow before finally being entrained into the steam jet. Stereo imaging with two high-speed
cameras (6600 fps) was used in the tests (Figure 4).
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Figure 4. Stereo video images from a test where air bubbles are injected upwards into the
steam jet to evaluate flow velocity. The interval between the captured images is 40 frames,
which means that they are taken about 0.006 seconds from each other.
A simulation model of the SEF-POOL facility with the OpenFOAM code was built and initial
simulations against an earlier sparger test were performed by using the two-phase
compressible OpenFOAM solver based on Eulerian-Eulerian two-fluid approach and with a
simplified 2D-axisymmetric geometry. The Rayleigh-Taylor Interfacial (RTI) area model of
Pellegrini et al. (2015) was included for the interfacial area modeling. The simulations were
performed with the corrected Coste C DCC model and with two refinements to the grid in the
PC pipe (1 mm and 2 mm). The results showed the formation and condensation of the bubbles
(Figure 5). The denser grid enlarged the total interfacial area as it should, and this increased
the total DCC rate in the simulations.

Figure 5. Instantaneous volume fraction fields showing the second bubble formation and
condensation in the OpenFOAM simulation with 1 mm uniform grid size.
The pattern recognition-based image analysis algorithm was extended and it can now deal
with multiple bubbles, which can temporarily disappear. The algorithm recognizes the bubble
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boundaries, links bubbles in the subsequent frames to each other, and tracks the whole bubble
lifetime (Figure 6). This makes image analysis an effective tool in validation efforts of interfacial
area and heat transfer models for numerical simulations. Due to the large frame rate (2800 Hz)
the bubble properties and oscillations were captured better than before. The surface velocities
and accelerations from the SEF-POOL tests were estimated.

Figure 6. Improving edge detection of the pattern recognition algorithm by the border repair
method.
Deliverables
·

·
·

·
·
·

A test series was carried out in the SEF-POOL facility. Data of the characteristics of smallscale 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.
2D-axisymmetric OpenFOAM SEF-POOL simulations were performed with the corrected
Coste C DCC model and with two refinements to the grid (1 mm and 2 mm).
An improved image analysis and pattern recognition procedure was applied to the video
material of the SEF-INF2 test. The new algorithm can deal with multiple bubbles as well as
with a horizontal steam discharge case. Features of the oscillating bubbles, e.g. formation
frequency, lifetime, surface velocity, and acceleration, were evaluated.
Doctoral thesis (Elina Hujala, LUT University): Quantification of large steam bubble
oscillations and chugging using image analysis.
Conference paper (NURETH-18): Image analysis of bubbling mode condensation
oscillations in horizontal sparger.
Journal article (NED Volume 350, August 2019): Effective momentum induced by steam
condensation in the oscillatory bubble regime.

2.2.11

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

THACO is a project aiming to improve nuclear safety through increasing the reliability of
thermal-hydraulics of deterministic safety analyses of light water nuclear power plants. In
particular, the focus is on continued validation of independent computational tools for systemscale safety assessment, knowledge transfer and education of new experts. Large part of the
project is dedicated to international and domestic cooperation projects, which contribute in
obtaining crucial validation data for the research project, and also to knowledge transfer
between organizations.
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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 the project is the
USNRC’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.
Participation in international research projects related to nuclear safety research in the field of
thermal hydraulics forms an essential part of the project. The same applies to cooperation with
LUT University (LUT). Experimental data produced in these activities is directly utilized in the
validation work carried out within THACO, and on the other hand, these validation activities
support the conduction of the experiments. In addition, they promote international and
domestic cooperation in the field of nuclear safety research.
THACO in 2019 was divided into three work packages: Analyses of new experiments,
Management and international cooperation and Participation fees. The actual research work
dealing with analysis tool validation was carried out in the first work package, with the first one
concentrating on the fundamental aspects of the validation work with Apros, and the second
in application of Apros and TRACE to validation using primarily integral-scale experiments.
Second work package contained all the administrative work in the project and all costs arising
from participating in the international projects and reporting of their results to the Finnish
research community, with the exception of the participation fees. The third work package
included the participation fees of international research projects and nothing else.
Specific goals in 2019
A master’s thesis was started in 2019. The subject of the thesis is Two-phase critical flow
simulation. Apros estimates the flow choking criterion based on the isentropic expansion model
for single-phase liquid, on the ideal-gas assumption for single-phase gas, and with either the
Moody model or the Henry-Fauske model for two-phase flow. Potential room for improvement
has been identified in certain cases when the flow consists of subcooled water. OECD/NEA
databank contains Marviken critical flow data in numerical form from 26 different experiments.
This data is being utilized, and a master’s thesis will be created of the subject. The modelling
of critical mass flow has proved to have a quite noticeable user effect on the calculation results.
One of the main outcomes for the thesis will be best practices of modelling critical flow with the
Apros software.
The critical flow subject was a major interest of the THACO project in 2019. In addition of the
master’s thesis separate effect Marviken experiments also integral test cases was studied. The
BWR integral test program FIX-II was performed at Studsvik during years 1979−1986, with the
Swedish BWR Oskarshamn 2 as the reference reactor unit. FIX-II capability included the
simulation of double ended breaks in the main recirculation pipe for a non-jet pump external
recirculation loop BWR, but also simulations of split breaks and pump trip transients. The
experiments addressed i.e. interfacial friction, dryout and reflooding. An Apros simulation
model of FIX-II facility was created and double ended guillotine break experiment 5052 was
simulated. Initial break flow surge to breaks is higher than recorded from the experiment.
Overall total inventories lost to the breaks are in the same range. All core cladding
temperatures show lower initial steady-state temperature than in the experiment. Lowest core
elevation shows also very little heat-up during the transient. Other locations show reasonable
agreement with the test results, although the initial steady-state temperature difference stays
visible in the top elevation temperatures. Comparison of different critical flow options leads
only to small variances in break flow and cladding temperatures.
The reflooding heat transfer experiments 1143, 1096, 1196, 1108 and 1383 performed at the
Pennsylvania State University/U.S. Nuclear Regulatory Commission Rod Bundle Heat
Transfer (RBHT) test facility in 2002 were calculated with Apros and TRACE. Three separate
models of the RBHT test facility were created. One of the models was created with the Apros
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version 6.09.31.01 and two models with TRACE V5.0P5. The other TRACE model was created
with spacer grids included, and the other one without spacer grids. The simulated experiments
indicate that both Apros and TRACE can reliably be used for predicting the quench front
progression and peak cladding temperatures in simple reflood transients.

Figure 1. Propagation of lower quench front in RBHT experiment 1096
Five international cooperation programmes were followed in THACO project. These were
OECD/NEA PKL-4, HYMERES Phase 2, RBHT and WGAMA and U.S. NRC CAMP network.
Participation fees were paid for OECD/NEA HYMERES Phase 2, OECD/NEA RBHT and
USNRC CAMP.

Deliverables in 2019
·
·
·

A presentation of the master’s thesis work was given in RG4 meeting 3/2019.
A report on FIX-II experiment 5052 calculated with Apros
A report on Assessment of Apros and TRACE against RBHT reflooding experiments.
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2.3

Structural safety and materials

In 2019 the research area “Structural safety and materials” consisted of nine 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).
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-processproperty 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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Figure 1 - Overview of AM in nuclear power plants draft roadmap (Sirén, 2019)

Specific goals in 2019
In WP1, the foundation for constructing a roadmap for taking additively manufactured
components in use in the Finnish nuclear energy sector has been established. The final goal
being introducing AM in nuclear design codes in Finland for 2029 at latest. In order to receive
feedback from stakeholders, a workshop on this topic was arranged with participation of
representatives of all licensees and also from the regulator. In this workshop, the state of the
art of the technology was presented and attendants provided a very constructive information
about hopes and expectations. This information was the cornerstone of the work done on
defining an initial draft of the roadmap. During the construction of the roadmap it soon became
evident that, instead an actual roadmap, the outcome will be rather a proposition or a basis for
one. The reason is that there are a number of decisions to be made by the stakeholders that
have a fundamental effect on the realisation of AM process application.
In WP2, the focus was analysing the feasibility of printing parts using AM for a few
characteristic components which can be found in nuclear power plant facilities (Jayaprakash
et al., 2019). The stakeholders provided some of these components as examples, and others
were modelled similar to prototypical components found on literature:
-

Valve seat: Part of an emergency pump system for NPPs categorized under
safety class 2.
- Water impeller: Water pump impeller which had become obsolete and
required replacement no longer commercially available. Based on literature
- Thimble Plugging Device: A crucial element to place nuclear fuel in the
reactor core. Based on literature.
- Bearing Housing: Housing used in on electric motors used in NPPs. Based
on literature.
The feasibility of these components was considered from both the technical point of view as
well as from the safety perspective.
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Figure 2 - Example of simulations of representative AM components (Jayaprakash et al., 2019)
As an initial step, components have been assessed for printability of the component design.
Even if AM provides great flexibility and potential for complexity, this is not guarantee that
every component is printable. The screening has been performed using a software developed
by one of the partners in the project and using as an input part geometries and their material
requirements. This process helps in gaining insights on design issues that impact the printing
process, e.g., thing walls, and identifying potential postprocessing operations required to fulfil
material quality requirements.
After this initial assessment was done, a simulation was performed to confirm printability of the
parts and analyse displacements and associated re-coater collision risks that would induce
print failure. The results of these simulations also contribute to gain insight on the necessity or
redesign needs of support structures. As a result, it was identified that the valve impeller as
initially configured for printing had a certain risk of collision; this would require a redesigned
support structure, which would minimize the possible distortion.
Finally, as part of WP2, some of the key steps to be considered for ensuring a metallic
component printed with good quality, and thus with improved safety, are evaluated. These
steps include, among others:
-

-

-

Proper analysis and control of the raw material employed for the printing. The
material used has to ensure consistent values of powder chemistry,
flowability and powder size distribution in addition to controlled storage
conditions.
Process monitoring. During recent years, several different systems to
evaluate the progress of a build as the components are being printed have
been developed. Although at the moment these process monitoring systems
do not have closed loop control of the manufacturing process, they allow to
analyse either in real-time or a posteriori the quality of a part with respect to
a baseline/qualification component. These methods combined with possible
Non Destructive Examinations, reduce the risk that a faulty part is accepted
as valid. There are different types of process monitoring methods, being two
of the most relevant the melt pool monitoring, which tracks the emissions of
the melt pool continuously, and the so-called optical tomography, which
analyse emissions of the whole building plate simultaneously typically from
above the building plate.
Non-Destructive Testing: Traditional NDT methods face difficulties for
complex geometries making full use of the design freedom provided by AM.
But, for many components, specially spare parts originally designed to be
manufactured with a different process, they are still a valid testing method.
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For the most complex geometries, the x-ray computed tomography might be
the only method technically capable of detecting flaws, especially in areas of
difficult access.
It is concluded that in order to ensure the part quality and safety of the AM components used
in the nuclear sector, a thorough part qualification framework should be in place. As the
standards are not yet well established, future work need to emphasize these standardization
issues.
Deliverables
·
·
·

2.3.2

A summary report of the activities performed in the Workshop “AM in Finnish Nuclear
Sector” together with Finnish stakeholders in nuclear power generation.
A research report outlining a first vision on the Finnish nuclear sector roadmap towards
safe use of components manufactured by AM in nuclear power plants.
A research report on selection of potential components employed in nuclear power
plants with the potential to be replaced by components manufactured by AM if a spare
is required. The content of the report includes technical feasibility of selected
components and evaluation of safety measures to consider during manufacturing to
ensure proper quality and thus safe use of said components.
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
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. At the moment, 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
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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 standard 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 unfavorable 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) Transient loads and J-R curves 4) Characterisation
of crack arrest toughness with small specimens and 5) Use of fracture toughness for structural
integrity and aging management.

Figure 1. Transferability of fracture toughness results from specimens to component level.
Specific goals
WP1 of AMOS focuses on investigating the effect of side grooves and measuring techniques,
so that later on in the project quality criteria for miniature C(T) specimens can be obtained.
Side grooving enables straighter crack fronts, but slows down the manufacturing process.
Manufacturing non-side grooved specimens is a benefit in the hot-cell environment. In addition,
the use of non-traditional crack opening displacement (COD) techniques can speed up the
characterization in a hot-cell environment. Traditionally the COD is measured for miniature
C(T) specimens at the front face. The measured COD needs to be corrected to reflect the load
line displacement. In this study, a COD technique is validated, where the COD is measured on
the load line but the COD clip is placed on the outside of the specimen. The advantage of this
technique is that it enables simpler test specimen shape.
The fracture toughness testing with miniature C(T) specimens was performed in several low
test temperatures aiming to determine the transition temperature T0. The test series consisted
of two series of specimens, another series was side grooved, and another one was not. Based
on results, it is justified to say in this case, that side grooving of miniature C(T) specimen has
a negligible effect to what comes determination of transition temperature. The extraction
location of miniature C(T) specimen seems to affect somewhat the results. When comparing
results between miniature C(T) specimen and standard size 1T specimen, the T0 is similar.
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The comparison of crack opening displacement measurement results shows that either gage
location is acceptable and accurate; whether gage is attached to the specimen front face or in
the load line. Overall, both ways of measuring gives the very same T0. CODLL gages advantage
is that it enables simpler test specimen shape, since there is no need for front face attaching.
The overall objective is to develop and validate quality criteria for miniature C(T) specimens
and the results of this study supported this purpose. The results confirms the reliability of
CODLL gage usage and the negligible effect of side grooving; whether the crack opening
displacement was measured with front face or load line attached gage or whether the specimen
was side grooved or not, the effect for transition temperature T0 was insignificant.
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. The
YVL guide E.4 requires that the risk for fast fracture is assessed in the upper shelf region. Fast
fracture in the upper shelf area can occur by brittle fracture. In this case, the material has not
been in the actual upper shelf temperature zone, but for example, rapid cooling has caused a
shift in the ductile-to-brittle regime, and thus, brittle fracture can occur in the upper shelf area.
The fracture toughness in the upper shelf area is determined with J-R curves. Presently, there
is no data, nor predictions, regarding the J-R curve development during a decreasing thermal
transient. In this study, the effect of rapid cooling on J-R curves is investigated.
Fracture toughness specimens of Laser 460MC Plus were cooled from 300 °C to the room
temperature at a cooling rate of 2 °C/s determined at the center location of the specimen. The
cooling rate is faster close to the surface. The cooling rate was selected to be in the same
range as during a loss of coolant accident. The following was concluded: 1. No brittle fracture
in the upper shelf region was observed for the investigated material during the cooling
transient. The transient can promote splitting observed in the specimens. 2. Based on the
results, when doing structural integrity analyzes of thermal transients in the upper shelf region,
it is recommendable to use the lowest fracture toughness properties in the investigated
temperature range, if no other information is available.
These conclusions were done for a rolled steel with minimum fracture toughness at 200 °C
and maximum at 300 °C. Thus, further investigations should focus on investigating fracture
toughness behavior of a RPV steel during a cooling transient in the upper shelf region.
Typically, RPV steels have a different temperature dependence than the steel investigated in
this study. Ideally, the investigations should lead to development of a predictive model of the
J-R curve behavior during a cooling transient.
WP4 of AMOS focuses on validating a model that enables characterisation 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.
In 2019, a literature review of recent developments on the measurement of crack arrest
toughness was made. In conclusion, instrumented impact testing was deemed a promising
alternative for crack arrest toughness determination due to the large experience of the simple
test procedures, low material consumption and simplicity of specimen fabrication. Other
proposed methods had shortcomings in at least one of these aspects. In the upcoming years,
further work is planned to study the applicability of miniaturized impact specimens to further
reduce the material requirement.
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 analysis 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
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differently due to embrittlement are reviewed and the physics behind the developed irradiation
embrittlement models are described. The work is planned to be an extension to the work done
in FEVAS. At the end of the project, the effect of the developed methods from this project on
structural integrity and aging management are described. The work in this work package is
based on existing literature.

Deliverables and milestones
·
·
·
·
·
·
·
·
·

A list of references for miniature specimen testing techniques; the list has been presented
at the RG5 meeting. (M1)
Outline for three research reports; presented at the RG5 meeting. (M2)
VTT research report: Arffman, P., Overview of crack arrest toughness, VTT-R-00105-20.
VTT research report: Lindqvist, S., Effect of cooling transients on J-R curve, VTT Research
Report, VTT-R-01219-19.
VTT research report: Seppänen, T., Factors affecting the fracture toughness of surveillance
specimens and RPVs, VTT-R-01254-19.
VTT research report: Sirkiä, L., The effect of measuring the crack opening displacement
from the load line vs. front face and the effect of side grooving of miniature specimens,
VTT-R-00126-20.
The testing related to deliverables D1.2.1 has been performed and results presented at the
RG5 meeting. (M3)
Numerical simulations on the effect of pin hole location of fracture toughness obtained with
C(T) specimens. (M4)
Specimen preparation for 2020, crack arrest specimens and temperature transient
specimens; presented at RG5 meeting. (M5)

2.3.3

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

The ageing management of nuclear power plant (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].
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 NPPs 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’s 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
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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
The topics presented in the project address ageing mechanisms and age related degradation,
condition assessment, addressing 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.

Figure 1. View of a scanning frame for automated NDE assessment - ultrasonic array system
measurements on the mock-up of a NPP containment wall (WANDA)
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Figure 2. Results of the steel liner inspect with an ultrasonic phased array system on the
mock-up of a NPP containment wall (WANDA)
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).

·

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 AAR2. (a) Samples placed in container and cover with solution of 1M NaOH, (b) Containers
placed in oven at 80 °C, and (c) Periodic measurements of samples expansion (length)

RESEARCH REPORT VTT-R-00311-20
83 (127)
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. Nondestructive 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.

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.
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.

References
[1] IAEA, 2015, Ageing management for nuclear power plants: International Generic Ageing
Lessons Learned (IGALL). Safety reports series, no. 82. International Atomic Energy
Agency, 104 p.
[2] IAEA, 2016. Ageing Management of Concrete Structures in Nuclear Power Plants.
Nuclear Energy Series No. NP-T-3.5, International Atomic Energy Agency. Vienna. 372 p.
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Non-destructive ex-amination of NPP primary circuit components and concrete
infrastructure (WANDA). In: SAFIR2018. The Finnish Research Programme on Nuclear
Power Plant Safety 2015-2018. Interim Report. VTT Technology 294. Espoo. pp. 331-342.
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
with heavy air traffic. It is required in STUK regulation Y/1/2016 that the nuclear plant design
takes into account large airliner crashes, as well as resulting fires and explosions, (2) (3).
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 type of loading cases (against certain type of experimental tests). Therefore, there is a
need for a 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, the scaling
effect and the dynamic increase of concrete material strength.
Ageing of concrete has not been previously taken into account in DEC assessment. The longterm effects such as creep and shrinkage can finally cause tensile stresses and cracks, which
decrease especially the tensile strength of the concrete. Several different degradation
mechanisms can also decrease the strength of concrete. The material study including ageing
and degradation mechanisms involve collaboration with the concrete material experts at VTT
and possibly with foreign partners. A new material modelling approach is needed also for
numerical studies on aged concrete. To get reliable material parameters, material tests need
to be conducted on aged concrete specimens, which are very rare in the literature.
Structural analyses of these phenomena require nonlinear numerical analysis methods. In
order for the results of these numerical analyses to be reliable, the applicability of the used
methods and models should be validated by experimental results and analytical methods,
which is also required in guide YVL A.11. Beyond design basis events involve more severe
conditions on nuclear power plant reinforced concrete structure than design basis events,
usually involving significant structural damage. In the Design Extension Conditions C (DEC C),
the STUK YVL guides contains rare external events which are considered as beyond design
basis ones. Therefore, in the design extension conditions there may be a requirement to use
SSCs beyond their design bases.
At VTT, computational methods and tools for analysing structural 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 1-3), 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
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highly nonlinear numerical simulations. This continuous increase demands continuous
development of material models and analysis approaches.
Dynamic behaviour of concrete, whether caused by monotonic or cyclic loading, is different
from the quasi-static behaviour. In impact and blast loads, very high strain rates in concrete
are observed. Studies on plain concrete show a noticeable increase in concrete strength in
high strain rates. Previously, this behaviour has been included in the simulations of impact
tests in a simple manner and based on previous studies where the concrete class is not exactly
the same as used in the impact tests. The material model development involves collaboration
with Tampere University of Technology (TUT).
Specific goals
The main 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 theoretical model
development. At the same time, the project is using some experimental results being carried
out in a parallel project (VTT EXACT project) to support the calibration tasks. This way, the
need for extensive testing of concrete is limited.
New concrete material testing and measurement methods (such as DIC and ultrasonic
methods) will also be developed in the project.

Figure 1. Comparison of vertical strain measurement results with a strain gauge and Digital
Image Correlation (DIC) method in a uniaxial compression test of a cubic concrete specimen.
The implications of material ageing for structural performance assessment and especially for
numerical modelling of reinforced concrete structures will be studied. The likely stressors for
both concrete and steel reinforcement will be reviewed. The information will be summarized,
focusing on information on stressors, degradation mechanisms, potential failure modes, and
in-service inspection methods. Focus will be on mechanical properties of concrete as a function
of the loading conditions.
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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.
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. For new NPPs these conditions are mandatory by YVL and for existing
NPPs seeking for long-term operation (LTO) structural safety margins with respect to these
conditions can be assessed. For safety authorities parametric studies on real case scenarios
provide valuable feedback to test the prescribed design conditions
Deliverables
·
·
·

·

·

An extended abstract, entitled “Calibration of Abaqus CDP model parameters” has been
submitted and included to the proceedings of the 32nd Nordic Seminar on Computational
Mechanics, University of Oulu.
A presentation on the same topic, entitled “Hard missile impact simulation with Abaqus”
has been held in October 24-25, 2019.
Numerical simulations of different types of material tests have been conducted of which
results have been shown in slides in RG6 meetings. Those tests have been conducted
previously in EXACT project. The same enhanced CDP material model has been used and
adequate parameter values have been defined through sensitivity studies. The simulation
results are in fairly good agreement with the test results.
Two additional cubic compression tests have been conducted in CONFIT with spare
specimens of EXACT project. In both of those tests, Digital Image Correlation method (DIC)
based on videography has been used to measure surface strain evolution on one side of
a cubic specimen in addition to the more traditional strain gauge measurement. These two
strain measurements are in good agreement with each other.
Two reinforced impact walls and corresponding material test specimens have been cast.

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 has been investigated.
The reactor pressure vessel 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
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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 repair welding work is done in collaboration with the SAFIR2022 FEVAS project. The
specific goals for 2019 was to design, manufacture and preliminary characterize a mock-up.
The goals for the RPV annealing work in 2019 was to select materials from those available at
VTT, prepare the specimens for investigations and perform reference hardness measurements
to be used in coming years when annealing is done.
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.
Repair welding is thought to represent a ‘worst-case’ scenario where a postulated linear cracklike 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 2019 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. 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 SA502 material and repaired
using a nickel base Alloy 52M filler metal by gas metal arc welding-cold metal transfer with a
robotic arm. 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. The test
weld was sectioned and a metallographic sample prepared to study the weld quality. The
sample was etched using aqua regia to reveal the microstructure. The weld features very
narrow heat affected zone and the weld fusion line is straight indicating small penetration
Figure 1(a). Despite the small penetration, no lack-of-fusion was noted in the sample and the
fusion boundary is intact. The overall weld quality was good and no susceptibility to hot
cracking or other weld defects were noted. The weld microstructure was further studied using
EBSD and nanoindentation measurements, Figure 1 (b) and (c). The EBSD showed columnar
grains on the Inconel side, as expected. The heat effected zone displays very narrow coarse
grained zone followed by fine grained zone, also as expected. The nanoindentations showed
very narrow HAZ, as also seen in the metallographic samples and EBSD. Thus, GMAW and
CMT provide a promising alternative to the more traditional GTAW for repair welds.
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(a)

(c)
(b)
Figure 1. Weld macroscopic microstructure (a), EBSD grain structure (b) and nanohardness
profile across the fusion line (c).
Concerning the work on RPV embrittlement, totally 11 different materials were selected for the
annealing studies, representing differences in chemical composition, product form and origin,
Error! Reference source not found.. As seen from the table, the materials represent both
base materials and weld metals, VVER type materials as well as Western RPV materials, high
and low Cu-materials and high and low Ni-materials. Further variations are the Mn and Pcontents. To prepare for the annealing investigation, and oven was purchased and a specimen
mover and holder designed, manufactured, assembled and functionality tested. A specimen
holder for grinding and polishing was also designed and tested before taken into use for
preparation of the irradiated specimens using the CNS in-cell infrastructure.
An example of the results is presented in Figure 2. The hardness in specimen GR45-6 varies
between 193 and 253 HV5 with an average value from 66 measurement points of 237HV5.
The continued plans for these investigations comprise of etching the specimens to reveal the
relationship between the hardness indents and the microstructure and annealing alternated
with hardness measurements to investigate the role of the chemical composition of the
annealing behaviour, which is the reverse behaviour considering radiation hardening. These
results can then be used for evaluation of the role of e.g. copper rich precipitates and matrix
damage in the radiation damage leading to radiation embrittlement.
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Table 1. Summary of chemical compositions for the RPV materials selected for annealing
investigations
New data

irradiation

Si

Mn

P

Cr

Ni

Mo

Cu

Φt

Φ

EDF-BX

I

0,26

0,43

0,017

2,77

0,14

0,60

0,26
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20
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I
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0,27
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Figure 2. Hardness map for specimen GR45-6.
The results from earlier results on thermally aged Alloy 690 material was presented at an
international conference, and the results raised large international interest and requests for
collaboration. Four industrial heats (tow plate materials and two pipe materials) of Alloy 690
has been subjected to thermal treatment at 400°C for 5000 and 10000 hours, respectively, and
the materials were subjected to hardness measurements and microstructural characterization.
An unexpected large increase in hardness was observed for the two plates was observed,
Figure 3. The paper discuss the possible reasons for the increase in hardness, which is
considered to be the rather low solution annealing temperature and the iron content of the
materials. Further investigations would be crucial to assess the influence on the observed
phenomena on the mechanical properties, as a change in these may also affect the long term
behavior of materials using in the NPPs.
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Figure 3. Hardness versus ageing time for the four industrial Alloy 690 heats.
The international cooperation include also reporting of the progress of EU-projects INCEFA+
on environmentally assisted fatigue, and MEACTOS on surface treatments to mitigate
environmentally assisted cracking. The purpose of the reports is to disseminate the results to
the Finnish stakeholders.
Deliverables
·
·
·
·

Two conference papers on repair welding, of which one is based on results from the FEVAS
project and the other in ELIAS results, summarized above.
Conference paper on results from the ELIAS preceding project on thermal ageing of Nibased material Alloy 690.
Travel report from the conference above.
Progress reports on EU-MEACTOS and EU-INCEFA+ projects.

2.3.6

ELMO - Extended lifetime of structural materials through improved water
chemistry

ELMO project focuses on mitigating different corrosion phenomenon present is NPP steamwater 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, research on water chemistry and corrosion problem aspects of SMRs will be initiated.
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
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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 and diethyl-hydroxylamine,
were tested at normal operating temperatures. It was noted that iso-ascorbic acid had similarly
effective reaction rate with oxygen as hydrazine, as shown in Figure 1. However, a more
detailed analysis is needed how the decomposition products of iso-ascorbic acid affect to the
corrosion of structural materials. In the same WP, the surface charge of stainless steel was
observed to be near 0 mV as function of temperature from room temperature up to 270°C.
When this was compared to the previously measured values for magnetite at high temperature,
it was concluded that the zeta potential would not be the governing force in magnetite
deposition on stainless steel surfaces.

Figure 1. The apparent rate constant k′ as a function of A) the ratio of oxygen scavenger (OS)
to oxygen (DO) and B) the OS concentration.
WP2 studies the effect of boiling to steam generator tubing materials and how impurities are
enriched and released from boiling steam generator tube surfaces. A novel high temperature
recirculation loop, capable of simulating secondary side thermal-hydraulic conditions, such as
partial nucleate boiling taking place on the surface of SG tubes under relevant flow conditions
corresponding to normal operating conditions, has been previously developed at VTT. With
this equipment, in-situ electrochemical impedance spectroscopy (EIS) measurements can be
conducted thus allowing for an in-situ study of corrosion processes on SG tubing materials to
be performed. These measurements can be used to study both normal operation conditions
as well as different operational transients. These transients can cause an increased impurity
(e.g. Cl, SO4, etc.) accumulation on SG tube surfaces or beneath corrosion product deposits.
Moreover, boiling can further increase the accumulation of impurities on the SG tube and
component surfaces. These impurities can change local chemistry and corrosion environment.
The measurements with stainless steel 316 showed that the system can be used to measure
enrichment and release of low chloride amounts when boiling is occurring and stopped. The
system was modified to some extent in order to repeat the same measurements with A690.
However, due to the changed geometry of the test setup, not as intensive boiling conditions
could be achieved at the sample surface as in the case of stainless steel setup. Future work
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will focus improving the heat transfer properties of the test setup in order to initiate sufficient
boiling conditions for A690 samples.
WP4 focuses on lead assisted stress corrosion cracking. In previous SAFIR-programme, the
effect of Pb on SCC of carbon steel was studied in simulated SG environment with
electrochemical methods and slow strain rate tests (SSRT) combined with surface analytic
techniques (SEM and GDOES). In 2016, the system was developed and verified with a limited
experimental program. The result then was that in normal conditions, Pb activates the surface
so that no local corrosion, such as SCC, will not appear, and only general corrosion is detected.
Another finding was that if the environment is more oxidizing, Pb dissolves from the surface
and thus surface is left in a semi-passive state and very susceptible to SCC. In 2017 the effect
of Pb on SCC susceptibility of carbon steel 22K was studied in an acidic (pH278 = 5.5) SG
crevice environment at T = 278°C. In 2018, the same was done in alkaline environment (pH278
= 7.0). As to summarize the results, it was found out that PbSCC is not a risk for carbon steel.
The effect of Pb on SCC susceptibility of SG tubing materials remains to be confirmed. Other
researchers have shown that Alloy 600 is and Alloy 690 can be susceptible to PbSCC.
Stainless steel has been studied very little in this respect. The aim of this work pack-age in
2019 is to study the effect of PbSCC on SG tubing materials. If the materials are found
susceptible to PbSCC, different inhibitors for PbSCC are searched. From the results of 2019
it was shown that A690 is not susceptible to SCC in alkaline crevice solution at 60°C with 100
or 500 ppm Pb additions. However, the cyclic voltammetry results showed that the Pb additions
caused an increased in the anodic peak observed in the recorded current density data, as can
be seen from Figure 2. Similar increases was observed in the measured impedance
magnitude. This indicates that Pb have some sort of tendency to absorb on to the A690
surface.

Figure 2. Comparison of cyclic voltammetry curves with 0, 100 and 500 ppm Pb.

In WP5 knowledge on SMR water chemistries and current steam generator corrosion issues
were updated in a literature survey. Currently publicly available information on SMR water
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chemistries and structural materials are scarce, but based on the information found the water
chemistries and structural materials are both similar to the ones used in generation III NPPs.
Primary side chemistry seems to differ that in many cases there are not used soluble boron in
reactivity control which is beneficial in corrosion point of view. Currently used PWR and VVER
steam generator tubing materials have good corrosion resistance properties during normal
operating periods. Minor concerns were listed when deviations to normal water chemistry is
introduced.
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
·
·
·
·

Huotilainen, C., Ikäläinen, T., Lavonen, T., Peltonen, S. and Sipilä, K. Effect of chloride
intrusion to stainless steel 316 and A690 corrosion in simulated steam generator
conditions. VTT Research Report, VTT-R-00155-20.
Ikäläinen, T., Jäppinen, E. and Sipilä, K. Zeta potential of stainless steel particles in NH3
or NH3+ODA controlled water chemistries. VTT Research Report, VTT-R-00143-20.
Ikäläinen, T., Saario, T. and Sipilä K. Susceptibility of Alloy 690 to PbSCC - phase 1. VTT
Research Report, VTT-R-00045-20.
Toivonen, A., Bojinov, M. and Sipilä, K. Water chemistry and corrosion issues in
PWR/WWER SGs and current knowledge on water chemistries in SMRs. VTT Research
Report, VTT-R-00938-19.

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 2019, 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 2019, two topics are considered: acoustically induced
piping vibrations and effects of fluctuating thermal loads on the 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
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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 acousticstructural 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 general conclusion of the 2019 research is that Apros is
able to capture the sought pulsation behaviour. The work continues in 2020 by evaluating
whether the pressure pulsation alone is sufficient in inducing mechanical vibrations in the
system.

Figure 1. Apros model of a PWR primary circuit and pump-induced pressure amplitudes at
different segments of the model.
The second task in the first WP focused developing an engineering method to determine crack
growth rates under cyclic thermal loads in piping components. A recent VTT study suggests
that linear models (finite elements or weight functions) may underpredict the growth rate for
deeper cracks but accounting for the crack mouth closure improves the prediction. The specific
goal for 2019 was to extend the 1D study of crack closure into two dimensions, i.e. for surface
cracks. The research aimed to determine whether the crack closure effects found critical in
describing the stress intensity factor in 1D apply also in 2D.
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Figure 2. Left: Crack face opening (colored) and closure (grey) under different stages of the
thermal load cycle. The crack tip line is the round edge in the figure. Right: Crack tip stress
intensity factors over the thermal load cycle.
The work considered crack closure effects of circular surface cracks in a large plate subjected
to cyclic thermal loads. At some points during the load cycle, contact of the crack faces can
induce a subsurface opening mode, where the crack mouth is closed while the crack tip is
open (Figure 2, left). Traditional linear weight function methods do not capture this behaviour
and underpredict the stress intensity factor (Figure 2, right). With numerical calculations, it was
shown that the subsurface mode is more severe than the surface opening mode in cases
where the extent of the thermally cycled area is less than the crack size and the frequency of
the thermal load is high enough to cause both tensile and compressive stresses on the crack
plane.
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 2019 focused
in providing baseline fatigue data for the development of the Fen model. The results from the
test series performed at 25 °C and 325 °C is shown in Figure 3 (a-b). The project provided
reference curves for the AISI 304L heat at room temperature and 325 °C to complement the
curves already available for AISI 347. In Figure 3c, demonstration of realistic environmental
effect quantification is done using these reference curves as an alternative to the NUREG
methodology.
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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 cracklike 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 2019 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.

Figure 3. Top: Low-cycle fatigue tests results for AISI304L at RT and 325 °C. Bottom: Fatigue
life from application of VTT and NUREG Fen models.
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
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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 SA502 material and repaired using a nickel base Alloy 52M filler metal by gas metal arc
welding-cold metal transfer with a robotic arm. 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. The test weld was sectioned and a metallographic sample prepared to study
the weld quality. The weld features very narrow heat affected zone and the weld fusion line is
straight indicating small penetration Figure 4(a). Despite the small penetration, no lack-offusion was noted in the sample and the fusion boundary is intact. The overall weld quality was
good and no susceptibility to hot cracking or other weld defects were noted. Characterized in
more detail in the ELIAS project, the heat effected zone displays very narrow coarse grained
zone followed by fine grained zone, also as expected. The nanoindentations showed very
narrow HAZ, as also seen in the metallographic samples and EBSD.
The weld process was simulated with the finite element method using in-house welding
simulation methods. 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
simulations were able to qualitatively predict the differences as expected.

Figure 4. Weld macroscopic microstructure, finite element model of the welding simulation and
residual stress distribution with two different heat inputs.
Deliverables
· A research report describing pressure pulsation modelling in a PWR primary circuit using
Apros.
· A conference paper on 1D FSI water hammer assessment.
· A journal article manuscript on surface crack closure behaviour under cyclic thermal loads.
· A conference paper manuscript on experimental results and development of a new Fen
model.
· A research report on the comparison between Abaqus Welding Interface and VTT in-house
welding codes.
· A conference paper manuscript on repair welding. Part I: Repair weld mock-up design,
welding procedure tests, residual stress measurements and microstructural
characterizations. Joint deliverable with SAFIR2022 ELIAS.
· A conference paper manuscript on repair welding. Part II: Numerical simulations of repair
weld design alternatives. Joint effort 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, machine learning and
reliability in inspection” of the SAFIR2022 programme, focuses on the development and
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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.
Specific goals
WP1
WP1 focused on reliability of NDE. The goal for 2019 was to organize a world-wide virtual
round robin. This was done in co-operation with PIONIC project where PNNL, SQC and EPRI
donated samples for scanning. The samples contained flaws made for qualification purposes
and extra flaws were donated by Trueflaw ltd. VTT scanned the samples, Trueflaw produced
virtual flaws and Aalto organized the round robin. The participation was world-wide and from
16 different instances including inspection companies and research facilities. Final answers
from round robin were recorded on January.
WP2
WP2 had two main agendas. Investigation of FEM model for ultrasonic testing simulation and
novel way to produce Rayleigh waves with phased array probes. FEM simulation was done in
2D with phased array probe and Abaqus simulation software. The results were promising and
a flaw signal could be produced from various different target among rough flaw simulating a
real defect. Next step is to evolve this to 3D, but the main problem will be the high increase in
element amount, as element size needs to be small in order to simulate ultrasonic wave
motion.
The test showed that it is plausible to produce Rayleigh waves with phased array probe. This
could be potentially used to asses coating thickness. Another possible interesting use would
be to compare wave velocity changes through this method. As the wave velocity is linked to
material properties this would give possibility to investigate possible ageing effect in the
material non-destructively.
Deliverables
·
·
·
·

A research report Virtual round robin progress report 2019
A research report Ultrasonic flaw simulation with FEM
A research report Generating and detecting surface acoustic waves using single phased
array transducer
A conference presentation in Charlotte 2019 on NDE in Nuclear conference.

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
The project contains three different work packages, which comprise of task with similar topics.
The first work package is related to acceptance criterion and safety margin assessment. Here,
work is focused on providing improved estimation for lifetimes of critical polymer components,
studying the sensitivity of polymer properties to additive content and methods to verify polymer
quality and setting up safety margins for O-rings. The second work package focuses on
improving ageing management of polymer components. Here within important research topics
are online condition monitoring techniques as well as sensitive analysis methods and
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improving the interpretation of non-destructive testing data. The third work package is solely
on international cooperation, improving the knowledge transfer between the research
community and industry and following international trends on polymer based components used
in NPPs.
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 task T1.1 we make use of the results and analyses from the ongoing COMRADE project
when suggesting new acceptance criteria and safety margins. Results from laboratory ageing
tests and evaluations have been compared to materials obtained from NPPs. Improvements
of both test methods and ageing environment is required to set acceptance criteria as well as
safety margins. Some polymer components are extremely complicated or impossible to
change in operating NPPs and thus their endurance during the whole lifetime of a plant is
essential. To be able to make reliable lifetime estimations of components, information on
material properties on both materials that have been in use at NPPs and artificially aged
materials is extremely valuable. The question of residual lifetime assessment of polymer
components in service is often raised. Without sufficient material data and service history of
the materials, i.e. temperature, radiation dose, oxygen and moisture content in the
atmosphere, this is almost impossible. By studying materials from NPPs available from
outages and decommissioned plants that have been in service for at least 40 years, we have
a unique possibility to develop material lifetime prediction methods with correlation to materials
from real service environment and long-term use. In 2019 the first workshop with Ringhals
NPP was held and new important materials, such as valve membranes, were identified. The
work package will follow the plan below:
1) Identification of critical components in all plants.
2) Possibility to extraction the components from plants.
3) Estimating their residual and total lifetime.
4) If possible, order samples made from the same material from the supplier.
Additives are used to improve processability of the polymers as well as their material
properties. In task 1.2 the aim is to identify important additives and provide suitable methods
for their analysis for on-site purposes. The most important additives in the case NPP cable
insulators and sealants would be those, which have an effect to their functional properties and
hinder the ageing. In this sense antioxidants, plasticizers (for elastomers) and certain colorants
would be relevant, as they are known to contribute to the ageing process. Various methods for
additive analysis were exist and they provide various possibilities to examine polymeric
materials. Several methods are able to qualitatively and/or quantitatively analyze additives that
are important for the polymer material properties and ageing behaviour. However, to be able
to use many of the methods with their full capacity, high level of expertise is required. The
applicability of the methods for on-site use may be limited due to their complexity in sample
preparation phase and high equipment purchase cost. The future work continues screening of
the methods in order to recognize which ones would be the most suitable methods for on-site
analysis.
Task 1.3 is based on the work performed during 2016-2018 in which O-ring ageing data was
produced and their acceptance criteria was determined. The material property "compression
set” was compared to leakage in specially designed test rigs where the O-rings sealing
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performance was tested. Traditionally 50 % compression is set as acceptance criteria for an
O-ring, but it is known that significantly higher compression set values, up to 90 %, is enough
to provide functionality of an O-ring. In our measurements O-rings with compression set of
almost 100 % did not show any leakage. Comparison between in-service components showed
that most seals made of FKM and EPDM were still flexible and not deformed (set) after ten
years of service. Based on both laboratory tests and observations on O-rings from NPPs, NBR
rubber seems to be more sensitive to ageing.
In task 1.3 this 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 1 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 Oring material. This method is similar to compression set, but instead of dimension changes, 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 1. 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.
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
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

RESEARCH REPORT VTT-R-00311-20
101 (127)
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.
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. MC like DSC (Differential Scanning Calorimetry) can register oxidation
exotherms or any exothermic chemical and physical changes. The DSC used to study reactive
materials can have a detection limit of about 50 μW using 1 mg sample mass. Microcalorimeter
can have the detection limit of about 20 μW using 1 – 10 g sample mass. The specific sensitivity
is thus 103 times higher than DSC. This also means that microcalorimeters can detect the
reactions at about 100 K lower than the DSC. Small sample sizes allow studies on materials
such as coatings, adhesives and seals. Using newer techniques, measurements can be
performed over a shorter period and at lower temperatures in comparison to the conventional
oven tests. Polymers used in NPPs are usually very durable and hence traditional lifetime
prediction measurements are very time consuming. Therefore, a sensitive technique able to
detect degradation in an early stage is required.
The aim within task 2.2 is to verify the use of this MC as a condition monitoring technique as
well as lifetime prediction for cables and other polymeric materials. This is conducted with a
series of sensitivity studies, coupled with other techniques (e.g. detailed chemical analysis of
the rubber before and after the trials) which can be used for the validation of the technique.
According to the results obtained in 2019, activation energy values for EPDM sample material
could be estimated from the measured specific integrated heat.
In task T2.3 the goal is to develop computational methods to assist in interpreting nondestructive testing data for polymeric NPP components. Molecular dynamics simulations can
be applied in correlating the ageing effects in material to non-destructively measured material
parameters. For example, ultrasonic technique seems to be well compatible with MD
simulations. MD simulations has shown that the parameters required for sound velocity
calculation, i.e. Young’s modulus, Poisson’s ratio and density values, could be extracted for
PE and XLPE by mimicking standardized tensile test, as shown in Figure 2. However, there
seems to be discrepancy between the computationally predicted and literature values. This
may be due to the sensitivity of the sound velocity to certain parameters, such as the Poisson’s
ratio. The future work will focus on examining the inconsistency between the calculated and in
the literature reported sound velocity values and providing data how ageing affects to the
sound velocity values.
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Figure 2. Simulated stress-strain curves for the PE (blue and black curves) and XLPE (red and
green curves) systems. Xg stands for gel fraction, and dεx/dt for strain rate in x direction.
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.
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 COMRADE project and
complementary studies during 2019. Suggestions for further tests and improvement
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
Workshop on polymer ageing in NPP applications

2.4

Research infrastructure

In 2019 the research area “Research infrastructure” consisted of four 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)
4. Pre-emptive reduction of radiological laboratory legacy waste (LABWAST)
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
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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, both from the beltline welds, subjected to thermal
load and neutron irradiation during operation, 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. 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 an
Excellence project. The work is divided into five work packages, namely WP1 cutting and
specimen preparation, WP2 mechanical testing, WP3 microstructural investigations, WP4
stakeholder and dissemination issues and WP5 transportation.
Four trepans from the reactor pressure vessel head (RPVH) were delivered to VTT CNS in
March 2019. The trepans are from weld W28, which is made from high Ni-weld metal. The
same filler material is used in all reactor pressure vessels 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.
SAW

C

Si

Mn

0.057

0.15

1.43

S

P

0.007 0.008

Cr

Ni

Mo

Cu

0.03

1.48

0.41

0.06

Al

W

V

Ti

Co

B

0.024 <0.01 0.006 0.003 0.020 0.0003

Fe
bal.

Specific goals in 2019
The specific goals for BRUTE 2019, as given in the proposal, are as follows:
-

Preparatory work for mechanical testing and microstructural investigations

-

Reception of the material in early 2019, including necessary paper work

-

Preparatory work on, and evaluation of, BRUTE specific tests and methods.

-

Reports on results from evaluation tests and on investigation methods used in BRUTE.

-

Cutting of the first trepan, and preparation of test specimens.

-

Testing of the first trepan

-

Microstructural investigations of the first trepan and specimens thereof.

-

Reporting the results from the first investigations.

-

Reporting on the progress to, and discussing the project with the advisory group, the
stakeholder group and SAFIR2022 (RG5 and RG8).

-

Promoting discussions and meetings between the researchers participating in the
BREDA project, working at KTH, Chalmers University and VTT.
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-

Hosting visiting doctoral student at CNS, who, will participate in the investigations,
especially the mechanical tests.

-

Reporting results in international forums, e.g. IGRDM.

-

Updating the preliminary test matrix, the time line and the road map for BRUTE, based
on the results from the first trepan.

-

Managing the project, including close cooperation with the project managers of the
related projects LABWAST and BREDA.

Most validation actions for microstructural investigations were done in BRUTE2018, while the
focus in BRUTE2019 was on preparatory work and validation of mechanical testing. The
cutting processes were validated using dummy steel material with similar dimensions as the
trepan. The main cutting method is electric discharge machining (EDM). In 2019, EDM was
simultaneously subject to optimisation work as part of the SAFIR2022 LABWAST project,
especially concerning the water circulation system. Due to good collaboration between the two
projects, the two objectives were met. The cutting accuracy and surface quality was
determined and both fulfil the set requirements. The accuracy of the milling machine for
manufacturing of loading holes in the miniature C(T) specimens was determined, Figure 1.
High quality specimens can be manufactured using a combination of milling and finishing using
EDM. After the cutting procedure was validated, cutting plans were prepared for the first two
trepans, and specimens were cut, Figure 2.

(a)
(b)
Figure 1. Appearance of a 10 mm thick slice cut using EDM from a Æ200 mm, 40 kg dummy
trepan (a), and results from surface evenness measurements (b).
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(a)
(b)
(c)
Figure 2. Cutting plans showing main cuts, including cuts of side slabs for metallographic
investigations (a), impact test specimens (b) and tensile test specimens (c) from trepan #3.
VTT CNS gained accreditation for mechanical tests, i.e., tensile, impact, fracture toughness
and hardness in May 2019. Accreditation is a proof of the operators capability to perform a
certain test using certain equipment, but does not e.g. include all testing details connected to
the use of specific specimen configurations, measurement details etc. This work was
performed in BRUTE2019 for impact and tensile testing, while the validation work for fracture
toughness testing using miniature C(T) specimens is done in BRUTE2020. The laser
equipment for measurement of elongation during tensile testing required modification of the
equipment and the set-up before satisfactory results were obtained. When the validation of
tensile testing was done, tensile tests on the W28 weld metal was performed at four different
temperatures. The results showed similar values as the base-line results, Figure 3(a).
Similarly, impact tests were performed after the validation, and the results are similar to those
of the base-line weld metal tests, Figure 3(b), showing that the thermal ageing during 28 years
of operation (23 EFPY, effective full power years) at 288 °C has not changed the transition
temperature for the material.

(a)

(b)

Figure 3. Tensile (a) and impact (b) test results on the RPVH SAW weld metal from the RPVH
trepans.
The microstructural investigations were mainly performed within a Master thesis. The
investigations revealed that the main part of the weld was made using SAW, while the outmost
part was made using manual arc welding (MAW). Acicular ferrite dominated the as-welded
microstructure with some grain boundary ferrite between the columnar grains. Polygonal ferrite
dominated the reheated microstructure from welding the consequent weld bead, with some
grain boundary ferrite and acicular ferrite, which was confirmed also using electron backscattered diffraction (EBSD), Figure 4. The macro- and microhardness measurements of the
weld showed homogeneous weld with expected hardness values.
Fracture specimens from impact tests at low temperatures were subjected to fractographic
investigations to determine the primary initiation site for brittle fracture, Figure 5. On all
investigated brittle specimens, the cleavage fracture initiated at a particle rich in Mn, Al, Si, and
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O, and there is a correlation between particle size and impact energy, Figure 6, i.e., a larger
particle correlates with a lower impact energy value.

(a)
(b)
(c)
Figure 4. Macro- (a) and microstructure (b and c) of the SAW weld using light optical
microscope (b) and SEM/EBSD (c).

Figure 5. Primary initation site in the two specimens halves of a impact test specimen.
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(a)
(b)
Figure 6. Initiation particle (a) and correlation between particle size and impact energy.
The main stakeholders for BRUTE are the Finnish stakeholder group with members from the
Finnish NPPs and STUK, the BREDA advisory group, with members from Finnish and Swedish
NPPs, authorities and Energiforsk, who manages the BREDA project, and technical experts,
especially at Ringhals NPP, KTH and Chalmers. The progress of BRUTE is reported and
discussed in dedicated meetings during the year to the different stakeholder groups.
Dissemination of the results was promoted through presentation of the results at two
international meetings, one in Japan and one in Sweden.
Deliverables in 2019
·
·
·
·
·
·
·
·
·

Documents (preliminary version and updated report) describing the results from
validation of cutting procedures used in the BRUTE project.
Document describing the results from validation of mechanical tests to be used in the
BRUTE project.
Report on RPVH trepans in as-received condition.
Master thesis on the influence on microstructure on brittle fracture initiation in the RPVH
weld metal.
Report on impact test results from SAW weld metal of the RPVH.
Report on tensile test results from SAW weld metal of the RPVH.
Extensive document of results from microstructural investigations of the RPVH weld
metal(s).
Document on EBSD results from the RPVH weld metal.
Presentations of results at two international meetings.
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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 stateof-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
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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 on 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 in
2019 in the passive heat removal test facility, PASI, in the natural circulation experiment NC03, which was conducted within the SAFIR2022 PAHE project. The fiber was placed in the
external water storage tank of PASI in order to see the temperature profile in the tank. In the
testing, the measurement system worked but didn’t provide reliable temperature data. The
temperature values measured with the fiber were larger than those measured with reference
thermocouples (TC). The difference increased as a function of temperature: the higher the
temperatures were, the bigger the difference to the TC measurements was. Significant
differences were observed. Figure 1 presents temperature data from the optic fiber and a
reference thermocouple as a function of time during the experiment. Five short measurement
sets were taken with the optic fiber from the locations of the thermocouples.

Figure 1. Temperature data from the optic fiber (TC2-fiber) and the reference thermocouple
TC2 (TC2-fiber(ref)) as a function of time during the NC-03 experiment.
The reason for the difference between the measurements is probably the fact that there were
sharp bends in the optic fiber, which was placed in the PASI water pool. The bends affect the
thermal expansion, which is exploited in the temperature measurement in the optic fiber
technique. In the future, the optic fiber technique will be tested in simpler measurement setups in order to define the possibilities and restrictions of the technique.
Fifteen ultrasonic flow meters were tested in the above-mentioned PASI natural circulation
experiment NC-03. One flow meter was attached on the outer surface of each heat exchange
tube in the tube parts outside the PASI containment vessel (Figure 2).

RESEARCH REPORT VTT-R-00311-20
109 (127)

Figure 2. Lower parts of the PASI heat exchanger tubes below the PASI containment vessel.
Figure 3 shows the results of the ultrasonic flow meter measurements. The figure presents the
PASI loop (downcomer) flow rate and the combined flow rates of the 15 ultrasonic flow meters
during the whole duration of the NC-03 experiment. The period from the beginning to
approximately 10 000 s was single-phase natural circulation with a steady loop flow rate. From
~10 000 s begins the phase of two-phase flow natural circulation, during which the loop flow
strongly oscillates.

Figure 3. PASI downcomer flow rate (orange curve) [kg/s] and the combined flow rates of the
15 ultrasonic flow meters (blue curve) [kg/s] as a function of time during NC-03.
The results show that the ultrasonic flow meters provided relatively reliable flow rate data
during the first approximately 5000 seconds of the NC-03 experiment. The sum of the
measured flow rates of the ultrasonic flow meters almost equals to the PASI downcomer
flowrate measured with a magnetic flow meter. After that, there are significant differences in
the results between the measurement techniques. The reason for this is presumably the fact
that the flow rates after 5000 s were between the laminar and turbulent flow areas. The
ultrasonic flow measuring technique assumes the measured flow to be either laminar or
turbulent, and the flow areas between those provide imprecise flow rate data. The ultrasonic
flow meters must be further tested within simpler test conditions in the future.
In 2019, the main focus for PIV was in literary work, as there were no measurements involved
within the SAFIR related projects. A study on acquiring a high-speed PIV system started, and
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it will continue in 2020. The work was done partly as a summer trainee work, which included a
report of PIV applications in the field of experimental thermal hydraulics. An inventory of all
PIV equipment was also conducted. Need for a high-speed PIV system will be evaluated in
more detail in 2020, and decisions on possible procurements will be made.
The studies with the axial wire-mesh sensor developed at LUT, named AXE, have been
conducted during the previous years in the HIPE test facility. In 2019, a conference paper
based on the results of the AXE void fraction measurements in swirling two-phase flow was
published and presented in the SWINTH-2019 workshop. Two researchers from LUT attended
the workshop, which took place in Livorno, Italy in October.
Within the LUT infrastructure development 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 2019,
the cameras were applied to sparger experiments in the SEF-POOL test facility (experiments
of the SAFIR SPASET project). The pattern recognition algorithm was improved in 2019 using
the HSC data from the 2018 SEF-POOL experiments. A conference paper based on this
analysis was written and presented in the NURETH-18 conference in Portland, USA in August,
which one researcher from LUT attended. In 2019, Elina Hujala’s dissertation named
“Quantification of large steam bubble oscillations and chugging using image analysis” was
finalized, presented and accepted.
WP2 includes continuous maintenance work in the laboratory, as well as the yearly
maintenance actions, such as calibration of instruments. In 2019, the annual maintenance
actions were conducted during the summer. The work package includes also 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. Based on the needs, a
preliminary list of components was written in 2019. Components include mechanical
components, instruments and components for maintenance.
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 installation of the components
will begin in 2020.
The amount of data from the experiments in the LUT laboratory has been expanded due to
advanced and high-speed measurement capabilities. The current EDS storage system is not
suitable for large data files. Thus, enlargement of the data storage space has been planned
within the IDEAL project. The storage of experimental data will be done tripartitely in the future:
the first stage is the data space of the measurement computers; the second stage is the new
extra data space for the larger amounts of data; the third stage is the EDS system for the
traditional data plus a new FairData cloud service for data to be stored for longer time. The
upgrade of the data storage, as well as update of the computational servers, will be done within
IDEAL in 2020.
WP4 deals with the development of the new modular integral test facility, MOTEL (MOdular
TEst Loop). In 2019, the MOTEL framework and the facility itself were erected in the laboratory.
All the components were assembled, and instrumentation was installed. Insulation and final
pipeline/valve works will be done in 2020, after which the facility is ready for experiments.
Figure 4 shows MOTEL assembling in the laboratory and the MOTEL core.
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Figure 4. The MOTEL facility assembling in the LUT laboratory (left) and the MOTEL core
heating rods and instrumentation wires (right).
WP5 of IDEAL concerns the management of the project. International co-operation is also
included in this work package. In 2019, three researchers from LUT attended the SILENCE
network meeting. SILENCE is a 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 2019.
Participation in the SWINTH-2019 workshop, which concerns advanced instrumentation
related to experimental study of nuclear thermal hydraulics and severe accidents.
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 during 2019.
Plan of the component stock in the laboratory, listing the components that will be purchased
to the laboratory during SAFIR2022 in order to avoid delays in important experimental
projects in the future.
Procurement of the equipment (flowmeters, pressure and differential pressure transducers
etc.) for the field instrumentation renewal, which begins in 2020.
Assembling of the first version of the new LUT modular integral test facility, MOTEL.
Project management, including preparation and participation in the RG meetings.
Participation in the SAFIR2018 final seminar.
Participation in the SILENCE (a network for large test facility operators) meeting.
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Publications in 2019 not listed as official deliverables of the project:
·

A conference article describing the image analysis of bubbling mode condensation
oscillations in horizontal sparger with a pattern recognition algorithm.

·

A conference article describing the results of the axial wire-mesh sensor measurements in
swirling two-phase flow conditions.

·

A bachelor’s thesis defining the flow map of the two-phase flow test facility, HIPE.

·

A doctoral dissertation concerning quantification of large steam bubble oscillations and
chugging using image analysis.

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.
International activities
In the JHR2022 project, the working groups for materials and fuel of the JHR project are
participated in. In the spring of 2019, the 9th technical seminar of the JHR project was held,
and in the spring and autumn the working groups convened. Due to the closure of the Halden
reactor in April 2018, OECD/NEA is preparing an international framework for fuel irradiation
experiments, Framework for In-pile Fuel and Material Irradiation Experiments (FIDES). There
are several suggested experimental projects for the new framework, termed Joint
ExpErimental Programmes (JEEPs). The suggested JEEPs include tests in BR2 reactor in
Belgium and PIE investigations at CEA in the P2M project, loss-of-coolant accident (LOCA)
tests in the MIR reactor in Russia in the MIR-LOCA project and in-pile creep studies of ATF
claddings in the INCA project at the LVR-15 reactor in Czech Republic. The preparatory
meetings of the framework have been participated in this project.
The Euratom call section NRFP-16 in 2019 requested a proposal for a roadmap for use of
Euratom access rights to Jules Horowitz Reactor experimental capacity. The roadmap is set
to cover at least 15 years from the start of the 1st irradiation campaign at JHR. The goal is to
assure proper and effective use of the Euratom access rights by research consortia. More
detailed plans are required for the first 4 years of JHR operation. The Euratom proposal
JHOP2040 was prepared as a joint proposal by the European partners in the JHR project.
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. MeLoDIE is an instrumented incore experimental device for the study of fuel cladding irradiation creep behavior under biaxial
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loading. The original MeLoDIE device was designed and delivered to CEA in 2012 for use in
the OSIRIS Reactor at CEA Saclay in France. The design of the device is shown in figure 1.
The device uses pneumatic controls to create a biaxial loading situation – where the internal
pressure and bellows pressure are independently controlled, thus creating hoop and axial
stresses in the specimen. The pressure is controlled by a closed helium loop to generate a
continuous helium gas flow for four pneumatic servo-controlled pressure adjusting loops, which
are used to control the internal pressure of the specimen, the pressures of the two bellows of
the loading device and the pressure of the bellows of the mover.
An updated version of the MeLoDIE device, MeLoDIE II, is currently being developed at 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.

Figure 1. The general design of the MeLoDIE device.
In 2019, the MeLoDIE II device design was optimized and mechanical analyses performed.
Due to the available space in the LVR-15 reactor, the outer diameter of the device had to be
decreased. The aim of the optimization is to make the loading frame structure light and strong
against high temperature creep. The stresses should be evenly distributed throughout the
loading frame. The thickness of the peripheral flanges, the geometry of the posts, and the
methods of attachment have been optimized. By mechanical calculations the maximum
displacement and stress levels have decreased in the optimized design compared to the
MeLoDIE I device.
The helium loop of the MeLoDIE device arrived to VTT from France for maintenance. Various
pneumatic valves and other parts of the loop were replaced. After the maintenance, the closed
helium booster was subjected to a 24-hours test run. The equipment worked well without
problems keeping the pressures at the set levels.
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Deliverables
·
·
·
·
·
·
·
·
2.4.4

Paper and presentation about the Jules Horowitz Reactor at the Nuclear Science and
Technology symposium in Helsinki
Research report on the development of the MeLoDIE II test device in 2019
Research report on the planning of the post-irradiation procedures and an archive
material program at JHR
Travel report to 9th technical seminar and JHR working group meetings
Travel report to fall 2019 JHR Working Group meeting
Travel report to OECD/NEA Workshop on Introduction to the Multinational NEA
Framework for In-pile Fuel and Material Testing
Travel report to MeLoDIE I and II Technical Meeting
Travel report to Preparing the Kick-off of FIDES Joint Experimental Meetings.
LABWAST - Pre-emptive reduction of radiological laboratory legacy waste

The LABWAST project executes the renewal of the radiological research infrastructure hosted
by VTT, embodied in the new VTT Centre for Nuclear Safety. Initiated a decade ago, the
infrastructure renewal has proceeded well, and valuable assets have been built-up to enable
high-level nuclear safety research in Finland. The renewal work reached a crescendo in the
RADLAB project of the SAFIR2018 and KYT2018 programs, with construction and licensing
of the new VTT Centre for Nuclear Safety, and expansion of the license in 2018 to include the
new hot cell facilities.
Simultaneously the project has executed the procurement of key hot laboratory equipment, the
procurement cost of which has been supported by the investment aid mechanism financed
through the complementary RADINFRA project. The largest equipment investment was the
hot cells enabling safe handling and orderly storage of activated and contaminated materials.
The other equipment investments have primarily focused on devices for materials testing and
examination activities related to assessing the structural integrity of the materials from which
safety-critical components are fabricated, and analyzing deficiencies and failures of such
materials that may emerge during regular inspection campaigns. The latter in particular require
rapid-response availability of appropriate equipment and resources, to minimize plant shutdown time. In consideration of the co-funding by the KYT program, and reflecting the broader
applicability of the VTT CNS laboratories in the nuclear sector, several devices have also been
procured for bentonite studies, analytical radiochemistry, and aerosol research.
Additional project activities have included the design, fabrication and installation of self-built
research facilities, and materials and waste-handling and storage facilities, as well as the full
laboratory infrastructure commissioning and ramp-up of operations for both reactor safety and
nuclear waste management research. The LABWAST project in particular already looked to
the future and eventual decommissioning of the facilities, with a particular focus on efforts to
better utilize existing research materials, and to develop effective means of handling the
radioactive waste generated over the long term during the operation of the facilities. The latter
goal is in line with the expectation set forth in the Final Report of the National Cooperation
Group on Nuclear Waste Management” (L. Kumpula, O. Slant, 2019-09-02; Publications of the
Ministry of Economic Affairs and Employment 2019:45)
Specific activities in 2019
WP1 – Legacy waste mitigation: This work package explored means for minimizing the
accumulation of radioactive legacy waste over the operational lifetime of the new facility, along
with the project management tasks. Work during 2019 focused on the three most challenging
areas from the radioactive waste management perspective: the debris separation water loop
of the electric-discharge machine (EDM), the cutting and grinding debris produced during
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microscopy specimen preparation, and the treatment of chemicals associated with microscopy
processes.
For safe handling of fine debris-type of waste generated during cutting and grinding, a study
was carried out in conjunction with work carried out for another project during the summer of
2019, which involved cutting and grinding some 100 dpa Flux Thimble Tube material harvested
from an operating PWR. The material had a Co-60 specific activity of 1.7 GBq/g. By
conducting a fastidious measurement and clean-up routine following the work, useful insight
was gained regarding the relationship between waste generation and the hot cell
decontamination process.
The liquids generated in microscopy procedures were also evaluated. The electropolishing
solution used with the highly radioactive FTT material, as well as activated water from filtering
out grinding and sawing debris from that material, were collected for further analysis of
radioactivity, and for testing waste handling methods. Through a subcontract funded by the
RADINFRA investment aid, paths were then identified for safely neutralizing radioactive acid
solutions, including the particularly challenging case of perchloric acid, and their sedimentation
for subsequent evaporation and cementation in the evaporation cabinet procured in 2018.
Further insight into sources and mitigation of legacy waste was acquired by reviewing
documentation of the decommissioning of the Otakaari 3 facilities, and identifying
contamination-reduction opportunities to implement in the new facilities. An extensive
literature review was also carried out on decontamination and waste reduction methods,
including experiences presented at the HOTLAB working group meetings over the past few
decades. Such learning generated insight useful for the operating power plants as well as to
large hot cells related to spent fuel encapsulation for final long-term storage.
Regarding the radioactive waste generated in the EDM cutting process, a study was carried
out to characterize the debris collected from different parts of the water circuit, as well as debris
adhered to the spent anode wire. The results were used to guide design of safe handling
processes for these two waste streams.
Through a series of three other subcontracts, important progress was made on the debris
separation circuit of the EDM, first around methods utilizing the existing centrifuge and
automatic reversible filtration device, and then ultimately yielding a proposed design solution
involving remotely-handled disposable filter cartridges in lieu of the centrifuge system. The
debris separation system is intended to remove the radioactive EDM cutting debris to yield
clean, significantly less active water for the circuit (Figure 1).
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Figure 1. With the electric discharge machine operational, emphasis was placed on improving
the debris separation circuit, resulting in a decision to utilize filtration to remove the particles
and yield clear water. This is essential when machining radioactive materials.
WP2 – Effective utilization of finite hot material: This work package focused on developing
in-cell specimen preparation and mechanical testing methods, with an aim to utilize the
radioactive specimen materials more effectively by minimizing rejections and by reusing tested
materials. Effective use of test materials is particularly important for life extension propositions
involving limited amounts of available reactor pressure vessel (RPV) surveillance materials.
An important milestone was the arrival and installation of the CNC milling device in the
transport reception cell. The device features pressure-feedback clamping control for precisely
fixing surveillance capsules of various sizes. The machining performance of the device was
tested, particularly regarding the capability to make the small holes required for mini-CT
specimens. The device testing has been carried out focusing on validating the methods
required for the SAFIR2022 BRUTE project, and its subsequent testing for reliably machining
specimens. Exercises were also successfully carried out to open a monolithic surveillance
capsule (like that for an EPR), as well to open the strand of small surveillance capsules (like
that of VVERs). Testing of reactor pressure vessel surveillance materials are essential for
demonstrating the structural integrity of the RPV.
Work in this work package also continued on the cutting behavior of the EDM in tandem with
the particle separation circuit. A new operator was hired and trained in the EDM use. A series
of piloting trials were then carried out involving centrifuging, automatically reversible
permanent filtration, and magnetic separation. The piloting lead to the significant decision to
abandon the involvement of such additional devices in favor of simply utilizing disposable filter
cartridges that are merely significantly smaller than the large OEM filter cartridges. This
approach was found to improve the overall reliability of the cutting performance of the EDM,
particularly in heavy cutting circumstances like that of sectioning RPV trepans (work that is
featured in the SAFIR 2022 BRUTE project). This finding complemented the conclusions of
the water circuit design work carried out in WP1.
In the area of mechanical testing methods, improvement in the testing capabilities was carried
out, and then round-robin campaigns were carried out for both tensile and Charpy impact
testing. During the improvement process, the testXpert II Graphical Sequence Editor software
was upgraded, some outside mounted Crack Opening Displacement gages were purchased
for mini-CT specimens, an alignment tool was procured, and efforts made to improve the utility
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of the laser extensometer. A temperature prove calibration set-up was also ordered, but has
not yet been delivered. The round-robin tests included the associated steps involving in-cell
EDM cutting to prepare test specimens, quantifying the specimen dimensions by using the incell optical measurement device, and utilizing the non-contact laser extensometer to measure
the specimen strain in tensile tests, and found that VTT devices perform satisfactorily. Reliable
mechanical testing is essential both from the perspective of efficacy of the data produced, and
minimization of specimen waste from rejected tests. The amount of material available with the
desired neutron irradiation characteristics relevant to the operating plant is finite and the inplant irradiation accumulation is impossible to repeat more quickly.
An important aspect of mechanical testing is post-test quantification of the fracture behavior
by examining the fracture surface. As his bachelors thesis, Topias Käyhkö completed the
remotely-operated fracture surface recording and quantification set-up that utilizes the
hexapod positioning platform and digital imaging. Both the hexapod device itself, and the
custom design and building of the device were executed using RADINFRA investment aid
funds.
Finally, the test-specimen reconstitution process was demonstrated using the in-cell EDM and
electron beam welding devices (Figure 2). The specimen reconstitution is an essential method
for generating additional test specimens with the same irradiation profile by using the broken
pieces of specimens already tested. To improve the validation of reconstituted specimens, an
infrared camera was procured for on-line monitoring of thermal input during electron beam
welding. Thermal input control is essential for preventing impact to the as-irradiated condition
when reconstituting specimens. Likewise, a laser engraving system was procured, and several
VTT hot cell workers were then trained in its use. The device was then installed in the same
hot-cell as the electron beam welder (EBW), where it can be used to label new specimens
created using the EDM in the adjacent cell, and or e.g. reconstituted with the EBW.

FT

EBW
EDM

Figure 2: The readiness of the in-cell electric discharge machine and electron beam welder
was demonstrated for reconstituting spent test specimens into new test specimens for RPV
surveillance materials. This is a valuable tool when considering reactor life-time extension.
WP3 –Advances in hot analytical radiochemistry: This work package focused on
developing the effective utilization of the new hot analytical radiochemistry and aerosol
laboratory equipment. At the same time, the renewal of the iodine filter testing system was
executed.
In the spring a training course was held at VTT for users of the inductionally-coupled plasma
optical emission device that was procured with RADINFRA investment aid in 2018. The course
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was hosted by VTT with Agilent Technologies, and 4 VTT people participated, as did 4 of
Agilent’s own employees, and 2 from SSAB. Optical emission spectrometry is an important
radiochemistry analytical tool for analyzing the composition of specimens in the liquid or
liquefied state, including of different isotopes.
The alpha spectrometer that was also procured with RADINFRA investment aid in 2018, but
delivered at the end of the year, was taken into use in 2019. Several VTTers were trained in
its use. Then effectiveness and energy calibrations were carried out, and baseline background
measurements were carried out for all four specimen chambers. In the latter part of the year,
the capabilities of the alpha-spectrometer were demonstrated for accurately measuring the
alpha-emitting isotopes of a material by carrying out benchmark tests with certified reference
materials from the IAEA, with a Po-210 analysis kit. Many of the heavier isotopes in the nuclear
fission chain decay by emitting alpha particles, so alpha spectrometry is an important
radiochemistry analytical method in characterizing nuclear materials.
Once new aerosol measurement devices were delivered to VTT, the performance of ELPI,
SMPS, DustTrak and TEOM aerosol measurement devices were evaluated for the
measurement of CsI aerosol as a main representative aerosol in a severe nuclear power plant
accident. The comparison tests showed that the devices are in a quite good agreement on the
number and mass concentration of the measured aerosol. A report was compiled detailing the
methods and results. The experimental methods are important in developing better models
for simulating severe accidents in operating nuclear power plants.
Finally, following delays in equipment delivery for the iodine laboratory, work accelerated on
the fabrication of the new set-up towards the end of 2019, and it will be completed in 2020 with
VTT internal resources. The components of the new iodine set-up have been procured using
RADINFRA investment aid. Over the course of the year, temperature probes and water baths
were bought, and the probes were calibrated for the new testing line. In particular, the delivery
of the iodine monitoring device was delayed by import/export paperwork on account of it
including radiation sources (calibration source is 400 kBq Ba133, and photon multiplier tube has
70 Bq Am241). The iodine laboratory is an important asset for conducting the tests required to
demonstrate the efficacy of the isotope-capture resins of the exhaust stacks of operating
nuclear power plants.
Deliverables in 2019, including investments made under RADINFRA investment aid.
·
·
·
·

·

·

A report reviewing decontamination and waste reduction approaches with relevance to
mitigating the accumulation of legacy waste in the new hot cell facilities, and applicable
also in other facilities handling radioactive materials.
Procedures for the neutralization and sedimentation of radioactive acid solutions, including
for solutions containing perchloric acid, enabling their cementation for safe interim storage
as waste (RADINFRA subcontract).
Repairs and upgrades to the electric discharge machine water circuit system, and a PEPS
CAM software upgrade to facilitate planning of cuts in e.g. large work pieces such as
trepans.
As a culmination of several design iterations for the EDM debris separation circuit, a design
for a remotely-handled, single-use filter set-up for, to replace the large OEM filter cartridge
design, and in lieu of using additional equipment like the centrifuge (RADINFRA
subcontracts).
A report describing the efficacy of the EDM debris separation system, including results of
examining the debris in the waste water and adhered to the spent anode wire, results of
piloting trials of different components and their use for trying to remove the debris from the
water, and a summary of the design efforts leading to the proposed design for remotelyhandled single-use filter cartridges.
Delivery and installation of in-cell CNC milling machine for surveillance capsule opening
and specimen machining. Four VTT hot cell workers were trained in its use.
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·
·
·
·

·
·
·
·
·
·
·
·

·
·
·

·

·
·

Delivery of annealing furnace for materials testing, and adaptions for utilization in a locallyshielded position. The furnace will be utilized by the SAFIR2022 ELIAS project in Q1/2020.
Delivery, and installation in the nuclear material handling area, of a high-temperature
sintering furnace for fabrication of unirradiated nuclear fuel and fuel-analogue ceramic
materials.
Delivery of a “hexapod” robotic positioning table for use in in-cell materials positioning.
A fracture surface imaging system utilizing the hexapod robotic table, made as a
RADINFRA-funded subcontract that led to the Bachelor thesis “Murtopintojen
kuvausjärjestelmän suunnittelu”. The device is installed in the dimension-measurement
hot cell.
Delivery of a laser engraving system, and subsequent training of several VTT hot cell
workers in its use. The device was then installed in the same hot-cell as the electron beam
welder (EBW) for use in labelling specimens.
A report describing the fracture toughness specimen reconstitution cycle and its execution
using the in-cell EDM and EBW devices of the new hot cells.
Delivery of CMOD extensometers for mini-CT specimens, and an alignment tool for the
tensile testing machine. The temperature probe calibration device was ordered but not yet
delivered.
Two reports describing the mechanical testing round-robins for impact testing and in-cell
tensile testing, including associated utilization of EDM for preparing specimens and optical
measurement device for quantifying the specimen dimensions.
Delivery of several hot-cell metallography devices, including two stereo macroscopes, two
devices for grinding and polishing metallography specimens, and an electro-hydraulic hot
mounting press for metallographic specimens.
Delivery of a mobile shielding wall with built-in window for use as local shielding when
handling small specimens for different analytical devices, like the hydrogen analyzer.
Ordering of the irradiated materials road transport cask from Daher GmbH after a long and
complicated tendering process, and upon the recommendation of the SG4 meeting.
Delivery is scheduled for by the end of 2020.
Delivery of a gamma spectrometer for the reception cell. It is installed with a customfabricated movable devices mounting system at the rear of the transport reception cell 3.1.
The device is capable of measuring spectra of incoming and outgoing radioactive materials
shipments.
Procurement and assembly of most components for the new iodine laboratory set-up,
including a special iodine monitor device that had been delayed for import/export
paperwork related to the nuclear isotopes involved in some of its components.
A summary report of the training held at VTT for operators of the inductionally-coupled
plasma optical emission spectroscope (ICP-OES).
Ordering of a glow-discharge optical emission spectrometer (GD-OES), scheduled for
delivery in Q1/2020. The device is to be used in accurate measurement of trace elements
of solid materials, such as for carbon content distribution in RPV materials (a goal of the
SAFIR2022 BRUTE project), and is capable also of depth profiles from the surface, such
as the composition of oxides formed on primary circuit stainless steel materials.
Ordering of a gradient ion chromatography system, for delivery in Q1/2020. The device
can be used on its own for anion analysis, or connected to the high-resolution inductionallycoupled plasma mass spectrometer that is installed in the CNS clean-room facility, for full
ionic speciation analyses. Ion speciation analyses is the process of separating and
quantifying different molecular versions of a compound, which can exhibit very different
physiochemical properties, including varying toxicities.
A report describing the functionality of the new alpha spectrometer, and benchmarking
studies using IAEA standards.
A report comparing the measurements of CsI aerosols by different methods for application
in studies for severe accident simulations, including by the new AeroTrak devices procured
for the purpose.
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3. Financial and statistical information
The planned and actual volumes of the SAFIR2022 programme in 2019 were 6,7 M€ and 6,8
M€, and 43 and 46 person years, respectively. The funding partners were VYR with 4,353 M€,
VTT with 1,325 M€, Lappeenranta-Lahti University of Technology with 0,244 M€, NKS with
0,163 M€, Aalto University with 0,141 M€, SSM with 0,079 M€, Halden Reactor Project with
0,070 M€ and other partners with 0,398 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 2019.

Figure 3.2. Planned and actual costs of the SAFIR2022 programme in 2019.
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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 2019.

Figure 3.4. Planned and actual volumes by research area in 2019.
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 2019.

Figure 3.6. Distribution of person-years in SAFIR2022 research areas in 2019.
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The numbers of different kind of publications and other documents made in SAFIR2022
research projects during 2019 are listed in Table 3.1. The programme produced 240
documents in 2019 consisting of 21 scientific journal articles, 48 conference articles, 105
research reports, 12 theses and 54 other delivered documents.
The average number of publications in the research projects was 4,1 per person-year (“Others”
in Table 3.1 excluded), and the average number of scientific journal articles was 0,47 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 2019.
Project
acronym

Volume
(person
years)

Research
reports

Scientific
journal
articles

Conference
articles

Theses

Others

Total

BORS

1,1

0

1

3

0

4

8

COSI

1,3

3

0

0

1

1

5

NAPRA

1,4

8

1

2

0

0

11

OSAFE

0,6

1

1

0

0

1

3

PARSA

1,0

0

1

2

0

3

6

PREDICT

2,3

0

3

5

2

7

17

SEARCH

2,8

1

1

4

1

1

8

URAN

1,8

5

0

0

0

0

5

ANSA

1,8

3

0

0

0

4

7

CATS

1,5

4

0

0

1

2

7

CFD4RSA

1,1

5

2

3

0

1

11

INFLAME

1,8

3

0

5

1

9

18

LONKERO

2,1

1

1

5

0

3

10

MANTRA

0,9

3

2

1

0

2

8

PAHE

1,2

4

0

0

0

0

4

PATE

1,9

6

1

0

0

0

7

RACSA

1,3

3

2

3

0

3

11

SPASET

1,4

2

2

1

1

0

6

THACO

1,7

2

1

1

0

0

4

AM-NPP

0,8

3

0

0

0

0

3

AMOS

0,9

4

0

0

0

0

4
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CONAGE

1,0

8

0

2

1

0

11

CONFIT

0,6

0

0

1

0

0

1

ELIAS

0,8

2

0

3

0

1

6

ELMO

1,0

4

1

0

1

0

6

FEVAS

1,1

2

1

2

0

0

5

RACOON

1,0

3

0

0

0

3

6

SAMPO

1,0

6

0

0

0

0

6

BRUTE

2,2

8

0

1

1

2

12

IDEAL

2,8

2

0

2

2

0

6

JHR2022

0,7

2

0

1

0

5

8

LABWAST

1,9

7

0

1

0

5

10

Total

44,9

105

21

48

12

54

240

Altogether 11 higher academic degrees were obtained in the research projects in 2019: four
Doctoral degree and seven Master’s degrees (Table 3.2). The academic degrees are listed in
Appendix 3.

Table 3.2 Academic degrees obtained in the projects in 2019.
Project acronym

Doctor

COSI

Master
1

PREDICT

1

SEARCH

1

1

CATS

1

INFLAME

1

SPASET

1

CONAGE

1

ELMO

1

BRUTE

1

IDEAL

1
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Table 3.3 shows the workload of the projects in 2019 divided on the competence areas defined
in the latest competence survey in Finland [6], [7]. Highest workload was put on thermal
hydraulics, material engineering, severe accidents, reactor physics and dynamics, probabilistic
risk assessment, and automation and control room.
The competence areas of the academic degrees obtained in 2019 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 2019.
Competence area

Workload in 2019
Person
years

Thermal hydraulics
Material engineering
Severe accidents
Reactor physics and dynamics
Probabilistic risk assessment
Automation and control room
Project management
Human factors
Construction engineering
Electrical engineering
Mechanics/Mechanical engineering
Nuclear fuel
Quality management and inspections
Other nuclear sector expert duties
Radiation protection (on-site and offsite)
Water chemistry
Security
Nuclear waste management R&D
Radiochemistry
Process engineering
Safeguards
Operator duties
Nuclear and particle physics

Academic
degrees

Person
months

Doctor

9,8
6,1
3,0
3,0
2,8
2,6
2,1
1,9
1,9
1,8
1,8
1,6
1,0
0,9

102,7
63,7
31,1
31,1
29,9
26,9
21,7
20,0
19,8
18,7
18,6
16,6
11,0
9,4

0,8
0,7
0,3
0,3
0,2
0,2
0,0
0,0
0,0

8,8
7,5
3,0
3,0
2,5
2,0
0,5
0,3
0,0

Master
1
1

1
1

1

1
1

1
1
1

1
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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 2019 – March 2020) the SAFIR2022 Management
Board (MB) held three meetings. Due to the coronavirus pandemic the fourth meeting was
decided to be held as an email meeting in March-April 2020. Each of the steering groups
SG1-SG3 had three meetings and SG4 had two meetings. The reference groups RG1-RG8
had three meetings.
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 2019, four small projects were realised:
1.
2.
3.
4.

Artificial intelligence powered non-destructive inspection and evaluation (ANDIE)
CLADS Experimental facility
Leadership and safety culture (LESCU)
Thermal aging of alloy 690 and high-Ni alloys (TAAN).

The final reports of the small projects can be found on SAFIR2022 extranet.
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Information about research carried out in SAFIR2022 is 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,
conference papers, and research reports.
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Appendix 1
Publications in the projects in 2019

Building Operational Readiness of Control Room Crews (BORS)
Scientific journal articles
Pakarinen, S., Korpela, J., Karvonen, H., & Laarni, J. (2019). Modeling the cardiac
indices of stress and performance of nuclear power plant operators during simulated
fault scenarios. Psychophysiology, [e13513]. https://doi.org/10.1111/psyp.13513
Conference articles
Koskinen, H., Laarni, J., Liinasuo, M, & Salo, L. (2019). Application of systems
usability case in an integrated system validation of control room. 11th Nuclear Plant
Instrumentation, Control, and Human-Machine Interface Technologies, NPIC & HMIT
2019 Orlando, FL, February 9-14, 2019.
Laarni, J. (2019). Cognitive heuristics and biases in process control and maintenance
work. 11th Nuclear Plant Instrumentation, Control, and Human-Machine Interface
Technologies, NPIC & HMIT 2019 Orlando, FL, February 9-14, 2019.
Väätäinen, A., Laarni, J., & Höyhtyä, M. (2020). Development of a Concept of
Operations for Autonomous Systems. In J. Chen (Ed.), Advances in Human Factors in
Robots and Unmanned Systems (pp. 208-216). Springer. Advances in Intelligent
Systems and Computing, Vol.. 962. https://doi.org/10.1007/978-3-030-20467-9
Others
Laarni, J., Kannisto, H., Karvonen, H., Korpela, J., Koskinen, H., Kuula, T., Liinasuo,
M., Lukander, K., Pakarinen, S., Porthin, M., Puro, V., Schaupp, M., Seppänen, L.,
Teperi, A.-M., Tiikkaja, M., Torniainen, J., Viitanen, K., & Wahlström, M. (2019).
Crafting Operational Resilience. Poster at SAFIR2018 Final Seminar and Webinar,
21.-22.3.2019.
Laarni, J (2019). Kognitiiviset toimintavalmiudet ja turvallisuuden kehittäminen.
Training material for Turvatärkeiden koulutuspäivät, Fortum, Loviisa.
Pakarinen, S., Laarni, J., Lukander, K., Inkilä, V.-P., Passi, T., Liinasuo, M., Salonen,
T.-T. (2019). Promoting operational readiness of control room crews through biosignal
measurements” in press for the 11th International Conference on Applied Human
Factors and Ergonomics (AHFE 2020) to be held in July 16-20, 2020, in San Diego,
USA.
Tomminen, J. (2020). FRAM-menetelmän soveltaminen ydinvoimalaitoksen ohjeiden
suunnitteluun. Research Report. VTT-R-00048-20.

Co-simulation model for safety and reliability of electric systems in
flexible environment of NPP (COSI)
Research reports
Divshali, P., Hänninen, S., Laakso, P., Korvola, T., Architecture Design for NPP CoSimulation Platform. Espoo, VTT Technology xxx. 13 p.
Lehtonen, M., Rosenström, M., Divshali, P., Hänninen, S., Description of baseline
simulation. Espoo, VTT Technology xxx. 25 p.
Hänninen, S., Divshali, P., Lehtonen, M., Rosenström,M., Safety case of electric
systems in NPP for co-simulation. Espoo, VTT Technology xxx.. 25 p. 34.
Theses
Rosenström, M., Electrical disturbances in nuclear power plants and their simulation
requirements. Master’s thesis, Aalto University, October 2019. 43 p.
http://urn.fi/URN:NBN:fi:aalto-201910275878
Others
Hänninen, S., “Risks and challenges – results from study”. The International
Conference on Flexible Nuclear Power and Ancillary Services, Stockholm, Sweden.
January 23 - 24, 2019,
https://energiforskmedia.blob.core.windows.net/media/25674/hanninen_vtt.pdf

New developments and applications of PRA (NAPRA)
Scientific journal articles
Porthin, M., Liinasuo M., Kling, T., Effects of digitalization of nuclear power plant
control rooms on human reliability analysis – A review. Reliability Engineering &
System
Safety,
Volume
194,
February
2020,
106415
https://doi.org/10.1016/j.ress.2019.03.022
Conference articles
Holmberg, J.-E., Authen, S., Bäckström, O., He, X., Massaiu, S., Tyrväinen, T.,
Experience from level 2 site risk analysis for Nordic power plants, Proceedings of the
29th European Safety and Reliability Conference (ESREL 2019), Hannover, Germany,
September 22-26, 2019.
Shin, S.M., Porthin, M., Tyrväinen, T., Mueller, C., Piljugin, E., Stiller, J., Quatrain, R.,
Demgne, J., Brinkman, H., Natarajan, V., Picca, P., Gordon, J., Sedlak, J., Jaros, M.,
An international join research to explore the method for digital I&C reliability
assessment: OECD/NEA DIGMAP, Asian Symposium on Risk Assessment and
Management 2019 (ASRAM2019), Gyeongju, Korea, September 30 - October 2,
2019.

Research reports
Björkman, K., Tyrväinen, T., Probabilistic risk assessment of small modular reactors Literature review, VTT Research Report, VTT-R-01041-19.
Helminen, A., International and Finnish practices on seismic probabilistic risk
assessment, VTT Research Report, VTT-R-00023-20.
Karanta, I., Björkman, K., A survey on the use of PRA to support failure tolerance
analysis. VTT Research Report, VTT-R-00192-20.
Liinasuo, M., Karanta, I., Kling, T., Dynamic human reliability analysis (HRA) - a
literature review. VTT Research Report, VTT-R-00193-20.
Tyrväinen, T., Kling, T., Korhonen, T., Analysis of cable fire scenario with simulationbased event tree, VTT Research Report, VTT-R-01302-19.
Tyrväinen, T., Karanta, I., Kling, T., Sparre, E., Authen, S., He, X., Olofsson, F.,
Bäckström, O., Massaiu, S., Eriksson, C., Cederhorn, E., Prolonged available time
and safe states - State of the art review, VTT Research Report, VTT-R-00883-19.
Tyrväinen, T., Karanta, I., He, X., Olofsson, F., Bäckström, O., Massaiu, S., Sparre,
E., Eriksson, C., Cederhorn, E., Authen, S., Prolonged time windows and safe states,
WP3-Methods, Risk Pilot Report, 19113-R01_A001.
Tyrväinen, T., Probabilistic risk model of digital reactor protection system for
benchmarking, VTT Research Report, VTT-R-01028-19.

Development of Framework for justification of Overall Safety (OSAFE)
Article (chapter) for the book
Ylönen, M. (2020) Assessing the goodness of the concept of institutional strength-indepth. In Gotcheva, N. and Teperi A.M. (eds.) Human Factors in the Nuclear Industry.
Elsevier. (This is an extra deliverable, not mentioned in the OSAFE research plan).
Article draft (that will be developed for Scientific journal article)
Hyvärinen, J., Vihavainen, J., Ylönen, M. and Valkonen J. (2019) An overall safety
concept for nuclear power plants.
Others
Ylönen, M., Valkonen, J., Vihavainen J. and Hyvärinen J. (2019). OSAFE 2019.
Development of Framework for Justification of Overall Safety. Slide set.

Participative development for supporting human factors in safety
(PARSA)
Scientific journal articles
Teperi, A-M., Asikainen, I., Ala-Laurinaho, A., Valtonen, T., Paajanen, T. 2019.
Modeling Safety Criticality in Aviation Maintenance Operations to Support Mastery of
Human Factors. Springer International Publishing AG, part of Springer Nature 2019 P.
M. F. M. Arezes (Ed.): AHFE 2018, AISC 791, pp. 1–11, 2019.
https://doi.org/10.1007/978-3-319-94589-7_32. (development and use of the work
process analysis method, to be modified for nuclear power)
Conference articles
Teperi, AM., Wahlström, B., Gustafsson, R. Human and Organisational Factors in
Perspective. Nuclear Science and Technology Symposium, SYP2019. Helsinki
Finland, 30-31 October 2019.
Teperi, AM. Human factors as a philosophy and practice to renew Vision Zero.
Proceedings of the Vision Zero Summit 2019 12–14 November 2019 Helsinki,
Finland. Finnish Institute of OccupationalHealth.ISBN978-952-261-903-7(pdf).
(SAFIR2018 findings included) https://www.julkari.fi/handle/10024/139157
Others
Wahlström, M., Forthcoming study: resilience through reflection and autoconfrontation training – NPP heavy lifting case. Poster presented in REA 2019
conference (Resilience engineering association), Sweden, Kalmar.
Viitanen, K., Skjerve, A.B., Axelsson, C. ‘Human performance tools as a means of
formalizing maintenance work’. (final draft)
Viitanen, K. ‘Human performance tools as a part of programmatic human performance
improvement’, submitted. In: A-M Teperi and N. Gotcheva (eds). Human Factors in
nuclear industry – towards systemic view. Elsevier.

Predicting extreme weather and sea level for nuclear power plant safety
(PREDICT)
Scientific journal articles
Björkqvist, J.-V., Vähä-Piikkiö, O., Alari, V., Kuznetsova, A, and Tuomi, L., 2020.
WAM, SWAN and WAVEWATCH III in the Finnish archipelago – the effect of spectral
performance on bulk wave parameters, Journal of Operational Oceanography, 13, 5570. https://doi.org/10.1080/1755876X.2019.1633236
Laurila T. K., Sinclair, V. A, & Gregow, H., 2019: The Extratropical Transition of
Hurricane Debby (1982) and the Subsequent Development of an Intense Windstorm
over Finland. Monthly Weather Review, 148, 377–401, https://doi.org/10.1175/MWRD-19-0035.1

Ukkonen, P. & Mäkelä, A., 2019: Evaluation of machine learning classifiers for
predicting deep convection. Journal of Advances in Modeling Earth Systems, 11,
1784–1802. https://doi.org/10.1029/2018MS001561
Conference articles
Dieterich C, Gröger M, Jeworrek J, Jylhä K, Kjellström E, Meier M, Olsson T, Wu L,
Rutgersson A, 2019: Convective Snow Bands over the Baltic Sea in an Ensemble of
Regional Climate Scenarios. Baltic Earth Workshop on Climate projections and
uncertainties in the northern Baltic Sea region. Helsinki, Finland, 19-20 November
2019, International Baltic Earth Secretariat Publication No. 16, 38 pp,
https://www.baltic-earth.eu/helsinki2019/material/IBESP_16_web.pdf
Jylhä, K., Leijala, U., Fortelius C., Mäkelä, A., Johansson, M., 2019: Exceptional
weather and sea level events in changing climate: experiences on providing userrelevant information to support nuclear power plant safety in Finland. EMS Annual
Meeting
Abstracts,
16,
EMS2019-852.
https://meetingorganizer.copernicus.org/EMS2019/EMS2019-852.pdf
Leijala U, Johansson M M, Särkkä J & Pellikka H, 2019: Studying the Extrapolation
Techniques and Uncertainty Related to the Coastal Flood Risk Estimates in Finland.
AGU Fall Meeting, https://agu.confex.com/agu/fm19/meetingapp.cgi/Paper/584384
Olsson T, Luomaranta A, Jylhä K, Wu J, Jeworrek J, Dieterich C & Rutgersson A.
2019: Detecting sea-effect snowfalls on Finnish coastlines. EMS Annual Meeting
Abstracts,
16,
EMS2019-483.
https://meetingorganizer.copernicus.org/EMS2019/EMS2019-483.pdf
Olsson T & Jylhä K, 2019: Case studies of sea-effect snowfall on the Finnish coast
with ERA5 data. EMS Annual Meeting Abstracts, 16, EMS2019-850.
https://meetingorganizer.copernicus.org/EMS2019/EMS2019-850.pdf
Theses
Björkqvist, J.-V., 2020: Waves in Archipelagos, Finnish Meteorological Institute
Contributions, 159, Doctor of Philosophy thesis, http://hdl.handle.net/10138/308954
Räihä, J.: Pitkittyneet kuivuus-, sade- ja hellejaksot Suomen muuttuvassa ilmastossa.
Master of Science in Philosophy thesis, University of Helsinki, 2019.
https://helda.helsinki.fi/handle/10138/273601
Others
Fortelius C, Hämäläinen K, Jylhä K, Kangas A, Rantamäki M, 2019: PREDICT
workshop on probabilistic forecasts. PREDICT/SAFIR2022 deliverable D3.1.1 in
2019, Finnish Meteorological Institute.
Leijala U, Johansson M M & Pellikka H, 2020: Analyzing the extrapolation techniques
and uncertainty related to the coastal ﬂood risk estimates in Finland.
PREDICT/SAFIR2022 deliverable D2.3.1 in 2019, Finnish Meteorological Institute.

Leijala U, Johansson M M & Pellikka H, 2020: Analyzing the extrapolation techniques
and uncertainty related to the coastal ﬂood risk estimates in Finland —
Implications to Finnish Nuclear Power Plant (NPP) sites. PREDICT/SAFIR2022
deliverable D2.3.2 in 2019, Finnish Meteorological Institute.
Olsson T, Luomaranta A, Jylhä K, Jeworrek J, Perttula T, Dieterich C, Wu L,
Rutgersson A, 2019: Sea-effect snowfall statistics along the Finnish coastline based
on regional climate model data. PREDICT/SAFIR2022 deliverable D1.1.1 in 2019,
Finnish Meteorological Institute.
Räihä J, Kämäräinen M, Jylhä K, Särkkä J, 2019: A method for generating synthetic
low-pressure systems to support studies of sea level extremes. PREDICT/SAFIR2022
deliverable D2.4.1 in 2019, Finnish Meteorological Institute.
Räihä J, Leijala U, Jylhä K, 2020: Co-occurrence of heavy precipitation and high sea
level. PREDICT/SAFIR2022 deliverable D1.2.1 in 2019, Finnish Meteorological
Institute.
Räty O & Laine M, 2019: OECD/NEA Benchmark on External Events Hazard
Frequency and Magnitude Statistical Modelling. PREDICT/SAFIR2022 deliverable
D1.3.1 in 2019, Finnish Meteorological Institute.

Safety and security assessment of overall I&C architectures (SEARCH)
Scientific journal articles
Buzhinsky, I., Pakonen, A., Model-checking detailed fault-tolerant nuclear power plant
safety functions. IEEE Access, vol. 7, 2019, pp. 162139–162156.
https://doi.org/10.1109/ACCESS.2019.2951938
Conference articles
Björkman, K., Pakonen, A., Coupling Model Checking and PSA: A Case Study. 29th
European Safety and Reliability Conference (ESREL 2019), Hannover, Germany, Sep
22–26, 2019, pp. 2789–2797. https://doi.org/10.3850/978-981-11-2724-3_0418-cd
Buzhinsky, I., Formalization of natural language requirements into temporal logics: a
survey. 17th IEEE International Conference on Industrial Informatics (INDIN), HelsinkiEspoo, Finland, July 22–25, 2019, pp. 400–406.
https://doi.org/10.1109/INDIN41052.2019.8972130
Linnosmaa, J., Alanen, J., Demonstration of a conformity assessment data model.
17th IEEE International Conference on Industrial Informatics (INDIN), Helsinki-Espoo,
Finland, July 22–25, 2019, pp. 369–373.
https://doi.org/10.1109/INDIN41052.2019.8972077
Papakonstantinou, N, Linnosmaa, J., Bashir, A. Z., Malm, T., Van Bossuyt, D. L.,
Early combined safety - security Defense in Depth assessment of complex systems.

66th Annual Reliability & Maintainability Symposium (RAMS 2020), Palm Springs, CA,
USA, Jan 27–30, 2020.
Research reports
Helminen, A., Pakonen, A., Potential applications of model checking in probabilistic
risk assessments, VTT Research Report VTT-R-00017-20.
Theses
Buzhinskii, I., Combined use of formal methods for reliability assurance of software for
safety-critical systems, Aalto University publication series DOCTORAL
DISSERTATIONS, 101/2019. http://urn.fi/URN:ISBN:978-952-60-8574-6
Others
Papakonstantinou, N., Pakonen, A., Early Defence-in-Depth assessment of I&C
architectures.

Uncertainty management in fire risk analyses (URAN)
Research reports
Tissari, A. Cable fire modelling for the first phase of PRISME3 benchmark. VTT
Research Report VTT-R-00879-19.
Tissari, A. Cable fire simulations with generation I and II models. VTT Research
Report VTT-R-00128-20.
Vaari, J. Polymeric materials and additives in NPP applications. VTT Research Report
VTT-R-00894-19.
Paudel, D., Hostikka, S. Surrogate models for probabilistic fire simulations. Aalto
University technical report (22.9.2019).
Gholami, M., Hostikka, S. Verification of 3D Heat Conduction for Cylindrical Objects in
FDS. Aalto University technical report (3.2.2020).

Analytical severe accident research (ANSA)
Research reports
Kärkelä, T., Korpinen, A., Gouëllo, M., Pool Scrubbing of Gaseous and Particulate
Iodine, VTT Research Report, VTT-R-00201-20.
Sevón, T., Fukushima Unit 2 Accident Modeling with MELCOR, Version 3, VTT
Research Report, VTT-R-01274-19.

Taivassalo, V., On modelling combustion of ultra-lean hydrogen-air mixtures, VTT
Research Report, VTT-R-00226-20.
Others
Sevón, T., Travel report from the CSARP/MCAP meeting, June 3-6, 2019,
Albuquerque, USA.
Sevón, T., Travel report from the first ARC-F meeting, January 22-24, 2019, Paris,
France.
Sevón, T., Travel report from the second ARC-F meeting, July 1-3, 2019, Tokyo,
Japan.
Taivassalo, V., Travel report from the sixth THAI-3 meeting, June 24-25, 2019,
Frankfurt, Germany.

Coupled analysis of transient scenarios (CATS)
Research Reports
Komu, R., TRACE Quick Start Guide, VTT Research Report, VTT-R-01293-19.
Hämäläinen, A., BWR overpressurization transient and SMABRE steam line
dynamics, VTT Research Report, VTT-R-01296-19.
Räty, H., On the methodology of calculating thermal margins, VTT Research Report
VTT-R-00197-20.
Taivassalo, V., Feasibility study on the applicability of TRAB3D-PROFLO-SMABRE in
analyses of core clogging in a PWR, VTT Research Report VTT-R-00195-20.
Theses
Komu, R., Uncertainty and Sensitivity Analysis for Nuclear Reactor Core and ThermalHydraulic System Models. Master’s thesis, University of Oulu, December 20169.
http://urn.fi/URN:NBN:fi:oulu-201912193338
Others
Syrjälahti, E., Travel report from the OECD/NEA WPRS and Expert groups meetings,
Paris, France, February 19.-22., 2019
Sahlberg, V., Travel report from the combined AER working group D meeting and
OECD/NEA Rostov-2 Benchmark meeting, Munich, Germany, June 24.-27., 2019

CFD methods for reactor safety assessment (CFD4RSA)
Scientific journal articles
Andreani, M., Gaikwad, A. J., Ganju, S., Gera, B., Grigoryev, S., Herranz, L. E.,
Huhtanen, R., Kale, V., Kanaev, A., Kapulla, R., Kelm, S., Kim, J., Nishimura, T.,
Paladino, D., Paranjape, S., Schramm, B., Sharabi, M., Shen, F., Wei, B., Yan, D. and
Zhang, R., Synthesis of a CFD benchmark exercise based on a test in the PANDA
facility addressing the stratification erosion by a vertical jet in presence of a flow
obstruction. Nuclear Engineering and Design, 354, [110177] (2019).
https://doi.org/10.1016/j.nucengdes.2019.110177
Hovi, V., Pättikangas, T., Rämä, T. and Toppila, T., Coupled one-dimensional and
CFD models for the simulation of PWR pressurizers, submitted to Nuclear
Engineering and Design (2020).
Conference articles
Peltola, J., Pättikangas, T., Bainbridge, W., Lehnigk, R. and Schlegel, F., On
development and validation of subcooled nucleate boiling models for OpenFOAM
Foundation release. Proc. of the 18th International Topical Meeting on Nuclear
Reactor Thermal Hydraulics (NURETH-18), 18–22 August 2019, Portland, Oregon,
USA, p. 2149–2163 (2019).
Pättikangas, T., Peltola, J., Hovi, V., Puustinen, M., Räsänen, A. and Kotro, E., CFD
simulations of direct-contact condensation of horizontal vapor jets. Proc. of the 18th
International Topical Meeting on Nuclear Reactor Thermal Hydraulics (NURETH-18),
18–22 August 2019, Portland, Oregon, USA, p. 1583–1596 (2019).
Rämä, T., Toppila, T., Kättö, J., Hovi, V. and Pättikangas, T., Coupled Apros–CFD
simulation of generic VVER-440 loss of feedwater transient. Proc. of the 18th
International Topical Meeting on Nuclear Reactor Thermal Hydraulics (NURETH-18),
18–22 August 2019, Portland, Oregon, USA, p. 5652–5666 (2019).
Research reports
Silde, A., Assessment of implementation of the effective heat and momentum source
models in Apros, VTT Research Report VTT-R-01029-19, VTT Technical Research
Centre of Finland Ltd., Espoo, Finland, 22 p (2019).
Taivassalo, V. and Hovi, V., OpenFOAM simulation of the VVER-1000 vessel mixing
problem, VTT Research Report VTT-R-00229-20, VTT Technical Research Centre of
Finland Ltd., Espoo, Finland, 27 p (2020).
Arkoma, A. and Pättikangas, T., Study on the Uncertainty Quantification of CFD
analysis for nuclear reactor safety assessment, VTT Research Report VTT-R-0020020, VTT Technical Research Centre of Finland Ltd., Espoo, Finland, 25 p (2020).
Peltola, J., reactingEulerFoam and Coarse Grained Thermal Phase Change Models,
VTT Research Report VTT-R-00241-20, VTT Technical Research Centre of Finland
Ltd., Espoo, Finland, 81 p (2020).

Pättikangas, T. CFD analysis of pressure suppression pool by using effective heat
and momentum source models, VTT Research Report VTT-R-00228-20, VTT
Technical Research Centre of Finland Ltd., Espoo, Finland, 17 p (2020).
Others
Peltola, J., Pättikangas, T., Bainbridge, W., Lehnigk, R. and Schlegel, F., On non-drag
interfacial force and thermal phase change modelling of reactingEulerFoam, 17th
Multiphase Flow Workshop – Conference and Short Course, Helmholtz-Zentrum
Dresden-Rossendorf, Germany, November 11–15, 2019.

Interdisciplinary fuels and materials (INFLAME)
Conference articles
Janne Heikinheimo, Caitlin Huotilainen, Rami Pohja, Mykola Ivanchenko and Henri
Loukusa, Advanced Cladding Materials for Accident Tolerant Fuels, Nuclear Science
and Technology Symposium - SYP2019, Helsinki, Finland, 30-31 October 2019.
Loukusa, H. Full-core uncertainty analysis of nuclear fuel behavior, Nuclear Science
and Technology Symposium - SYP2019, Helsinki, Finland, 30-31 October 2019.
Heikinheimo, J., Kärkelä, T. ja Loukusa, H. High-Temperature Experimental
Techniques for Nuclear Fuel Separate Effect Tests, Nuclear Science and Technology
Symposium - SYP2019, Helsinki, Finland, 30-31 October 2019.
Jari Lydman, Sami Penttilä, Aki Toivonen, Seppo Peltonen, N°294 Oxidation test
results on CrN coated austenitic stainless steel 316L in high temperature steam,
ICAPP 2019 – International Congress on Advances in Nuclear Power Plants France,
Juan-les-pins – 2019, May 12 -15.
Peltonen J, Coolant-cladding interaction models in FINIX fuel behavior module,
Nuclear Science and Technology Symposium - SYP2019, Helsinki, Finland, 30-31
October 2019.
Research reports
Loukusa, H., Peltonen, J., Valtavirta, V. FINIX - Fuel behavior model and interface for
multiphysics applications - Code documentation for version 1.19.12, Research report
VTT-R-01103-19, Espoo, 2019.
Pohja, R., Moilanen, P. A study of the accident tolerant fuel cladding candidate
material DIN 1.4970 thermal creep behaviour. Research report VTT-R-XXXXX-20,
Espoo, 2020.
Huotilainen, C., Ikäläinen, T., Peltonen, S., Sipilä, K. In-situ test arrangement for
nuclear fuel cladding oxidation studies. Research report VTT-R-00108-20, Espoo,
2020.

Theses
Peltonen, J.,Coolant-cladding interaction models in the FINIX fuel behavior module.
Master’s thesis, Helsinki University, 2019.
https://helda.helsinki.fi/handle/10138/303240
Others
Arkoma, A. VTT contribution to the OECD/NEA RIA benchmark synthesis report.
Janne Heikinheimo, Matkaraportti korkean lämpötilan
Ängelhomissa, ENTECH, Ängelholm, Ruotsi, 16.-17.06.19.

uunin

testauksesta

Janne Heikinheimo, Travel report from 41st Enlarged Halden programme group
meeting 2019, Scandic park, Sandefjord, Norway, 19.-24.05.2019.
Janne Heikinheimo, Travel report from 160th Halden programme group meeting 2019,
Scandic park, Sandefjord, Norway, 24.05.2019.
Henri Loukusa, Travel report, ETSON Fuel Expert Group (EG12) meeting, 7.8.10.2019, IRSN, Fontenay-aux-Roses, Paris, France.
Henri Loukusa, Travel report to IAEA Technical Meeting on Modelling of Fuel
Behaviour in Design Basis Accidents and Design Extension Conditions, 13-16.5.2019,
Shenzhen, China.
Jussi Peltonen, Travel report from IAEA TM on PCI/SCC, 8.-11.10.2019, Aix-enProvence, France.
Jussi Peltonen, Travel report from TopFuel 2019 and FRAPCON/FRAPTRAN User’s
Group meeting, 22.-26.9.2019, Seattle, Washington, United States.
Sami Penttilä, Travel report on the International Congress on Advances in Nuclear
Power Plants (ICAPP2019), Juan-Les-Pins, France, 12–15 May, 2019.

Developing the working arms of Kraken, the next generation
computational framework for reactor design and licensing analyses
(LONKERO)
Scientific journal articles
Rintala, A., “Diffusion coefficient and critical spectrum calculation methods in Serpent
for light water reactor nodal diffusion calculations”, submitted to Annals of Nuclear
Energy.
Conference articles
Valtavirta, V., Hovi, V., Loukusa, H., Rintala, A., Sahlberg, V., Tuominen, R.,
Leppänen, J., Kraken – an upcoming Finnish reactor analysis framework, International

Conference on Mathematics and Computational Methods applied to Nuclear Science
and Engineering (M&C 2019), August 25-29, 2019, Portland, OR, USA.
Loukusa, H., Peltonen, J., Hovi, V., Modeling Cladding Oxidation With Coupled
Thermal-Mechanics and Thermal-Hydraulics Solvers, 28th International Conference
Nuclear Energy for New Europe, September 9-12, 2019, Portoroz, Slovenia
Rintala, A., Sahlberg, V., Pin Power Reconstruction Method for Rectangular Geometry
in Nodal Neutronics Program Ants, 28th International Conference Nuclear Energy for
New Europe, September 9-12, 2019, Portoroz, Slovenia
Valtavirta, V., Peltonen, J., Lauranto, U., Leppänen, J., SuperFINIX – A FlexibleFidelity Core Level Fuel Behavior Solver for Multi-Physics Applications, 28th
International Conference Nuclear Energy for New Europe, September 9-12, 2019,
Portoroz, Slovenia
Valtavirta, V., Lauranto, U., Hovi, V., Peltonen, J., Rintala, A., Tuominen, R.,
Leppänen, J., “High fidelity and reduced order solutions to an SMR-level progression
problem with the Kraken computational framework”, submitted to PHYSOR 2020,
March 29-April 2, 2020, Cambridge, UK.
Research reports
Valtavirta, V., A novel Monte Carlo leakage correction for Serpent 2, VTT Research
Report, VTT-R-00172-20.
Others
Lauranto, U., Evaluating the fulfilment of control rod related nuclear design bases for
an SMR core using Kraken, Special assignment, Department of Applied Physics,
School of Science, Aalto University. 25.9.2019
Lauranto, U., Valtavirta, V., Rintala, A., Leppänen, J., Evaluating the fulfilment of
control rod related nuclear design bases for an SMR core using the Kraken
computational framework, symposium article, Nuclear Science and Technology
Symposium – SYP2019, Helsinki, Finland, 30-31 October 2019
Valtavirta, V., Aufiero, M., Leppänen, J., “A novel temperature sensitivity calculation
methodology for the Serpent Monte Carlo code”, abstract, ANS Winter Meeting,
November 17-21, Washington DC, USA.

Mitigation and analysis of fission products transport (MANTRA)
Scientific journal articles
Gouëllo, M., Hokkinen, J., Kärkelä, T., Advances in the understanding of molybdenum
effect on iodine and caesium reactivity in condensed phase in the primary circuit in
nuclear severe accident conditions, Submitted to Nuclear Engineering and
Technology (2019).

Kučera, J., Pasi, A.-E., Espegren, F., Kärkelä, T., Lerum, H.V., Omtvedt, J.P., Ekberg,
C., Tellurium determination in aerosol filters and trap solutions by three modes of
instrumental neutron activation analysis for the simulation of a severe nuclear
accident, Submitted to Microchemical Journal (2020).
Conference articles
Gouëllo, M., Hokkinen, J., Kärkelä, T., A separate effect study of the influence of
molybdenum on iodine and caesium transport in the primary circuit in nuclear severe
accident conditions, In proceedings of the 28th International Conference Nuclear
Energy for New Europe (NENE 2019), Portorož, Slovenia, September 2019.
Research reports
Gouëllo, M., Experiments and ASTEC analyses on iodine and caesium chemistry,
VTT-R-01244-19 (2020).
A combined report of MANTRA and ANSA projects: Kärkelä, T., Korpinen, A.,
Gouëllo, M., Pool scrubbing of gaseous and particulate iodine, VTT-R-00201-20
(2020).
Lindholm, I., A survey of research needs on long term severe accident management Finnish perspective, VTT-R-01223-19 (2019).
Others
Travel account of OECD/NEA STEM-2 meeting, Paris, France, March 2019.
Travel account of OECD/NEA BIP-3 meeting, Paris, France, March 2019.

Passive heat exchanger experiments (PAHE)
Research reports
Otso-Pekka Kauppinen, TRACE model of PASI test facility, Research report, PAHE
1/2019, LUT University / Nuclear Engineering, Lappeenranta, 2019, 34 + 1 pages.
Vesa Riikonen, Heikki Purhonen, Otso-Pekka Kauppinen, Virpi Kouhia, Joonas
Telkkä, Antti Räsänen, Eetu Kotro, Kimmo Tielinen, PASI test plans, PAHE 2/2019,
LUT University / Nuclear Engineering, Lappeenranta, 2019, 9 pages.
Joonas Telkkä, Vesa Riikonen, PASI natural circulation test NC-03, PAHE 3/2019,
LUT University / Nuclear Engineering, Lappeenranta, 2019, 14 + 1 pages.
Virpi Kouhia, Vesa Riikonen, Otso-Pekka Kauppinen, Joonas Telkkä, Juhani
Hyvärinen, PASI – a test facility for research on passive heat removal, PAHE 4/2019,
LUT University / Nuclear Engineering, Lappeenranta, 2019, 16 pages.

PWR PACTEL tests (PATE)
Scientific journal articles
Otso-Pekka Kauppinen, Virpi Kouhia, Vesa Riikonen, Juhani Hyvärinen, System code
analysis of accumulator nitrogen discharge during LOCA experiment at PWR PACTEL
test facility, Nuclear Engineering and Design, Volume 353, November 2019.
https://doi.org/10.1016/j.nucengdes.2019.110288
Research reports
Virpi Kouhia, Vesa Riikonen, Harri Partanen, Antti Räsänen, Otso-Pekka Kauppinen,
Joonas Telkkä, Lauri Pyy, Kimmo Tielinen, General description of the PWR PACTEL
test facility – fourth edition, Technical Report, PATE 1/2019, LUT University / Nuclear
Engineering, Lappeenranta, 2019, 28 + 120 pages.
Vesa Riikonen, The PWR PACTEL nitrogen experiments in the OECD/NEA PKL
Phase 4 project, PATE 2/2019, LUT University / Nuclear Engineering, Lappeenranta,
2019, 12 + 10 pages.
Vesa Riikonen, Lauri Pyy, Plans for the PWR PACTEL inadvertent opening of SV and
MSRT tests, PATE 3/2019, LUT University / Nuclear Engineering, Lappeenranta,
2019, 7 pages.
Vesa Riikonen, Virpi Kouhia, Plans for the PWR PACTEL nitrogen effect tests, PATE
4/2019, LUT University / Nuclear Engineering, Lappeenranta, 2019, 6 pages.
Virpi Kouhia, Simulation of PWR PACTEL Nitrogen Experiment NCG-23 with APROS,
PATE 5/2019, LUT University / Nuclear Engineering, Lappeenranta, 2019, 29 + 4
pages.
Otso-Pekka Kauppinen, TRACE calculations of PKL i2.2 run 3, PATE 6/2019, LUT
University / Nuclear Engineering, Lappeenranta, 2019, 33 + 2 pages.

Radiation shielding and criticality safety analyses (RACSA)
Scientific journal articles
Kaltiaisenaho, T., Photon transport physics in Serpent 2 Monte Carlo code, Computer
Physics Communications (2020) 107143, https://doi.org/10.1016/j.cpc.2020.107143
(article in press)
Leppänen, J., Response Matrix Method–Based Importance Solver and Variance
Reduction Scheme in the Serpent 2 Monte Carlo Code, Nuclear Technology, 205:11,
1416-1432, (2019), https://doi.org/10.1080/00295450.2019.1603710

Conference articles
Dorval, E., Validation of the Serpent 2 Monte Carlo code for reactor dosimetry
applications, to be submitted to the 17th International Symposium on Reactor
Dosimetry, Lausanne, Switzerland, May 10-15, 2020 (article draft written in and
considered as deliverable of 2019)
Kaltiaisenaho, T., Photonuclear Reactions in Serpent 2 Monte Carlo Code,
International Conference on Mathematics and Computational Methods applied to
Nuclear Science and Engineering (M&C 2019), Bridging Theory and Applications,
Portland, Oregon USA, August 25-29, 2019
Leppänen, J., Jokipii, M., Global Variance Reduction Scheme with Self-Adaptive
Weight-Window Mesh in the Serpent 2 Monte Carlo Code, International Conference
on Mathematics and Computational Methods applied to Nuclear Science and
Engineering (M&C 2019), Bridging Theory and Applications, Portland, Oregon USA,
August 25-29, 2019
Research reports
Juutilainen, P., Status of the criticality safety validation package in 2019, VTT
Research Report, VTT-R-00138-20.
Juutilainen, P. Impact of the fission yield and decay data uncertainties on the
multiplication factor after irradiation, VTT Research Report, VTT-R-00251-20
Kaltiaisenaho, T., Validation of the coupled neutron-photon transport in Serpent 2 with
OKTAVIAN benchmarks, VTT Research Report, VTT-R-00005-20
Others
Jokipii, M. Description of the storage hot cell, Memorandum
Dorval, E. EWGRD Meeting in Budapest 14-15 November 2019, Travel report
Kotiluoto, P. OECD/NEA Management Board on Development, Application and
Validation of Nuclear Data and Codes (MBDAV) and Nuclear Science Committee
(NSC) meetings 2019, Travel report

Sparger separate effect tests (SPASET)
Scientific journal articles
Gallego-Marcos, I., Kudinov, P., Villanueva, W., Kapulla, R., Paranjape, S., Paladino,
D., Laine, J., Puustinen, M., Räsänen, A., Pyy, L., Kotro, E., Pool stratification and
mixing induced by steam injection through spargers: CFD modelling of the PPOOLEX
and PANDA experiments. Nuclear Engineering and Design 347 (2019), pp. 67-85.
https://doi.org/10.1016/j.nucengdes.2019.03.011.

Gallego-Marcos, I., Kudinov, P., Villanueva, W., Puustinen, M., Räsänen, A., Tielinen,
K., Kotro, E., Effective momentum induced by steam condensation in the oscillatory
bubble regime. Nuclear Engineering and Design 350 (2019), pp. 259-274.
https://doi.org/10.1016/j.nucengdes.2019.05.011.
Conference articles
Hujala, E., Tanskanen, V., Giteshkumar, P., Hyvärinen, J., Image analysis of bubbling
mode condensation oscillations in horizontal sparger. The 18th International Topical
Meeting on Nuclear Reactor thermal Hydraulics (NURETH-18), Portland, Oregon,
USA, August 18-23, 2019. http://urn.fi/URN:NBN:fi-fe2019090326570.
Research reports
Puustinen, M., Räsänen, A., Kotro, E., Tielinen, K., SEF-POOL tests on small-scale
phenomena of steam discharge into sub-cooled water. Lappeenranta-Lahti University
of Technology LUT. School of Energy Systems. Nuclear Engineering. Research
Report SPASET 1/2019 (D1.2.1). Lappeenranta 2020. 26 p. + app. 3+1 p.
Giteshkumar, P., Hujala, E., Tanskanen, V., Puustinen, M., OpenFOAM 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 2/2019 (D2.1.1/2.2.1). Lappeenranta 2019. 24 p.
Theses
Hujala, E., Quantification of large steam bubble oscillations and chugging using image
analysis. Doctoral dissertation, Acta Universitatis Lappeenrantaensis 871,
Lappeenranta-Lahti University of Technology LUT, 2019. http://urn.fi/URN:ISBN:978952-335-425-8.

Safety through thermal-hydraulic analyses and cooperation (THACO)
Scientific journal articles
Sevon, T., Hillberg, S. Modeling of PANDA isolation condenser experiments with
MELCOR and Apros. Annals of Nuclear Energy, Volume 136, February 2020.
https://doi.org/10.1016/j.anucene.2019.107014
Conference articles
Lanfredini, M., Bestion, D., D'Auria, F., Aksan, N., Fillion, P., Gaillard, P., Heo, J.,
Karppinen, I., Kim, K.D., Kurki, J., Lifang, L., Shen, A., Vacher, J.-L., Wang. D., 2019.
Critical Flow Prediction by System Codes – Recent Analyses Made within the
FONESYS Network, in The 18th International Topical Meeting on Nuclear Reactor
Thermal Hydraulics (NURETH-18), Portland, OR, August 18-22.

Research reports
Hillberg, S., Analysis of FIX-II experiment 5052 with Apros, VTT Research Report,
VTT-R-00914-19.
Leskinen, J., Hovi, T., Assessment of Apros and TRACE against RBHT reflooding
experiments, VTT Research Report, VTT-R-00033-20.

Additive manufacturing in nuclear power plants (AM-NPP)
Research reports
Sirén, M., Additive Manufacturing in Finnish Nuclear Sector - Roadmap for
implementation, VTT Research Report, VTT-R-01270-19.
Korpela, M., Reijonen, J., Revuelta, A., Sirén, M., AM in Finnish Nuclear Sector Workshop summary report, VTT Research Report, VTT-R-00741-19.
Jayaprakash, Siddharth, Kretzschmar, N., Korpela, M., Salmi, M., Revuelta, A., WP2
Report. Aalto University Technical report.

Advanced materials characterisation for structural integrity assessment
(AMOS)
Research reports
Lindqvist, S., Effect of cooling transients on J-R curve, VTT Research Report, VTT-R01219-19.
Seppänen, T., Factors affecting the fracture toughness of surveillance specimens and
RPVs, VTT-R-01254-19.
Sirkiä, L., The effect of measuring the crack opening displacement from the load line
vs. front face and the effect of side grooving of miniature specimens, VTT-R-0012620.
Arffman, P., Overview of crack arrest toughness, VTT-R-00105-20.

Critical studies in support of the ageing management of NPP Concrete
infrastructure (CONAGE)
Conference articles
Al-Neshawy, F., Ferreira, M., Bohner, E., Ojala, T., Sjöblom, V., Niederleithinger, E.,
Effner, U., Puttonen, J., (2019) Design, construction and NDT of a mock-up for
reinforced concrete walls in NPP. Transactions, SMiRT-25, Division IX. Charlotte, NC,
USA, August 4-9, 12p.

Ferreira, M., Bohner, E., Sjöblom, V., Al-Neshawy, F., Ojala, T., (2019) Construction of
realistic NPP containment wall mock-up for challenging NDE methods. FIB
Symposium 2019, Krakow, Poland.
Research reports
Chen, Y., Ranta, I., Wöstmann, J., Report on round robin NDE testing for concrete
cover measurements. Aalto University. Research report AALTO-R-002-2019, 2019, 47
p.
Al-Neshawy, F., Effner, U., Niederleithinger, E. Report on Round robin NDE testing of
general defects in mock-up wall. Aalto University. Research report AALTO-R-0032019, 2019, 57 p.
Koskinen, T., Steel Liner Inspection of Concrete Containment Mock-up with
Ultrasound. VTT Research Report VTT-R-00042-20, 2020, 11 p.
Ferreira, M., Assessment of the potential of AAR occurrence in NPP concrete
structures. VTT Research Report VTT-R-00982-19, 2020. 37 p.
Ferreira, M., Acquiring field experience concerning AAR in NPPs – Aggregates from
Olkiluoto. VTT Research Report VTT-R-00022-20, 2020, 28 p.
Isotahdon, E., Bohner, E., Huttunen-Saarivirta, E., Sistonen, E., Corrosion of steel
liners and anchors in concrete VTT Research Report VTT-R-01011-19, 2020, 55 p.
E., Bohner, E., Huttunen-Saarivirta, Report on the test setup for steel liner corrosion
experiments. VTT Research Report VTT-R-00069-20, 2020, 12 p.
Sistonen, E., Report on experimental setup of anchor corrosion tests. Aalto University.
Research Report AALTO-R-001-2020, 2020, 8 p.
Theses
Kuosmanen, T., Utilizing non-destructive testing equipment in the quality assurance of
concrete structures, Masters Dissertation. Aalto University – Civil Engineering
department, May 2019

Modelling of aged reinforced concrete structures for design extension
conditions (CONFIT)
Conference articles
Calonius, K., Fedoroff, A., Kolari, K., Kouhia, R. and Vilppo, J. “Calibration of Abaqus
CDP model parameters”. Proceedings of the 32nd Nordic Seminar on Computational
Mechanics. University of Oulu, 2019. ISBN 978-952-62-2420-6 (pdf). ISSN 23422599.

Effect of long-term operation on aging and environmentally assisted
cracking of nuclear power plant component materials (ELIAS)
Conference articles
Huotilainen, C. et al. Effect of thermal aging on microstructure and hardness of
industrial heats of Alloy 690. Proceedings of 19th International Conference on
Environmental Degradation of Materials in Nuclear Power Systems - Water Reactors,
18-22.8.2019, Boston, MA, USA. Ed. D. Pavarenti, ANS 2019.
Virkkunen, I. et al. A52/SA502 dissimilar metal RPV repair weld: experimental
evaluation and post-weld characterizations. Submitted to PVP2020, July 19-24, 2020
Minneapolis, Minnesota, USA. (joint effort with FEVAS)
Keinänen, H. et al. A52/SA502 dissimilar metal RPV repair weld evaluation of different
techniques. Submitted to PVP2020, July 19-24, 2020 Minneapolis, Minnesota, USA.
(joint effort with FEVAS)
Research reports
Ehrnstén, U. Progress report on EU-MEACTOS project in 2019. VTT Research
Report, VTT-R-01138-19.
Huotilainen, C. Progress report on EU-INCEFA+ for SAFIR2022 - ELIAS. VTT
Research Report, VTT-R-01102-19.
Others
Huotilainen, C. and Ehrnstén, U. Travel report from 19th International Conference on
Environmental Degradation of Materials in Nuclear Power Systems - Water Reactors,
18-22.8.2019, Boston, MA, USA.

Extended lifetime of structural materials through improved water
chemistry (ELMO)
Scientific journal articles
Bojinov, M., Jäppinen, E., Saario, T., Sipilä, K. & Toivonen, A. Effect of lead and
applied potential on corrosion of carbon steel in steam generator crevice solutions.
Corrosion Science. 159, 108117. https://doi.org/10.1016/j.corsci.2019.108117
Research reports
Huotilainen, C., Ikäläinen, T., Lavonen, T., Peltonen, S. and Sipilä, K. Effect of
chloride intrusion to stainless steel 316 and A690 corrosion in simulated steam
generator conditions. VTT Research Report, VTT-R-00155-20.

Ikäläinen, T., Jäppinen, E. and Sipilä, K. Zeta potential of stainless steel
particles in NH3 or NH3+ODA controlled water chemistries. VTT Research Report,
VTT-R-00143-20.
Ikäläinen, T., Saario, T. and Sipilä K. Susceptibility of Alloy 690 to PbSCC - phase 1.
VTT Research Report, VTT-R-00045-20.
Toivonen, A., Bojinov, M. and Sipilä, K. Water chemistry and corrosion issues in
PWR/WWER SGs and current knowledge on water chemistries in SMRs. VTT
Research Report, VTT-R-00938-19.
Theses
Lindfors, F. Hydrazine substitutes for use as oxygen scavengers in the secondary
circuits of pressurized water reactors. Master’s thesis, Aalto University. Sent for
evaluation in January 2020.

Fatigue and evolving assessment of integrity (FEVAS)
Scientific journal articles
Juha Kuutti, Iikka Virkkunen, Crack closure behaviour of circular surface cracks
subjected to cyclic thermal loads. Submitted to: Engineering Fracture Mechanics
Conference articles
Ahti Oinonen, Fluid-Structure-Interaction analysis for a water hammer loaded piping
elbow, SMiRT-25, Charlotte, NC, USA, August 4-9, 2019.
Tommi Seppänen, Jouni Alhainen, Esko Arilahti, Jussi Solin, Strain-controlled low
cycle fatigue of stainless steel in PWR water, ASME 2019 Pressure Vessels & Piping
Conference PVP2019, July 14-19, 2019, San Antonio, Texas, USA.
Research reports
Jarno Hiittenkivi, 2019. Vibration Induced by Pressure Waves in Piping. VTT
Research Report VTT-R-01297-19.
Heikki Keinänen, 2019. Comparison between Abaqus Welding Interface and VTT
inhouse welding codes. VTT Research Report VTT-R-00519-19.

Non-destructive examination of NPP primary circuit components and
reliability of inspection (RACOON)
Research reports
Virkkunen, I., Koskinen, T., Jessen-Juhler, O., Virtual Round Robin -progress report
2019. Aalto University, January 2020.

Jessen-Juhler, O., Koskinen, T., Virkkunen, I., Ultrasonic flaw simulation with FEM.
VTT-R-01215-19. 11.12.2019
Rinta-aho, J., Jessen-Juhler, O., Koskinen, T., Generating and detecting surface
acoustic waves using single phased array transducer. VTT-R-00054-20. 17.1.2020
Others
Virkkunen. I., Koskinen, T. Flaw detection in Ultrasonic Data Using Deep Learning and
Virtual Flaws, NDT in Nuclear, Charlotte, USA, June 25-27, 2019.
Koskinen, T, Virkkunen. I., Evaluation of POD with virtual flaws, NDT in Nuclear,
Charlotte, USA, June 25-27, 2019.
Jessen-Juhler, O., Koskinen, T, Virkkunen. I., Ultrasonic flaw simulation for data
augmentation, NDT in Nuclear, Charlotte, USA, June 25-27, 2019.

Safety criteria and improved ageing management research for polymer
components exposed to thermal-radiative environments (SAMPO)
Research reports
Bondeson, A. WP1 SAMPO Task 1.1 - Lifetime estimation. RISE Report : 9P0324101.
Pushp, M. Sensitive analysing techniques. RISE Report : 9P03241-4.
Rinta-Aho, J., Sipilä, K. and Vaari, J. Review on NDTs detecting ageing induced
changes in polymer structures. VTT Research Report, VTT-R-00074-20.
Sipilä, K. Polymer additives and methods to verify polymer quality. VTT Research
Report, VTT-R-00065-20.
Toss, H. Online condition monitoring techniques - Dielectric Properties. RISE Report :
9P03241-3.
Wei, X. and Ryan J. Setting up safety margins for O-rings. RISE Report : 9P0324102.

Barsebäck RPV material used for true evaluation of embrittlement
(BRUTE)
Conference articles
Sirkiä, L. et al. Determination of T0 with Miniature C(T) Specimens for a High-Ni Weld
Metal used in a Boiling Water Reactor Pressure Vessel. Baltica XI-2019, 11-13. June,
2019. (joint effort with AMOS project)

Research reports
Arffman, P. Impact test results from B2 RPV head SAW weld metal. VTT research
report, VTT-R-00942-19.
Arffman, P. Tensile test results from B2 RPV head SAW weld metal. VTT research
report, VTT-R-00073-20.
Ehrnstén, U. and Lydman, J. Reception of BRUTE reactor head trepans. VTT
research report, VTT-R-00430-19.
Ehrnstén, U. et al. Validation of mechanical test methods for the BRUTE project. VTT
research report, VTT-R-00793-19.
Ehrnstén, U. et al. Validation of cutting procedures and cutting plans for first BRUTE
RPVH trepans. VTT research report, VTT-R-00051-20.
Ehrnstén, U. et al. Updated report on validation of mechanical test methods for the
BRUTE project. VTT research report, VTT-R-00087-20.
Lydman, J. Microstructural characterization of thermally aged Barsebäck RPV head
weld metal. VTT research report, VTT-R-01003-19.
Que, Z. and Ehrnstén, U. Characterisation of B2 RPVH materials using EBSD. VTT
research report, VTT-R-01054-19.
Theses
Noora Hytönen: Effect of microstructure on brittle fracture initiation in a reactor
pressure vessel weld metal, Tampere University, November 2019.
Others
Lydman, J. Travel report from 2019 IGRDM meeting, 19.-24.5.2019 Gifu, Japan.
Ehrnstén, U. The utilization of Barsebäck NPP as host to enhance the RPV
knowledge base”. Presentation at the 2019 Kärnteknikdagar, 19-20 november 2019,
Stockholm.

Infrastructure development at LUT safety research laboratory (IDEAL)
Conference articles
Hujala, E., Tanskanen, V., Patel, G., Hyvärinen, J., Image analysis of bubbling mode
condensation oscillations in horizontal sparger. The 18th International Topical Meeting
on Nuclear Reactor Thermal Hydraulics (NURETH-18), August 18-23, 2019, Portland,
Oregon, USA. http://urn.fi/URN:NBN:fi-fe2019090326570
Telkkä, J., Jämsén S., Hyvärinen, J., Defining void fraction with axial wire-mesh
sensor in a swirling two-phase flow. Specialists Workshop on Advanced

Instrumentation and Measurement Techniques for Experiments Related to Nuclear
Reactor Thermal Hydraulics and Severe Accidents (SWINTH-2019), October 22-25,
2019, Livorno, Italy.
Research reports
Telkkä, J., Short report on the annual maintenance of test facilities, Research Report
IDEAL 1/2019, LUT University.
Telkkä, J., Hujala, E., Pyy, L., Status report on the advances in thermal hydraulic
measurements, Research Report IDEAL 2/2019, LUT University.
Theses
Valkeapää, A., Kaksifaasivirtauskoelaitteisto HIPE:n virtausaluekartat. Bachelor’s
Thesis, LUT University, 2019. https://lutpub.lut.fi/handle/10024/159471
Hujala, E., Quantification of large steam bubble oscillations and chugging using image
analysis. Doctoral dissertation, LUT University, 2019.
https://lutpub.lut.fi/handle/10024/160104

Participation in Jules Horowitz Reactor project -towards first criticality in
2022 (JHR2022)
Conference articles
Caitlin Huotilainen, Ville Tulkki, Pekka Moilanen, Petri Kinnunen, Petri Kotiluoto,
Alejandro Revuelta, Gilles Bignan, Jules Horowitz Reactor –the Future of European
Materials Testing Reactors, Nuclear Science and Technology Symposium - SYP2019,
Helsinki, Finland, 30-31 October 2019.
Research reports
Pekka Moilanen, Philippe Guimbal, Status of the MeLoDieI and MeLoDieII
experiments - An advanced devicefor online biaxial study of the irradiation creep of
LWR cladding in test reactor core, VTT-R-01235-19, 2019.
Caitlin Huotilainen, Status update on post-irradiation examination procedure and
planning of archive material program, VTT-R-01226-19, 2019.
Others
Petri Kinnunen, Pekka Moilanen, Caitlin Huotilainen, Ville Tulkki, Travel report to 9th
technical seminar and JHR working group meetings, April 3-5, 2019, Cadarache,
France.
Petri Kinnunen, Caitlin Huotilainen, Ville Tulkki, Travel report to fall 2019 JHR Working
Group meeting, October 1-3, 2019, JRC Petten, The Netherlands.

Ville Tulkki, Travel report to OECD/NEA Workshop on Introduction to the Multinational
NEA Framework for In-pile Fuel and Material Testing, Paris, 4-5 March 2019.
Pekka Moilanen, Sami Penttilä, Travel report to Melodie I and II Technical Meeting,
CEA Saclay, France, 11-12 June 2019.
Henri Loukusa, Caitlin Huotilainen, Travel report to Preparing the Kick-off of FIDES
Joint Experimental Meetings, Paris, France, 3-5 September 2019.

Pre-emptive reduction of radiological laboratory legacy waste (LABWAST)
Conference articles
Karlsen, W., New VTT Hot Cells in Operation, Suomalaisen Ydintekniikan Päivät 2019
- SYP2019. https://ats-fns.fi/fi/suomalaisen-ydintekniikan-paivat/proceedings-2019
Research reports
Karlsen, W., Review of advanced waste reduction approaches, VTT Report VTT-R01239-19, 2019, 31p.
Karlsen, W., Leporanta, J., Tapper, U., Efficacy of EDM debris separation system,
VTT Report VTT-R-01253-19, 2020, 33p.
Tähtinen, S., Jokipii, M, Leporanta, J., Report on reconstitution technique at the CNS
hot cells, VTT Report VTT-R-00056-20, 2020, 12p.
Arffman, P., Iskukokeet referenssimateriaalilla, VTT Report VTT-R-01186-19, 2019,
8p.
Arffman, P., Mekaanisen testauksen vertailukokeet YTT:ssa 2019, VTT Report VTTR-01187-19, 2019, 17p.
Lavonen, T., Functionality report of alpha spectrometer, VTT Report VTT-R-01148-19,
2019, 21p.
Kärkelä, T., Gouëllo, M., Comparison of online aerosol measurement devices using
CsI aerosol, VTT Report VTT-R-00063-20, 18p.
Others
Topias Käyhkö, ”Murtopintojen kuvausjärjestelmän suunnittelu” Bachelors Thesis,
Metropolia https://www.theseus.fi/handle/10024/260870
Myllykylä, E., Helosuo, K., KURSSIRAPORTTI ICP-OES 51XX käyttäjäkurssi 1617.4.2019 (VTT)

Appendix 2
Participation in international projects
and networks in 2019

Building operational readiness of control room crews (BORS)
OECD/NEA WGHOF (Working Group on Human and Organisational Factors) (Laarni,
J.)
OECD/NEA WGHOF Task group on Achieving Reasonable Confidence in Validation
Test Results of Integrated System Performance for Nuclear Power Plant Main Control
Rooms (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)
Co-operation with Energiforsk GINO project, Sweden. Presentation of COSI project was
given in the GINO Steering group meeting organized by Energiforsk 01.04.2019 (Video
conference). Information exchange regarding the topic of Co-simulation, Simulation
platform, Simulation Tools, Open Phase Condition, Lightning overvoltages and Flexible
operation of NPP.
Seminar Grid interference on nuclear power plant operations - Flexible nuclear power
and ancillary services – technical perspectives, organized by Energiforsk in Stockholm,
Sweden, April 2, 2019. Collaboration with Energiforsk and Swedish NPP companies.

New developments and applications of PRA (NAPRA)
OECD/NEA Working Group on Risk Assessment (WGRISK)
OECD/NEA Working Group on Risk Assessment (WGRISK) task “Digital I&C PSA Comparative application of digital I&C modeling approaches for PSA” (DIGMAP)
NKS and NPSAG project “Prolonged available time and safe states” (PROSAFE)
IAEA Coordinated Research Project: Probabilistic Safety Assessment (PSA) Benchmark
for Multi-Unit/Multi-reactor sites

Development of framework for justification of overall safety (OSAFE)
OSAFE project does not have resources for travels. However, OSAFE partners’ are
involved in Euratom and EU Horizon projects, which provide synergies with OSAFE, and
contribute to networking.
ELSMORE “Towards European Licensing of Small Modular Reactors (ELSMOR)”, call
“NFRP-2018-3: Research on the safety of Light Water Small Modular Reactor” with 14
partners, where VTT is a coordinator. VTT’s work in this SAFIR proposal will focus on
the assessment of national requirements and how they support the special safety
features of SMR, whereas the EURATOM proposal will focus on the international safety
requirement framework and the requirement management of SMR in general. The two

projects will remain independent in financial arrangements, yet they can provide
complimentary research outcomes that will have a synergy being beneficial to both
national and international nuclear safety programs. From OSAFE Atte Helminen, Janne
Valkonen, Nadja Gotcheva and Marja Ylönen are involved in ELSMORE.
EURAD, European Joint Programme on Radioactive Waste Management. task 3.4
UMAN focuses on identification of human related uncertainties in radioactive waste
management. From OSAFE Marja Ylönen is involved in the EURAD with small
resources.
SHARE Horizon 2020. call NFRP-2018-5: Nuclear Fission, Fusion and Radiation
Protection Research. SHARE intends to provide an inclusive roadmap for Research, in
technical and non-technical fields, enabling stakeholders to jointly improve safety,
reduce costs and minimize environmental impact in the decommissioning of nuclear
facilities. From OSAFE Marja Ylönen is involved in SHARE with small resources.
Other
OECD NEA (2019). Country-Specific Safety Culture Forum: Finland. Marja Ylönen
participated as a note taker in the forum.
Conferences
Society for Risk Analysis (SRA), 11th of December 2019, Arlington, USA. Marja Ylönen
organized and chaired a roundtable discussion on risks and safety culture. Panelists
were Nick Pidgeon, Kathleen Sutcliffe and Sonja Haber.
Nordic Chapter of the Society for Risk Analysis Europe conference on 7th of November
in Copenhagen. Marja Ylönen co-presented Safety culture and Security culture Discrepancies, tensions and synergies?

Participative development for supporting human factors in safety (PARSA)
International book project, invited editor by Elsevier in ‘Human Factors in Nuclear
Industry – towards systemic view’ (Anna-Maria Teperi)
Member of organizing committee and keynote speaker at Vision Zero Summit 2019, held
in November 2019 in Helsinki, Clarion Hotel. https://www.ttl.fi/visionzero19/ (Anna-Maria
Teperi)

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 (20172020)
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
OECD/NEA Benchmark on External Events Hazard Frequency and Magnitude Statistical
Modelling. Participitation to the excercise in 2019.
Collaboration with Uppsala University (Sweden) for studies of sea-effect snowfall.
NORDRESS is a Centre of Excellence under the Social Security Programme of
NordForsk to carry out multidisciplinary studies to enhance societal security and
resilience to natural disasters (2015-2019)
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)
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 wave and sea level events.

Safety and security assessment of overall I&C architectures (SEARCH)
Aalto: Collaboration with ITMO University (Russia) under the project “Synthesis of finitestate 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)

Uncertainty management in fire risk analyses (URAN)
OECD/NEA PRISME3

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 THAI-3 (Thermal-hydraulics, Hydrogen, Aerosols and Iodine)
U.S.NRC CSARP (Cooperative Severe Accident Research Program)
NKS SPARC (Scenarios and Phenomena Affecting Risk of Containment Failure and
Release Characteristics)

Coupled analysis of transient cenarios (CATS)
OECD/NEA WPRS & Expert groups participation
AER working group D participation, Ville Sahlberg represents Finnish AER member
organizations
OECD/NEA Rostov-2 Benchmark, participation in a planning meeting
Ongoing participation work in OECD/NEA UAM-LWR 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 HelmholtzZentrum Dresden-Rossendorf and the OpenFOAM Foundation.

Interdisciplinary fuels and materials (INFLAME)
OECD Halden Reactor Project, Fuel & Materials, Halden Programme Group, Ville Tulkki
represents Finland
OECD/NEA Working Group on Fuel Safety (WGFS), Henri Loukusa
OECD/NEA WGFS RIA Fuel Code Benchmark Phase III, Asko Arkoma
OECD/NEA WGFS RIA State-of-the-art Report Update, Asko Arkoma

OECD/NEA CABRI International Project, Henri Loukusa
IAEA CRP ACTOF (Analysis of Options and Experimental Examination of Fuels for
Water-Cooled Reactors with Increased Accident Tolerance), Sami Penttilä

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 STEM-2 (Source Term Evaluation and Mitigation)
OECD/NEA BIP-3 (Behaviour of Iodine)
NUGENIA TA2.4 Source term area
NUGENIA TA2.4 Integration of Pool scrubbing Research to Enhance Source-term
Calculations (IPRESCA) project - Iodine task leader

PWR PACTEL tests (PATE):
OECD/NEA PKL Phase 4 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)
NKS project THEOS, Thermal Hydraulics of the Suppression Pool, NKS_R_2019_130

Safety through thermal-hydraulic analyses and cooperation (THACO)
OECD/NEA/CSNI Working Group on Analysis and Management of Accidents (WGAMA)
OECD/NEA HYdrogen Mitigation Experiments for REactor Safety (HYMERES) Phase 2
Project
OECD/NEA PKL Phase 4 Project
OECD/NEA RBHT Project
USNRC/CAMP (Code Applications and Maintenance Program)

Critical studies in support of the ageing management of NPP concrete
infrastructure (CONAGE)
OECD/NEA Working group on integrity and ageing of components and structures
(WGIAGE) – Nuclear Energy Agency (NEA), 25-28 March 2019, Paris, France.
ODOBA Technical Group Meeting 29 March 2019, IRSN Fontenay-aux-Roses, Paris,
France
ODOBA Steering/Technical Group Meeting 26 November 2019, VTT, Espoo, Finland
Collaboration with Federal Institute for Materials Research and Testing (BAM) , Germany
On Testing of the NDE mock-upp wall of NPP contianment.

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 (mainly model iv) 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

(these benchmarks have been more or less inactive in 2019)
Strengthening Nordic scientific cooperation by preparing NKS proposal for year 2021

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-MEACTOS project (Mitigating Environmental Assisted Cracking through
Optimisation of Surfaces).
EPRI Alloy 690/52/152 PWSCC Research Collaboration.

Extended lifetime of structural materials through improved water chemistry
(ELMO)
European Cooperative Group on Corrosion Monitoring of Nuclear Materials – ECGCOMON. Annual meeting in Bucharest, Romania 16-18th June 2019. Konsta Sipilä
represented VTT.

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

Non-destructive examination of NPP primary circuit components and
reliability of inspection (RACOON)
Strong collaboration with NRC organized and PNNL lead PIONIC: The Program for
Investigation Of NDE by International Collaboration.

Safety criteria and improved ageing management research for polymer
components exposed to thermal-radiative environments (SAMPO)
Polymers in nuclear applications 2019. November 27-28 2019. Fortum head office,
Keilalahdentie 2-4 (CD-building), Espoo, Finland.

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 thermalhydraulic Experiments Network for the Consistent Exploitation of the data) network
meeting at LUT in June 2019. Three researchers from LUT attended the meeting.

Participation in Jules Horowitz Reactor project -towards first criticality in
2022 (JHR2022)
JHR Working Groups on Materials and Fuel, Petri Kinnunen, Caitlin Huotilainen, Ville
Tulkki
OECD/NEA Framework for In-pile Fuel and Material Irradiation Experiments (FIDES),
Ville Tulkki, Caitlin Huotilainen, Henri Loukusa
Collaboration with CEA on the development of MeLoDIE mechanical loading device

Appendix 3
Academic degrees obtained in the
projects in 2019

Integrated safety assessment and justification of nuclear power plant
automation (COSI)
Master of Science in Technology:
Miro Rosenström: Electrical disturbances in nuclear power plants and their simulation
requirements, Aalto University, 21th of October 2019. 43 p.

Predicting extreme weather and sea level for nuclear power plant safety
(PREDICT)
Doctor of Philosophy:
Jan-Victor Björkqvist, 2020: Waves in Archipelagos, University of Helsinki, Faculty of
Science, Institute for Atmospheric and Earth System Research, January 2020,
http://hdl.handle.net/10138/308954
Master of Sience in Philosophy:
Jani Räihä: Pitkittyneet kuivuus-, sade- ja hellejaksot Suomen muuttuvassa ilmastossa.
University of Helsinki, Faculty of Science, Department of Physics, September 2019,
https://helda.helsinki.fi/handle/10138/273601

Safety and security assessment of overall I&C architectures (SEARCH)
Doctor of Technology:
Igor Buzhinskii: Combined use of formal methods for reliability assurance of software
for safety-critical systems, Aalto University, Department of Electrical Engineering and
Automation, date of the defence 28.6.2019

Coupled analysis of transient scenarios (CATS)
Master of Science in Technology:
Rebekka Komu: Uncertainty and Sensitivity Analysis for Nuclear Reactor Core and
Thermal Hydraulic System Models, University of Oulu, December 2019, M.Sc.(tech.)

Interdisciplinary fuels and materials (INFLAME)
Master of Science:
Jussi Peltonen: Coolant-cladding interaction models in the FINIX fuel behavior module,
Helsinki University, September 2019

Developing the working arms of Kraken, the next generation
computational framework for reactor design and licensing analyses
(LONKERO)
Special assignment in the field of Engineering Physics
Unna Lauranto: “Evaluating the fulfilment of control rod related nuclear design bases
for an SMR core using Kraken”, Department of Applied Physics, School of Science,
Aalto University. 25.9.2019

Sparger separate effect tests (SPASET)
Doctor of Technology:
Elina Hujala: Quantification of large steam bubble oscillations and chugging using
image analysis, LUT University, LUT School of Energy Systems, date of the defence
1.11.2019.

Critical Studies in support of the Ageing Management of NPP Concrete
Infrastruc-ture (CONAGE)
Master of Science in Technology:
Teemu Kuosmanen: Ainetta rikkomattomien tutkimusmenetelmien hyödyntäminen
betonirakenteiden laadunvarmistuksessa, Aalto Univeristy – Civil Engineering
department, May 2019

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, January 2020.

Barsebäck RPV material used for true evaluation of embrittlement
(BRUTE)
Master of Science in Technology:
Noora Hytönen: Effect of microstructure on brittle fracture initiation in a reactor
pressure vessel weld metal, Tampere University, November 2019.

Infrastructure development at LUT safety research laboratory (IDEAL)
Doctor of Technology:
Elina Hujala: Quantification of large steam bubble oscillations and chugging using
image analysis, LUT University, date of the defence 1.11.2019.

Appendix 4
International travels in the projects in
2019

Building Operational Readiness of Control Room Crews (BORS)
Laarni, J., ANS NPIC&HMIT 2019, February 9-14, 2019, Orlando, USA.

Co-simulation model for safety and reliability of electric systems in
flexible environment of NPP (COSI)
Hänninen, S., The International Flexible nuclear power and ancillary services Conference. 23 - 24 Jan 2018, Stockholm, Sweden organized by Energiforsk
Hänninen, S., Seminar Grid interference on nuclear power plant operations - Flexible
nuclear power and ancillary services – technical perspectives”, organized by
Energiforsk in Stockholm, Sweden, April 2, 2019.

New developments and applications of PRA (NAPRA)
Tyrväinen, T., 2nd research coordination meeting under the collaborative research
project on Probabilistic safety assessment (PSA) benchmark for multi-unit/multi-reactor
sites, June 17-21, 2019, IAEA Headquarters, Vienna, Austria.
Tyrväinen, T., WGRISK DIGMAP / 2nd workshop, October 21-24, 2019, UJV Rez,
Husinec, Czech Republic.
Tyrväinen, T., Prolonged available time and safe states seminar, January 23, 2020,
Stockholm, Sweden.
Helminen, A., OECD/NEA/CSNI Working Group on Risk Assessment (WGRISK)
annual meeting, March 20-22, 2019, Paris, France.

Development of Framework for justification of Overall Safety (OSAFE)
OSAFE project does not have resources for travels. Yet, members of the OSAFE have
participated in conferences and international projects (see international).

Participative development for supporting human factors in safety
(PARSA)
M. Wahlström presented a conference poster ‘Understanding of maintenance training
needs and preliminary concept of novel camera-based training method’ at REA 2019
conference (Resilience engineering association), Sweden, Kalmar.
AM. Teperi visited WOS2019 (Working on safety) in Wien, Austria and held an oral
presentation with abstract. Travel costs were not from PARSA, but part of the
conference working hours utilized PARSA resources. Next year co-operation in PARSA
with professor Erik Hollnagel was formed at WOS discussions.
Kaupo Viitanen was invited to HUSC Seminar on Safety Culture (December 19th, 2019
in Stockholm). Viitanen held a presentation “Safety culture - future directions for

science and practice”, which was based on findings from SAFIR/NKS projects. (the trip
replaced originally planned REA2019 visit in Kalmar Sweden).

Predicting extreme weather and sea level for nuclear power plant safety
(PREDICT)
Olsson, T., EUMETSAT Baltic+ 2019 Course, March 19-21, 2019, Tallinn, Estonia
Leijala, U., Summer School on “Sea-level change: observations, processes and
modelling”, July 1-5, 2019, Delft, Netherlands
Jylhä, K. & Olsson, T., European Meteorological Society (EMS) Annual Meeting:
European Conference for Applied Meteorology and Climatology 2019, September 9-13,
2019, Lyngby, Denmark.
Leijala, U., American Geophysical Union (AGU) Fall Meeting, December 9-13, 2019,
San Francisco, CA, USA.

Safety and security assessment of overall I&C architectures (SEARCH)
Papakonstantinou, N., 65th Annual Reliability and Maintainability Symposium (RAMS
2019), January 28–31, 2019, Orlando, FL, USA.
Linnosmaa, J., 11th International Topical Meeting on Nuclear Plant Instrumentation,
Control, and Human-Machine Interface Technologies (NPIC&HMIT 2019), February 9–
14, 2019, Orlando, FL, USA.
Pakonen, A., 20th IEEE International Conference on Industrial Technology (ICIT 2019),
February 13–15, 2019, Melbourne, Australia.
Vyatkin, V., Seminar on formal methods at
Petersburg, Russia.

ITMO University, April 26–29, St.

Linnosmaa, J., 41st Enlarged Halden Programme Group Meeting (EHPG 2019), May
19–24, 2019, Sandefjord, Norway.
Ovsiannikova, P., SAT Summer School, July 2–7, 2019, Lisbon, Portugal.
Björkman, K., 29th European Safety and Reliability Conference (ESREL 2019),
September 22–26, 2019, Hannover, Germany.
Vyatkin, V., Seminar on formal methods for CPS at ITMO University, October 25-26,
St. Petersburg, Russia.
Papakonstantinou, N., 66th Annual Reliability and Maintainability Symposium (RAMS
2020), January 27–30, 2020, Palm Springs, CA, USA.

Uncertainty management in fire Risk ANalyses (URAN)
Tissari Alexandra, Vaari Jukka: Participation to OECD/NEA PRISME meeting 1516.5.2019 in Aix-en-Provence, France.
Tissari Alexandra, Vaari Jukka: Participation to OECD/NEA PRISME meeting 1920.11.2019 in Aix-en-Provence, France.

Analytical severe accident research (ANSA)
Sevón, T., The first meeting of the ARC-F project, January 22-24, 2019, Paris, France.
Sevón, T., CSARP/MCAP meeting, June 3-6, 2019, Albuquerque, USA.
Taivassalo, V., The sixth meeting of the THAI-3 project, June 24-25, 2019, Frankfurt,
Germany.
Taivassalo, V., Preparatory meeting of OECD/NEA THEMIS project, June 26, 2019,
Frankfurt, Germany.
Sevón, T., The second meeting of the ARC-F project, July 1-3, 2019, Tokyo, Japan.

Coupled analysis of transient scenarios (CATS)
Sahlberg, V., Combined AER working group D meeting and OECD/NEA Rostov-2
Benchmark meeting, June 24-27, 2019, Munich, Germany.
Syrjälahti, E., OECD/NEA WPRS & Expert groups meeting, February 19-22, 2019,
Paris, France.

CFD methods for reactor safety assessment (CFD4RSA)
Pättikangas, T., 18th International Topical Meeting on Nuclear Reactor Thermal
Hydraulics (NURETH-18), 18–22 August 2019, Portland, Oregon, USA.
Peltola, J., 18th International Topical Meeting on Nuclear Reactor Thermal Hydraulics
(NURETH-18), 18–22 August 2019, Portland, Oregon, USA.

Interdisciplinary fuels and materials (INFLAME)
Janne Heikinheimo, Travel report to Nufuel workshop, Villigen, Switzerland, 4.7.11.2019
Ville Tulkki, Halden Programme Group meeting, Abu Dhabi, United Arab Emirates, 23.24.10.2019
Henri Loukusa, Travel report, ETSON Fuel Expert Group (EG12) meeting, 7.8.10.2019, IRSN, Fontenay-aux-Roses, Paris, France.

Jussi Peltonen, Travel report from IAEA TM on PCI/SCC, 8.-11.10.2019, Aix-enProvence, France.
Jussi Peltonen, Travel report from TopFuel 2019 and FRAPCON/FRAPTRAN User’s
Group meeting, 22.-26.9.2019, Seattle, Washington, United States.
Janne Heikinheimo, Travel report to high temperature furnace acceptance test,
ENTECH, Ängelholm, Sweden, 16.-17.06.19.
Janne Heikinheimo, Travel report from 160th Halden programme group meeting 2019,
Scandic park, Sandefjord, Norway, 24.05.2019.
Janne Heikinheimo, Travel report from 41st Enlarged Halden programme group
meeting 2019, Scandic park, Sandefjord, Norway, 19.-24.05.2019.
Henri Loukusa, Travel report to IAEA Technical Meeting on Modelling of Fuel
Behaviour in Design Basis Accidents and Design Extension Conditions, 13-16.5.2019,
Shenzhen, China.
Sami Penttilä, Travel report on the International Congress on Advances in Nuclear
Power Plants (ICAPP2019), Juan-Les-Pins, France, 12–15 May, 2019.

Developing the working arms of Kraken, the next generation
computational framework for reactor design and licensing analyses
(LONKERO)
Valtavirta, V., International Conference on Mathematics and Computational Methods
applied to Nuclear Science and Engineering (M&C 2019), August 25-29, 2019,
Portland, OR, USA.
Leppänen, J., Loukusa, H., Rintala, A., Valtavirta, V., 28th International Conference
Nuclear Energy for New Europe, September 9-12, 2019, Portoroz, Slovenia.
Valtavirta, V., 9th Annual Serpent User Group Meeting, October 14-19, 2019, Atlanta,
GA, USA.
Valtavirta, V., ANS Winter Meeting, November 17-21, Washington DC, USA.

Mitigation and analysis of fission products transport (MANTRA)
Kärkelä, T., Gouëllo, M., OECD/NEA STEM-2 and BIP-3 meetings (Programme
Review Group and Management Board), Paris, France, March 2019.
Kärkelä, T., Gouëllo, M., OECD/NEA STEM-2 meeting (Programme Review Group and
Management Board), Paris, France, November 2019.
Kärkelä, T., Integration of Pool scrubbing Research to Enhance Source-term
Calculations (IPRESCA) third meeting, Frankfurt, Germany, June 2019.

Gouëllo, M., 28th International Conference Nuclear Energy for New Europe (NENE
2019), Portorož, Slovenia, September 2019.

PWR PACTEL tests (PATE)
Heikki Purhonen, Vesa Riikonen, The Program Review Group and Management Board
meetings of the OECD/NEA PKL Phase 4 Project, Budapest, Hungary, 11th – 12th June
2019.
Heikki Purhonen, Vesa Riikonen, The Program Review Group and Management Board
meetings of the OECD/NEA PKL Phase 4 Project, Erlangen, Germany, 12th – 13th
November 2019.

Radiation shielding and criticality safety analyses (RACSA)
Kotiluoto, P., 6th Meeting of the OECD/NEA Management Board on Development,
Application and Validation of Nuclear Data and Codes (MBDAV) and 30th Meeting of
the OECD/NEA Nuclear Science Committee (NSC), June 11-14, 2019, Paris, France
Kaltiaisenaho, T. and Leppänen, J., International Conference on Mathematics and
Computational Methods applied to Nuclear Science and Engineering (M&C 2019),
Bridging Theory and Applications, August 25-29, 2019, Portland, Oregon, USA.
Juutilainen, P., 23rd Meeting of the OECD/NEA Working Party on Nuclear Criticality
Safety (WPNCS), September 26, 2019, Paris, France
Dorval, E., Meeting of the European Working Group on Reactor Dosimetry (EWGRD),
November 14-15, 2019, Budapest, Hungary

Safety through thermal-hydraulic analyses and cooperation (THACO)
Karppinen, I., OECD/NEA HYdrogen Mitigation Experiments for REactor Safety
(HYMERES) Phase 2 Project PRG/MB Meeting, May 7-9, 2019, Prague, Czech
Republic.
Hillberg, S., CAMP-Meeting, May 28-31, 2019, Valencia, Spain
Hiittenkivi, J., OECD/NEA PKL Phase 4 Project PRG/MB, June 11-12, 2019, Budapest,
Hungary.
Kurki, J., OECD/NEA RBHT Project expert’s meeting, July 1-3, 2019, USA.
Karppinen, I., OECD/NEA/CSNI Working Group on Analysis and Management of
Accidents (WGAMA) 22nd yearly meeting, September 16-19, 2019, BoulogneBillancourt, France.
Kurki, J., OECD/NEA RBHT Project Kick-of meeting, October 8-9, 2019, Paris, France.

Karppinen, I., OECD/NEA HYdrogen Mitigation Experiments for REactor Safety
(HYMERES) Phase 2 Project PRG/MB Meeting, November 5-7, 2019, Windisch,
Switzerland.
Karppinen, I., OECD/NEA PKL Phase 4 Project PRG/MB, November 12-14, 2019,
Erlangen, Germany.

Advanced Materials CharacterisatiOn for Structural integrity assessment
(AMOS)
ASTM E08 fatigue and fracture conference, 13-16th May, Denver, USA.
ASTM E08 fatigue and fracture conference, 4-6th November, Houston, USA.

Critical Studies in support of the Ageing Management of NPP Concrete
Infrastructure (CONAGE)
Al-Neshawy, F., 42nd meeting of working group on integrity and ageing of components
and structures (WGIAGE) – Nuclear Energy Agency (NEA), 25-28 March 2019, Paris,
France.
Al-Neshawy, F., Bohner, E., Ferreira, M., fib Symposium 2019 “Concrete - Innovations
in Materials, Design and Structures”, 27-29 May 2019 in Kraków, Poland.
Bohner, E., Kraftindustrins Betongdag 2019, 12-13 March 2019 at Älvkarleby, Sweden
Al-Neshawy, F., SMiRT 25 conference 04 - 09 Aug 2019, Charlotte, North Carolina,
USA.
Ferreira, M., 2nd ODOBA Technical Group Meeting 29 March 2019, IRSN Fontenayaux-Roses, Paris, France
Ferreira, M., Bohner, E. (hosted) ODOBA Steering/Technical Group Meeting 26
November 2019, VTT, Espoo, Finland

Effect of long-term operation on aging and environmentally assisted
cracking of nuclear power plant component materials (ELIAS)
Ehrnstén U. and Huotilainen C. 19th International Conference on Environmental
Degradation of Materials in Nuclear Power Systems - Water Reactors, 18-22.8.2019,
Boston, MA, USA.

Extended lifetime of structural materials through improved water
chemistry (ELMO)
The 15th annual ECG-COMON (European Cooperative Group on Corrosion Monitoring
of Nuclear Materials) Meeting 2019. 16-18th June, 2019, Bucharest, Romania. Konsta
Sipilä presented VTT.

Fatigue and evolving assessment of integrity (FEVAS)
Seppänen, T. ASME PVP Conference July 14 – 19, 2019, San Antonio, Texas, USA
Oinonen, A. SMiRT 25 Conference, 04 Aug 2019 - 09 Aug 2019, Charlotte, North
Carolina, USA

Non-destructive examination of NPP primary circuit components and
reliability of inspection (RACOON)
Koskinen, T., NDT in Nuclear, Charlotte, USA, June 25-27, 2019.
Jessen-Juhler O., NDT in Nuclear, Charlotte, USA, June 25-27, 2019.
Virkkunen, I., NDT in Nuclear, Charlotte, USA, June 25-27, 2019.
Koskinen, T., PIONIC meeting held at EPRI 18.-21.11.2019, Charlotte, USA

Safety criteria and improved ageing management research for polymer
components exposed to thermal-radiative environments (SAMPO)
Bondeson, A., Ryan, J. and Toss, H. Polymers in nuclear applications 2019. November
27-28 2019. Fortum head office, Keilalahdentie 2-4 (CD-building), Espoo, Finland.

Barsebäck RPV material used for true evaluation of embrittlement
(BRUTE)
Ehrnstén, U. International Co-operative Group on Environmentally Assisted Cracking,
Tainan, Taiwan 11.-17.05.2019
Lydman, J. International Group on Radiation Damage Mechanisms, Gifu, Japan, 19.24.5.2019
Ehrnstén, U. Kärnteknikdagardna 2019, Stockholm, Sweden, 27-28.11.2019

Infrastructure development at LUT safety research laboratory (IDEAL)
Hujala, E., The 18th International Topical Meeting on Nuclear Reactor Thermal
Hydraulics (NURETH-18), August 18-23, 2019, Portland, Oregon, USA.
Purhonen, H., Telkkä, J., Specialists Workshop on Advanced Instrumentation and
Measurement Techniques for Experiments Related to Nuclear Reactor Thermal
Hydraulics and Severe Accidents (SWINTH-2019), October 22-25, 2019, Livorno, Italy.

Participation in Jules Horowitz Reactor project -towards first criticality in
2022 (JHR2022)
Petri Kinnunen, Pekka Moilanen, Caitlin Huotilainen, Ville Tulkki, 9th technical seminar
and JHR working group meetings, April 3-5, 2019, Cadarache, France.
Petri Kinnunen, Caitlin Huotilainen, Ville Tulkki, Fall 2019 JHR Working Group meeting,
October 1-3, 2019, JRC Petten, The Netherlands.
Ville Tulkki, OECD/NEA Workshop on Introduction to the Multinational NEA Framework
for In-pile Fuel and Material Testing, Paris, 4-5 March 2019.
Pekka Moilanen, Sami Penttilä, Melodie I and II Technical Meeting, CEA Saclay,
France, 11-12 June 2019.
Henri Loukusa, Caitlin Huotilainen, Preparing the Kick-off of FIDES Joint Experimental
Meetings, Paris, France, 3-5 September 2019 (participated remotely)

Administration of SAFIR2022 (ADMIRE)
Hämäläinen, J., The Sixty-Fifth (65th) Meeting of the Committee of the Nuclear
Installations (CSNI), 6-7 June 2019, NEA Headquarters, Boulogne-Billancourt, France.

