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Preface

The mission of the National Nuclear Power Plant Safety Research Programme 2011-2014
(SAFIR2014), derived from the stipulations of the Finnish Nuclear Energy Act, is as follows: The
objective of the SAFIR2014 research programme is to develop and maintain experimental
research capability, as well as the safety assessment methods and nuclear safety expertise of
Finnish nuclear power plants, in order that, should new matters related to nuclear safety arise,
their significance can be assessed without delay.

The planning period 2011-2014 for the national research programme on nuclear power plant
safety involved licensing processes for power plants that are in use or under construction, as
well as overall safety evaluations related to licence terms. The construction works of the
Olkiluoto 3 plant unit were proceeding, and the construction licence application of Hanhikivi 1
plant unit was to be left for evaluation. These processes are reflected in many ways on national
safety research.

Research on nuclear safety requires profound training and commitment. The research
programme serves as an important environment providing long-term activity that is especially
important now when the research community is facing a change of generation. During the
planning period and in the following years, many of the experts who have taken part in
construction and use of the currently operating plants are retiring. The licensing processes and
the possibility of recruiting new personnel for safety-related research projects give an
opportunity for experts from different generations to work together, facilitating knowledge
transfer to the younger generation.

The SAFIR2014 research programme was divided into eight research areas: 1) Man,
Organisation and Society, 2) Automation and Control Room, 3) Fuel Research and Reactor
Analysis, 4) Thermal Hydraulics, 5) Severe Accidents, 6) Structural Safety of Reactor Circuits,
7) Construction Safety, and 8) Probabilistic Risk Analysis (PRA). Furthermore, projects could
be focused on developing of the research infrastructure. Research projects of the programme
are chosen on the basis of annual call for proposals.

In 2014 the realised volume of the SAFIR2014 programme was 10.2 M€ and 70 person years.
Main funding organisations in 2014 were State Waste Management Fund VYR with 5.7 M€ and
VTT with 2.7 M€. Research was carried out in 45 projects.

This report was prepared by the programme director in co-operation with the project co-
ordinator and the managers and staff of the individual research projects.

Espoo 31.8.2015

Authors



RESEARCH REPORT VTT-R-03998-15
3 (164)

Contents

Preface ................................................................................................................................... 2

Contents ................................................................................................................................. 3

1. Introduction ....................................................................................................................... 5

2. Main results of the research projects in 2014 .................................................................... 7

2.1 Man, organisation and society ................................................................................ 11
2.1.1 Managing safety culture throughout the lifecycle of nuclear plants (MANSCU)

11
2.1.2 Sustainable and future oriented expertise (SAFEX2014) ............................ 12
2.1.3 Signalled and silenced aspects of nuclear safety (SISIANS) ....................... 14

2.2 Automation and control room .................................................................................. 21
2.2.1 Coverage and rationality of the software I&C safety assurance (CORSICA)21
2.2.2 Human-automation collaboration in incident and accident situations (HACAS)

24
2.2.3 Safety evaluation and reliability analysis of nuclear automation (SARANA) 26
2.2.4 Safety requirements specification and management in nuclear power plants

(SAREMAN)................................................................................................ 29
2.2.5 Identification of fault situations propagating between different systems and

disciplines (IFAPROBE) .............................................................................. 34
2.3 Fuel research and reactor analysis ......................................................................... 38

2.3.1 Criticality safety and transport methods in reactor analysis (CRISTAL) ....... 38
2.3.2 Three-dimensional reactor analyses (KOURA) ........................................... 41
2.3.3 Development of a Finnish Monte Carlo reactor physics code (KÄÄRME) .... 45
2.3.4 Neutronics, nuclear fuel and burnup (NEPAL)............................................. 47
2.3.5 Extensive fuel modelling (PALAMA) ............................................................ 51

2.4 Thermal hydraulics ................................................................................................. 54
2.4.1 Enhancement of safety evaluation tools (ESA) ........................................... 54
2.4.2 Experimental studies on containment phenomena (EXCOP) ...................... 58
2.4.3 OpenFOAM CFD-solver for nuclear safety related flow simulations (NuFOAM)

63
2.4.4 Numerical modelling of condensation pool (NUMPOOL) ............................. 67
2.4.5 PWR PACTEL experiments (PAX) .............................................................. 70
2.4.6 Modelling of steam generators of nuclear power plants (SGEN) ................. 72
2.4.7 Uncertainty Evaluation for Best Estimate Analyses (UBEA) ........................ 76
2.4.8 Thermal hydraulics and fuel integrity in spent fuel dry cask interim storage

facility (SPEFU) .......................................................................................... 78
2.5 Severe accidents .................................................................................................... 83

2.5.1 Core debris coolability (COOLOCE-E) ........................................................ 83
2.5.2 Chemistry of fission products (FISKES) ...................................................... 85
2.5.3 Thermal hydraulics of severe accidents (TERMOSAN) ............................... 88
2.5.4 Transport and chemistry of fission products (TRAFI) .................................. 92
2.5.5 Reactor vessel failures, vapour explosions and spent fuel pool accidents

(VESPA) ..................................................................................................... 94



RESEARCH REPORT VTT-R-03998-15
4 (164)

2.5.6 Passive Containment Cooling System tests (PCCS) ................................... 98
2.6 Structural safety of reactor circuits ........................................................................ 102

2.6.1 Environmental influence on cracking susceptibility and ageing of nuclear
materials (ENVIS) ..................................................................................... 102

2.6.2 Fracture assessment of reactor circuit (FAR) ............................................ 105
2.6.3 Monitoring of the structural integrity of materials and components in reactor

circuit (MAKOMON) .................................................................................. 110
2.6.4 RI-ISI analyses and inspection reliability of piping systems (RAIPSYS) .... 113
2.6.5 Advanced surveillance-techniques and embrittlement modelling (SURVIVE)115
2.6.6 Water chemistry and plant operating reliability (WAPA) ............................ 118
2.6.7 Fatigue affected by residual stresses, environment and thermal fluctuations

(FRESH) ................................................................................................... 121
2.6.8 Heavy fouling and corrosion risks in the cooling water systems of NPPs and

methods for their mitigation (RICO) ........................................................... 124
2.7 Construction safety ............................................................................................... 128

2.7.1 Impact 2014 (IMPACT2014) ..................................................................... 128
2.7.2 Aging management of concrete structures in nuclear power plants (MANAGE)

130
2.7.3 Structural mechanics analysis of soft and hard impacts (SMASH) ............ 131
2.7.4 Seismic safety of nuclear power plants – targets for research and education

(SESA)...................................................................................................... 134
2.8 Probabilistic risk analysis (PRA) ........................................................................... 138

2.8.1 Extreme weather and nuclear power plants (EXWE)................................. 138
2.8.2 Risk assessment of large fire loads (LARGO) ........................................... 141
2.8.3 PRA development and application (PRADA) ............................................. 144
2.8.4 FinPSA knowledge transfer (FINPSA-TRANSFER) .................................. 148

2.9 Development of research infrastructure ................................................................ 151
2.9.1 Enhancement of Lappeenranta instrumentation of nuclear safety experiments

(ELAINE) .................................................................................................. 151
2.9.2 Renewal of hot cell infrastructure (REHOT) .............................................. 153

3. Financial and statistical information .............................................................................. 158

4. Programme management ............................................................................................. 163

References ......................................................................................................................... 164

Appendices:

Appendix 1. Publications in the projects in 2014

Appendix 2. Participation in international projects and networks in 2014

Appendix 3. Academic degrees obtained in the projects in 2014

Appendix 4. International travels in the projects in 2014

Appendix 5. The steering group, the reference groups and the scientific staff of the projects in
2014



RESEARCH REPORT VTT-R-03998-15
5 (164)

1. Introduction

In December 2009, the Ministry of employment and the economy appointed a planning group to
prepare a Framework Plan of the new national four-year research programme on nuclear safety
for the period 2011-2014. The research programme is based on the Chapter 7a "Ensuring
availability of expertise" of the Finnish Nuclear Energy Act.

The Framework Plan [1] contains a proposal for the general outline of the National Nuclear
Power Plant Safety research programme, SAFIR2014. The programme covers essentially the
themes of the SAFIR2010-programme (2007-2010) [2]. The plan has been made for the period
2011–2014, but it is based on safety challenges identified for a longer time span as well.
Olkiluoto 3, the new nuclear power plant unit under construction and new decisions-in-principle
made by Parliament on 1st July 2010 were taken into account in the plan. The construction of
new power plant production will increase the need for experts in the field in Finland. At the
same time, the retirement of the existing experts is continuing. These factors together will call
for more education and training, in which active research activities play a key role. This
situation also makes long-term safety research face a great challenge.

According to the Framework Plan, the research in the SAFIR2014 programme was organised
by research areas. The eight research areas were:

1) Man, Organisation and Society
2) Automation and Control Room
3) Fuel Research and Reactor Analysis
4) Thermal Hydraulics
5) Severe Accidents
6) Structural Safety of Reactor Circuits
7) Construction Safety
8) Probabilistic Risk Analysis (PRA)

Furthermore, projects could be focused on developing of the research infrastructure (area 9).

The purpose of the Framework Plan was to provide information to the authors of project
proposals on what topics are sought after and what are the main challenges and needs in each
of the above-mentioned research areas. The Framework plan has been supplemented with
research topics based on the needs for additional research identified after the Fukushima
accident.

The public call for research proposals was announced at the beginning of October 2013. After
the closure of the call, the SAFIR2014 steering group, taking into account the evaluations made
by the reference groups, prepared a proposal for MEE regarding the set of projects to be
funded in 2014. The funding decisions were made by the State Waste Management Fund
(VYR) in March 2014. In 2014 the programme consisted of 45 research projects and the
programme administration. The projects are continuation to activities started in 2011, 2012 or
2013.

The ‘VYR-funding’ is collected from the Finnish utilities Fortum Power & Heat Oy, Teollisuuden
Voima Oy and Fennovoima Oy with respect of their MWth shares in Finnish nuclear power
plants (units in operation, under construction and in planning phase according to the new
decisions-in-principle). In addition to the VYR, also other key organisations operating in the
area of nuclear safety are funding the programme.

The planned [3] and realised volumes of the SAFIR2014-programme in 2014 were 10.3 M€ and
10.2 M€ and 64 and 70 person years, respectively.
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The SAFIR2014 Steering Group was nominated in September 2010. It consisted of
representatives (Figure 1.1) of the Finnish Nuclear Safety Authority (STUK), Ministry of
Employment and the Economy (MEE), Technical Research Centre of Finland (VTT),
Teollisuuden Voima Oyj (TVO), Fortum Power and Heat Oy (Fortum), Fennovoima Oy,
Lappeenranta University of Technology (LUT), Aalto University (Aalto), Finnish Funding Agency
for Technology and Innovation (Tekes) and Finnish Institution of Occupational Health (FIOH). In
September 2011 the Swedish Radiation Safety Authority (SSM) was also invited to join the
SAFIR2014 Steering Group.

Figure 1.1 Organisations represented in the SAFIR2014 steering group.

In the following, short summaries on the results of the individual projects (Chapter 2) and
overall financial (Chapter 3) and administrative (Chapter 4) matters are given. Project
publication lists are provided in Appendix 1, information on international co-operation in
Appendix 2, list of Academic degrees obtained in Appendix 3, list of international travels in the
projects in Appendix 4, and Appendix 5 contains list of the persons involved in the programme
in Steering Group, Reference Groups and in the projects.
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2. Main results of the research projects in 2014

The SAFIR2014 research programme was divided into nine areas:

1. Man, Organisation and Society
2. Automation and Control Room
3. Fuel Research and Reactor Analysis
4. Thermal Hydraulics
5. Severe Accidents
6. Structural Safety of Reactor Circuits
7. Construction Safety
8. Probabilistic Risk Analysis (PRA)
9. Development of Research Infrastructure

These areas are presented with more detailed descriptions of their research needs during the
programme period 2011-2014 in the SAFIR2014 Framework Plan [1]. The research areas and
research needs are based on the knowledge at the time of making the framework plan.

In 2014, the research was performed in altogether 45 research projects. The total volume of the
programme was 10.2 M€ and 70 person years. The research projects in the various areas with
their planned and realised volumes are given in Table 2.1.

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

Table 2.1. SAFIR2014 projects in 2014.

Area Project Acronym Organisa-
tion(s)

Planned
funding
(k€)

Real.
funding
(k€)

Planned
volume
(person
months)

Real.
volume
(person
months)

1.
Managing safety culture
throughout the lifecycle
of nuclear plants

MANSCU VTT 250 238.9 17 16.5

Sustainable and future
oriented expertise SAFEX2014 Aalto,

FIOH 89 99.6 8.9 10.2

Signalled and silenced
aspects of nuclear
safety

SISIANS Univ. of
Jyväskylä 86 86.6 8.5 10.0

2.
Coverage and
rationality of the
software I&C safety
assurance

CORSICA VTT,
FiSMA Ry 137.4 137.4 10 13.6

Human-automation
collaboration in incident
and accident situations

HACAS VTT 192 193.9 13 13

Safety evaluation and
reliability analysis of
nuclear automation

SARANA VTT,
Aalto 274 273.3 25.4 25.2
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Table 2.1. SAFIR2014 projects in 2014 (cont.).

Safety requirements
specification and
management in nuclear
power plants

SAREMAN VTT,
Aalto 192.5 193.8 15.5 18.5

Identification of fault
situations propagating
between different
systems and disciplines

IFAPROBE Aalto 77.5 79.8 8 8.4

3.
Criticality safety and
transport methods in
reactor analysis

CRISTAL VTT 204 202.3 16.9 17.9

Three-dimensional
reactor analyses KOURA VTT 234 234.0 16.2 16.8

Development of Finnish
Monte Carlo reactor
physics code

KÄÄRME VTT 210 181.0 18.8 18.9

Neutronics, nuclear fuel
and burnup NEPAL Aalto 134 156.6 14.4 16.4

Extensive fuel
modelling PALAMA VTT 353 347.8 29.5 32.0

4.
Enhancement of safety
evaluation tools ESA VTT 397 397.0 27.5 31.5

Experimental studies on
containment
phenomena

EXCOP LUT 207.1 228.0 18.5 19.6

OpenFOAM CFD-solver
for nuclear safety
related flow simulations

NUFOAM VTT, LUT,
Aalto 145 145.0 12.1 13.8

Numerical modelling of
condensation pool NUMPOOL VTT 119 116.7 7.9 8.6

PWR PACTEL
experiments PAX LUT 258 287.2 20.9 24.2

Modelling of pressure
transients in steam
generators

SGEN VTT 101 101.2 7.4 9.1

Uncertainty evaluation
for best estimate
analyses

UBEA VTT 80 80.7 8 8.6

Thermal hydraulics and
fuel integrity in spent
fuel dry cask interim
storage facility

SPEFU VTT 87 87.6 6.6 6.3

5.
Core debris coolability
and environmental
consequence analysis

COOLOCE-
E VTT 183 185.4 13 13.7

Chemistry of fission
products in containment FISKES VTT 148 149.0 11 13.5

Thermal hydraulics of
severe accidents TERMOSAN VTT 152 152.6 9.3 9.6

Transport and
chemistry of fission
products

TRAFI VTT 249 251.9 17.1 16.8
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Table 2.1. SAFIR2014 projects in 2014 (cont.).

Reactor vessel failures,
vapour explosions and
spent fuel pool
accidents

VESPA VTT 150 132.8 16.3 16.8

Passive Containment
Cooling System tests PCCS LUT,

VTT 157 166.7 12.5 13.4

6.
Environmental influence
on cracking
susceptibility  and
ageing of nuclear
materials

ENVIS VTT 596 590.5 45 46.2

Fracture assessment of
reactor circuit FAR VTT 215 215.2 12 13.7

Monitoring of the
structural integrity of
materials and
components in reactor
circuit

MAKOMON VTT 172 197.9 9 11.4

RI-ISI analyses and
inspection reliability of
piping systems

RAIPSYS VTT 117 117.0 8.3 8.3

Advanced surveillance
technique and
embrittlement modelling

SURVIVE VTT 167 167.2 12 12.3

Water chemistry and
plant operating
reliability

WAPA VTT 172 172.3 11.2 11.1

Fatigue affected by
residual stresses,
environment and
thermal fluctuations

FRESH VTT 168 170.5 9.8 9.8

Heavy fouling and
corrosion risks in the
cooling water systems
of NPPs and methods
for their mitigation

RICO VTT 105 105.0 9 8.4

7.
Impact 2014 IMPACT2014 VTT 710 578.2 17 27.3
Aging management of
concrete structures in
nuclear power plants

MANAGE VTT,
Aalto 140.8 141.0 8 8.4

Structural mechanics
analyses of soft and
hard impacts

SMASH VTT 177 179.8 11.5 11.6

Seismic safety of
nuclear power plants.
Targets for research
and education

SESA

VTT,
Aalto,
Univ.
Helsinki

132 127.4 8.6 9.7

8.
Extreme weather and
nuclear power plants EXWE FMI 109 127.2 11 13.6

Risk assessment of
large fire loads LARGO VTT 185 184.8 11.2 10.5

PRA development and
application PRADA VTT,

Aalto 189 191.2 17 16.2

FinPSA knowledge
transfer

FINPSA-
TRANSFER VTT 169 168.8 14 14.5
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Table 2.1. SAFIR2014 projects in 2014 (cont.).

9.
Enhancement of
Lappeenranta
instrumentation of
nuclear safety
experiments

ELAINE LUT 270 303.8 18 21.0

Renewal of hot cell
infrastructure REHOT VTT 1350 1277.9 36.5 42.2

0.
Programme
administration ADMIRE VTT 286* 286.2 10.5* 11.0

*for period 1.1.2014-31.3.2015 with VAT 24% included
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2.1 Man, organisation and society

In 2014 the research area “Man, organisation and society” consisted of three projects:
Managing safety culture throughout the lifecycle of nuclear plants (MANSCU), Sustainable and
future oriented expertise (SAFEX2014) and Signalled and silenced aspects of nuclear safety
(SISIANS).

2.1.1 Managing safety culture throughout the lifecycle of nuclear plants (MANSCU)

Good safety culture is a prerequisite for safety and acceptability of nuclear power production and
thus, it is also required by the Finnish regulatory guidelines. However, it has not been easy for the
industry to establish a shared understanding on how to assess and further the development of
good safety culture. Furthermore, the networked nature of the activities in major refurbishment or
new build projects challenges the traditional conception of safety culture. The new power plant
projects and modernisations of the operating units require such an amount of employees and
services that it’s necessary to utilise subcontractor companies and new workers with little or no
previous experience in nuclear industry. The safety management practices need to take into
account the heterogeneity and diverse cultural backgrounds of the employees. In addition to
those challenges, research on safety and safety management has questioned the sufficiency of
the prevailing safety management models.

Current theories of organisational safety emphasise that safety is more than absence of accidents
and incidents and safety management practices should not solely encompass activities aiming at
analysing and eliminating possibilities of failures. Rather safety management should aim at
creating organisational capabilities for safe performance in different circumstances. This premise
has been the basis of the organisational assessment approaches developed at VTT, namely the
CAOC and the DISC-model where the aim is to evaluate the organisation’s potential for safety.
The DISC model has been successfully utilised in various safety culture assessments and when
evaluating safety management practices, i.e. operating experience practices. However, more
understanding on how to utilise the idea of DISC in the various lifecycle stages is needed.
Furthermore, more understanding is needed on how to actually improve safety culture, what
kinds of programmes and approaches could bring the expected outcomes, is needed.

The generic objective of the MANSCU project (2011-2014) is to develop safety management
approaches with respect to three dimensions. Safety management approaches (such as rules
and procedures, training, event investigation practices, safety culture evaluations and
improvement programs, risk assessment and human performance programmes) should:

1) support the development of sufficient understanding and knowledge of nuclear safety
and risks as well as nuclear industry specific working practice demands.

2) take into account the needs of other contexts than the operating units. Safety
management approaches should fit the purposes of design organisations, collaboration
networks and supply chains, both in pre-operational and operational phases. The
networks and supply chains may be multicultural and interdisciplinary.

3) support organisational alertness (mindfulness) to new risks which are based on either
technical or social phenomena. It also means avoidance of complacency and constant
effort of continual improvement.
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Specific goals in 2014

In 2014 MANSCU project finalised the HUMAX subtasks and, in addition to that focused on
publishing the generic lessons learned concerning practices for developing safety culture in the
nuclear domain (MODEL UPDATE subtask).

MANCSU deliverables in 2014

 Pia Oedewald, Nadezhda Gotcheva, Kaupo Viitanen, Mikael Wahlström. Safety culture and
organisational resilience in the nuclear industry throughout the different lifecycle phases,
VTT technology 222, Espoo, 2015.

 Nadezhda Gotcheva, Pia Oedewald, Mikael Wahlström, Luigi Macchi, Anna-Lisa Osvalder,
Håkan Alm, Cultural features of design and shared learning for safety: A Nordic nuclear
industry perspective, Safety science – Early access, Elsevier (2015) No: May, 9 p.

 Oedewald, P., Skjerne, A-B, Axelsson, C., Viitanen, K., Bisio, R., Human performance tools
in nuclear power plant maintenance activities, Final report of HUMAX project, NKS-328,
2015.

2.1.2 Sustainable and future oriented expertise (SAFEX2014)

The purpose of SAFEX2014 was to generate new knowledge on areas of human resource (HR)
management and knowledge and competence management. The project aimed at producing
knowledge and insights that are easily applicable in Finnish nuclear industry organizations.
Topic and areas covered in the project include:

 evaluation methods of HR practices,

 evaluation of knowledge and competence management in nuclear power industry and

 evaluation of good practices in the area of human resource management, leadership
and collaboration between organizations.

For the sake of practicality, SAFEX2014 aimed at creating and introducing practices for

 the development of leadership and management of human resources

 guaranteeing expertise and

 promoting collaboration of experts across organizational boundaries.

Specific goals in 2014

The project had two specific goals in 2014. The first subproject aimed at identifying and
developing appropriate methods and practices for human resource management in the nuclear
energy industry. The focus was on methods and practices that support the work of HR-specialists
and supervisors. The purpose of this task was to strengthen safe and reliable work and
management practices. This goal was approached via SAFEX-survey that enables assessment
and follow-up of well-being and expertise development and collaboration capabilities of the
nuclear power expert organizations and employees.
Four organizations participated to the SAFEX-survey in year 2014 and total number of
respondents was 640 and the response rate was 71 %. SAFEX2014 project have produced
systematic and longitudinal information on many aspects on human resource management and
knowledge and competence management for the participating organizations. This information
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has given organizations an opportunity to plan, develop and implement actions for improving
organizational performance. It is noteworthy that actual development work must be done by the
organizations, and not by the external research group. Here the commitment of supervisors, HR
personnel, and top management must be emphasized.

In year 2014 SAFEX-survey results were reported to the participating organizations with
feedback sessions using participatory approach. This seemed to be a good approach since it
produced lively and constructive discussions in the participating organization.

The second subtask involved analysis of the longitudinal data (survey data from years 2008,
2010, 2012, 2014) and qualitative data (interviews done earlier by the research group). Main
emphasis was on writing and reporting results for practitioners in the industry and scholars in the
academic community. These are reported in the project summary report (Pahkin et al. 2014). The
summary report covers themes as competences as basis of good work performance,
competences needed in managerial work, methods to support expertise development, expertise
development across organizational boundaries, well-being at work, and work related resources
and work engagement.
Regarding the second subtask, SAFEX2014 project has published several articles on their
research themes. These are listed in below.

Deliverables in 2014

 Kurki A-L., Schaupp M., Lindström S. and Mäki E. (2014). Collaboration between HR and
Line Management – Enhancing Learning in Complex work. Human factors in organizational
design and management – xi Nordic ergonomics society annual conference, 17-20 August
2014, Copenhagen, Denmark.

 Kurki, A-L. Schaupp, M. Lindström, S. & Mäki, E. A quest for resilience in nuclear power
organizations?  Collaboration between HR and line managers as a possibility in capability
development. To be submitted to Safety Science by January 2015.

 Lindström S., Kurki A-L., Mäki E. & Pahkin K. (2015) Urapolut ydinvoima-alalla ATS
Ydintekniikka

 Mäki E., Pahkin K., Lindström S. & Kurki A-L. (2014) Assessment method for analyzing and
developing human resource management practices in nuclear power industry. The
European Forum to discuss Nuclear Technology Issues, Opportunities & Challenges  11 -
14 May 2014, Marseille, France.

 Mäki E., Pahkin K., Lindström S. & Kurki A-L. Assessment method for analyzing and
developing human resource management practices in nuclear power industry. Reprint in
atw - International Journal for Nuclear Power has been requested. Will be published later.

 Pahkin K., Mäki E., Kurki A-L. and Lindström S. (2014) Kestävää ja kehittyvää
tulevaisuuden osaamista ydinvoima-alalla. A summary report of the Safex2014 findings on
years 2011-2014.

 Safex-survey: results and feedback sessions: summary reports with development focused
feedback sessions have been delivered to Fennovoima, Fortum Technical support, Loviisa
pp, and STUK.



RESEARCH REPORT VTT-R-03998-15
14 (164)

2.1.3 Signalled and silenced aspects of nuclear safety (SISIANS)

This summary synthesizes the results of two year research project on Signaled and Silenced
Aspects of Nuclear Safety (SISIANS). Signaled refers to well-articulated and silenced means
underdeveloped or downplayed sides of safety. The study shows that nuclear safety that is
approached predominantly from a technical perspective is also affected by societal and cultural
factors. Culture is understood here as consisting of institutional dimensions, i.e. how
organisations, such as the regulatory body, act with regard to safety. Culture includes
normative (how safety should be dealt with), cognitive (what is relevant for safety), social (how
the relationships among the inspectors and between inspectors and industry have been
arranged) dimensions.

This two year project’s objectives of the year 2013 were to 1) identify the international and
national nuclear safety regimes after the Fukushima accident 2) identification of national
cultural features that could affect safety 3) analysis of the concept of safety based on the IAEA
Safety Standards. The results of the year 2013 can be found in the report (Ylönen 2014).

In 2014 research task was to analyse further the Finnish nuclear safety regulation and identify
cultural characteristics and their implications on safety. The research was based on 18
interviews with personnel of the Radiation and Nuclear Safety Authority (STUK). The
background of interviewees varied from those who had an experience in working with other
organisations to those who had worked only in the STUK. The interviewees range from
newcomers to persons who had worked within the STUK for decades.  The shortest work
experience within the STUK was 2 years and the longest 39 years.  There were 7 interviewees
who had worked in the STUK at least 10 years or more and 11 interviewees had worked in the
STUK nine years or less.

Interview themes included background information, education of the inspectors, their expertise,
independence of the STUK, role of trust in regulation, attitudes as regards mobility from a
regulator to regulatee and vice versa, characteristics of Finnish safety regulation, experiences
as regards different generations, knowledge gaps, and  targets of development. In addition to
above mentioned themes also new topics emerged during the interviews.

Each interview took about 1 hour and 30 minutes. Interviews were recorded and transcribed. All
together there were about 270 pages texts. Through interviews and talks I traced inspectors’
understandings of how safety regulation is dealt with and how it should be dealt with and
developed and what aspects should be strengthened or avoided. I looked at contents, their
consistencies or inconsistencies, whether there were aspects, which complemented each other
or which were in contradiction with each other. Naturally, chosen themes affect what is
discussed, but also new topics emerged during the interviews. The interview talk is not equated
with action, but it gives hint of inspectors’ thinking and practices.

Findings of 2014 research

Trust norm

General features related to Finnish culture, such as trust in other people and institutions
(science, technology and education), obedience to the law, appreciation of honesty,
promptness and diligence, recur and get amplified in Finnish nuclear safety inspectors’
interviews.

Interviews with the inspectors show that trust is a corner stone of Finnish nuclear safety
regulation. It is a precondition for the functioning of the safety regulatory system. It is a norm
that provides a framework for an interaction between the inspectors and operators. According
to interviews, trust requires reciprocity and if trust turns to distrust, it will take a long time to gain
trust again. In Finnish cultural context trust is not blind, but functional one. Hence, a
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combination through which trust and distrust function within the STUK is through functional trust
i.e. based on verification that operators act as they have said, and functional distrust that refers
to justified cautions in some regulatory situations. An indication of functional trust is when
inspectors think that operators are honest but still it is good to verify that operators have dealt
with things in a pertinent way. These can be seen beneficial to the safety regulation. Instead,
dysfunctional trust and dysfunctional distrust were seen avoidable by inspectors.

Furthermore, the inspectors described also situations where trust norm is questioned, and
when trust may turn to distrust. Situation of distrust may be due to newcomers both within
industry and authority. Newcomers have not yet internalized functional trust norm, and they are
prone to enter into relationships that may be more adversarial. In addition, situations of distrust
may have related to delays in timetables or divergent interpretations of the requirements, such
as the safety technical terms and conditions (TTKE, Turvallisuustekniset käyttöehdot).
Instructions have been open to interpretations and the licensees have interpreted them in a
different way than the inspectors.

Even though this combination is ideal and desirable, it may be that some specific features in
Finnish safety regulation may cause embarrassment among actors coming from different
cultures. It may be that outsiders feel that Finnish inspectors are too strict and carriers of
dysfunctional distrust rather than functional trust. This may be due to the YVL-guides, which
include relatively detailed requirements, which force inspectors to adopt strict, detailed control.
It may be that Finnish inspectors’ style to verify that things have been dealt with according to
the YVL-guides is interpreted by outsiders as dysfunctional distrust instead of functional trust as
it is seen among the Finnish inspectors. The figure 2.3.1.1 illustrates different forms of trust and
distrust and the risk that functional trust is understood as dysfunctional distrust by outsiders.
That could undermine outsiders’ trust in Finnish inspectors.

Figure 2.1.3.1 Risk that the inspectors’ functional trust can be mixed up with dysfunctional
distrust.
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Independence of the regulatory body

After the Fukushima accident the IAEA emphasised the need of independence of the regulatory
authority from the outside pressures. The regulatory body “should be able to make independent
regulatory judgments and decisions timely both in normal and emergency situations.” (IAEA
2012, DS462). The STUK inspectors were asked to reflect how independence comes true in
Finland. The interviews showed that Finnish nuclear safety inspectors feel they are
independent from outside pressures and are able to act independently despite the fact that
within the nuclear sector in a small country there are relatively few actors and that the
inspectors and the operators may know each other. The inspectors based their independence
arguments on three types of justifications: Institutional arrangements, which separate regulatory
body from the body that allows licenses; Inspectors’ practices and decisions, which do not
follow the expectations of licensees; Inspectors’ high professionalism and focus on pertinent
things, facts, which guarantee the independence.

Figure 2.1.3.2. Finnish inspectors’ justifications of independence based on institutional factors,
professionalism and practices.

In addition, the report on Characteristics of an Effective Regulator (OECD NEA 2014)
distinguishes between different dimensions of independence, one being economy. In the face
of current cut of the work force within the research department of the Radiation and the Nuclear
Safety Authority, there is a need to consider the independence of the regulatory body in terms
of economy. This question becomes urgent in the current situation in which Finnish nuclear
sector is changing fast because of furthering new nuclear power capacity and there would be a
need of more personnel within the regulatory body.

Two types of inspectors and relationships between the operators and the inspectors

Related closely to the independence item, but still forming an own separate field of discussion
is the relationship between the operators and the inspectors. From the point of view of safety
regulation, too close as well as too distant relationships between the inspectors and the
operators would be avoidable. If relationships are too close then there is a risk of “regulatory
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capture’ i.e. inspectors would start to promote interests of the industry. Whereas, in the case of
too distant relationships, inspectors would not be aware about what is happening in the facilities
and that would not contribute to safety either (Baldwin et al. 2012). The question is how to
balance between adequate proximity and distance in relationships.

Two types of inspectors were identified on the basis of inspectors’ opinions on belonging to
Finnish Nuclear Society (ATS) and whether the closeness between the inspector and the
operator would be desirable or avoidable (see Figure 2.1.3.3). There are inspectors who are
members of the ATS, and found it useful as regards their engineering skills. In addition, there
were also inspectors who have recently joined in or are considering of joining in the ATS. Some
non-members have recently left the membership due to their position that requires neutrality
and some non-members have never considered a membership because of their willingness to
maintain their neutrality. The two types of inspectors are the public servant type of inspectors
who are collectively oriented and to whom the neutrality is the main principle and they want to
keep good relationships but adequate distance to operators. Instead the informal and open type
of inspectors is more individually and technical fact -oriented and focused on inspector-operator
relationship and is less concerned about the public. They believe they are able to be more
efficient in regulation by being more open and informal in their relations with the industry. It is
their technical expertise that guarantees their neutrality. Often these inspectors seem to be
more open also to other job opportunities or they have a background in working in industry.

These two types of inspectors could be contradictory in some circumstances and they may
have different responsiveness to safety matters. Hence, there arises a need to reflect upon the
balance 0between two opposite types of inspectors so that adequate uniformity is found and
that there would be adequately close and adequately distant relationships between the
inspectors and operators.

Figure 2.1.3.3. Two types of inspectors based on their opinions on the belonging to the Finnish
Nuclear Society (ATS).
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Different roles of inspectors

Studies on safety regulation have emphasized that over the last thirty years there has occurred
a shift from a command and control type of regulation towards a decentered regulation, where
safety is an outcome of actions of different actors and networks (Lindoe et al. 2014). In
decentered regulation knowledge is fragmented, which means that no actor has all the relevant
knowledge required to deal with complex and multifaceted safety problems or no actor has
overview about safety regulation and ability to employ all means necessary to effective
regulation (Baldwin et al. 2012). The decentered understanding of regulation also stresses
interactions and interdependencies between actors, and a challenge to coordinate actions of
different, autonomous actors who are involved in, for instance nuclear activities. In a situation of
decentered regulation, where the outcome of the safety regulation is a consequence of actions
of several actors and networks, the role of a motivator is emphasised. How did the different
roles of inspectors come out in the Finnish context? What kinds of meanings did inspectors
attach to roles?

The role of inspector came out in different contexts in the interviews. It was associated mostly
with neutrality and independence. In addition, four additional roles related to inspector were
mentioned. Two of them were desirable roles related to controller and motivator, and two others
were avoidable roles related to advisor and quality controller (see Figure 2.1.3.4). The
inspectors identified themselves most frequently with the role of a controller that means
ensuring that the industry complies with the requirements.

Instead the role of a motivator did not come out of interviews, at least not directly. One can
ponder why the motivator role seemed to be weaker, or not as strong as the role of a controller.
Is it because YVL-guides strengthen the role of a controller and there is therefore not so much
space left to the role of a motivator? Or is it just that that the role of a motivator did not come
out verbally even though it would have been adopted in regulatory practices?

The following features in Finnish safety regulation could suggest that motivator role is also
present. Finnish inspectors work close to operators in the facilities. There is a site inspector,
who works continuously in a facility. This kind of solution differs from many other nuclear power
countries. In addition, Finnish inspectors follow closely also the modernization works in
facilities. Grass-root level interaction may open up several opportunities to motivate the
operators. In addition, inspectors’ willingness to follow the process because they are interested
to see and learn how things are done, tells about inspectors’ strong motivation. And that
practice may also motivate operators to find better solutions.

When the inspector follows so closely the process, the benefit is that they acquire deep
understanding about what is happening in the installations and that is an advantage as regards
controlling overall safety. However, there might lurk also a risk in that the inspectors are too
closely involved in development processes that belong to power companies, and inspectors
may easily take a role of an advisor that does not belong to their mandate. As well the role of
quality controller is a risk if authorities visit producers to ensure that the structures of devices
and components are according to the requirements (see Figure 2.1.3.4)
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Figure 2.1.3.4. Two desirable roles (controller and motivator) and two avoidable roles of
inspector.

Mechanisms that maintain similar understanding of safety stem from the YVL-guides and expert
structure of the regulatory body. Majority of the inspectors have a technical education, which
contribute to homogeneous understanding of safety. At the same, however, there are various
areas of technical expertise and different offices within the regulator body that have promoted
somewhat different practices. In addition, there are differences in safety practices between the
newcomers and more experienced inspectors. For this reason, efforts have been made to
streamline the safety regulation and to make it more focused on safety-significant matters.

Interviews indicate that safety regulation is under pressure to become more uniformed,
coordinated, and focused on upper level safety issues i.e. plant and system level safety.  These
efforts are in accordance with the OECD NEA’s Characteristics of the Effective Regulator
(2014), with uniformity and predictability in their action. The relevant question is how to support
individual thinking and at the same promote more uniform, coordinated regulation.

Characteristics of Finnish safety regulation

Even though the international nuclear safety regime with technical, co-regulative and safety-
intensifying features affect Finnish regime, this happens at a general level. The national cultural
features give the eventual form to safety regulation. Cultural characteristics of Finnish nuclear
safety regulation as well as nuclear safety regime entail trust and control-based, risk-informed,
ambitious, technical and professional, relatively detailed, proceduralised, grass-root level
regulation that is both rigid and flexible.

In the safety regulation continuum Finnish safety regulation could be set on the command and
control end of the continuum instead of the self-regulation end. Even though Finnish regulation
has been described to be rigid, it entails also flexibility. There is always space for negotiations
about the procedures. This kind of duality might not be visible to outsiders.

However, all the regulatory systems are combination of command and control type and self-
regulation type of instruments, there does not exist pure self-regulatory or pure command and
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control type of regulation. Possibly within a high risk industrial sector in the small country, there
is a need to apply relatively stable and rigid, command and control type of regulation, that is
however combined with some features of flexibility and relatively close grass-root-level
regulation. Finnish regulatory style is a unique combination of principles and practices that have
developed over the decades. The regulatory style is in a continuous process. The question
arises how to maintain adequate command and control type of regulation and at the same
ensure that it gives space for the operators’ own developments? Or are the inspectors at grass-
root-level so closely following what is happening in the facilities that it may be difficult to
distinguish between command and control and motivation or command and control and self-
regulation?

The national cultural characteristics are important to detect and understand if the safety will be
improved at national and international level.  This study cannot be regarded as exhaustive.
Further inquiry is therefore needed into different stakeholders’ understanding of Finnish
inspectors’ safety regulation. In addition, international comparisons between nuclear safety
inspectors’ practices in other countries would be useful for getting better understanding of
cultural features, both similarities and differences, consistencies and inconsistencies between
them. Moreover, further research would be needed in order to understand the conditions under
which both the inspectors and operators operate daily when dealing with safety.

Nuclear safety is a complex phenomenon, cultural and socio-technical by nature. Therefore
there would be an urgent need for a multidisciplinary research, a true co-operation between the
engineering sciences and social sciences in a concrete research. Through that it would be
possible to gain a better understanding how cultural, social and technical are participating in the
end result of nuclear safety.

Deliverables in 2014

Facilitator in the IAEA Worskhop on Global Safety Culture - National Factors Relevant to Safety
Culture.  Title of the presentation “Sharing the Finnish Experience on National Culture and Nuclear
Safety - Assumptions and conceptualisations”. 8-11, April, 2014. Vienna, Austria.

Visiting researcher at the University of Stavanger – Seros (Centre for  Risk Management and
Societal Safety)  8th of  August- 28th of October 2014. Stavanger, Norway.

Scientific publications

Ylönen, M. Learning From Fukushima: International Isomorphism as Contributing and
Constraining Nuclear Safety. Pre-Conference proceeding. 12-18, July, 2014. Yokohama, Japan.

Ylönen, M. . Learning From Fukushima: International Isomorphism as Contributing and
Constraining Nuclear Safety. Submitted to the Safety Science.

Ylönen, M. and Litmanen T. Signaled and Silenced Aspects of Nuclear Safety - Evaluation of
International Nuclear Safety Thinking. Submitted to Journal of Risks, Hazards and Crisis in Public
Policy.

Aven, T. and Ylönen, M. Safety Regulations: Implications of the New Risk Perspectives. Submitted
to the journal of Reliability Engineering and Safety System.

Others:
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Ylönen, M. Signaled and Silenced Aspects of Nuclear Safety. International Safety Regime and
National Cultural Features. SAFIR2014 Report. Spring 2014.

Ylönen, M. Signaled and Silenced Aspects of Nuclear Safety: Characteristics of Finnish Nuclear
Safety Regulation. SAFIR2014 Final report.

Conference  and presentations:

ISA (International Sociological Association’s Conference) 12-18 July, 2014, Yokohama, Japan.

EASST (European Associations for the Study of Science and Technology) Conference, 17-19,
September, Torun Poland.

Invited speaker in a seminar “L’Europe Nucléaire: Vers une normalisation du risqué d’accident? ,
arranged by the Ècole des Hautes Ètudes en Science Sociales. Title of the presentation:
“(De)politicisation of Nuclear Power: Finland after Fukushima. 13th of March 2014. Paris, France.

2.2 Automation and control room

In 2014 the research area "Automation and control room" consisted of five projects:
Identification of fault situations propagating between different systems and disciplines
(IFAPROBE), Coverage and rationality of the software I&C safety assurance (CORSICA),
Human-automation collaboration in incident and accident situations (HACAS), Safety evaluation
and reliability analysis of nuclear automation (SARANA) and Safety requirements specification
and management in nuclear power plants (SAREMAN).

2.2.1 Coverage and rationality of the software I&C safety assurance (CORSICA)

The aim of the CORSICA research project is to improve the safety evaluation of I&C software in
nuclear industry by improving consciousness of process assessment and rationality of
integrated evaluation methods.

There is a general need to perform qualification of I&C safety systems as effectively as
possible, keeping still the necessary formalism and accuracy of the qualification. Early
notification of potential problems is the most effective and proactive way to perform
qualification. Good knowledge of nuclear standards, professional application of sophisticated
methods and good ability to adopt novel technologies is essential for qualification.

In the previous SAFIR2010 program we developed approaches to qualify and certify software
intensive I&C systems for nuclear power plants. This work is continuing in the current
SAFIR2014 program, extending previous results for general evaluation for example in following
topics:

 adequacy and relevance of process capability assessment in technical product evaluation,

 coverage and rationality of required development, V&V and assurance methods,

 certification and evaluation issues in using new technologies, for example field-
programmable gate arrays (FPGA),

 use of new standards in technical safety evaluation of nuclear I&C systems
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Specific goals in 2014

 An objective of CORSICA was to complete the integrated Nuclear SPICE method that is
used to assess development processes as part of certification or qualification of safety
critical I&C systems and software. The method includes a process assessment model and a
documented assessment process. The regulatory guidance documents Common Position
2013, YVL E.7, and B.1 are added to the assessment model. The Nuclear SPICE method is
validated with pilot assessments.

 Several safety standards are relevant for the nuclear I&C systems. To aid the on-going
renewal process of one of the nuclear-specific safety standards (IEC 62138) CORSICA
aims to compare that standard to a generic safety standard IEC 61508-3 in order to identify
aspects that should be taken into account during the renewal process of the IEC 62138.

 Function block diagrams are extensively used for designing nuclear safety I&C systems.
Testing of these diagrams traditionally focuses only on the specification of the system.
Structure-based tests could provide complementary evidence on their correctness. One of
the CORSICA objectives is to develop of a method and a prototype tool for generating
structure-based test suites for function block diagrams.

 System-Theoretic Process Analysis (STPA) is a novel hazard analysis technique. In 2014,
an objective of CORSICA was to review various hazard analysis methods (FTA, FMEA,
HAZOP, STPA), and discuss their use in the context of nuclear domain I&C systems.

Deliverables in 2014

The specific goals have been addressed by corresponding tasks within the CORSICA project.
To meet process assessment needs in the nuclear domain, the Nuclear SPICE assessment
method was developed. The method supports assessment of safety critical I&C systems and
software development processes. The need for more extensive assurance methods led to of
the development of review techniques for I&C documentation, and to the development of a test
set generation technique for function block based systems. Increasing complexity and demands
for safety were covered by studying certification and evaluation issues in using new
technologies, like FPGA. The tasks were dynamically planned to adapt to the changing needs
of the research domain. The evolution of tasks is depicted in Figure 2.2.1.1.

Figure 2.2.1.1. Tasks in CORSICA 2011 – 2014.

 Finalized Nuclear SPICE method. Integrated Nuclear SPICE Process Assessment Model
(PAM) was updated to include relevant Common Position 2013 and YVL B.1 and E.7
requirements to ensure consistency and model coverage. Additionally, supporting
assessment evidence classes were defined. The model is documented in FiSMA report
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2014-1: Integrated Nuclear SPICE Process Assessment Model. Nuclear SPICE assessment
process is completed to adapt to various types of assessment classes in rigour and scope.
The process is documented in FiSMA report 2014-2: Advanced Nuclear SPICE assessment
process. Future development is considered in a conference article: Approach to a safety-
critical assessment process. Pilot assessments were conducted to test Nuclear SPICE PAM
and assessment process in real-life situations. An example of an assessed process profile
is shown in Figure 2.2.1.2. Course material was developed for Nuclear SPICE assessor
training and a pilot course was held.

Nuclear SPICE
Process profile

Pre-qualification process set Capability Achieved

Level 1 Level 2 Level 2 Level 3 Level 3 Level

Process PA 1.1 PA 2.1 PA 2.2 PA 3.1 PA 3.2 CL
ENG.1 Stakeholder requirements definition F F L L L 2
ENG.2 System requirements analysis F F F F F 3
ENG.3 System architectural design F F F F F 3
ENG.4 Software implementation L L L L L 1
ENG.5 System integration L F L F L 1
ENG.6 Systems qualification testing F F F F F 3
SUP.1 Software documentation management F F F P P 2
SUP.2 Software configuration management F L F F F 2
SUP.3 Software quality assurance F L L F L 2
SAF.1 Safety management L F F F F 1
SAF.2 Safety engineering F F F F F 3
SAF.3 Safety qualification L 0 0 0 0 1

Figure 2.2.1.2. An example of assessed process profile (Not, Partially, Largely, or Fully
achieved process attributes (PA), and capability level (CL)).

 Comparison of standards. An extensive comparison of the two standards was completed.
The results of the comparison are reported in a research report: Comparison of software
safety standards IEC 61508-3 and IEC 62138. Additionally, analysis to cover also YVL B.1
guidance is reported in FiSMA report 2014-3 Nuclear SPICE mallin ja ydinvoima-alan
viranomaisvaatimusten yhteensovittaminen.

 Development of a prototype tool for generating structure-based test sets for function block
based systems. A technique for automatically generating test suites for function-block
diagrams was developed. The general test generation process is illustrated in Figure
2.2.1.3. The technique has also been implemented as a prototype tool that is able to use
model checking models of function block diagrams as input. The tool determines a set of
test cases that has maximum coverage according to various structure-based criteria. The
tool has been tested on a set of simple function block diagrams.
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Figure 2.2.1.3. Test generation process.

 Review of hazard analysis methods. A review of various hazard analysis methods was
conducted. The STPA method offers a rather different approach on hazards analysis. The
method is based on control theory, and it was designed to also take into account
communication faults between system components and the societal structure surrounding
the system. It widens the scope of traditional methods and should theoretically enable the
identification of new kinds of flaws. Real-world experiences in the use of the method have
been very positive so far. STPA also shows potential regarding its use for licensing
purposes in the nuclear domain. But despite the positive experiences, STPA is still a fairly
young method with a limited use base. Also, quite a significant amount of knowledge about
the method is required for one to be able to apply it to real-world cases. The method has,
however, created major interest in many fields and its use can be expected to increase in
the future.

2.2.2 Human-automation collaboration in incident and accident situations (HACAS)

The project focuses on studying how digital automation (I&C) and control room (CR) upgrades
affect resilient performance of CR personnel, how Human Factors Engineering (HFE) activities
should be organized in order to support plant safety and productivity, and how humans and
automation systems collaborate to accomplish safety and production goals of nuclear power
plants (NPPs). The aim is also to develop expertise on the accomplishment of different HFE
activities, strengthen delivery of expertise in Finland in the field of activity-centred design of
NPP CR systems and further promote international collaboration with research and expert
organizations and institutions.

The research output to be produced will be the following: First, practical methods and
guidelines for the design and usage of emergency operating procedures supporting operator
practices in accident management are produced. Second, tools and guidelines are developed
to support different stakeholders in the accomplishment of HFE activities during different stages
of the plant/project life cycle. Third, knowledge on factors affecting automation awareness and
automation skills in plants based on digital automation and Human-System Interfaces (HSIs) is
provided, and methods for the assessment of automation awareness and skills are developed.

Specific goals in 2014

In 2014, the research in the project has focussed on seven main areas: First, we have studied the
usage of emergency operating procedures in digital CRs, and the requirements for procedure-
based activities in the implementation of safety management Concept of Operations (ConOps).
Second, we have developed practical tools for the development of a unified HFE process for
extensive I&C modernisations and new build projects that is tightly integrated into Systems
Engineering (SE) activities from the beginning. Third, we have developed practical tools for the
evaluation and prioritisation of validation results from the perspective of Human Reliability
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Analysis. Fourth, we have developed an integrated validation concept for multi-stage
modernization projects. Fifth, we have conducted an empirical test concerning the scheduled
testing of the emergency diesel system by using the simulator environment that was developed in
the project. Sixth, a well-founded theoretical model of automation awareness and method for its
measurement were developed. Seventh, knowledge has been acquired concerning the
competence of automation maintenance personnel and their training needs by interviewing
automation maintenance personnel in the two Finnish nuclear power plants.

Deliverables in 2014

 The role of procedures in accident management has been studied by comparing findings
from earlier studies of procedure usage and of accident management ConOps, and by
analysing procedure designers’ opinions and comparing them to simulator test findings
and recent Fukushima case reports. Drawing from five in-depth interviews, it was
explored how NPP procedure designers consider the use of procedures in operator
work. The results suggest that procedure designers appreciate operators’ capability to
solve problems independently, but they also expect precise adherence to the
procedures in emergency situations. The results are discussed by contrasting them
against the concept of resilience in safety-critical work and against findings on
interpretative modes of work in NPP operation.

 A position paper has been prepared in which ConOps has been considered as a
collaboration tool in the design and licensing of automation systems and control rooms
in nuclear power plants. Since safety is a key issue in the nuclear domain, ConOps
should be adapted to its safety practices. In particular, ConOps should be combined
with the concept of Defence-in-Depth (DiD) in order to provide a practical boundary
object to represent and discuss the high-level safety architecture. We also propose that
the ConOps should be maintained throughout the system life-cycle as an overview
description and definition of overall goals and policies.

 It has been investigated how HRA should be considered in the design and implementation
of CR system validation activities, and how CR validation results should be considered in
HRA, and specifically in the modelling and quantification of errors that occur after an
initiating event (i.e., type C HRA). As a result, it was firstly found that validation data is
relevant for HRA but it should be re-categorised in order to be usable for updating HRA.
We performed the re-categorisation based on the effect of the identified weakness in
design on operator performance, and named the categories according to the
imperfection in the technical solution. The new categorisation comprises of display
related, performance demands related and concept related issues. By using this type of
categorisation, validation data can be used for naming performance shaping factors in
HRA.

 A requirement-based approach for the system validation of CR systems in a multi-stage
modernization projects has been refined and further developed. We have also actively
participated in OECD/NEA/WGHOG ISV task group work by preparing a position paper
on the multi-stage approach to V&V and by participating in an international workshop on
ISV method development in 2015. The objective of the work is to develop new
approaches for ISV testing and to provide concepts that can be used to improve the
existing guidance.

 We have developed an Apros-based simulator environment which was used in the
experimental testing of automation awareness (see Figure 2.2.2.1 below). The test
results indicate that especially the digital presentation of the measurement values,
graphical format of the values’ status and their automation-related limits, and illustrative



RESEARCH REPORT VTT-R-03998-15
26 (164)

trend displays were seen to improve automation awareness. Furthermore, the results
suggest that in addition to factors, such as the operators’ automation-specific education,
experience and provided training, the quality of the automation system’s user interface
is a significant contributor to the development of automation awareness. We also
created a preliminary version of a versatile tool to study automation awareness.

 Automation maintenance personnel at the two Finnish NPPs were interviewed about
their work tasks and tools, as well as training practices at the plants, on-the-job-learning
and the challenges of modernization. The training needs described by the interviewees
are categorized in six themes: 1) language skills, 2) analogue vs. digital systems, 3) use
of computers and new technology, 4) retirement of personnel, 5) emerging collaboration
and 6) multi-skilled workers. Interestingly, knowledge on analogue automation may pose
a greater challenge than of digital, because analogue automation is no longer taught at
schools, and the automation modernization does not necessarily mean full digitalization
of I&C systems.

Figure 2.2.2.1. The facilities and the technical setup of the automation awareness user studies.

2.2.3 Safety evaluation and reliability analysis of nuclear automation (SARANA)

The general objective of the SARANA project was to develop methods and tools for safety and
reliability analysis of digital systems and to utilize them in practical case studies. The project
covered various topics and built bridge between risk analysis and automation experts. SARANA
provided guidelines to analyse and model digital systems in Probabilistic Risk Assessment
(PRA) context, brought together deterministic and probabilistic analyses for safety assessment
of plant designs, developed the reliability analysis tool YADRAT, developed an iterative and
automatic algorithm for modular model checking of large systems, and developed more efficient
methods for systematic model checking of asynchronous systems.

Specific goals in 2014

One of the objectives of the project was to provide guidelines to analyse and model digital
systems in PRA context. Earlier, the failure modes taxonomies defined in several countries were
compared and proposals for hardware and software related failure modes taxonomies were
made. An example digital nuclear power plant protection system and corresponding PRA-model
were developed. In 2014, the work was finalized as form of Nordic guidelines on the reliability
analysis of digital I&C in PSA.
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The dynamic flowgraph methodology (DFM) is an approach for reliability analysis of digital
instrumentation and control systems. The YADRAT tool developed at VTT is based on
interpreting the DFM model as a binary decision diagram (BDD). YADRAT has been
implemented so that the DFM model can be translated into SMV (symbolic model verifier) code
that can further be examined with the formal model checking tool NuSMV. The applicability of
the tool was analysed and a comparison between FinPSA (a unique software tool developed at
STUK for PRA) and YADRAT was performed earlier. The benefits and limitations of both tools
in modelling digital I&C systems were analysed. In 2014, the main goal was to develop an
approach to use YADRAT as a supporting tool for digital I&C analysis in PRA and to study the
possibility to develop a simple interface between YADRAT and FinPSA to exchange information
between the tools.

Model checking has been successfully used to analyse individual functions of safety-critical I&C
systems. In the nuclear domain, it may be necessary to examine several diverse subsystems
simultaneously, e.g., because the specifications may in fact cover their combined behaviour,
and to also additionally check that the diverse subsystems have no unintended interactions.
Unfortunately, currently available classical model checking methods do not always scale to
analysing these large and complex combined systems. Earlier, the project has developed an
iterative technique for model checking large modular systems. The technique uses abstraction
based over-approximations of the model behaviour, combined with iterative refinement. In
2014, the main objectives were to continue the implementation of the algorithm and to find out
whether the liveness-to-safety reduction could be more closely integrated into the algorithm.

In the earlier development of model checking methodology for nuclear I&C verification, the
usual assumption has been that the analysed system is one fully synchronous entity through
which all signals are able to traverse within a single system clock cycle. However, this
assumption does not hold especially for distributed systems, where the subsystems employ
different clocks. Another timing-related challenge in model checking nuclear automation
systems is the large difference in component time scales. The rate at which logical circuits
operate is much faster than that of delay elements or actuators, for example. Model checking
such designs efficiently and reliably with the current tools is difficult. In 2014, the objectives
were to further develop the ATMOC (Aalto Timed Model Checker) tool, study modelling
methodologies for asynchronous I&C systems, and release a model checking methodology for
ATMOC.

When the fault tolerance of systems is analysed, the complex functioning (internal memories,
timings) of digital I&C is not exhaustively considered. On the other hand, when the digital I&C
systems are analysed through, e.g., model checking, the architecture level failure assumptions,
and effects of the different failures on the system level are not typically addressed. These two
approaches could be combined by integrating plant level models and failure modelling
methodology with models describing the logical I&C functions in detail. A basic methodology for
modelling failures in I&C systems was created earlier. In 2014, the objectives were to test and
analyse the previously created case study in more detail, examine the case study model with
related PRA models, and investigate whether the plant-level properties could be verified as
several properties of the subsystems.

If the model checker reports no errors found, one may doubt the correctness of the result. If two
model checkers containing no shared code give the same result, confidence is naturally higher.
Another way to get increased confidence is to provide an independently checkable proof from
the model checker, a technique that was developed for liveness properties in the project. A
prototype tool chain to model check SMV models without using any code from NuSMV model
checker has been developed earlier. This was done by first converting the model from SMV to
AIGER, which is the input format used in the Hardware Model Checking Competition. After this
conversion, a number of tools can be used for the actual model checking. Additional benefit is
the possibility to use multiple different model checking algorithms in parallel and using the result
of the one that finishes first. In this case, some confidence is traded for speed. In 2014, the
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objectives were to integrate proof checking to the work flow and integrate the necessary tools to
production workflow at VTT.

The digital nuclear I&C systems contain a fair amount of source code (e.g., C code) in platform
software, application software and in smart instruments. Many approaches exist for analysing
source code. Static code analysis methods analyse code without executing the program.
Typically static analysis produces false warnings that need to be ruled out manually, making
them laborious to use. Dynamic symbolic execution (DSE) is a hybrid method that combines
benefits from static analysis and automated testing. In 2014, the objectives were writing a brief
state-of-the-art report on source code analysis, and analyse the applicability of the different
methods.

Deliverables in 2014

 Nordic guidelines on the reliability assessment of digital I&C systems for PSA have been
finalized.

 A Bayesian belief network software reliability model has been studied and a research report
has been written to clarify why the model produces counterintuitive results.

 An approach to use YADRAT as a supporting tool for PRA and especially digital I&C
analysis has been developed. Ways to integrate YADRAT with FinPSA have been
identified.

 A model checking algorithm that iteratively searches for a composition of modules that at
the same time is computationally manageable and covers enough modules to prove the
fulfilment of temporal properties in the original model has been further developed.
Improvements on the usability of the technique have been made. The integration of the
liveness-to-safety reduction to the technique has been implemented. The property-directed
reachability algorithm (PDR) also known as the IC3 algorithm has been added as a
subroutine to the technique. The implementation of the technique has been updated, and
several tests have been rerun on a fictional system, and on a model of an emergency diesel
control system. In the tests, the new technique could proof 67% of the properties faster than
the techniques compared against (BDD-based model checking, k-induction, PDR).

 New DIGREL automation designs were developed and modelled in the NuSMV modelling
language, integrated in the plant-level model, and utilized in testing the feasibility of the
plant-level verification. Techniques for modelling hardware failures and verifying the fault
tolerance of nuclear plant safety systems were developed. The model composition of the
plant-level model that addresses hardware failures is illustrated in Figure 2.2.3.1.

 Potential ways to integrate PRA and model checking were identified for further analysis.

 The source code of the ATMOC model checker has been added to a public repository:
http://github.com/dc-aalto/atmoc. Approaches for modelling and verifying I&C systems with
ATMOC have been studied.

 An approach to increase confidence in the results of model checking has been developed
further. Transformation of NuSMV models to AIGER has been improved.

 A state-of-the-art report has been written on the source code analysis. A tool called KLEE
has been used in an academic case study to analyse the C source code of core utilities of
the GNU operating system.
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Figure 2.2.3.1. Model composition created for the plant-level failure modelling and verification.

2.2.4 Safety requirements specification and management in nuclear power plants
(SAREMAN)

Unambiguous requirements are a prerequisite not only for successful implementation but also
for demonstrating the safety of nuclear power plant systems. The aim of the SAREMAN
research project (2011-2014) was to develop good practices for requirements specification and
management in nuclear power plants. From a consistent, domain-specific terminology the
project proceeded to requirements modelling and documentation methods, working practices
and finally towards utilization of information technology in requirements engineering. In order to
limit the scope SAREMAN focused on I&C systems. This focus highlights the multi-disciplinary
nature of requirements engineering involving, for example, safety engineering, process
engineering and control room operations. The principles of requirements engineering are,
however, common to several application areas. So, the results of the project are widely
applicable to the design and licensing of nuclear power plants.

Figure 2.2.4.1. Overall work plan for the four-year period.
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During the first project year 2011, the project worked with terminology and unambiguous,
readable requirements. Recommendations were collected for the key documents, the high-level
Concept of Operations (ConOps) and the technical System Requirements Specification (SyRS).
In 2012 the research continued in three areas: 1) traceability of design information; 2) guidance
for requirements specifications; and 3) regulatory compliance and role of requirements in safety
demonstrations. In 2013, the main topics were efficient systems engineering and licensing
processes and structured natural language templates for requirements authoring. During 2014
SAREMAN continued its work in two main areas: 1) safety-informed Systems Engineering in
the nuclear industry by conceptual modelling and analysis of regulatory requirements; and 2)
Controlled Natural Languages in I&C development. Because 2014 was the last project year, the
main research reports and guidelines from the previous years were finalised.

Specific goals in 2014

1. Refined conceptual model of plant systems, life-cycle and traceability. The previous
SAREMAN conceptual model from 2013 was combined with another information model, the
SEAModel, developed separately at VTT for machine automation. The general principles
were updated and extended with multi-disciplinary aspects in co-operation with the HACAS
project. The more practical information model based on the SEAModel was refined in the
form of UML diagrams. The resulting final report was finalised in December and reviewed in
January. The plan is to publish the working report as a VTT publication.

2. Regulatory requirement attributes in design and licensing. In this task, SAREMAN
collaborated with the VAHA-A project of the Finnish regulator and utilities. VTT contributed
by providing a SharePoint workspace for VAHA-A documents. Workspace users were
supported by creating user names as requested (about 170 users) and by helping users
where problems occurred. In Aalto, Eero Uusitalo participated actively in the VAHA-A work
thereby collecting insights to the interpretation of regulatory requirements. The source code
of the KLAD tool to support attribute setting was completed and published online as open
source. Data export was successfully completed, and attributed requirements are now
maintained by STUK. The KLAD tool has been taken offline due to the end of SAREMAN.
The remainder of the attributing work will be coordinated by STUK. The deliverables consist
of the KLAD software, a workshop publication and a research report.

3. Demonstration of a traceability information model. The goal was to build a practical
demonstration of the refined conceptual model from task 1 above. The concepts, scope and
implementation options were discussed with TVO in two meetings. An ITER example was
used to create on initial demonstration on traceability according to the SAREMAN concept
model. The DIGREL demonstration plant was selected as a public example that can be
used in other projects and tasks also. Some refinements and additions to the data were,
however, needed.

4. Active failures of software-based I&C systems. The plan was to carry out a literature review,
especially focusing in standards, with the intent of understanding the problem area better
and enabling understanding of how active failures are understood and dealt with in different
domains. A literature review was started with mapping of suitable references. However, the
task was later on cancelled due to refocus of effort and the work time was spent elsewhere.
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5. Controlled Natural Language templates in I&C development. VTT studied the possibilities to
extend single-sentence requirements to more complex behaviours, such as state and event
sequences. Both graphical presentations and structured textual use cases were considered
in two working reports. Due to limited resources, the planned refinement of the tool
concepts from 2013 had to be scaled down. However, some general requirement templates
for Systems Engineering were defined and experimented with the existing demonstration
tool and the DIGREL example. This task also included updates to the previous version of
the “Control engineer’s introduction to Requirements Engineering”. In Aalto, the research
report “Piloting lightweight requirements engineering training” was finalised. It concerns the
feasibility of a requirements engineering crash course for practitioners including the
application of Easy Approach to Requirements Syntax natural language requirements
templates. The related working report "Applying structured natural language to regulatory
requirements in nuclear domain” describing the application of EARS structured natural
language templates to YVL B.1 was completed.

Figure 2.2.4.2. An example from the SAREMAN conceptual model: engineering artefact types
related to verification and validation activities.

Deliverables in 2014

 Conceptual model for safety requirements specification and management in nuclear power
plants. The goal of this report is to define clear terminology and to provide a basis for and
computer tools. Accordingly, the report is divided into two parts, the first one discussing
general modelling principles and terminology and the second one suggesting a more
practical data model. The starting point is that requirements cannot be discussed in
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isolation from other engineering activities and system descriptions. Therefore, this report
discusses modelling of socio-technical systems in a broader sense. Computer tools need
consistent data models. This is why this report works towards a semi-formal, database-
oriented way by defining concepts that can be used in future computer tools.

 Source code of KLAD system.  The KLAD tool was developed to aid the attribute setting
work performed in VAHA-A, and its code was released as open source. KLAD is web-
based, developed using Django and SQL and it is roughly 3.5 thousand lines of code in
size. KLAD features group-based user management and a step by step workflow of
attributing requirements.

 Annotating regulatory requirements: A summary report of the VAHA-A initiative. This report
describes the progress reached in the industry-wide VAHA-A initiative, which aimed to
annotate all requirements in current regulatory YVL guides for Nuclear Safety in Finland.
The schedule of the initiative was overrun, so at the time of writing in December 2014 the
work is still ongoing as the research project is ending. Nevertheless, three quarters of the
work has been completed. The data collected from the initiative suggests that only a bit
over 50% of items in a regulatory guide are actually requirements. The metadata setting
was successful in the sense that values were found for most requirements. The results
indicate certain attribute values could use improvement in the future.

 Experiences from an Industry-wide Initiative for Setting Metadata for Regulatory
Requirements in the Nuclear Domain. Organizations involved in developing and maintaining
nuclear power plants need to comply with the requirements of legislative regulation. In the
newly renewed Finnish guidelines, there are over 6500 such requirements, which are not
always easy to interpret. Industrial stakeholders find the situation challenging. Therefore,
the Finnish nuclear industry and regulator formed a task force to clarify the new guidelines
by attaching metadata to all requirements. SAREMAN observed the work and created a
support tool called KLAD for it. This paper presents the initial results of the work at its
halfway milestone, the KLAD tool and experiences on its usage. In the process of setting
metadata, the industrial stakeholders reported increasing understanding of the
requirements, and regulatory guideline authors learned about writing good requirements.

 Traceability information model and tool demonstration. The demonstration includes a
shared workspace in VTT’s SharePoint system. In addition, the traceability information
model was implemented using Doors NG (Next Generation) requirements management
tool. It deals with tracing a physical separation requirement captured from YVL B.1. The
DIGREL I&C system was used as the example. The demonstration includes validation of
artefacts and completes thus tracing of the requirement up till validation.

 Lessons learned from safety-critical software-based automation architectures of nuclear
power plants. Engineering large software-based systems in safety-critical domains is a
challenge despite extensive research on the topic. Software technologies and development
processes are established, and basic safety principles are well known. However,
demonstrating the safety of software-based automation remains a key challenge. This
paper describes experiences from current nuclear projects featuring software-based
automation. It makes the observation that some assumptions in regulation and standards,
such as separation and diversity, do not apply to software. This results in unrealistic
expectations for software-based systems, making both design and safety demonstration
challenging.

 Visual languages for representing sequences in functional I&C requirements. In its previous
work, SAREMAN studied the use of textual requirement templates in specifying functional
properties of safety critical instrumentation and control systems, especially in the context of
formal model checking. It was observed that textual statements get difficult once it is
necessary to specify complex behaviours. This working paper reviews graphical
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approaches to see how they could serve the purpose of stating I&C requirements, in
particular functional properties dealing with timing issues.

 Using Controlled Natural Language for complex functional requirements. Use cases are
widely applied in software engineering for specifying units of useful functionality that a
system provides to its users. As an alternative to the visual languages above, this working
paper reviews literature, related research and tools combining controlled natural languages
and structured use cases and then discusses how textual use cases could be applied in the
design of instrumentation and control systems.

 A control engineer’s introduction to requirements engineering. This document summarizes
the cumulated research results of SAREMAN as an informal guide primarily written for
control engineers in the nuclear domain. It tells what requirements are and what their role is
in the design process. It also gives hints for digging out the needs of various user groups,
transforming them into well-formed requirements and managing requirements during the
design process.

 Applying structured natural language to regulatory requirements in nuclear domain. This
paper presents an effort to apply the Easy Approach to Requirements Syntax (EARS)
requirements authoring method to a Finnish draft regulatory guide. The aim was to
determine whether such a method can be applied to the regulatory requirements. It was
found that EARS is feasible with certain challenges and results in improvements with
reasonable effort. It also helps in finding deficiencies from the original requirements, such
as ambiguity and even conflicts..

 Piloting Lightweight Requirements Engineering Training. This paper describes experiences
in developing and piloting a “crash course” in requirements engineering to Master’s thesis
students working in industry settings. Aalto University developed a two hour course and
reference material based on the Easy Approach to Requirements Syntax (EARS). They
were piloted and refined in two projects both involved building software for external
customers. Lightweight training consisting of theory and supervised tutorials seemed to
provide participants with appropriate skills for systematic requirements documentation and
analysis. The evidence indicates that such training is both useful and feasible in industrial
context.

 Managing safety requirements in nuclear power domain by using V-model as a lifecycle
model. In this master’s thesis, a number of standards and guidelines are analysed and
evaluated. The aim is to find a good solution for managing safety requirements in each
phase of the system lifecycle. As the result, a V-model with twelve phases is offered as a
viable solution. This V-model is used to manage requirements from guideline YVL B.1 of the
Finnish nuclear safety regulator. Unfortunately, YVL B.1 does not require anything specific
from a lifecycle, so the guideline can only be applied to the early phases of the V-model.
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2.2.5 Identification of fault situations propagating between different systems and
disciplines (IFAPROBE)

The aim of the project is to develop methodology for identifying fault situations, caused by one
initiating event, that propagate between automation systems, the process and the physical
layout. For early phase designs, it is important to be able to find interconnections between
systems that should not be there. For example, burning gases may propagate and damage
components in redundant systems that were thought to be immune to common cause failures
due to isolation or diversity. In order to capture such unanticipated scenarios, simulation-based
risk analysis is needed. Such analyses are made possible by defining a cross-disciplinary
framework for capturing allocations, mappings and propagation (see Figure 2.2.5.1).

The capacity to simulate the failure of individual components must be integrated to such a
framework, so that the simulator can:

 Transition components to failure modes when exposed to environmental hazards.
 Recognize component failures such as leaking as sources of environmental hazards.
 Capture propagation of failure between automation and the physical process; for

example, if a sensor fails due to abnormal process or environmental conditions, the
simulation should capture the effect of the faulty measurement on the process.

Figure 2.2.5.1. Modeling additional system aspects of a complex system enables the capture of
failure propagation paths crossing different domains and disciplines using simulation.

Specific goals in 2014

During 2014 the project followed the suggestions of the main SAFIR stakeholders and focused
on generic methodologies for risk assessment and fault detection in complex systems.
Methodologies were developed and published related to searching for interesting critical event
scenarios using humans and a genetic algorithm. Also research has been published on the



RESEARCH REPORT VTT-R-03998-15
35 (164)

generation of machine learning data sets for the development of fault detection and
identification systems.

Security assessment using genetic algorithm

A methodology was developed for the selection of multiple fault critical event scenarios with
significant impact to the operation of the plant. The faults of the critical event scenarios are
used as “genes” and the scenarios as “chromosomes” for the genetic algorithm. A “fitness
function” outputs a fitness score for every scenario using simulation results as inputs. The case
study was a generic model of a nuclear power plant. Figure 2.2.5.2 presents the overview of the
proposed methodology.

Figure 2.2.5.2. Overview of the proposed methodology for identifying important critical event
scenarios using a genetic algorithm.

Using non-expert humans for the identification of critical event scenarios for complex
systems

An experiment was setup in which engineering students from the Oregon State University
(Corvallis, OR, USA) were able to perform remote simulations and try the effects of different
multiple fault scenarios. Their performance was compared to a random scenario generator. An
overview of the experiment setup is shown in figure 2.2.5.3. The case study was a generic
model of a nuclear power plant.
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Figure 2.2.5.3. An intercontinental experiment to test the ability of non-expert humans for
identification of critical event scenarios

Data set generation for the development of machine learning based fault detection and
identification systems

Fault Detection and Identification (FDI) for complex systems is challenging task. Machine
learning techniques can support the development of FDI systems. A methodology war
proposed to generate the necessary training and testing data sets for the development of data-
driven FDI systems. Figure 2.2.5.4 presents a generated data set in the Weka tool. The case
study was a generic model of a nuclear power plant.
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Figure 2.2.5.4. Training data set for fault detection system development when imported in the
Weka tool

Deliverables in 2014

 Conference publication “Nikolaos Papakonstantinou, Seppo Sierla, Konstantinia Charitoudi,
Bryan O'Halloran, Tommi Karhela, Valeriy Vyatkin, Irem Tumer, ” Security Impact
Assessment of industrial automation systems using genetic algorithm and simulation”,
submitted to IEEE ETFA 2014”.

 Conference publication “Ryan Arlitt, Nikolaos Papakonstantinou, Bryan O'Halloran, Chris
Hoyle, Robert Stone, “Using A Feasibility Study Of Human Computation For Failure
Scenario Identification”, ASME 2014 International Design Engineering Technical
Conferences (IDETC) and Computers and Information in Engineering Conference (CIE),
August 17-20, 2014, Buffalo NY, USA”.

 Conference publication “Nikolaos Papakonstantinou, Scott Proper, Bryan O'Halloran, Irem
Y. Tumer, “Simulation Based Machine Learning For Fault Detection In Complex Systems
Using The Functional Failure Identification And Propagation Framework”, ASME 2014
International Design Engineering Technical Conferences (IDETC) and Computers and
Information in Engineering Conference (CIE), August 17-20, 2014, Buffalo NY, USA”.



RESEARCH REPORT VTT-R-03998-15
38 (164)

2.3 Fuel research and reactor analysis

In 2014 the research area "Fuel Research and Reactor Analysis" consisted of five projects:
Criticality safety and transport methods in reactor analysis (CRISTAL), Three-dimensional
reactor analyses (KOURA), Development of Finnish Monte Carlo reactor physics code
(KÄÄRME), Neutronics, nuclear fuel and burnup (NEPAL) and Extensive fuel modelling
(PALAMA).

2.3.1 Criticality safety and transport methods in reactor analysis (CRISTAL)

Reactor physics is a base element in nuclear power safety. Many safety analyses rely on the
input from reactor physics codes. Therefore, it is essential that the expertise in the field is kept
up-to-date and improved in order to ensure appropriate and adequate safety analyses. The
CRISTAL project is an essential platform for educating new experts in the field of reactor
physics. In addition to a knowledgeable staff, good enough coverage is needed on the code
side. The project also tackles this issue. The codes have to be kept up-to-date as well as the
understanding of them. In addition, their validation has to be brought to an appropriate level in
accordance with international standards.

Specific goals in 2014

The most important objective of the project was training in order to improve the expertise of the
researchers. The training of one person into inventory calculation was to be continued in 2014.
This involved both SCALE and DOORS packages which were to be used in benchmark
calculations.

The UAM benchmark work was to be continued. In 2014, the GPT method was to be extended
to kinetic parameters, homogenized two-group total and self-scattering cross-sections, and
assembly discontinuity factors. The inclusion of these responses enables the production of a
complete set of uncertainty data for a full core calculation.

In criticality safety the main emphasis was in the work on the criticality safety validation
package. This effort is a long-lasting and tedious work. The package is based on the
International Handbook of Evaluated Criticality Safety Benchmark Experiments. It is important
that the criticality validation is brought to an appropriate level in accordance with international
standards.

Deliverables in 2014

 New experience was gained when two benchmark calculations were performed. Both the
SCALE and the DOORS package were used. SCALE was used to calculate an EPRI
benchmark and BOT3P/TORT calculations for NEA benchmark C5G7.
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Figure 2.3.1.1. Cross section of the TORT geometry of the C5G7 benchmark of UO2 and MOX
fuel elements without spatial homogenisation.

 A new method for uncertainty analysis of diffusion coefficients has been implemented to
CASMO-4. The calculation system developed in the project allows now the uncertainty
analysis of all relevant assembly data that is passed on to the following full-core
calculations with the considered responses including two-group homogenized cross-
sections, diffusion coefficients and assembly discontinuity factors. In addition, an automated
calculation system enabling the propagation of nuclear data uncertainty through the
CASMO-4 - SIMULATE-3 calculation sequence has been developed.

Figure 2.3.1.2. TMI-1 assembly power distribution on left and the respective uncertainties on
the right.

 In criticality safety, the upper safety limit (USL) was updated by repeating the old
calculations method on recalculated cases. The update used new, up-to-date code and
library versions. The new criticality safety values are

keff + 2 < 0,943 for normal conditions or anticipated operational occurrences
keff + 2 < 0,973 for other design basis scenarios.



RESEARCH REPORT VTT-R-03998-15
40 (164)

 The validation package was improved by increasing the number of critical benchmarks. The
inputs of 151 cases for the ZR-6/6M reactor were added for Serpent. The enrichment of
these cases varied from 1.6 % to 4.4 %, the assembly pitch from 12 cm to 20.9 cm and the
rod pitch from 1.1 cm to 1.9 cm.

Figure 2.3.1.3. The Serpent geometry (left) and thermal flux / fission rate plot (right) for one of
the ZR6M cases.

 The script to run the package has been written. At this stage the script runs the inputs for
either MCNP or Serpent. In addition, it performs the statistical analysis for the results
obtained by Serpent. The script also makes plots of various parameters from the Serpent
data in order to facilitate trend analysis, also visually.

 Hands-on experience in neutron dosimetry was gained by measuring the fast and thermal
neutron fluxes of the FiR 1 reactor. The measured reaction rates for the thermal and the
fast response were compared to numerical predictions from detailed Serpent calculations.
The differences between calculated and measured reaction rates were less than 20 %,
which was considered satisfactory.
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Figure 2.3.1.4. The neutron flux distribution within the FiR 1 reactor was calculated using
Serpent 2 Monte Carlo neutron transport code.

2.3.2 Three-dimensional reactor analyses (KOURA)

The goal of the project is to have a truly independent transient calculation system, which can be
utilized by the safety authority and other end-users for safety analyses. To achieve this, VTT’s
reactor dynamics codes must be constantly developed in order to be on the same level as other
codes used for similar purposes internationally. One of the main objectives in this project is
supplementing the code system with three-dimensional thermal hydraulics modelling.

In addition to the development work itself, it is essential that the new models are validated
against measurements and the results of other codes. Moreover, the expertise in the reactor
dynamics field has to be increased.

Specific goals in 2014

The project has two main research areas. The objective of the first area was to supplement the
code system with three-dimensional thermal hydraulics modelling. In practise, this means
modelling of the reactor pressure vessel with VTT’s in-house PORFLO code and coupling the
PORFLO with VTT’s reactor dynamics codes. PORFLO is a 3D solution code that utilizes the
concept of porous medium and it is designed to analyse thermal hydraulic phenomena in
multiphase flow problems related to nuclear power plant safety analyses.

The objective of the second area was to improve modelling methods for reactor dynamic
phenomena, improve models in dynamic reactor analysis codes TRAB3D and HEXTRAN, as well
as test and validate these methods against plant measurements and code-to-code comparisons.
Much of this work can be done as international co-operation in the form of calculating benchmark
problems organized by e.g. OECD/NEA and AER.  It is also important to increase the
understanding of different phenomena in reactor core and in the whole plant. The focus has
been on BWR modelling.  Most improvements in the reactor dynamics codes are, however,
useful also in PWR modelling.
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Deliverables in 2014

 The capability of PORFLO to function as the 3D thermal-hydraulic part of a reactor
dynamic transient calculation system is tested by simulations of the AER 7. benchmark
with the coupled code system PORFLO-HEXTRAN/SMABRE. The benchmark considers
start-up of a cold loop of a VVER-440. The objective is to predict core power when it
receives coolant that was first mixed in the downcomer and then in the lower plenum. The
mass flow rates and temperatures of the cold leg inlets of the 6 loops are calculated by
HEXTRAN-SMABRE and they are used as time-dependent boundary conditions in the
PORFLO simulation. The inlet boundary of the PORFLO simulation is located in the cold
legs of the 6 loops, relatively near the downcomer. Temperatures in the pressure vessel
and at the core inlet can be seen in Figure 2.3.2.1. Work has been reported in a research
report.

 Earlier during the KOURA project the PORFLO code and especially its implementation of
the k-  turbulence model has been verified successfully against Fluent simulations. The
applicability of the potential porous media closure models reported in literature has been
evaluated.  PORFLO has been applied to the EPR RPV modelling and on fuel assembly
modelling. Conference paper on these was prepared and presented in the ICONE-22
conference in 2014.
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40 s 47 s 80 s Legend

Figure 2.3.2.1.Results of temperature mixing in AER-7 benchmark by SMABRE (top row) and
PORFLO (two lower rows). Comparison of SMABRE and PORFLO results can be made
between the first two rows, which show the temperature field at core inlet level. Additionally, the
bottom row shows the downcomer temperature field by PORFLO.

 A TRAB3D –Serpent 2 code sequence has been developed in cooperation with KÄÄRME
project, allowing the use of group constants generated by Serpent 2 for TRAB3D
calculations. The code sequence has been utilized for zero power cases.

 Pin power reconstruction program has been coupled with TRAB3D and pin powers can now
be calculated simultaneously. Validation of the pin power model has been done with slightly
simplified EPR core model using in TRAB3D simulations cross sections created by
SERPENT-ARES. TRAB3D and SERPENT results have been compared. Work has been
reported in a special assignment.

 Calculation of the OECD/NEA O2 stability benchmark with TRAB3D has been continued
using updated benchmark specifications. Behaviour of reactor power is shown in Figure
2.3.2.2. Work has been reported in a research report.
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Figure 2.3.2.2. Local power measurement APRM during O2 stability transient (left) and
assembly powers with TRAB3D at time 241.7 s versus 240.4 s (right).

 A long-standing development of internally coupled TRAB3D-SMABRE has been completed.
User’s manual for SMABRE has been updated and instructions for the internally coupled
code have been included to the manual.

 VTT’s fuel behaviour code FINIX module been coupled to the HEXTRAN code and tested
with VVER CRE and MSLB cases.  Preliminary coupling to the internally coupled TRAB3D-
SMABRE has been done and tested.

 A simplified model for parameterization of fuel rod properties at initial state of a transient has
been created but not yet implemented to FINIX.

 Coupling of the FINIX to the TRAB3D and TRAB-1D codes has been introduced in the paper
that was prepared together with PALAMA and KÄÄRME projects and that has been
accepted to the Annals of Nuclear Energy.

 The project included participation in the AER working group D meeting, where the
presentation on HEXTRAN-FINIX coupling was given. The project included also
participation in the meetings of the OECD/NEA Working Party on Scientific Issues of
Reactor Systems WPRS and the meetings of EGUAM, expert group on Uncertainty
Analysis in modelling and EGRFP, expert group on Fuel Performance modelling.

 HEXTRAN code was transferred to the Linux platform. Report on modifications done to the
HEXTRAN and TRAB3D was written. In the same report, several auxiliary codes that are
necessary for safety analyses were documented. Also recalculation of the AER 6th

benchmark, MSLB in VVER-440 reactor, with up-to-date codes was reported.
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Figure 2.3.2.3. Testing of the new HEXTRAN version with control rod insertion in VVER-440
reactor. In the figure is power distribution at the vertical plane, location of which is shown in the
map in the left bottom corner.

2.3.3 Development of a Finnish Monte Carlo reactor physics code (KÄÄRME)

The Serpent Monte Carlo code has been developed at VTT since 2004, and mainly funded
from the EMERALD and TOPAS reactor physics projects in the previous SAFIR programmes.
In SAFIR2014, the development of Serpent was gathered under its own, well-specified project,
with two major goals:

1. To maintain the publicly available version of the Serpent code (Serpent 1), distributed by
two international data centres (OECD/NEA and RSICC)

2. To develop a new version of the source code (Serpent 2), with improved features and
entirely new capabilities

When the KÄÄRME project was started in 2011, the main part of the work was focused on re-
writing the source code of Serpent 2. After the first two years the emphasis was shifted to
calculation methods used for spatial homogenization and the use of Serpent for generating
group constants for deterministic fuel cycle and transient simulator calculations. The
methodology was practically completed during the last year of the project, and focus was again
shifted, to the validation of the calculation calculation routines. In addition to spatial
homogenization, the development of photon physics routines was completed in 2014.

Serpent user community includes more than 380 registered users in 126 universities and
research organizations in 31 countries around the world. Serpent 2 entered a beta-testing
phase in January 2012, and the test group has grown to 250 users with previous experience in
Serpent 1. The project has close collaboration with the PALAMA, NEPAL and CRISTAL
projects in SAFIR2014.

Specific goals in 2014

In 2014, the focus in Serpent development was even more clearly shifted from general Monte
Carlo methodology to practical challenges in spatial homogenization. This included completing
the homogeneous diffusion flux solver needed for producing discontinuity factors for reflectors
and assembly colorsets, and development of an automated calculation routine capable of
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performing branch calculations covering all reactor operating conditions. The methodology has
been tested with the Serpent-ARES code sequence using the MIT BEAVRS benchmark as the
test case, and Serpent-TRAB3D sequence for the initial core of the EPR reactor.

Additional goals for 2014 include development of photon physics routines as an M.Sc. thesis
project and participation in the activities of the international reactor physics community.

Deliverables in 2014

 Homogeneous diffusion flux solver for the calculation of discontinuity factors for
reflectors and assembly colorsets was implemented in Serpent 2.

 Automated calculation routine capable of performing branch calculations to cover all
reactor operating conditions was implemented in Serpent 2.

 Physics routines covering photon interactions were implemented in Serpent 2.

 Work on a processing script 'SXSFit' for the production of cross section libraries for
ARES, TRAB3D, HEXBU and HEXTRAN from Serpent output was started

 Validation of Serpent-ARES calculation sequence using the MIT BEAVRS benchmark
as the test case was continued to hot full power conditions and burnup simulations

 Serpent-TRAB3D calculation sequence was validated using the initial core of the EPR
reactor as a test case.

 Development of unstructured mesh and surface based geometry types was started.

 International collaboration and interaction with the Serpent user community included
participating in international conference PHYSOR 2014, ANS Annual and Winter
meetings, and the Executive committee meetings of the ANS Reactor Physics Division.
The 4th International Serpent User Group Meeting was organized by the University of
Cambridge, in September 2014. The three-day event brought together 34 Serpent users
from 18 organizations in three continents.

 Seven scientific journal articles and six conference papers were published in 2014.
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2.3.4 Neutronics, nuclear fuel and burnup (NEPAL)

The Fission and Radiation Physics Group at Aalto University School of Science concentrates
on developing calculation methods for reactor physics, modeling basic physical and chemical
phenomena in nuclear fuel, and researching new fuel cycles and next generation nuclear
reactors. The activities seamlessly combine education and research of nuclear engineering.
The essential field of know-how of the group covers physics-based analyses and numerical
computation, especially development of Monte Carlo codes.

The behavior of high-burnup fuel in a quasi-stationary situation mainly depends on the
mechanical strength of the cladding and its ability to transfer heat to the coolant. The
characteristics of fuel pellets are described on the basis of empirical data. Reliable modeling
outside of the normal operating parameters necessitates thorough understanding of the
phenomena and their modeling in a mesoscopic scale. Behavior of a porous, chemically
complex medium in a radiation field is a challenge to model. Besides mechanical strength the
composition of nuclear fuel is important to know for radioactivity analysis methods and disposal
of spent nuclear fuel.

The general objectives of the NEPAL project are the following:

 Development of methodology in Monte Carlo code systems: code comparisons (e.g.,
Serpent, FLUKA, MCNP) and their new applications (Triga, GEN4, Th-assemblies).

 Development of computational efficiency and accuracy in various subroutines,
evaluation of selected nuclear constants.

 Coupling of Monte Carlo neutronics codes with temperature distribution of fuel pellet
(Doppler effect).

 Accurate calculation of nuclide concentrations, especially concerning rare but potentially
important nuclides.

 Mesoscopic description and modeling of nuclear fuel.

 Education of experts: YTERA doctoral programme, strengthening expertise on nuclear
fuel, knowledge on core calculation codes and their applications in special cases (e.g.,
Th-assemblies in LWR core).

 Preparedness for new international projects, e.g., JHR.

Specific goals in 2014

We model the accurate composition of uranium and as a special case Th-based LWR-fuel at
high burnup (above 60 MWd/kgHMi), developing burnup algorithms and comparing their
accuracy and performance. Accurate burnup calculations aim at finding rare but potentially
problematic nuclides. These could comprise strong absorbers or other reactor-physically
important nuclides. Additionally, it could be important to know accurate concentrations of
nuclides that are important for spent fuel disposal or nuclear safeguards.

In 2014, we plan to send our fresh postdoc A. Isotalo to Oak Ridge National Laboratory (ORNL)
in the USA for 12 months for cooperation in testing and development of burnup calculation
methodology. ORNL is one of the leading organizations in the field of nuclear engineering and
their reactor physics group is tackling similar problems as we are. This visit serves to increase
our knowledge in this field, and as far as possible, the new methods will be implemented in
Serpent to serve its user community as a whole.
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ORNL have committed themselves to publishing the results in peer-reviewed articles or openly
accessible reports. The scientist exchange will be co-funded by the NEPAL project (VYR and
Aalto) and ORNL.

The work will focus on developing, testing and comparison of accurate and robust methods for
burnup calculation, especially for the modeling of larger and more complex geometries than
have traditionally been handled. Examples of specific topics include:

• Further development and comparison of recently published stable burnup
calculation algorithms, e.g.:

o The possibility of creating a higher order version of the SIE method (Stochastic
Implicit Euler) by combining it with the higher order methods developed earlier

o Correction of the bias and other possible improvements in equilibrium xenon
calculations

o Comparison of SIE and the equilibrium xenon method in their current or improved
forms

• Improved performance and memory usage in large and detailed geometries

• Further fine-tuning verification and validation of previously presented burnup
algorithms

• Analysis of error propagation in burnup calculations

• Applications of previously developed and above mentioned methodology to
special cases for the purpose of validation and/or testing/demonstrating their
ability to handle large and detailed or otherwise difficult problems.

We have constructed a mesoscopic simulation model of the thermal creep failure of fuel pellets.
The model includes damage accumulation from radiation-induced fission gas buildup, and the
behavior of the gases themselves. The buildup induces microcracking which couples back to
the gas dynamics. In 2013 the diffusion model based on continuum percolation has proven to
produce results that are qualitatively similar to empirical observations: fission gases are
released in bursts.

In 2014 the goal is to further increase the realism in our model. In order to produce quantitative
predictions, more information and models are needed on the percolation threshold, growth rate
of damages and thermal creep failure. We will publish a peer-reviewed article on the model and
results. Additionally, we will present our results in the Nuclear Materials Conference in Hilton
Clearwater, Florida, USA (27-30 Oct 2014).

Deliverables in 2014

In short, the 2014 deliverables of NEPAL are the scientific publications listed in the separate
document Publications_NEPAL_14.doc. In addition, two travel reports were written and
distributed to the reference group. The context of these deliverables is described below.

Burnup calculation methodology

In 2013 we began a comprehensive comparison of different neutronics-depletion coupling
algorithms, as very limited knowledge exists on the relative performances of even the oldest
methods. In early 2014 it was discovered that more algorithms are in use than previously
realized. It has been impossible to identify them from the open literature due to inconsistent
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naming of the various schemes combined with the lack of prior research comparing, or even
describing, them.

The first journal article presenting results of these comparisons (Isotalo & Sahlberg 2014) was a
deliverable in 2013, but was heavily revised in 2014 to account for the existence of additional
schemes. The comparison continued in 2014 and led to a second journal article (Isotalo 2014).
With this, all but one of the “old” coupling schemes have been compared to each other and our
new methods (Isotalo & Aarnio 2011a,b). The results of these comparisons confirm our new
methods to perform better than any of the old ones tested. In addition they allow the old
methods to be ranked by accuracy, which is valuable for the wide range of users still relying on
these methods.

A. Isotalo has traveled to the Oak Ridge National Laboratory and started work as a post-doc in
June. The work performed at ORNL has focused on further developing the CRAM depletion
algorithm (which was originally developed at VTT) and implementing it to the widely used
ORIGEN2 code of ORNL.

Two new capabilities were developed for the CRAM method. The first one (Isotalo &
Wieselquist 2015a) allows CRAM to be used for calculations with external feed by
homogenizing the inhomogeneous equations with source term. Even fairly general time
dependent feed rates can be modeled with the method. It was also discovered that while the
accuracy of CRAM is unaffected by step lengths, it improves rapidly and reliably over
subsequent steps with identical lengths and reaction rates (Isotalo & Wieselquist 2015b). An
internal substepping method (Isotalo & Wieselquist 2015b) was developed to efficiently exploit
this. These capabilities mean that CRAM can now be used for any and all depletion calculations
with extremely high accuracy and reliability.

The original coals for 2014 called for more focus on the neutronics-depletion coupling in
particular for large geometries. This work has only recently been started as the unexpected
need for completing the comparison of old methods (Isotalo 2014b) and developing the
required capabilities for CRAM (Isotalo & Wieselquist 2015a,b) were considered more urgent.

Figure 2.3.4.1. Relative errors for individual nuclides after a single depletion step of 100 days
with different numbers of substeps. Initial concentrations are all zero, but U-235 has an order 6
polynomial source term (feed rate).
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Mesoscopic modeling of nuclear fuel

We are developing a computational model for simulating the microstructural evolution of
nuclear fuel. The model includes damage accumulation from thermal creep deformation and
from fission gas buildup within the pellet. Damage accumulation is linked with increasing
porosity of the fuel, as microcracks and gas bubbles are formed. Diffusion of fission gases is
simulated from the viewpoint of percolation theory: gas flows through interlinked pores, and can
only reach the surface of the pellet through continuous pore pathways. (Ovaska, 2013)

In 2014, the main goal was to improve our model and present the latest results in the Nuclear
Materials 2014 conference. Our previous results had shown that damage accumulation from
creep fracture and fission gas bubble formation leads to a rapid transition from low to high
fission gas release, as the porosity of the fuel pellet reaches the percolation threshold (Ovaska,
2014). The waiting time prior to this transition was seen to be shorter for more homogeneous
damage evolution (gas bubble generation) than for randomly distributed creep damage
(microcracks). An obvious shortcoming of this study was that the shapes of the two different
types of pores were not taken into account. It is well known that the continuum percolation
threshold is lower for ellipsoidal particles than for spherical ones. Thus the percolation threshold
in a fuel pellet should depend on the relative densities of microcracks and fission gas bubbles.

Pore geometry is now taken into account in the model by treating damage accumulation from
microcracks and fission gas bubbles as separate variables. Instead of a global percolation
threshold used previously, local percolation thresholds are calculated for each bond in the
system according to the ratio of creep and gas damage it has sustained. An increase in relative
microcrack density with respect to gas bubble density expedites gas release, as this effectively
lowers the local percolation thresholds. Another interesting result was obtained in simulations
with creep damage accumulation coupled to damage repair. Varying the repair rate separated
the release dynamics into two phases. With a slow repair rate, all gas is eventually released
from the system, but a sufficiently high repair rate limits the gas release to the region close to
the top boundary.

Figure 2.3.4.2: Example of a simulation run with both creep and gas damage accumulation
shows the rapid transition from low to high gas release. Fractional gas release and release rate
are plotted as a function of time (scaled by the total damage generation rate). The snapshots
on the right show how gas is released through the top boundary of the system (top row), as the
porosity increases due to microcracks and gas bubbles (bottom row).

Instead of explicitly solving the diffusion equations, gas diffusion is now approximated by
periodically searching for all boundary-connected bond clusters, and emptying all gas nodes
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linked to these clusters. The speed-up gained through this approximation allows us to use
much larger system sizes (1000×1000 gas nodes instead of 100×100 used previously) without
significantly affecting the accuracy of simulation results.

2.3.5 Extensive fuel modelling (PALAMA)

The general goal of PALAMA project is to develop and maintain competence and tools required
for independent nuclear fuel behaviour assessment in both normal operation and accident
conditions. The updates to the regulatory guides creates a need to better understand, describe
and model phenomena related to increasing burnup and the statistical nature of the fuel rod
behaviour. Investigation into so-called design extension conditions requires fuel behaviour
studies broadened towards areas such as thermal hydraulics, reactor dynamics and severe
accidents. The increasing volume of Finnish nuclear power production induces new challenges
as the load following operation may be required and its effects to the fuel performance must be
understood. The fuel performance codes need to be systematically validated, and the creation
of a framework for such a purpose is one of the goals of the project. The tradition of strong
bilateral cooperation with foreign and international organizations and international collaboration
in the form of participation in benchmarking programmes, working groups and conferences is
upheld.

Specific Goals in 2014

Focus for 2014 is in model development, especially on the modelling of chemical interactions in
the nuclear fuel, the thermal hydraulic couplings to better analyse both RIA and LOCA transients
and the continuation of creep model development. The international co-operation such as fuel
behaviour part of VTT - Halden Reactor Project in-kind work, participation in working groups
OECD/CSNI WGFS and ETSON SAG, as well as the following of CABRI and JHIP progress is
done under this project.

Deliverables in 2014

 A review of the effect of actinide additions to the fuel behaviour was performed.

 A Master’s Thesis on nuclear fuel chemistry was done.

 Prospects of improving SCANAIR thermal hydraulics modelling by external TH code
coupling were investigated.
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Figure 2.3.5.1. Comparison of cladding maximum temperature during RIA between standalone
and coupled SCANAIR code.

 Ability for FINIX fuel module to use FRAPTRAN inputs was created.

 FRAPCON-3.5 and FRAPTRAN-1.5 were taken into use at VTT.

 Fuel bundle was simulated with GENFLO-FRAPTRAN.

 The coupling of FINIX and Serpent was documented.

 First meetings of OECD/NEA RIA benchmark phase 2 and IAEA CRP FUMAC were
participated in.

 A manuscript on the determination of number of failed rods during EPR LB-LOCA was
submitted to Nuclear Engineering and Design.

 A manuscript on FINIX development was submitted and accepted to Annals of Nuclear
Energy.
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Figure 2.3.5.2. Comparison of temperatures between FINIX and default fuel models of TRAB-
1D during a reactivity insertion.

 The 8th workshop of OECD/NEA Benchmark for Uncertainty Analysis in Best-Estimate
Modelling for Design, Operation and Safety Analysis of LWRs was attended. VTT has been
providing input for the formulation of Phase II fuel behaviour exercise.

 Several international conferences were participated in. Information event on international
fuel behaviour projects was organized in June 19th.

 A manuscript on viscoelastic model for Zircaloy cladding primary creep was written and
accepted to Journal of Nuclear Materials.
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2.4 Thermal hydraulics

In 2014 the research area "Thermal Hydraulics" consisted of eight projects: Enhancement of
safety evaluation tools (ESA), Experimental studies on containment phenomena (EXCOP),
OpenFOAM CFD-solver for nuclear safety related flow simulations (NUFOAM), Numerical
modelling of condensation pool (NUMPOOL), PWR PACTEL experiments (PAX), Modelling of
pressure transients in steam generators (SGEN), Thermal hydraulics and fuel integrity in spent
fuel dry cask interim storage facility (SPEFU) and Uncertainty evaluation for best estimate
analyses (UBEA).

2.4.1 Enhancement of safety evaluation tools (ESA)

The objectives of the project were to develop and validate calculation methods for safety
evaluation of nuclear power plants. Both system analyses with thermal hydraulic codes and
containment analyses with lumped parameter (LP) codes and CFD calculation methods were
enhanced. The Apros and TRACE codes were validated with both separate effect and integral
tests concentrating on the phenomena important for the new plant concepts offered for the OL4
and the Fennovoima plants. CFD methods to analyse containment behaviour were enhanced.
Condensation models and modelling of containment condensers were validated. An important
objective was to train new thermal hydraulic code users and educate young experts.
Participation in large international OECD/NEA and USNRC thermal hydraulic projects and
Nordic co-operation were essential parts of the project.

Validation of system analysis codes

The station black out tests H2.1 and SBO-02 of the OECD/PKL3 research program were
modelled with Apros. The PKL test H2.1 simulated complete loss of electrical power with
additional complicating assumptions i.e. the diesel generators and the reserve grid connection
were not available and operator actions were delayed. The PWR PACTEL SBO-02 test (see
SAFIR2014/PAX project) was supplementary to the PKL test H2.1. Figure 2.4.1.1 shows PWR
PACTEL test facility and visualization of the steam generator secondary side of the Apros
model.

Figure 2.4.1.1 PWR PACTEL facility, vertical steam generator and visualization of calculated
void fraction in the steam generator secondary side model.
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The overall behaviour in both PKL and PWR PACTEL experiments were well reproduced by
Apros, but core maximum temperature was overpredicted.

AER dynamic benchmark 6 was simulated with the coupled TRACE V5.0 Patch 4 and PARCS
3.2 code. The 6th benchmark is a double-ended steam line break that starts from full power.
The leak leads to asymmetric core cooling and power distribution. Figure 2.4.1.2 shows core
power distribution at 15 s after the steam line break. Overall calculated behaviour during the
transient was in line with other benchmark simulations, but due to lack of control rod data and
problems related to modelling the stuck control rods, return to power behaviour was not
achieved.

Figure 2.4.1.2 Relative change of core assembly power at 15 s. after main steam line break.

The passive containment cooling system experiment PCC-06 of Lappeenranta University (see
SAFIR2014/PCCS project) was modelled with Apros (Figure 2.4.1.3). The experiment simulates
an accident in which steam is released to a BWR containment initially filed with nitrogen.
Mixture of steam and non-condensable gas flows from the drywell to the PCC heat exchanger
where steam partially condenses and non-condensable gas (air) and remaining steam flows to
the wetwell compartment.

Figure 2.4.1.3 PCCS test facility and Apros model of the containment and the PCC.

The calculated condensation rate was underestimated at the beginning of the transient.  The
main reason for this was the slower flow of the non-condensable gases from the drywell to the
wetwell. In the end of the transient, when non-condensable gases were not present anymore in
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the PCC heat exchanger, the calculation results were in a good agreement with the measured
data.

Containment thermal hydraulics

Verification and validation of the Apros containment with multi-node modelling approach was
continued with numerical tests and studying modelling of gas stratification in a diploma thesis.
The hydrogen stratification experiment HM-2 in the THAI facility was modelled with Apros
(Figure 2.4.1.4). The test contained two main phases: development of hydrogen stratification in
the upper part of vessel, and erosion of stratification during hot steam injection to the lower part
of the containment below the inner cylinder. For comparison purposes, the test was also
calculated with the Apros 6-equation model with the identical nodalization (including the
convection term of the momentum conservation equation). Calculation results showed that both
the Apros containment model and the 6-equation model could model the hydrogen stratification
well, if the vertical nodalization was dense enough. In this test, the gas flow rates were
relatively low and the convection term did not have noticeable influence on the predicted gas
stratification and erosion of stratification. However, if the gas flow rates were relatively high, the
convection term of the momentum equation would be necessary to model the pressure
difference between the adjacent nodes reasonably.

Figure 2.4.1.4 THAI test facility (left) and Sketch of the Apros model (middle) and Apros net.

The OECD/HYMERES test HM2-1 in MISTRA test facility studied ability of a passive
autocatalytic recombiner (PAR) to mix stratified gas atmosphere. Behaviour of the PAR was
simulated in the test with an electrical heater. The experiment was modelled with similar multi-
node Apros model than the THAI experiment (Figure 2.4.1.5). The test was found very
challenging for a lumped-parameter code like Apros containment since the driving forces for
convective flows were small. The helium concentrations in the bottom part of the inner
compartment of the MISTRA facility were over-predicted. The bottom part of the inner
compartment was cooler in the calculation than in the experiment causing a too big density
difference between the upper and lower part of the facility. However the results could be
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improved by modelling heat conduction in the wall structures and modelling radiation heat
transfer between the structures.

Figure 2.4.1.5 Sketch of the MISTRA facility and calculated density distribution during the cool
down phase of the PAR simulator.

Deliverables in 2014

 PKL H2.1 station black-out and PWR PACTEL SBO-02 experiments in OECD/PKL3
research program were calculated with Apros.

 Apros capability to model passive containment cooling system (PCCS) was reviewed by
modelling the PCC-06 experiment of Lappeenranta University.

 TRACE model of VVER-440 for simulations of the AER benchmarks was enhanced.

 The Apros containment multi-node modeling approach of gas stratification was further
tested by modelling the THAI and MISTRA gas stratification experiments.

 The USNRC/CAMP annual participation fee was paid, giving the license to use TRACE for
all Finnish nuclear energy organizations.

 OECD ATLAS, HYMERES and PKL3 program review group meetings were participated and
participation fees of the research programs were paid.

 Northnet roadmap 3 for thermal hydraulics and heat transfer in the containment was
coordinated.

 FONESYS, the network among thermal-hydraulic system code developers, were
participated and FONESYS critical flow benchmark was calculated.
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2.4.2 Experimental studies on containment phenomena (EXCOP)

The main goal of the EXCOP project is to gather an extensive experimental database on
condensation dynamics, heat transfer and structural loads in a suppression pool environment to
be used for testing and developing computational methods used for nuclear safety analysis,
such as Fluent, NEPTUNE_CFD, TransAT, GOTHIC and APROS. Behaviour of the
suppression pool during air/steam discharge still needs to be investigated experimentally in
more detail to improve simulation models. The PPOOLEX test facility at Lappeenranta
University of Technology (LUT), including models of the Boiling Water Reactor (BWR) drywell
and wetwell compartments and withstanding prototypical system pressure, has been used in
the experiments. To achieve to above mentioned goals sophisticated measuring solutions i.e. a
Particle Image Velocimetry (PIV) system and a modern triple high speed camera system have
been installed to the PPOOLEX facility in 2011-2013. Networking among international research
organizations has been enhanced via participation in the NORTHNET framework and
NKS/ENPOOL project.

Specific goals in 2014

Specific goals in 2014 included two experiment series with the PPOOLEX test facility,
improvement of pattern recognition algorithms used in the analysis of video data of the tests
and simulation of a direct contact condensation (DCC) test with NEPTUNE_CFD code.

The pressure suppression pool in a BWR serves as a primary heat sink during a loss of coolant
accident (LOCA) or when the reactor is isolated from the main heat sink. The pool surface
temperature defines the saturation steam pressure in the containment. Steam condensation
creates a source of heat in the pool. In case of small steam flow rates, thermal stratification
could develop and significantly impede the pressure suppression capacity of the condensation
pool. Experimental studies have shown that once steam flow rate increases significantly,
momentum introduced by the steam injection and/or periodic expansion and collapse of large
steam bubbles due to DCC can destroy stratified layers and lead to mixing of the pool water.
Accurate and computationally efficient prediction of the pool thermal-hydraulics with thermal
stratification, mixing, and transition between them, presents a computational challenge.

KTH is developing the Effective Heat Source (EHS) and Effective Momentum Source (EMS)
models and implementing them in GOTHIC code. The models have been proposed to simulate
thermal stratification and mixing during steam injection into a large pool of water. They can be
implemented also in system codes, such as APROS, if considered useful. To provide
necessary data for the development of the models, a series of experiments on the dynamics of
free water surface in the blowdown pipe with different steam mass flow rates and transient
times was carried out in the PPOOLEX facility in 2013. KTH plans to broaden the validity of the
models to spargers. For this reason an experiment series with a scaled sparger model was
conducted in 2014 according to a detailed test plan written by KTH on the basis of pre-test
calculations.

The model of the sparger was designed and scaled by KTH. The goal of the scaling was to
define the conditions of the PPOOLEX experiments with a sparger in order to cover the ranges
of thermal hydraulic phenomena and regimes relevant to a steam discharge into a water pool in
prototypical conditions of a BWR pressure suppression pool operation. The sparger model used
in the PPOOLEX experiments had 32 Ø8 mm holes drilled radially in the lower part (sparger
head) of the DN65 (Ø76.1x4.0) sparger pipe, Figure 2.4.2.1. The load reduction ring (LRR) was
700 mm above the pipe outlet and it had 8 axially drilled Ø8 mm holes. However, during the
actual sparger experiments all the LRR holes were plugged.

A 6x7 grid of temperature measurements was installed in the pool in front of the injection holes
of the sparger head for determining how far the steam jets reach. Four trains of thermocouples
were installed in the pool below the water level for detecting vertical temperature distribution.
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Figure 2.4.2.1. Scaled sparger model used in the PPOOLEX experiments.

The path of each experiment defined by steam mass flux and pool bulk temperature can be
marked on the condensation mode map for a sparger of Chan and Lee (Figure 2.4.2.2).
Practically, the experiments covered all flow modes of the map.
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Figure 2.4.2.2. Paths of the sparger experiments marked on the direct condensation mode map
for pure steam discharge of Chan and Lee.

Mixing efficiency depended on the flow mode in question i.e. on the used steam mass flow rate
and on the pool bulk temperature. When the flow rate was very small condensation took place
inside the sparger pipe and there was no mixing effect at all. When the flow rate was in the
region of 70 g/s the flow mode was external chugging. Then water suction into the sparger
head through the injection holes and steam discharge out of the head as jets alternated. This
created enough turbulence in the pool so that also the water volume below the sparger pipe
outlet was finally mixed (Figure 2.4.2.3). With the intermediate and high flow rates steam jets
through the injection holes prevailed and there was no water ingress back into the sparger
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head. In the high flow rate cases the momentum created by the horizontal steam jets was so
strong that the resulting internal circulation hit the pool wall and partly turned downwards thus
mixing also the elevations far below the sparger head. In the intermediate flow rate cases the
created momentum was sufficient to cause mixing only along a short distance below the
sparger head outlet elevation. In both cases the elevations above the sparger head outlet were,
however, well mixed.
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Figure 2.4.2.3. Two stratification and two mixing phases in a sparger test.

The main purpose of the DCC experiments was to obtain high quality measurement data with
the PIV system for the validation of DCC models used in CFD codes and to make 3D high
speed video recordings to be used in the development work of pattern recognition algorithms.
For the PIV measurement system to work correctly, high quality raw particle images need to be
recorded. For time-averaging purposes close to a constant velocity field should exist. Otherwise
the fluctuations will diminish the average velocity field close to zero.

It was soon found out that even with the use of fluorescent tracer particles and short pass filters
the reflections from steam bubbles created huge problems in the field-of-view, FOV. With a big
steam release to the FOV the reflections oversaturated the particle image so much that it was
unusable. The long pass filters were replaced with common red band pass filters which let
through only 0.4 % of 532 nm wavelength compared to the old long pass filters. However,
steam created major optical problems that couldn’t be overcome even with the new red band
pass filters. The only way to present any PIV results from the DCC experiments is with
individual vector images when there are optically intact raw images available (Figure 2.4.2.4).
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Figure 2.4.2.4. A vector image of a PIV measurement from a DCC experiment.

The main finding from the DCC experiments was that PIV cannot be applied successfully for
velocity measurements near the blowdown pipe outlet with the current PPOOLEX measuring
set-up. The character of the flow in most steam discharge experiments is fluctuating and
chaotic. These fluctuations make the time-averaging of PIV images impossible because there is
no constant flow direction to be found. In addition, when there are optical distortions present,
the PIV vector result is corrupted. At the moment there is not a way to get around these optical
distortions even though the new filters succeeded well by cutting the reflections from the actual
steam bubbles.

Macroscopic information of vapour-liquid interface and its changes obtained with a high-speed
camera system does not directly apply to the CFD models but data of bubble size, surface
deformation rate and frequency of bubble formation can be indirectly compared to field data of
CFD simulations with the help of a pattern recognition algorithm. Experiment data on the DCC
phenomenon obtained with the POOLEX and PPOOLEX facilities has been utilized in the
development work of such an algorithm.

The pattern recognition algorithm originally developed for a one camera system was updated to
be able to handle data from three high speed cameras. The idea of the algorithm is to subtract
the background image from the image of interest and only the steam bubbles should remain.
The algorithm consists of two parts: the first part is for the pattern recognition of bubbles and
the second part is for the analysis of the recognized bubble images. Chugging frequencies
calculated with the help of the algorithm were realistic and of the same size as the average
frequency calculated from the experimental data.

Several NEPTUNE_CFD simulations of POOLEX and PPOOLEX direct contact condensation
experiments were done in the framework of the EXCOP and EU/NURESAFE projects. The aim
was to improve condensation models using the current separated flow condensation models as
a starting point.

The Reynolds Averaged Navier-Stokes (RANS) simulations by using the Eulerian-Eulerian
NEPTUNE_CFD code with steam tables were promising. However, the 3D NEPTUNE_CFD
v.2.0.1 simulation model of PPOOLEX did not lead to such strong chugging conditions as
observed in the reference test. This outcome was general for all the condensation models
tested. The result differed negatively from the earlier NEPTUNE_CFD v.1.0.8 POOLEX
chugging simulations. Despite of missing chugging, the condensation rates of all the models
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were high enough to condensate the detaching steam bubbles in the vicinity of the blowdown
pipe outlet. Turbulence kinetic energy (TKE) levels and turbulence production by chugging,
initial state in the blowdown pipe, computational grid resolution, and the accuracy of calculated
interfacial area will be plausible issues when addressing next the problem of too weak
chugging. An example of the calculation of TKE in a DCC case is shown in Figure 2.4.2.5.

Figure 2.4.2.5. Development of turbulence kinetic energy field of liquid in the wetwell of
PPOOLEX in a DCC simulation case with NEPTUNE_CFD.

Deliverables in 2014

 A series of steam sparger experiments was carried out in the PPOOLEX test facility. Mixing
efficiency depended on the flow mode in question i.e. on the used steam mass flow rate
and on the pool bulk temperature. During the external chugging flow mode the pool mixed
completely although the steam injection flow rate was then relatively low. The experiment
results will be used by KTH to further develop and validate the EMS and EHS models to be
implemented in GOTHIC code in order to reduce uncertainties and improve accuracy in
predictions.

 PIV measurements were conducted and recordings with a three high speed camera system
were captured during the DCC experiments in the PPOOLEX test facility. Reflections from
steam bubbles created huge problems in the FOV of PIV and high quality raw particle
images could not be recorded. The PIV results from the DCC experiments have to be
presented as individual vector images when there are optically intact raw images available.

 The pattern recognition algorithm originally developed for a one camera system was
updated to be able to handle data from three high speed cameras. Chugging frequencies
calculated with the help of the algorithm were realistic and of the same size as the average
frequency calculated from the experimental data.

 Several NEPTUNE_CFD simulations of PPOOLEX direct contact condensation experiments
were done. None of the condensation models tested led to such strong chugging conditions
as observed in the reference test.
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2.4.3 OpenFOAM CFD-solver for nuclear safety related flow simulations (NuFOAM)

The main aim of the NuFoam project has been to validate the open source CFD-software
OpenFOAM as a tool for nuclear safety related simulations. A national network of OpenFOAM
users performing nuclear safety CFD analysis has been further developed, and connections
with the international OpenFOAM users and developers have been formed. International co-
operation has been utilized in order to minimize the national development work.

In single-phase flow simulations, the aim has been simulation of flow and heat transfer in a
complex geometry, especially in a fuel assembly and its head parts. Time dependent flow
simulations have been performed with accurate computational methods and models. Massively
parallel computing has been effectively utilized. As a result an improved understanding of the
coolant mixing in a fuel rod bundle has been achieved. The results can be used in verifying
safety issues when increasing the burn up of the fuel.

An Euler-Euler two-phase solver has been developed by using the OpenFOAM program library.
The work has been done by adding heat transfer models into an existing two phase
OpenFOAM solver. First, a solver for two-phase heat transfer has been validated in simple flow
geometries. Second, a heat transfer model for subcooled nucleate boiling has been
implemented and validated in geometry relevant to fuel rod bundles.

Specific goals in 2014

In 2014, simulations of VVER-440 fuel rod bundle were continued by applying OpenFOAM also
to the full-length bundle, both in isothermal and heat transfer cases. The previously utilized
computational grid, the same as used with FINFLO-code, was found to cause severe instability
in the heat transfer simulation. Nominally sufficient aspect ratios in certain cells were too large
in the solution of the energy equation. A new denser grid was created that consists of 56.6
million cells. The largest aspect ratios were cut to one half compared to the original grid. New
isothermal simulations were done both with a simpleFoam-solver and the buoyantSimpleFoam-
solver capable for heat transfer cases.

In the simulations, it was found out that velocity distributions were different between the tested
solvers. While the simpleFoam distributions are slightly closer to the measurements, the
corresponding buoyantSimpleFoam results are almost identical to the earlier FINFLO-code
results. All RANS simulations, except the simpleFoam ones, share similarities with earlier
simulations, showing sharp peaks in velocity distributions above the spacers which hold the fuel
rods. A large velocity peak also tends to appear above the 'O'-shape sub-channel, which does
not exist in the measured flow distributions. However, it should also be noted that the velocity
distributions in this case are extremely sensitive to location. Moving the sampling line by just
0.1 mm across the stream direction causes large chances in the velocity distributions.

Heat transfer simulations were carried out by utilizing constant heat flux from the rods. In real
applications the heat fluxes are rod and location dependent but these features were left for
future investigations. Fairly good heat balance was achieved and the influence of turbulent
mixing in temperature distribution could be observed. Heating up of the coolant as it flows
through the rod bundle can be seen in Figure 2.4.3.1. Heat transfer modeling has also been
included in RANS simulations.
The spacer grids are difficult to model accurately and on the other hand the grids affect the heat
transfer and pressure losses in the fuel rod bundle. As a whole-length bundle is beyond the
limits of the practical computer resources available, the grid region is modeled accurately with
detailed DES analysis. DES analysis was proven to be unstable in some cases. The problems
with the periodic boundary conditions were partly solved in 2013. The computations were
facilitated by developing a new synthetic inlet boundary condition for the LES applications.
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Figure 2.4.3.1. Temperature distribution planes in flow direction of the fuel rod bundle.

OpenFOAM multiphase models and solver have been developed and validated for boiling in
light water reactors. The first main goal has been the development and validation of models and
solver for the simulation of boiling in PWRs. In addition, models for direct-contact condensation
have been developed and tested. The models have been formulated so that they can also be
applied to other boiling and condensation phenomena in nuclear reactor safety analysis.

OpenFOAM 2.3.0 (OpenFOAM Foundation, 2014) consolidated Eulerian two-phase solvers into
a single solver called twoPhaseEulerFoam. This solver can be used to simulate compressible
and incompressible flows and includes generalized run-time selectable turbulence and
interfacial models. In OpenFOAM 2.3.1 the solver was rewritten in fully conservative form for
mass, momentum and energy and support for user-defined source terms was added.

In the present project, the capability of the OpenFOAM 2.3.1 twoPhaseEulerFoam solver was
extended to simulation of subcooled nucleate boiling by incorporating models and features
found useful in the solvers previously developed in this project. The enhancements include
modified numerical treatment of interfacial forces, extended and modified closure model
libraries and improved modelling of heat transfer. The solver also supports thermal phase
change in terms of wall boiling (RPI model) and interfacial condensation and boiling.

The behavior of newly created twoPhaseNuFoam v0.6 solver was evaluated by simulation of
experiments that are relevant for simulation of subcooled nucleate boiling in fuel rod bundles.
Multiphase interfacial force and turbulence modelling was tested in DEDALE vertical pipe flow
and SUBFLOW 5 5 rod bundle with a spacer grid (Hyvärinen, 2014). The subcooled nucleate
boiling capability was tested in DEBORA5 vertical pipe flow and PSBT 5 5 rod bundle.

The DEDALE experiment was simulated with different turbulence and interfacial closure
models. Depending on the evaluated property different combinations of models produced the
best results. Antal et al. (1991) wall lubrication force appeared weak, standard k-  turbulence
model was sensitive to near wall void and the Lahey et al. (2005) k-  model was very
dispersive. The k-  SST model is a compromise between the two k-  models.
In the SUBFLOW simulation (Figure 2.4.3.2), good results were obtained when bubbles were
small. On the other hand, the fully developed void fraction at the inflow boundary was poorly
predicted, when bubbles were large. The qualitative effect of the spacer was still well captured.

In the boiling simulations, good results were obtained in the DEBORA simulation with the k-
SST model (Figure 2.4.3.3) but the PSBT 5.211 simulation could not be converged in
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reasonable timeframe. It appears that the convergence of the pressure equation becomes
progressively more difficult as the phase change source terms increase in magnitude.

Simulation Experiment
Hyvärinen (2014)

Figure 2.4.3.2. Comparison of the simulated void fraction distribution before and after the

spacer grid with the  m/s SUBFLOW experiment carried out by Hyvärinen (2014).

Figure 2.4.3.3. Comparison of calculated radial void fraction and liquid temperature to
DEBORA5 experimental results. Simulation results are shown for twoPhaseNuFoam v0.3, v0.4
and v0.6 with k-  SST and standard k-  turbulence models.

The low condensation rate test case POOLEX STB-31 has been simulated with OpenFOAM
previously in this project. The obtained results corresponded well with the test data and earlier
simulations with NEPTUNE_CFD code. In 2014, calculations of a more vigorous chugging
condensation case (the POOLEX STB-28 test) have been carried out. Numerical modeling of
direct-contact condensation (DCC) has been carried out by using the direct contact
condensation model implemented previously to the OpenFOAM code, i.e., the Hughes & Duffey
model (HD).
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In this work, only the initial 30 s period of STB-28-4 test was simulated. The volume fraction
fields are presented in Figure 2.4.3.4 which displays the first bubble of the OpenFOAM
simulation. It can be seen that the implemented HD condensation model yielded promising
results of early phase of the simulation, as the initial hyperboloid jet condenses quite rapidly. A
toroidal bubble is formed after that as expected. However, it can be seen that the size of the
bubble is relatively large. As simulation is continued, it can be seen that the bubble still persists
and oscillates at the blowdown pipe outlet, never collapsing totally. This indicates that the
predicted condensation rate is high enough to condense the steam before any bubbles detach
from the steam outlet, but at the same time too low to initiate proper chugging.

Figure 2.4.3.4. Volume fraction fields in the 2D-axisymmetric OpenFOAM CFD simulation of the
STB-28-4 experiment by using the HD condensation model.

Quantitative behavior of the predicted condensation mass flow rate in the STB-28-4 experiment
with the HD condensation model is presented in Figure 2.4.3.5. It can be observed that the
condensation rate oscillates quite symmetrically around the inlet steam mass flow rate value,
whereas the mean DCC rate is lower than the circa 0.3 kg/s in the presented NEPTUNE_CFD
results of Tanskanen et al. 2014. Due to this, the condensation mode in the OpenFOAM case
resembles more the “condensation oscillations” or “quasi-steady condensation” modes than the
“chugging” mode. Despite of this result, a promising outcome is that the DCC rate is high
enough to condensate the steam in the vicinity of the blowdown pipe outlet. Numerical stability
of the solver was also good during the simulation.
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Figure 2.4.3.5. Condensation mass flow rate and inlet vapor mass flow rate in the 2D-
axisymmetric OpenFOAM CFD simulation of the STB-28-4 experiment by using the HD
condensation model. The amount of wall condensate is deducted from the inlet steam mass
flow rate.
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Deliverables in 2014

 Report on the modeling spacer grids in fuel rod bundles.

 Report on the validation of heat transfer model in a fuel rod bundle.

 Report on the new version of the two-phase solver for subcooled nucleate boiling: physical
models and implementation.

 Report on the validation calculation of subcooled nucleate boiling in a fuel rod bundle.

 Report on the modeling of a chugging experiment.

2.4.4 Numerical modelling of condensation pool (NUMPOOL)

The objective of the NUMPOOL project has been to develop two-phase and Fluid-Structure
Interaction (FSI) calculation methods that can be used for modeling of pressure suppression
pools of BWRs. In particular, the direct-contact condensation occurring in the pool during a
postulated large-break loss-of-coolant accident has been modeled. The loads on the wall
structures have been calculated with Computational Fluid Dynamics (CFD) and the structural
behavior has been calculated with Finite Element Method (FEM). Coupled CFD-FEM
calculations have been performed to analyze the effect of the loads on wall structures. The
numerical calculations have been validated by comparing the numerical results to the
experiments performed with the PPOOLEX facility.

Specific goals in 2014

Two different approaches exist for solving two-phase flow of gas and liquid. In the Volume Of
Fluid (VOF) model, the interface between the immiscible liquid and gas is tracked during the
simulation. The interface is kept sharp with a numerical algorithm in order to reduce the effect
of diffusion and to avoid mixing of the phases. In the Euler-Euler method, mixture of small gas
bubbles and continuous liquid phase is considered, but the interface of the bubbles and the
liquid is not solved in detail. Instead, the volume fraction of the bubbles in each grid cell is
solved from so-called two-fluid equations, where continuum approximation is used for the flow
of small bubbles. In modelling of the behavior of large steam bubbles during blowdown of vapor
into water pool, both tracking the surface of large bubbles and the volume fraction of small
bubbles would be beneficial.

Laviéville (2008) and Coste (2013) have introduced the Large Interface Model, where “large
interfaces” between the phases are resolved. In the present project, some of the features of the
Large Interface Model have been combined with the Euler-Euler model of ANSYS Fluent by
using the user-defined functions of Fluent. The implemented model has been used in modelling
the condensation of vapor bubbles in PPOOLEX experiments.

The different developed methods have been tested for a sector of BWR containment. In
Figure 2.4.4.1, early phase of blowdown of gas into the pressure suppression pool of a BWR is
illustrated. The clearance of the vent pipe and the detachment of the first gas bubble from the
outlet of the vent pipe are shown.
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Figure 2.4.4.1. Volume fraction of gas in the early phase of blowdown of gas into the pressure
suppression pool of a BWR.

Fluid-Structure Interaction (FSI) calculations using explicit and implicit two-way coupling of Star-
CCM+ and Abaqus codes were performed. The performance of Star-CCM+ for the modelling of
a propagating pressure wave in water was first studied. The numerical damping of the pressure
wave was considerable with first-order time discretization unless a very short time step was
used. Second-order time discretization preserved the pulse amplitude well, but resulted in
oscillatory solution. The explicit and implicit coupling methods were then tested with a simplified
FSI problem and the results were compared with an acoustic-structural Abaqus FSI simulation.
The both coupling methods agreed well with the acoustic FSI solutions. The implicit simulations
enabled the use of fairly large time steps for the cases where the explicit solution became
unstable.

Finally, implicit FSI simulations of the PPOOLEX and BWR pressure suppression pools were
performed. For the PPOOLEX facility, test calculations with incompressible water were unstable
also with implicit coupling while finding a proper under-relaxation factor was required with
compressible water. Time and spatial accuracy of the CFD model was found important in the
modelling of the pool loading during the air discharge. Simulations of the early non-
condensable phase for a realistic BWR containment were also stable with explicit coupling
when compressible water was assumed. The effect of FSI was small in the BWR containment
for the early phase probably due to small displacements and relatively low load frequency.

In Figure 2.4.4.2, the different calculated pressure loads and wall displacements are compared
to experimental results of a PPOOLEX experiment. Earlier FSI results obtained with the STAR-
CD code are shown with the results obtained with the STAR-CCM+ code.
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Figure 2.4.4.2. Wall pressure below pipe and wall displacement in PPOOLEX experiment and
in calculations.

FSI calculations of BWR containment have been performed by using the acoustic-structural
FEM model. Full containment with 16 vent pipes has been modelled by using stochastic loading
at the outlets of the vent pipes. The statistics of the pressure amplitude, i.e., mean value and
standard deviation, were first studied from the PPOOLEX experiments. Calculations with
variable pressure amplitude were then performed and compared with the earlier results
obtained with constant pressure amplitude. Study of the effects of water sonic velocity and
pressure pulse shape on the containment response was also continued.

In the last phase of the study, the statistical investigations were expanded further by
randomization of load period lengths and amplitudes. The FEM simulations in this phase of the
study were divided into three cases of statistical loadings that are discussed in the following.

Case 1 has amplitude variation derived from Kukita and Namatame (1985), who considered
large chugs with load amplitudes greater than 10 kPa. Normalized mean load amplitude value
of 1 unit was assumed with standard deviation of 0.233 units. The BWR simulations were
carried out with single load shape and two sonic velocities (450 and 1412 m/s). The
desynchronization between chugging and load amplitudes was randomized with the mean
values and standard deviations determined from experiments.

In Case 2, a mean load period of 142 ms and standard deviation of 14 ms were used that were
calculated from the JAERI experiments presented by Kukita and Namatame (1985). The same
load shape and sonic velocities in water were assumed as in Case 1. Simulations of BWR
containment were performed with randomized chugging desynchronization and load periods. It
should be noted that in Case 1 the load period was kept constant and in Case 2 the load
amplitude.

Finally in Case 3 all three randomizations (desynchronization, load amplitude and load period)
were combined with the stated mean and standard deviation values. The FEM simulations were
performed for the given load shape and two sonic velocities as in previous cases.

The results from all three cases and previous study phase were compared. Average of root
mean squared (RMS) and maximum horizontal displacement results were calculated for a given
time history on the inner surface of the BWR containment.

In all the simulations, multiple chugging events were considered to get realistic normal
distribution curves for each stochastically varying parameter. Thus, for a single pipe 100
chugging events were considered, which means that the total number of chugging events for 16
pipes rises to 1600 events. Typical load shape at the vent pipes and the resulting Von Mises
stress and deformation are illustrated in Figure 2.4.4.3.
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Figure 2.4.4.3. (a) Load shape of 16 vent pipes for the first chugging events with randomized
desynchronization time, amplitude and period. (b) Von Mises stress distribution and
deformation in the BWR containment model.

Deliverables in 2014

 CFD calculations of blowdown with model of a sector of BWR containment

 FEM calculations of chugging loads in a BWR containment

 Report on the CFD and FEM methods developed in the project.

2.4.5 PWR PACTEL experiments (PAX)

The objective of the project is to utilize the PWR PACTEL test facility in an effective way in
nuclear safety research in Finland and internationally. The first step was the PWR PACTEL
calculation benchmark in the SAFIR2014 PAX project in 2011. The PWR PACTEL test program
continued with one U-leg draining test series and participating in the OECD/NEA PKL Phase 3
project in 2012 – 2014 with two PWR PACTEL experiment series. The OECD/NEA PKL Phase
3 project will continue to end of April 2016. Code simulations were used in the pre-test and
post-test analyses of the experiments.

The OECD/NEA PKL Phase 3 project was performed with the financial support of the Finnish
Research Programme on Nuclear Power Plant Safety 2011–2014 (SAFIR2014), the Finnish
power company Teollisuuden Voima Oy (TVO), and the partners participating in the
OECD/NEA PKL Phase 3 project. The authors are grateful for their support to OECD Nuclear
Energy Agency (NEA), the members of the SAFIR2014 Reference Group 4 and the members
of the Program Review Group and the Management Board of the OECD/NEA PKL Phase 3
project. The data from the experiments in the OECD/NEA PKL Phase 3 project will be available
to the NEA member countries via their CSNI representative organizations three years after the
end of the PKL3 project.
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Specific goals in 2014

Specific goals in 2014 were to carry out station blackout experiments in the OECD/NEA PKL
Phase 3 project and to test experimentally the flow reversing in the heat exchange tubes of the
steam generators.

The PWR PACTEL station blackout experiments (SBO) in the OECD/NEA PKL Phase 3 Project
were performed in the beginning of 2014 as a supplement to the H2.1 experiment with the PKL
facility. In the experiments very lately initiated measures to prevent a core melt down scenario
were studied. Without any operator actions a total loss of the secondary side heat sink leads to
a core uncover and a core damage. The objectives of the experiments were to evaluate the
effectiveness of accident management measures and to test the performance of the core exit
temperature measurement for the detection of core heat up.

The secondary side depressurization of one steam generator did not have any significant effect
on the primary side behaviour. It serves as a preliminary measure for the later actions in the
power plant. The capacity of the pressurizer relief valve was enough to keep the primary side
pressure below the allowed maximum pressure of the facility. The core exit temperatures began
to rise later than the core cladding temperatures. The core cladding temperatures were then
higher than the core exit temperatures. There is no shield tube in the PWR PACTEL facility as
in the PKL facility and the core exit temperatures are measured from the free flow.

The primary side depressurization proved to be an efficient accident management measure but
timing is crucial. The peak cladding temperature during the core heat up depends on the core
uncover depth and duration. The later the primary side depressurization was executed the
higher the peak cladding temperature was during the core heat up. The initial accumulator
pressure has also a significant effect. In the experiments much lower initial primary and
secondary side pressures were used than in the real power plants. With the full power plant
pressures it takes longer for the primary side pressure to reach the accumulator pressure. Then
the core temperatures could rise high before the accumulator injection begins.

Figure 2.4.5.1. Condensation pipes used in the SBO experiments.

According to a theory the flow direction changes in the longest U-tubes with small mass flow
rates. To investigate how the flow velocity gradient affects the flow reversing the RF-10
experiment was carried out. Before the main circulation pumps were installed to the PWR
PACTEL test facility, it was not possible to investigate a situation where the flow is
unquestionably to the forward direction inside the steam generator tubes.

Two problems were observed regarding the reliability of the experiment. The cooling of the
main circulation pump influenced on the temperatures in the primary loop, causing the
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fluctuation of the steam generator inlet temperature. Moreover, during the experiment there was
an unknown amount of air inside some of the steam generator tubes, which prevented the flow.
For these reasons the results of the experiment are not reliable in order to make valid
conclusions about the flow reversing inside the U-tubes. Hence, the investigated dependence
of the flow reversing on the flow velocity gradient was not fully observed in this experiment.

Deliverables in 2014

 The PWR PACTEL station blackout experiments in the OECD/NEA PKL Phase 3 Project
were performed.

 The flow reversing in the heat exchange tubes of the steam generators was tested
experimentally.

2.4.6 Modelling of steam generators of nuclear power plants (SGEN)

Three-dimensional CFD simulation tool has been developed for modeling pressure transients
and heat loads on the secondary sides of steam generators of nuclear power plants. The
developed models have been applied to horizontal steam generators of VVER-440 power
plants. In 2013 and 2014, transients of VVER-440 steam generator have been simulated. In
2013, a model for the steam generator of an EPR nuclear power plant was constructed and
tested, and a stationary state of the EPR steam generator was calculated. In 2014, transient
situation of an EPR steam generator has been modeled. The goal of the project has been the
development of a model that can be used for the calculation of pressure and heat loads and
transport of impurities in steam generators. The model can be used in the analysis of
postulated accidents and in the life time management of steam generators.

Specific goals in 2014

In year 2013, a pressure transient with a fairly large pressure change on the secondary side of
a VVER-440 steam generator was calculated, where strong condensation occurs. The behavior
of the wall evaporation and condensation models was evaluated. According to the results the
pressure decrease of six bars in the steam generator was not large enough to inflict strong
evaporation. Based on the results achieved in 2013, Main Steam Line Break (MSLB) transient,
in which over 30 bars pressure decrease in steam generator occurs, was chosen for 2014
transient.

Figure 2.4.6.1. CFD model of a VVER-440 steam generator is shown on the left. The steam
production in the steam generator during the MSLB transient is on the right, where both results
of Apros and CFD simulation are shown.
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Figure 2.4.6.2. Void fraction of steam 5 seconds after the MSLB. The case with 3D walls is
shown on the left and the case with wall condensation and evaporation models is shown on the
right.

The chosen transient was first calculated by using an Apros model for a VVER-440 power
plant. The results of the analysis were used as boundary conditions for detailed analysis of the
steam generator, where the temperatures of the primary tubes were solved by using a detailed
Apros model of the steam generator. The calculated temperatures of the primary tubes were
used as a boundary condition for three-dimensional CFD calculation of the secondary side of
the steam generator.

In the selected accident scenario, the steam line after one of the steam generators is assumed
to have a guillotine break. The main selection criterion was the drastic pressure drop in the
secondary side pressure. The results of the CFD simulations were compared to the Apros plant
model results. The comparable parameters of the Fluent and Apros simulations were in fairly
good agreement. In Figure 2.4.6.1, the CFD model is shown and the comparison of the steam
generation between Apros and Fluent.

After the MSLB, very aggressive foaming occurs. The dropping pressure decreases the
saturation temperature thus boiling the water. Because of the constantly decreasing pressure
and the continuous income of the feedwater the void fraction stays at very large level
throughout the simulated time. In Figure 2.4.6.2, void fraction in the hot collector end of the
steam generator is presented for the cases with and without wall condensation models shortly
after the MSLB occurs. Differences between the two modelling approaches fall within the
numerical errors of the calculation grid.

The behavior of the EPR steam generator during the early phase of the transient caused by the
loss of offsite power (LOOP) was analyzed with the steam generator model. The behavior of
the nuclear power plant was first calculated with an Apros model for the EPR power plant.
Then, the behavior of the steam generator primary tubes was calculated with the detailed Apros
steam generator model using the results of the plant model as boundary conditions. Finally, a
CFD simulation of the secondary side of the steam generator was performed by using the
temperatures of the primary tubes as the boundary condition for the simulation.

When the offsite power is lost, the feed water pumps of the steam generator stop. Then,
coastdown of the reactor coolant pumps (RCPs) occurs followed by a reactor trip triggered by
low RCP speed. After these events, isolation of the steam lines occurs, which causes the
pressure on the secondary side of the steam generator to rise rapidly. Eventually, the steam
relief valves open due to high steam generator pressure, which leads to a decrease in
secondary pressure until the relief valves close.

A full power steady state condition was calculated before initiating the LOOP. After the isolation
valves are closed at 5 s, the secondary pressure starts to rise rapidly. It reaches its maximum
at 14 s just before the steam relief valves are opened. Then the pressure starts to decrease
until it reaches its minimum at 47 s, when the steam relief valves are closed. Finally, the
pressure starts gradually rising again.
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Contours of vapor fraction [-] on the vertical plane on the centerline of the steam generator are
shown in Figure 2.4.6.3. The hot side is on the left and the cold side is on the right. During the
initial steady state (5.0 s), a significant difference in the vapor content between the hot and cold
side of the bundle wrapper is visible: high vapor fractions on the hot side and low vapor
fractions on the cold side. The rapid increase in secondary pressure, due to the isolation of the
steam lines, causes the voids to collapse (maximum pressure at 14 s). The subsequent
decrease in the secondary pressure (up to 47 s) occurs due to the opening of the steam relief
valves, and causes significant vapor generation all over the steam generator secondary side.
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Figure 2.4.6.3. Vapor fraction [-] on the vertical plane on the centerline of the steam generator.
The hot side is on the left and the cold side on the right. The feedwater manifold can be seen
on the right in the top part of the double wrapper.

Deliverables in 2014

 Report on the calculation of a VVER-440 transient: Main steam line break transient in
VVER-440 type horizontal steam generator.

 Report on the EPR steam generator model: Calculation of a hypothetical loss-of-offsite-
power transient in an EPR steam generator.
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2.4.7 Uncertainty Evaluation for Best Estimate Analyses (UBEA)

Objective of UBEA is to study the use of Best Estimate Plus Uncertainty (BEPU) approach of
thermal-hydraulic safety analyses with the system code APROS. Use of the BEPU approach is
studied in general, and more particularly, methods aiming at assessing the uncertainties of
various physical model parameters inherent to a thermal-hydraulic simulation tool. As a result of
the work, insight is gained on the internal sources of uncertainty within the APROS code,
including the accuracy of specific physical models and their ranges of validity. In addition, the
work leads to possible identification of physical models that cause particularly high uncertainty
in the simulation results, and as such require improvement.

Specific goals in 2014

The work performed in 2014 within the UBEA project is divided into two parts: the participation
in the PREMIUM benchmark and VEERA uncertainty analyses. The participation in the
PREMIUM benchmark consisted of calculating remaining experiments and providing the
benchmark organizers with the results of the Phase IV of the benchmark. The purpose of the
VEERA uncertainty analysis was to repeat the analysis performed in the PREMIUM benchmark
to quantify the uncertainties of APROS correlations with data from a different experiment.

Verification of the PDFs with PERICLES-2D experiments

The fourth phase of the PREMIUM benchmark consisted of building a simulation model of the
PERICLES-2D facility and running BEPU analyses of several reflooding experiments performed
at the facility. The PERICLES-2D facility was built with the purpose of investigating thermal
hydraulic phenomena in a reflooding situation in radial direction. Most experiments before
PERICLES-2D had used tubes or single bundles, which mainly exhibit axial phenomena. This
was also true for the FEBA experiments.

While according to the BEPU methodology 93 runs are to be run for 95 %/95 % bounding limits
the benchmark organizers asked for 200 simulation runs to be performed and the 5th and 195th
value to be extracted as the bounding limits. Additionally during the process of defining the
uncertainties for the parameters the PDFs were cut at certain distances from the mean value,
but when calculating the results for the benchmark it was imposed that no truncation be used.
This most likely had only minor effect on the bounds, though.

The limits for the cladding temperatures reported to the benchmark organizers were very wide.
Full quench does not even occur in most cases during calculated time frame, though maximum
cladding temperatures are contained. In some cases the lower limits of quenching are also
almost immediate after the start of transient.

The reason for the wide cladding temperature limits are the wide uncertainty distributions for
the input parameters defined previously. It can be said that the PERICLES-2D results confirm
that the uncertainty distributions do not have to be wider, at least when extrapolating the
uncertainties defined with the FEBA experiments to PERICLES-2D experiments. The idea of
the quantification of the uncertainties is in essence that they can be applied to any case and all
real values would be covered by the resulting limits and in the extent of the PREMIUM
benchmark this goal was fulfilled by VTT.
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Figure 2.4.7.1. A representative figure of VTT results in the PREMIUM Phase IV showing the
wide uncertainty bounds.

VEERA uncertainty study

In the VEERA uncertainty study the same methodologies that were utilized in PREMIUM for
quantification of the uncertainties were used with data from Lappeenranta VEERA reflooding
experiments. Several issues arose during the building and validation of the APROS model of
the VEERA facility, which caused difficulties during the application of the methodologies and
doubts about the ability to produce results.

The largest problem, presumably caused mostly by thermocouple attachment to the heater
rods, was that quenching occurred much earlier in the experimental data than in the
simulations. Because of this, experimental data only until the moments before rewetting could
be taken into account in the analyses, which in turn caused the uncertainties of parameters with
the largest influence in the rewetting times to be difficult to define. Another issue was with the
experimental procedure, because the experiments were so fast that the full spectrum of
phenomena evident in reflooding could not properly be demonstrated. Notwithstanding the
issues with the data, all the same six parameters were found influential in the VEERA
experiments as during PREMIUM.

The FFTBM method was not able to produce meaningful uncertainty distributions for the input
parameters. Application of the CIRCE method, on the other hand, was successful after some
modifications to its previous use. Uncertainties of four out of the six parameters were quantified
with calibrated best-estimate values close to the ones deduced in PREMIUM, while the other
two were more influential in rewetting and thus the same could not be expected of them.

Comparisons with PREMIUM probability distribution functions and BEPU analyses performed
with them revealed that even with the issues with the data interesting results could be reached.
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Figure 2.4.7.2. Results of the CIRCE iterations, where at point -0.5 on the x-axis are the
nominal values and at 0 the original CIRCE application results. At point 10 are the results of the
last CIRCE application and at 11 the final chosen calibrated mean/best-estimate and standard
deviation values for the parameters. Another CIRCE application was performed  using the
calibrated values from the PREMIUM benchmark as the starting values for the parameters,
which is shown at point 12, and the result of which at point 13.

Deliverables in 2014

 PREMIUM Phase IV meeting was attended and VTT results of the validation calculations
performed with the PERICLES-2D facility were reported.

 A report on uncertainty quantification based on VEERA reflooding experiments was
produced and distributed to the reference group.

2.4.8 Thermal hydraulics and fuel integrity in spent fuel dry cask interim storage facility
(SPEFU)

Used fuel rods from nuclear power plants have to be contained in interim storages for about 40
years before the final disposal. The safety aspects for such storage include radiation shielding,
criticality safety, containment and structural safety and heat removal capacity. The present
project focuses on heat removal capacity and the long term fuel behaviour during interim
storage.

The interim storage can be either water cooled or air cooled. In Finland the present facilities are
water cooled storages with active cooling loop. Another possibility under consideration is an air
cooled storage where cooling is driven by natural convection. This solution contains no active
components, which is an advantage in exceptional situations. In Fukushima, the fuel storage
pools in the power plant lost their cooling due to lack of electric power. In time that led to
gradual loss of cooling water when water was evaporating.

Fuel behaviour during dry storage is actively investigated, especially now that in many countries
interim storage times are foreseen to be extended to 100 years. The fuel behaviour models
include irradiation integrally, and as such are not necessarily applicable to the interim storage
conditions. The possible damage mechanisms include creep rupture, as well as hydride-
induced effects. The hydrides also reduce the ductility of the fuel cladding, possibly creating
challenges during the fuel handling phase.

Specific goals in 2014
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The effects of hydrides on cladding integrity in dry storage

The most important issues to be considered during the dry storage from the cladding point of
view are the cladding creep (may result to a creep rupture) and the behaviour of hydrides in the
cladding (hydride induced failures). Hydrides also make cladding more brittle and that way
complicate fuel handling. Of these to failure modes, creep rupture is considered to be dominant
postulated cladding failure mode during dry storage, but nevertheless, hydride-induced failures
cannot be excluded. Especially during handling and transportation of dry storage casks after
several decades of dry storage, the embrittlement of the cladding by the hydrides has to be
considered as the embrittled cladding may fracture in a cask drop accident.

Open literature was searched in order to gather and summarize information on the effects of
hydrides on cladding integrity in dry storage. Results from both experimental research and
computational analyses are elaborated, and the current state-of-the-art of research in this field
has been brought out.

In nuclear reactor, hydrogen is formed due to oxidation of zirconium cladding and through
radiolysis, and the generated hydrogen diffuses into the cladding. The solubility of hydrogen in
zirconium alloy varies with temperature. When the concentration of hydrogen exceeds the
solubility limit in a given temperature, insoluble zirconium hydrides ZrHx are formed.

Finite element modelling (FEM) codes are used in the modelling of hydride effects such as the
enhanced crack propagation in the cladding. Phenomena like that cannot be modelled with the
simulations tools traditionally employed in the field of fuel behaviour modelling at VTT, i.e. 1.5-
dimensional codes ENIGMA and FRAPCON, and therefore this subtask of the project was
limited to a literature survey.

Based on the gathered references, it can be said that hydrides are widely investigated, as well
as the hydride phenomena during dry storage. Also during the recent years, the research has
been active. However, the laboratory experiments are more related to short-timescale changes
in the cladding due to hydrides, not the long term evolution as in real dry storage conditions.
The most popular research subject among the articles gone through seems to be the hydride
re-orientation, and how various parameters affect this phenomenon. Also the other popular
subject, loss of ductility due to hydrides, is closely related to radial hydrides. Radially oriented
hydrides make the cladding more susceptible to failure compared to circumferentially oriented
hydrides as the cladding is then more vulnerable to tensile hoop stress caused by the rod
internal pressure. Thermal cycling and tensile stress can cause the hydrides to re-orient during
the operation and dry storage.

Fewer research results may be found from studies with real irradiated fuel rods dry stored for a
long time. At least two such studies are done, reported by Sasahara and Matsumura (Nuclear
Engineering and Design, Vol. 238, pp. 1250-1259, 2008), and Einziger et al. (Nuclear
Technology, Vol. 144, pp. 186-200). In both studies, no significant re-orientation of hydrides into
radial direction was discovered. It the second mentioned study, the estimated maximum value
for creep was only 0.1%. However, both studies were done in non-prototypical conditions
and/or with low burnup fuel.

As the hydride effects depend on the cladding alloy composition and manufacturing process,
and because the set-up in each study is different (the fraction of radially oriented hydrides, total
hydrogen concentration in the cladding, temperature and stress range, cool-down rate etc.), the
experimental information on hydride effects is quite scattered.

Heat transfer from cask to the environment
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The simulation of cooling of a spent fuel cask with cooling fins has been performed with a fine
grid and two optional coarse grids. The fine grid simulation has been used as a reference when
searching savings for computational work for the task. Savings are necessary when simulating
a large store with several fuel casks. In this simple one cask simulation with fine grid the
amount of computational cells was 3.5 millions when two symmetry axes were used for defining
the simulation domain. If the amount of casks is 100 or other high number, this kind of
symmetry assumptions cannot be made.

The geometry of the cask is shown in Figure 2.4.8.1. The cask is a single object on a surface
with free space around. A 90° sector has been used in the simulations. The cask is same as
was used in the original experiments (Lombardo & al. 1986. COBRA-SFS: A thermal hydraulic
analysis computer code, vol. III: validation assessments, Report PNL-6049, vol. III, UC-85).

Figure 2.4.8.1. The modelled geometry and two cross sections of the cask.

The proposed method of using modified thermal conductivity for the air in the cooling fin domain
takes into account the effect of the conducting cooling fins without the need to include all
geometrical details into the model. In this example the number of computational cells was 92%
lower than in the fine grid case. This will be reflected to the computational work needed to solve
the problem. The simplified method can be used for solving the problem without compromising
the accuracy too much.

For a new geometry it is necessary to make one fine grid simulation for a single cask and set
the model parameter for a coarse grid. Figure 2.4.8.2 shows the surface temperature of the
cask and radiation and convective heat transfer distributions on the surface. The total share of
radiation is 44% in the case considered. The ratio will change over time when heat production
of the fuel rods changes.

In the simplified modelling the modified conductivity is set so that the inner surface temperature
of the cask is same as in the accurate simulation. This temperature defines heat transfer from
fuel rod assemblies to the cask body. Using the simplified model the calculated temperature
profiles are compared to the accurate profiles in Figure 2.4.8.3. The share of radiation heat
transfer is 42%, slightly lower than in the accurate simulation. The influence of absorber rods is
seen in the temperature profile in Figure 2.4.8.3 around distance 0.6 m. The absorbers act also
as thermal insulators and affect the local temperature gradient. In the coarse grid simulation the
local features are not so well captured due to lower resolution. However, the general profile of
temperature is very good in the simplified model.
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Figure 2.4.8.2. Surface temperature [°C] (left), net radiation heat transfer [W/m2] (mid) and
convective heat transfer [W/m2] (right). Calculated with the fine grid.

Figure 2.4.8.3. Temperature profile along the line through the solid block and gas on height
levels 1...4 m. The subscript F denotes fine grid data and C coarse grid data. The vertical lines
denote the area of cooling fin slot.

The flow field around the cask is demonstrated with iso-surfaces of temperature in fine grid and
coarse grid case in Figure 2.4.8.4. The flow fields are similar, although more details are seen in
the fine grid case. The fins guide flow along the cask. Omission of this guidance does not have
essential effect on the flow field of the coarse grid in this case, but may have some influence in
a crossflow.
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Figure 2.4.8.4. Flow velocity [m/s] on temperature iso-surface 30 °C in accurate (left) and
simplified simulation.

Deliverables in 2014

Report of heat transfer in a multi-assembly spent fuel cask with fins and comparison of
simulated values of fuel rod cladding maximum temperature using accurate modelling with
CFD. A simplified model in order to reduce computational work is needed when several casks
in a storage hall are considered.

Report on hydride-induced failure of fuel rod cladding material. This is a literature review of
hydride-induced mechanisms in damage of fuel rod cladding.
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2.5 Severe accidents

In 2014 the research area "Severe Accidents" consisted of six projects: Core debris coolability
(COOLOCE), Chemistry of fission products (FISKES), Passive containment cooling system
tests (PCCS), Thermal hydraulics of severe accidents (TERMOSAN), Transport and chemistry
of fission products (TRAFI) and Reactor vessel failures, vapour explosions and spent fuel pool
accidents (VESPA).

2.5.1 Core debris coolability (COOLOCE-E)

The COOLOCE-E project focuses on two specific topics in the research area of severe
accidents: the coolability of ex-vessel core debris and the assessment of the environmental
consequences of radioactive releases. The main objective of the project in 2014 was to assess
the coolability of representative porous debris beds based on the COOLOCE experimental data
produced earlier in the project. This consisted of the verification and validation of the analytical
tools and methods commonly applied to model two-phase flow and predict dryout in the debris
bed. The identification and reduction of the uncertainties related to debris bed configuration
play key roles in this work. As the severe accident management strategy in both Finnish and
Swedish BWRs relies on cooling the core debris in a deep water pool, collaborative
experimental and analytical efforts by VTT and KTH were performed aiming for comprehensive
understanding of the yet unresolved, high-priority issues.

The objective of the environmental consequence analysis was to clarify what technical
possibilities are practically available to calculate probability distributions of radiation doses from
different exposure pathways at distances beyond 20 km from the power plant. The ultimate goal
is to answer the question of what countermeasures should be prepared outside the traditional
emergency planning zone.

Specific goals in 2014

Specific goals of the debris coolability research in 2014 were 1) to conduct an experiment with
a heap-like debris bed geometry (truncated cone), 2) to continue the coolability simulations with
2D and 3D two-phase flow solvers for code validation and development purposes and 3) to
examine the applicability of the atmospheric dispersion codes ARANO and VALMA for long-
distance radiation dose calculations. The experiment, together with earlier experiments with
geometry variations, form a comprehensive set of test cases applicable for the validation of
simulation models and codes. The modelling work and code validation is an integral part of the
project because reactor-scale assessment of core debris coolability is done by severe accident
simulation codes.
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Figure 2.5..1.1. Heater arrangement of the COOLOCE-13 experiment (left) and a void fraction
distribution predicted by MEWA for the experiment (right).

Figure 2.5.1.2. VALMA prediction of external dose rate one week after the start of an assumed
radioactive release at the Olkiluoto NPP site (Case 3, large release).

Deliverables in 2014

 The COOLOCE-13 and -13R experiments were conducted with a test bed with the shape of
a truncated cone. This was the sixth and last of the geometry variations addressed in the
experimental program. It was seen that the coolability of this geometry was good;
comparable to those of the fully conical test bed and the cylindrical bed with lateral and top
flooding. Due to the flat shape of the test bed, the total power required for dryout was high.
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 A new version of the MEWA 2D severe accident code (developed by Stuttgart University)
was taken into use. Comparisons and validation calculations against the older version in
use at VTT were made.

 Post-test simulations, as well as some pre-test simulations for design purposes, were
performed by using the MEWA 2D code. Homogenous heating and partial heating (a more
detailed model of the test facility heating) were examined. The partial heating yielded
results which were very close to the experimental result while a slight overestimation of
dryout power was given by the homogenous heating with the new MEWA code version.

 The modeling of the debris coolability was continued by using the commercial CFD code
FLUENT. Studies on the effects of the physical models and the numerical solver options
were done by modelling the truncated cone experiment. It was seen that the time step,
discretization scheme and the pool model have some effect on the results.

 Two journal publications for Annals of Nuclear Energy were prepared together with the
SARNET2 and Nugenia TA2 participants.

 Radiation dose and dose rate calculations were performed using ARANO and VALMA. The
preliminary results suggest that ARANO is capable of calculating the radiation doses
beyond the emergency planning zone but a drawback at long distances is constant weather
all the dispersion time. VALMA is capable of taking into account the changing weather
conditions but, for large number of cases, the calculation time may induce problems and it
is necessary to reduce the amount of trajectories.

 Two research reports describing the project activities in the topics of core debris coolability
and environmental consequence analysis were written.

2.5.2 Chemistry of fission products (FISKES)

Results of various experiments have shown that sump solution pH has major effect in fission
products release rate. Nitric acid is a principal radiolytic compound produced in large, and its
production is another important problem concerning pH of solutions, owing to its chemical
properties of being a strong acid and a strong oxidizing agent. VTT participate OECD/BIP2
project. The information from that project is useful to compare our own experimental iodine test
results, especially the modelling part could be helpful to understand the phenomena.

Pool chemistry is very important part of behaviour of fission products in containment. A lot of
inactive chemicals are coming into water in structures and also some buffering chemicals are
added into water during accident scenarios. The effects of these chemicals to pool chemistry
should study using modelling and also laboratory experiments.

Specific goals in 2014

A new pool chemistry simulation model, ChemPool, is ready to use. It is a standalone program
using ChemApp thermodynamic library directly for equilibrium calculation (which ChemSheet
also uses internally). ChemPool program has been integrated more closely to MELCOR by
making it read and interprets MELCOR input files. This way only one set of input parameters
need to be defined, that of MELCOR, which will also reduce the possibilities to make errors in
the input definitions. ChemPool will then automatically calculate the Chemical conditions like pH
values in the pools by using the saved results from the MELCOR simulation. It has been tested
with BWR and PWR accident cases. Now to update ChemPool model more precise data from
ASTEC Iodine pool model and more water chemistry will be added in this project to the model.
A new user is introduced in this part of ASTEC code and use of this application is started 2014.
This modelling data will be taken into account in Chempool calculations in future.



RESEARCH REPORT VTT-R-03998-15
86 (164)

Pool chemistry is very important part of behaviour of fission products in containment. A lot of
inactive chemicals are coming into water in structures and also some buffering chemicals are
added into water during accident scenarios. Based on literature study 2013 the most important
phenomena’s will be tested in laboratory scale experiments in year 2014. These tests are needed
to study the kinetics of chemistry and compare it into the modelling cases.

The formation of nitric acid during high dose rates is tested with gamma sources. It is known
that gamma irradiation of air/water will lower the pH. The high dose is achievable using
Gammacell 220 device at VTT. Also preliminary beta tests with P-32 source are done. During
accident scenarios a lot of beta radiation is in gas phase and also in water phase.

Deliverables in 2014

Latest work has been done to make ChemPool compatible with ASTEC. The idea is that
ChemPool can be used with ASTEC in a similar way as with MELCOR. MELCOR input file
structure (MELGEN file) is very different from ASTEC structure, but it contains same definitions
for the containment specific parameters that ChemPool needs. ASTEC input file is hierarchical:
it is divided into structures and substructures (structures inside structures) each containing
definitions for a specific part of the containment (ZONE, WALL, CONNECTION, MATERIAL) or
for a specific chemical component existing inside the containment (COMPONENT, AEROSOL).
ASTEC structures are equivalent to MELCOR packages (CVH - control volume hydrodynamics,
FL - flow paths, …). ASTEC is also able store the values of selected variables to set of files
during its simulation like MELCOR. These values like atmospheric pressures, water
temperatures and masses in containment’s pools and flow rate of water between the pools are
then used by ChemPool during its own pH simulations. ChemPool does not calculate the
hydrodynamics of the pools but relies on calculations done by the selected severe accident
analysis program. ChemPool itself contains additional definitions for the chemicals affecting the
pH like hydrochloric acid, nitric acid and variety of buffers.

ChemPool’s own input file (CHEMPOOL.DAT) contains now new a parameter that tells which
SA analysis program (ASTEC or MELCOR (default)) is to be used. Then ChemPool opens
either ASTEC or MELCOR input file and reads control volume/zone, flow path (connections)
and other needed parameters to initialize the containment geometry and flow network. Then at
each time step, it reads the values of variables (like atmospheric pressures, temperatures and
water masses of the pools) from the result files generated by the selected SA analysis program
and updates the masses of the additional chemicals in the pools and calculates their pH values.
Code for reading ASTEC input files has been implemented but ChemPool has not yet been
tested with results (files) generated by ASTEC.

The objective of the study was to analyse iodine behaviour in the Nordic BWR containment in a
previously defined accident scenario with and without post-accident pH control. The chosen tool
for the analyses was ASTEC since it is known to have better models for iodine chemistry than
for example MELCOR.

The notably small difference in airborne masses as well as in deposited aerosol masses was
not expected. However, since the rupture venting line was open, the airborne masses were
actually just the masses of the products passing by the containment and then it is reasonable
that the differences remained small. It would be interesting to analyse an accident scenario
where the rupture venting line would not open. This would possibly result more clear interaction
between the aqueous and gaseous phase and steady-state concentrations for gaseous
species.

In the liquid phase obvious difference in the iodine behaviour was observed when the NaOH
was added to the wetwell pool. When the pH reached 7, there was no more conversion of non-
volatile iodine species to I2, Figure 2.5.2.1. Whereas the behaviour of organic iodide was not
dependent on the pool pH in the liquid phase.
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Figure 2.5.2.1. The mass of I2 in liquid phase without pH control (N_NaOH) and when NaOH is
added to the wetwell pool (Y_NaOH).

Pool chemistry is very important part of behaviour of fission products in containment. A lot of
inactive chemicals are coming into water in structures and also some buffering chemicals are
added into water during accident scenarios. Based on the information found from literature the
most important features that effect on the precipitation during post-LOCA conditions are pH of
the solution, insulation materials, pH buffer and corrosion of metal alloys, such as Al and Zn.
Also temperature evolution during LOCA may have some effects on the chemical effects.
Chemical effects that may occur during post-LOCA environment depend highly on plant specific
conditions and therefore the evaluation of chemical effects must be done for each plant design
and conditions separately. Based on the information of this literature review, laboratory
experiments will be planned and conducted to investigate the formation of precipitations,
colloids and gels in containment pool environment especially found in the Finnish LWRs.

The formation of nitric acid in water/air system was measured by irradiating the known mixture
with a gamma source and determining the amount of nitric ions formed in the irradiation after
chemical treatment by spectrophotometry. The formation of radiolytic products can be
commonly characterized by the so-called G-values, i.e., the number of molecules formed per
100 eV of radiation energy absorbed. Gas to liquid volume ratio plays a significant role in the
formation of nitric acid. Tests were done with a different amount of distilled water and air
irradiated in a closed vessel. Three different air/water ratios were tested. All tests were done in
room temperature (c.a. 25 C°, 1 atm).

G-value calculated of these moist air results was 2.78. The G values measured in earlier nitric
acid formation test at VTT varies from G(HNO3) = 2.3 - 2.4 molecules/100 eV. The new result
was in good agreement with those found in earlier tests and in the literature. Nitric acid
formation increases with higher gas to liquid volume ratio. These results were in good
agreement with those found in the literature. Because almost all nitrogen is in gas phase in this
system, there are very significant contributions of the gas phase reactions in HNO3 formation.

The first scoping measurements have been carried out using Beta radiation. The aim was to
examine the effect of beta radiation on the formation of nitric acid to better understand
phenomena taking place in the containment building during a severe accident. The contribution
of beta radiation on the said phenomena is poorly known and thus it is not well-considered in
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the severe accident analysis codes either. The first set of experiments was focused on the
formation nitric acid in the containment gas phase. Further experiments are planned to do in
future.

2.5.3 Thermal hydraulics of severe accidents (TERMOSAN)

The objective of the TERMOSAN project was to improve modeling capabilities on severe
accident thermal hydraulics. MELCOR is Finland’s main severe accident analysis tool, and its
license fee was paid by this project. Passive containment cooling system experiments, made by
Lappeenranta University of Technology, were calculated with ASTEC and MELCOR codes. The
international OECD THAI-2 research program was participated in the frame of this project. In
the THAI-2 program, hydrogen combustion experiments during spray operation were calculated
with Fluent. The Fukushima accident was calculated with MELCOR.

Specific goals in 2014

MELCOR is an integral severe accident analysis code, developed by Sandia National
Laboratories. In the frame of the TERMOSAN project, Finland participates in CSARP (Co-
operative Severe Accident Research Program). This gives us a license for latest versions of
MELCOR and the right to participate in the annual CSARP meeting.

A MELCOR model of the Fukushima unit 3 accident was developed and the old unit 1 model
was updated. The models are based on publicly available plant data. The measured pressures
could be reproduced relatively well with the calculation (figure 2.5.3.1). This required adjusting
the RCIC and HPCI system flow rates and containment leak area so that a good match to the
measurements is achieved. Assuming leakage from recirculation pump seal to the containment
drywell was necessary for a satisfactory reproduction of the measured containment pressure.

According to the calculations, molten fuel has probably been discharged to the containment
from broken reactor pressure vessels at both units 1 and 3. The radioactive release to the
environment was the largest from unit 3, according to these calculations, because the
containment venting was made soon after core damage started, when there were a lot of
cesium particles in the air, and the venting system was not equipped with filters. Calculated
timing of the release corresponds quite well to timing of measured peaks of radiation dose at
the plant area (figure 2.5.3.2).
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Figure 2.5.3.1. Containment pressure during the Fukushima unit 1 accident. The red dots are
measurement data, and the blue line is the MELCOR calculation.
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Figure 2.5.3.2. Measured dose rate at the power plant area (red dots), and calculated total
noble gas release rate from units 1, 2, and 3 (blue line).

Lappeenranta University of Technology has started a new experimental program on passive
containment cooling systems. The tests concentrate on horizontal-tube condensers, similar to
those used in the ABWR design, and investigate also aerosol deposition in the condensers and
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the effect of deposited aerosols on the heat transfer. The experiments were made in the PCCS
project, and the experiments were calculated with the ASTEC and MELCOR codes in the
TERMOSAN project. The target is to develop modeling practices that can be used in safety
analyses of reactors equipped with horizontal-tube PCCS and to gain a better understanding of
the accuracy of PCCS models that can be achieved with the integral severe accident codes.

The MELCOR work was started by calculating very simple Purdue University experiments on
steady-state condensation in a straight horizontal tube. With MELCOR’s default heat transfer
parameters, 28 % average underestimation was the best result that could be achieved using
optimized nodalization. When the condensate film Reynolds number limits were changed to
values commonly used in heat transfer literature, the results improved significantly, and
average underestimation of 14 % was reached (figure 2.5.3.3).

In the more complicated experiments at Lappeenranta University of Technology, steam was
injected into a vessel that represents the drywell in a BWR containment. From there the steam
flowed into three horizontal u-shaped tubes, immersed in a water pool. The model development
was started by calculating the PCC-06 experiment  in the Lappeenranta facility with MELCOR
and ASTEC. Both codes significantly underestimated condensation in the PCC-06 experiment.
This result is much poorer than in the simple Purdue University experiments with MELCOR.
LUT has made several experiments in the same facility. The work should be continued by
calculating other experiments in different conditions in order to find out if the poor calculation
results are specific to PCC-06 test conditions.
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Figure 2.5.3.3. Purdue University condensation experiments calculated with MELCOR.

THAI-2 was an international experimental research program for investigating iodine issues and
hydrogen behavior. The program was coordinated by OECD NEA, and it was finished in 2014.
Finland participated the program in the frame of the TERMOSAN project. The deflagration
experiments during spray operation were calculated with Fluent in the TERMOSAN project. For
comparison, experiments in the same facility under the same conditions but without spray were
calculated with the same model. Figure 2.5.3.4 shows the calculated flame propagation in one
of the experiments. It is seen that the spray in the center of the vessel slows down the flame
propagation.
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Figure 2.5.3.4. Influence of the spray on the hydrogen flame propagation in the CFD-based
modelling of the THAI-2 HD-31 test. Colored contours represent the water droplet concentration
and blue isolines flame propagation.

Deliverables in 2014

 The MELCOR annual license fee was paid, giving the license to use MELCOR for all
Finnish nuclear energy organizations.

 A MELCOR model of Fukushima unit 3 accident was developed and published in Nuclear
Engineering and Design journal.

 MELCOR model of Fukushima unit 1 accident was updated.

 An article of a visit to Fukushima Daiichi nuclear power plant was published in ATS
Ydintekniikka.

 The CSARP/MCAP meeting was attended and a presentation on MELCOR modeling of
Fukushima unit 3 accident was given. A travel report was written.

 The PCC-06 passive containment cooling system experiment was calculated with ASTEC
and MELCOR.

 Last OECD THAI-2 program meeting was participated and travel report was written.

 CFD modelling techniques of hydrogen deflagration during spray operation were validated.
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2.5.4 Transport and chemistry of fission products (TRAFI)

The objective of the project (2011-2014) 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 in primary circuit and containment of a nuclear power plant. The primary circuit
study has been conducted in close co-operation with IRSN Cadarache research centre for the
determination of iodine chemistry. The objective of the primary circuit study at VTT is to
determine iodine compounds released due to the reactions on the surface of primary circuit
piping. At the same time IRSN is focused on the gas phase chemistry of iodine in similar
experimental conditions. The measurements with EXSI-PC provide information on high
temperature chemistry and facilitate validation of for example iodine chemistry codes. The second
aim is to find out the effect of primary circuit conditions on the transport and speciation of
ruthenium. These experiments are conducted with VTT´s Ru transport facility in collaboration with
Chalmers University of Technology. Radiolytical oxidation of gaseous iodine by various radiation
sources in containment conditions is studied using EXSI-CONT and BESSEL facilities. The
objective is to verify the possible formation of iodine oxide aerosol particles. Another aim is to
identify the reaction product species. The desorption of gaseous iodine from iodine containing
aerosol deposits on different containment surface materials is studied in co-operation with
FISKES project and Chalmers University of Technology. The deposition of aerosol particles in a
differentially heated cavity in turbulent natural circulation flows is studied with DIANA facility
together with Paul Scherrer Institut. Measurements conducted at VTT are applied in validation of
DNS and LES simulations carried out at PSI.

International collaboration is also conducted by participation in the work of Phebus FP,
International Source Term Programme (ISTP), OECD/NEA STEM, SARNET and NUGENIA
programmes.

Specific goals in 2014

The main goal in 2014 was to study the effect of reactions of iodine on primary circuit surfaces
on the release and transport of iodine. Fission product deposits on primary circuit surfaces can
act as a source of gaseous iodine even in the late phase of a severe accident. However, that is
not considered in the severe accident analysis codes currently. The primary circuit experiments
were conducted using the updated EXSI-PC facility. The second goal was to examine the effect
of aerosols and air radiolysis products on the transport of ruthenium through a reactor coolant
system. In general, the previous small-scale studies on Ru transport have mainly been
conducted with pure Ru oxides in air. Therefore, the current study with VTT´s Ru transport
facility provides information on Ru behaviour in more realistic conditions.

Another goal was to study the radiolytical oxidation of molecular iodine (I2) by beta radiation
using BESSEL facility. The aim was to verify the hypothesis on particle formation due to
irradiation of gaseous iodine in an atmosphere containing oxygen, which was formulated based
on the results of Phébus FP program. The fourth goal was to study experimentally the particle
deposition in a differentially heated cavity by turbulent natural convective flows with DIANA
facility. Natural convection is formed into containment during a severe accident mainly due to
condensation of water vapour. The phenomenon is particularly important in containments with ice
condensers and in containments equipped with passive autocatalytic recombiners. The objective
was to verify, whether turbulent natural convection would increase the wall deposition of fission
product particles.

As a fifth goal, the follow-up of international research programmes was continued. OECD/NEA
STEM programme is focused on studying the transport and chemistry of iodine and ruthenium
in primary circuit and containment conditions. A particular interest is on the behaviour of iodine
containing aerosols on painted containment surfaces. The results of TRAFI project on all these
experimental topics have been shared with the STEM participants.
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Figure 2.5.4.1. The transported mass concentrations [mg/m3] of iodine, cesium and silver in
gaseous and aerosol form. When the precursor mixture of CsI and Ag was heated to 650 °C
(a), iodine was mainly transported as aerosol. At 400 °C reaction temperature (b), a significant
fraction of gaseous iodine could be detected, especially at hydrogen-rich atmospheres
(conditions B and C).

Figure 2.5.4.2. The transported mass concentrations [mg/m3] of iodine and caesium in gaseous
and aerosol form. The molar ratio of caesium to iodine was varied from (a) 1.0 (CsI) to (b) 1.6
(CsI with additional CsOH). When the precursor mixture was heated to 650 °C, the amount of
gaseous iodine was barely detectable in case of the higher molar ratio. At the same time in
hydrogen-rich atmosphere (condition C), the amount of transported aerosol particles (caesium
and iodine) was significantly decreased.

Figure 2.5.4.3. The number concentration of the formed particles after the exposure of gaseous
I2 to beta radiation in an oxygen atmosphere at 20 °C. The irradiation period ranged from 1 hour
to 4 days. The initial vapour pressure of molecular iodine ranged from 2.5 Pa to 30 Pa
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Deliverables in 2014

 In the primary circuit studies the source of iodine was CsI powder which was evaporated at
400 °C or 650 °C on ceramic surface under different Ar/H2/H2O atmospheres. The surface
of the reaction furnace tube, made of stainless steel, was pre-oxidized before the
experiments. Several mixtures of CsI with other additives simulating control rod materials
have been tested, e.g. cadmium in 2014. To summarize the experiments, it seemed that the
transport of iodine took place both as particles and gaseous compounds. The fraction of
gaseous iodine became significant especially at low temperature, see Figure 2.5.4.1. Thus
it verified that the fission product deposits on primary circuit surfaces can act as a source of
gaseous iodine. On the other hand, a molar fraction of caesium to iodine higher than one
seemed to decrease the release of gaseous iodine, see Figure 2.5.4.2.

 The transport of ruthenium through a model primary circuit was influenced by the
composition of atmosphere. The oxidizing air radiolysis product NO2 increased the fraction
of gaseous RuO4, whereas silver particles decreased it significantly. When both were fed in
form of AgNO3 to the flow of Ru oxides, the transport of RuO4 increased moderately. The
feed of CsI particles seemed to increase the transport of gaseous Ru even more than the
feed  of  NO2. In these experiments, the observed transport of gaseous Ru seemed to be
several orders of magnitude higher than in the previous experiments with only pure Ru
oxides in the air atmosphere.

 The formation of particles by beta irradiation of gaseous iodine in an oxygen atmosphere
was verified, see Figure 2.5.4.3. The particle formation was strongly dependent on the I2
vapour concentration. These experiments have proved that the radiolytical oxidation of
gaseous iodine by beta radiation can be accurately monitored with BESSEL facility and the
gathered data can be used for model development.

 The measurements with DIANA facility indicated that due to the efficient mixing of the
turbulent flow encircling the cavity near the walls, the distribution of particles stayed
relatively uniform throughout the cavity of DIANA. The global particle concentration
changed only when deposition to the cavity occurred. The depletion of particles took place
faster in the cavity than expected by gravitational settling. This was most likely caused by
the turbulent eddies at the boundaries of the cavity. Furthermore, most of the particles
deposited to the bottom wall of the cavity, but a significant fraction (in average 8 %) of the
particles were also found from the cold wall sample slides. Thus it indicated that
thermophoresis plays a role in the depletion process as well. The experimental data will be
utilized in the validation of existing computer models, e.g. PSI´s models. A PhD thesis on
the experimental and simulation studies have been written and the pre-examination of it is
ongoing.

 Information related to the progress of OECD/NEA STEM programme was distributed.

2.5.5 Reactor vessel failures, vapour explosions and spent fuel pool accidents (VESPA)

This project brings together three different fields of nuclear safety research: structural integrity,
steam explosions and Spent Fuel Pool (SFP) accidents. In order to analyse containment
loadings that are determined by the discharging core melt, the timing and the place of reactor
vessel rupture have to be defined accurately. Preserving of knowledge of steam explosions is
important still today, since the risk of steam explosions during a severe nuclear accident cannot
be excluded in our current Nuclear Power Plants (NPP). The accident at the Fukushima Dai-ichi
NPP has highlighted the vulnerability of nuclear fuels that are in SFPs due to the potential loss
of sufficient cooling. Even though the progress of this type of accident is relatively slow, the
time scales and needed mitigation measures are not that widely studied. Also the related
phenomena differ from reactor applications.
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Specific goals in 2014

The first objective of the project was to investigate the applicability of a commercial code
Abaqus for modelling reactor pressure vessel lower head deformations at high temperatures.
This was done by comparing the simulation results with suitable experimental data as well as
with results obtained with the specific code PASULA developed at VTT especially for this
purpose. EC FOREVER-C2 experiment was selected for the benchmark due to its relatively
prototypical conditions. In the experiment, the test vessel was filled with oxide melt that was in
natural convection.

In the case of EC FOREVER-C2, comparing the simulation results to the experiment was
challenging since the loading data utilized in the computation was not equivalent with the
experimental conditions. The mechanical loading was applied as a pressure loading that was a
design value since there was no available data from the experiment. Temperature load was
interpolated from CFD analysis because the thermocouples inside the vessel worked only for a
short time.  However, the same loading data was utilized in earlier PASULA calculations.

In Figure 2.5.5.1 (a) is presented the vertical displacements and in Figure 2.5.5.1 (b) the radial
displacements produced by Abaqus and by PASULA.  Vertical displacement results are nearly
identical and also the radial displacements are in very good agreement. The total maximum
displacement in the FOREVER-C2 experiment was about 20 mm. The maximum total
displacement estimated by Abaqus was 21 mm.

(a)                                                                         (b)

Figure 2.5.5.1. (a) Vertical and (b) radial displacement obtained by Abaqus 3D section model
from the bottom of the vessel at  = 18° and comparison to PASULA results.

The second objective of the project was to become acquainted with phenomena related to
steam explosions and to learn to use MC3D code. In Table 2.5.5.1 is presented how different
initial conditions are assumed to effect explosion probability and strength.
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Table 2.5.5.1. A quick overlook of the different premixing parameters and their effect on the
explosion probability and strength.

Property Explosion
probability

Explosion
strength

Amount of melt

Melt temperature

Melt density

Hydrogen production

Void fraction

Ambient pressure (< 0.8 MPa)

Ambient pressure (> 0.8 MPa)

Coolant temperature

MC3D is a multidimensional Eulerian code developed by IRSN and CEA to simulate multiphase
and multi-constituent flows for nuclear safety applications. TROI-TS4 experiment was simulated
with MC3D to train the use of the code. In Figure 2.5.5.2 is presented the simulation result for
the evolution of the pressure on the test vessel wall compared to the value measured in the
experiment.

Figure 2.5.5.2. Comparison of the pressures in the middle of the test vessel wall; the red
dashed line is the value from the MC3D simulation and the blue line is the measured value in
the TROI-TS4 experiment.

A sensitivity study was performed for some of the parameters presented in Table 2.5.5.1 and
for some user defined simulation values to evaluate the usability of MC3D for reactor
applications. As starting point in these analyses was used TROI TS-5 experiment that had also
metals in the melt. In Figure 2.5.5.3 is presented the effect of different melt temperatures to the
pressure load explosion induces to structures.

The third objective of the project was to analyse thoroughly phenomena related to SFP
accidents. Numerical CFD type calculation methods and a computer program called PANAMA
(Polttoainealtaiden ANAlyysi ja MAllinnus) have been developed for this purpose.  On the basis
of the performed studies it was found that most attention should be paid on phenomena
occurring on the level of the upper end of fuel elements.
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Figure 2.5.5.3. The effect of different melt temperatures to the pressure impulse.

At high temperature heat is transferred significantly from hot surfaces by thermal radiation.
Thermal radiation is absorbed to water vapour above the interface. The absorption depth
depends on the local temperature of the emitting surface. In some surface temperatures vapour
is practically transparent as shown in Figure 2.5.5.4 and heat is more efficiently transferred
directly to concrete structures.
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Figure 2.5.5.4. Absorption depth as a function of surface temperature.

Deliverables in 2014

 In benchmarking FOREVER-C2 experiment with Abaqus and PASULA the results were
found out to be in a good agreement with each other and also with the available test data.
This proves that both of these tools can be utilised in analysing vessel deformations and
possible failure under severe accident circumstances.

 The main phenomena related to steam explosions were summarized. The use of MC3D
was trained by simulating a simple experiment performed with purely oxidic melt, i.e. TROI-
TS4.

 The expertise in MC3D use was broadened by simulating an experiment performed with
partially metallic melt, i.e. TROI-TS5. Also the sensitivity of the simulation results to selected
input parameters was evaluated. During this work a script to automate the simulation
process was developed.
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 The effect of varying absorption depth to the maximum fuel temperature evolution was
analysed with PANAMA. No significant difference was observed compared to previous
analyses when this phenomenon was not taken into account.

2.5.6 Passive Containment Cooling System tests (PCCS)

The main goal of the PCCS project was to provide experimental data on the behavior of
horizontal Passive Containment Cooling System (PCCS) condenser used in ABWRs for the
development and validation of computer codes. The first part of the experiments (thermal
hydraulic tests) served the validation of system codes (APROS, TRACE) and thermal hydraulic
models of severe accident codes (MELCOR, ASTEC); while the second part (aerosol tests)
served mostly the development and validation of severe accident codes. Currently, there is no
data available on the behavior of aerosols (deposition, condensation, retention etc.) in
horizontal PCCS. Flow conditions, which effect on the aerosol behavior, differ significantly in
horizontal PCCS from those with vertical tubes.

The passive safety systems can enhance the possibility of successful accident management
and probably mitigate the consequences. In addition to heat removal, the PCCS study
produced information on the retention of fission product aerosols in the horizontal, condensing
heat exchanger. The aerosol related actions were realized during year 2014. One of the
objectives was to monitor the mass concentration and properties of particles in the gas phase
at the inlet and outlet of PCCS. As another objective, the fraction of particles trapped in the
condensate of PCCS was investigated. Thus, the impact of PCCS condenser on the possible
source term could also be verified in this study. In the PCCS studies close co-operation with the
TRAFI and ESA projects of SAFIR2014 was essential.

Specific goals in 2014

The PCCS test rig was used with the PPOOLEX facility, acting as a host facility, for aerosol
experiments at Lappeenranta University of Technology (LUT), see Figure 2.5.6.1. Aerosol
measurement systems were prepared and installed. Aerosol systems were designed and
manufactured by VTT containing systems for producing and measuring the aerosols. Sampling
system had to be divided in inlet and outlet parts. Two compact furnaces, which contain
sampling devices, have been constructed. Also, fluidized bed generator for aerosol production
was constructed. Total number of four experiments were carried out. In the experiments two out
of five heat exchanger tubes were plugged and the blowdown pipe was also plugged. From
these experiments seven sequences with and without aerosol injection periods were selected
(see Table 2.5.6.1). An example of pressure histories of experiment PCC-10 in Figure 2.5.6.2.
Particle number size distribution at the PCCS inlet and outlet in experiment PCC-10 are
presented in two graphs of Figure 2.5.6.3.



RESEARCH REPORT VTT-R-03998-15
99 (164)

PACTEL steam generator

DN80 steam line

DN200 inlet plenum

DN50 steam line

DN200 blowdown pipe

Dry well

Wet well

PCCS model

Heat exchange tubes

Inlet collector

Outlet collector

DN25 condensate line

DN50 gas line

Dry well 2

DN25 steam line

DN50 steam line

DN25 condensate line

Feed water line

Flow straightener

Figure 2.5.6.1. PCCS system integrated with the PPOOLEX test rig.

Table 2.5.6.1. PCC-07, PCC-08 and PCC-10 experiments in 2014.

Test
[#]

Experiment Time
[s]

Steam
[g/s]

Air
[N l/min]

Carbon black
[Y/N]

1 PCC-07 6200-8000 50 0 N
2 PCC-07 8000-9800 90 0 N
3 PCC-07 9800-11600 130 0 N
4 PCC-08 4000-5500 90 90 N
5 PCC-08 1240-4000 130 90 N
6 PCC-10 15000-16860 90 240 Y
7 PCC-10 10980-12360 130 240 Y
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Figure 2.5.6.2. Pressure histories in experiment PCC-10.

Figure 2.5.6.3. Particle number size distribution at the PCCS inlet (upper graph) and outlet
(lower graph) in experiment PCC-10. Steam flow rate was 130 g/s and air flow rate 240 l/min.
Data is corrected with the primary dilution ratio as a function of time (no humidity correction).



RESEARCH REPORT VTT-R-03998-15
101 (164)

Deliverables in 2014

 At LUT, updated version of the description of the Passive Containment Cooling System
(PCCS) Test Rig was carried out. The description contains present status of the PCCS
facility.

 VTT installed the aerosol measurement systems to the PCCS test rig.

 Total number of four experiments was carried out with the PCCS test rig. These
experiments contained totally seven sequences with and without aerosol injection. The
designed measurement setup was successful in analysing the gas and particle phase at
inlet and outlet of the PCCS with satisfactory precision.
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2.6 Structural safety of reactor circuits

In 2014 the research area "Structural Safety of Reactor Circuits" consisted of eight projects:
Environmental influence on cracking susceptibility and ageing of nuclear materials (ENVIS),
Fracture assessment of reactor circuit (FAR), Monitoring of the structural integrity of materials and
components in reactor circuit (MAKOMON), RI-ISI analyses and inspection reliability of piping
systems (RAIPSYS), Heavy fouling and corrosion risks in the cooling water systems of NPPs and
methods for their mitigation (RICO), Advanced surveillance technique and embrittlement
modelling (SURVIVE), Water chemistry and plant operating reliability (WAPA) and Fatigue
affected by residual stresses, environment and thermal fluctuations (FRESH).

2.6.1 Environmental influence on cracking susceptibility and ageing of nuclear materials
(ENVIS)

The objective of the joint VTT – Aalto ENVIS project is to support safe operation of NPP´s
through increased understanding of the influence of light water reactor environments on the
ageing and environmentally-assisted cracking (EAC) susceptibility of nuclear reactor materials.
To meet these goals, several tasks are pursued dealing with thermal ageing, determination of
low temperature crack propagation of Ni-based weld metals, characterisation of irradiated
stainless steels and of austenitic nuclear components, investigating EAC initiation susceptibility
in nuclear materials, designing new equipment for fuel clad biaxial creep testing etc.
International co-operation is important as a tool to bring the latest knowledge to Finland and
benchmark the scientific level of our research. Knowledge transfer and continuous education
will secure uninterrupted availability of high-quality expertise for ageing management.

Specific goals in 2014

Characterisation of NPP components and mock-ups

During the ENVIS project three different samples from nuclear components, which had been in
operation were characterised to get a deep insight in factors affecting stress corrosion cracking.
Two cases are summarised below.

(a)  (b)

Figure 2.6.1.1. The welded Stellite 6 hard facing on the steam gate valve piston (a) had
suffered from selective oxidation (b), increasing crack initiation susceptibility due to thermal
stresses.
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                     (a)                                       (b)                                        (c)
Figure 2.6.1.2. Image a) shows fluctuation in the composition over the macrosegregation bands
(b), where Ni is marked as a yellow line and Cr as a red line. Fluctuations were also observed
in nano-hardness values (c).

Effect of irradiation on stainless steel microstructures

Irradiation changes the properties of stainless steels, which is the most common structural
material used for reactor internals. The yield and ultimate tensile strength increase, while the
elongation to fracture and fracture toughness decrease. These changes are due to the changes
in the microstructure, i.e., radiation induced grain boundary segregation (RIS) and formation of
irradiation induced defects. Both irradiated stainless steel materials, used in the OECD Halden
project for e.g. crack growth rate experiments, and post-irradiation annealed materials have
been characterised in the ENVIS project to add to the understanding of irradiation induced
stress corrosion cracking.

Development of new equipment for biaxial creep testing of fuel clad materials

The Crebello equipment was developed for biaxial creep testing of fuel clad materials. The
possibility to either move or copy the equipment to the Centre for Nuclear Safety (CNS) for
testing or irradiated materials was taken into consideration in the design. Such measurements
would give new data for life time assessment on irradiation creep. The pneumatic loading
technology provides important benefits and has already successfully been applied for material
testing in different environments. Pneumatic servo-controlled material testing system has earlier
been used to perform fracture toughness, corrosion fatigue, tensile and electrochemical
measurements in gas, high temperature aqueous, hydrogen and irradiation environments. The
main advantages of the pneumatic testing system are the sensitivity and the possibility to
separate the material testing equipment and the control system by long (> 30 m) pressure
tubes without decreasing the test load accuracy.
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Figure 2.6.1.3. 3D drawing of the Crebello main parts. The specimen has been coloured red.

Figure 2.6.1.4. The load and the pressure of the pneumatic loading unit as a function of time.

Deliverables in 2014
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Thermal ageing and ordering of Alloy 690. Aalto University work report, 18.12.14. 28p.

2.6.2 Fracture assessment of reactor circuit (FAR)

The objective of the 4-year project is to develop and to validate numerical and experimental
methods for reliable reactor circuit structural integrity assessment. For fracture risk assessment
of nuclear components it is essential to know loads, operational conditions, material properties
and their changes due to ageing or environment as well as fracture mechanisms. Both
experimental material data and validated numerical assessment methods are needed for
qualitative assessment of fracture risk. New material and structural solutions such as narrow
gap welds set specific requirements for structural analysis and development of numerical and
fracture mechanical testing methods. Also uncertainties have been a concern in the nuclear
field and many design approaches therefore yield to over-conservative results. These
uncertainties may be due to not precise input data of loadings or material parameters.

Recent development in fracture assessment methods has been in the field of numerical
modelling. Numerical tools are often required in assessing crack growth in complex cases such
as leak before break analyses or unsymmetrical crack criticality analyses. Suitable tools for the
end-user are yet to be employed in large scale. A recently developed method for modelling
crack growth is the extended finite element method (XFEM). In 2014, one objective of FAR
project was to develop and evaluate numerical structural integrity assessment methods and to
evaluate and further develop advanced methods - such as XFEM - for nuclear structural
integrity assessment.

Leak before break (LBB) approach is based on the assumption that a crack like flaw in a wall of a
pressurised component will be detected via leakage long before the crack becomes structurally
critical. Use of LBB approach requires information and methods of fracture mechanics (simple
and numerical methods), material properties (stress/strain, fracture toughness), fluid mechanics
(leak size, leak rate) and leak detection systems. The LBB approach stems from operating
experiences showing extremely low probability of breaks in primary circuit piping. Prior to
applying any of the levels of the LBB assessment methodology, there needs to be a general
screening criteria set to preclude its application to cases for which LBB is not applicable. LBB is
already included in nuclear safety authority codes in many countries. In Finland it is included in
the design of new plants and will also be a part of Finnish nuclear safety YVL codes. In the
1990s, a survey of the LBB procedures has been made in Finland. Since that no significant
Finnish research directly regarding to LBB has been performed in the nuclear area. Recent
development of LBB is based on R6 and has been developed in European non-nuclear projects
(e.g. FITNET). Thus, updated state-of-the-art of LBB is needed. Further, applicability and
limitations of LBB approach concerning effect of ageing on material fracture properties, different
crack shapes, tearing instability and welded structures (narrow gap welds, dissimilar metal welds,
DMW) as well as special loading cases is not yet established. In 2014, one objective of FAR
project was to study applicability and limitations of leak-before-break (LBB) approach such as
limiting factors, requirements for material input data, tearing instability, effect of ageing, special
features of LBB for narrow gap welds and dissimilar metal welds (DMW).

Low constraint i.e. lower stress triaxiality which prevails in a tip of shallow crack is less severe for
fracture than the stress caused by a deep crack. Fracture mechanical input data for structural
analysis is usually based on deep crack fracture toughness. This leads easily also for extra safety
margins in structural assessment. For more realistic integrity assessment of the structure with
irregular shape or shallow cracks, especially in weld seam region, further development of
numerical and experimental methods is required. In 2014, one objective of FAR project was to
evaluate growth and criticality of real cracks with shallow or irregular shape in structures. Low-
constraint fracture mechanical testing methods, transferability to structures and advanced
numerical methods were applied and studied.
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For dissimilar metal welds (DMW) such as those in safe-end structures, research is needed
especially for a successful control of the metallurgical properties across the near-interface
zone. It is noteworthy that the potential flaws forming typically on the DMW joint interfaces are
difficult to detect using common NDE techniques. New welding methods, e.g. narrow gap
welding, particularly require mastery of the correlations between the mixing of the base
material, the alloying element gradients, the microstructures formed and degradation and failure
phenomena. Chemical composition and material properties may vary greatly within a narrow
zone close to the weld fusion line, which makes it difficult to determine the relevant zone-
specific material properties experimentally. In practise, this requires the use of miniature
specimen techniques. Another essential aspect is the transferability of test specimen scale
results to the integrity analyses of genuine structural components. The localisation of the
asymmetrical deformation typical to DMWs and the presence of an uneven crack front require
the use of modern modelling techniques in estimating crack growth. Metallurgical discontinuity
also causes a complex loading and stress-strain state, which may cause residual stress and
stresses due to thermal loading. In 2014, one objective of FAR project was to develop structural
integrity assessment methods for dissimilar metal weld based on realistic failure criteria of DMWs,
and develop practice with which the zones that are most critical for fracture can be identified and
their fracture toughness and mechanical strength can be determined reliably.

Specific goals in 2014

In 2011, the numerical extended finite element method (XFEM) technique was evaluated for its
suitability to model cracks and flaws in nuclear components. In 2012, a procedure that
introduces (almost) arbitrary cracks in uncracked component geometry FE-meshes using
XFEM was developed and implemented. The procedure provides means to perform sensitivity
analyses with respect to crack geometries, loading and material parameters for complex
cracked geometries where handbook solutions are not applicable. The procedure was
developed in 2013 to utilize dense submodels in the crack region to improve result accuracy. In
2014, the results obtained using the XFEM technique in the previous were utilized and typical
problems found in nuclear environments are studied with XFEM. The work was started by
reviewing the capabilities of the XFEM implementation in Abaqus for NPP cases. Open issues
from previous project years were addressed and the strengths and weaknesses of the XFEM
approach, particularly with Abaqus, were identified. In addition, XFEM was applied in simulation
of a DMW SE(N)B test specimen with varying micromechanical properties. The research and
findings were reported as a research report. An example of a crack growth path obtained in a
pipe break analysis carried out with XFEM is shown in Figure 2.6.2.1.

Figure 2.6.2.1. Pipe break analysis with XFEM.
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LBB case of VVER440 steam generator collector dissimilar weld was finalised. Using the
created FEM model, parametrical studies with low fracture resistance were performed to define
limiting fracture resistance of the DMW in the worst case i.e. break before leak were completed
and reported. Following discussions with Fortum, the LBB case study model was updated and
sensitivity analyses with respect to loading, crack size and location, heat transfer and initial
stresses were performed. The obtained results can be later compared against experimental
data from the long crack tests, if available. Crack opening displacements obtained in the LBB
case study sensitivity analysis are shown in Figure 2.6.2.2.

Figure 2.6.2.2. Crack opening displacements from two LBB case study sensitivity analyses.

Criteria for the avoidance of “fast fracture” in upper shelf conditions was studied. Based on a
critical assessment of the German “TÜVIS Grundlagen” LBB rules a LBB procedure with new
rules for safety factor definitions was developed and published as a research report.

Brittle fracture low-constraint tests with surface crack specimens (SENT, SENB, deep crack)
was studied experimentally and numerically. Constraint in specimens, a/W, was been chosen
according to the realistic stress state. In FEM analysis local Q-parameter and J-integral of the
tested cases has been calculated both for ductile (2012) and brittle (2013) cases. Low-
constraint SENT T0-specimens with 8mm x 8 mm cross-section were tested.

The existing MC constraint correction was checked and possibly adjusted with the new results.
An objective comparison of the MC and UC procedures has been performed and published at
International Journal of Pressure Vessels and Piping.

Quality assurance of VTT finite element calculations for surface crack configuration will be
performed by participation in ASTM numerical surface crack round robin. Numerical analyses
for the surface crack round robin were performed and results were sent to ASTM. A research
report concerning the subject was prepared.

The national round robin concerning fracture toughness (T0) and fracture resistance (JR) was
organized. The round robin will be performed in 2015. Material for the round robin has been
chosen as structural steel Laser 420 MC. Round robin participants are VTT hot cell, VTT
research hall and SSAB Raahe. SSAB Raahe was responsible for test specimen
manufacturing. Test specimens will be ready in 2014 but actual Round Robin takes place in
2015. 60 specimens for T0 tests and 36 specimens for JR-tests are manufactured. Short report
on Round Robin definition was prepared. In future, every partner makes the analysis of their
data and performs reporting according to the ASTM E1820 and E1921 standards. The results
will be summarised as a summary report.

The modelling methodology for fracture mechanics SE(N)B specimen calibrated using base
material fracture resistance (JR) data, is extended by taking account of variation in mechanical
properties and volumes of local microstructural regions in the near-interface zone of DMW by
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using experimental fracture resistance data associated with these regions, in conjunction with
either actual or postulated stress-strain data. Initial fracture mechanical simulations for DMW
specimens have been performed with XFEM. In the XFEM model different regions
corresponding to measured varying mechanical properties have been defined in the near-
interface region where specimen precrack is located. Sensitivity analyses with respect to
different crack locations and paths were performed with XFEM. More detailed FE-analyses
using local approach methods for DWM specimens are planned. The local approach models
will utilize experimental data of near-interface regions obtained also from SINI and
MULTIMETAL-projects.

Experimental testing and analyses/characterisation techniques (stress-strain curves, fracture
resistance curves, chemical composition profiles, micro-/nanohardness profiles) were further
evaluated and refined in liaison with other on-going projects (also including NGW-DMWs), with
the aim at determining the best practice of capturing and characterising the specific features of
the near-interface zone microstructures in DMWs. Following this, these methods used in
characterisation of DMW were applied in the experimental testing of a Ni base DMW.

The aim of the research was to experimentally determine the fracture toughness properties of a
Ni base DMW mock-up obtained from KAIST in terms of fracture resistance (J-R) curves using
small-scale (5 x 10 x 55 mm3) pre-fatigued 3-point bend SE(B) specimens as shown in Figure
2.6.2.3.

Figure 2.6.2.3. Crack opening displacements from two LBB case study sensitivity analyses.

The fracture resistance tests were performed at room temperature according to the standard
ASTM E1820-13 “Standards Test Method for Measurement of Fracture Toughness” in order to
define J value at the onset of ductile tearing, since this is an important parameter in the case of
LBB assessment. Due to limited amount of available DMW material, testing was focused on the
near-interface region (NIZ) of the ferritic RPV steel and the Ni base Alloy 52 buttering layer. The
results demonstrated, the J-integral values for the onset of ductile tearing were not fully
reached, and as no actual crack growth took place only crack blunting occurred during the
tests. All the fracture resistance test results (J-R curves) showed essentially ductile fracture
behaviour (Figure 2.6.2.4).

This was confirmed by the post-test fractographic investigation of the specimen fracture
surfaces; all the specimens exhibited fully ductile fracture surface appearance. The results
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demonstrated that the fracture toughness associated with the onset of ductile fracture is above
80–100 kJ/m2. The observed crack path in all the specimens was found relatively straight
without any sudden crack deviations from its original location i.e. the NIZ into the neighbouring
weld microstructural zones during growth, which is often encountered in the case of DMWs.
One cannot, however, rule out the possibility that a very limited amount of crack growth in a
specimen has hindered any crack path deflections that otherwise might have occurred in later
stages of crack propagation.

Figure 2.6.2.4. Crack opening displacements from two LBB case study sensitivity analyses.

Deliverables in 2014

 Research report summarizing the applicability of XFEM for nuclear cases with usage
recommendations. VTT Research Report VTT-R-05745-14.

 Extended LBB case study of VVER440 steam generator primary collector dissimilar metal
weld. VTT Research Report VTT-R-04969-14.

 Evaluation of rules for LBB assessment. VTT Research Report VTT-R-00815-14.

 Report on the criteria of avoidance of fast fracture in the upper shelf regime as defined in
YVL E4-6.8. VTT Research Report VTT-R-04898-14.

 Plenary lecture at the 20th European Conference on Fracture (ECF20) “Wallin, K.: The
evolution of brittle fracture modelling on a time scale”

 An objective comparison of Master Curve and Unified Curve procedures. Published in
International Journal of Pressure Vessels and Piping.

 Report on organizing national round robin on fracture toughness and fracture resistance.
VTT-R-00097-15.
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 Report on participation in the ASTM surface crack round robin. VTT Research Report VTT-
R-04871-14 and VTT-R-04872-14.

 Proposal for new rotation and bending corrections for the SE(B) specimen. Published in
Materials Performance and Characterization.

 Fracture mechanical tests on Ni base dissimilar metal (DMW) welds. VTT Research Report
VTT-R-00063-15.

2.6.3 Monitoring of the structural integrity of materials and components in reactor circuit
(MAKOMON)

Non-destructive examination (NDE) or testing (NDT) techniques are the main tools to inspect the
structural integrity of the primary circuit components in the nuclear power plant. The development
of the NDT techniques towards more reliable and efficient in-service inspections (ISI) promotes
the safety of the nuclear power plant. Also the development of the inspection techniques that can
be applied to reactor circuit components where the access is restricted can increase the reliability
of ISI. The main objective of this project is to develop some of the NDT techniques used in ISI.

The objective of this project has been to develop and analyse non-destructive testing
techniques for monitoring the structural integrity of the primary circuit components i.e. to
analyse the differences in artificial flaws and further to verify the reliability of NDE simulations.
Also to improve eddy current inspection method to map the magnetite piles in a steam generator.
The main methods used in the MAKOMON project are different ultrasonic applications and
ultrasonic simulation, eddy current method and radiography.

Specific goals in 2014

Specific goals for MAKOMON project in 2014 have been to test and study the influence of
different reflector properties on NDT indications. Fatigue cracks have been examined e.g. with
phased array (PA) ultrasonic techniques and scanning acoustic microscope (SAM) to get a
wider perspective to the differences of the defects. Understanding of different indications in
ultrasonic inspections is important for example in ISI. The large variety of ultrasonic and
radiography test results are compared to the actual measurements from the destructive
examination.

Figure 2.6.3.1. Comparison of some of the ultrasonic measurement heights to the destructively
measured height of the two mechanical fatigue cracks (MF) and a thermal fatigue crack (TF).
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In the MAKOMON 2014 project the simulation is done to have wider perspective and
understanding of the remarkable benefit of the ultrasonic simulation. Simulations
representing of artificial fatigue cracks have been compared with experimental
ultrasonic measurement results in order to verify the simulation procedure.

Probability of detection (POD) curves provide valuable data for the reliability of the used
NDT method. Simulation provides also a fast way of determining the POD-curves. 54
different POD curves were calculated using CIVA simulations and meta-modelling. The
results show the advantage of using meta-modelling to decrease the calculation times.

Figure 2.6.3.2. X-ray tomography data was used to obtain flaw shapes for ultrasonic
simulations. Fatigue flaws were meshed to ca. 400 small triangles which were individually
placed into model so that they constructed a solid plane with realistic roughness. TF (left) and
MF (right) flaws meshed to CIVA model.

Figure 2.6.3.3. POD-curve calculations for mechanical fatigue flaw with shear wave 45°, skew
(0±5)°, tilt = (90±5)°. The a90 flaw height is 2.7. If constant 17.3 dB SNR value is used, the a90
values are 2.74 mm.

In steam generator, many cases the growing defects are located at the same place as the
magnetite deposits on the SG tubing. For this reason it is more and more important to locate
and map the piles of magnetite on the tubing. Previously in the MAKOMON project the amount
of the magnetite in large scale was measured with two –probe technique. In 2014 project
continued with the magnetite pile mapping with a single axial bobbin probe.
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Figure 2.6.3.4. A part of steam generator mock-up, stainless steel tubes submerged into the
magnetite pile.

Deliverables in 2014

 New design of a test specimen, stainless steel tube with U-weld and six cracks in different
size, is done. Zero-probe ultrasonic scans and phased array ultrasonic testing (PAUT) have
been conducted.

 Artificial cracks from different manufactures and one reference notch in austenitic stainless
steel test blocks were sized with conventional UT, PAUT, computed x-ray tomography and
digital radiography. Those results were compared to the true state defect dimensions as
determined by destructive analysis.

 The modelling and measurements was combined to create POD curves for fatigue cracks.
Results show clear difference in detection probabilities between simulated inspection
techniques. The effect of the flaw orientation to detection probability can be also seen in the
results, report is done.

 54 different POD curves were calculated using CIVA simulations and meta-modelling. The
results show the advantage of using meta-modelling to decrease the calculation times.

 Tests to map the magnetite existence in the steam generator tubing mock-up with eddy
current technique have continued with the single bobbin probe. Also new improved mock-up
simulating steam generator tubing is done.

 The simulation of the magnetite on the SG tubing is introduced as a new project task.

 Education of the research scientists continued, including also courses on non-destructive
evaluation methods heading to SFS-EN ISO 9712 NDT level 2 or 3 certificates.

 Three research institute reports have been written.

 Two persons from the project have attempted to 11th European conference on Non
Destructive Testing in October in Prague.
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2.6.4 RI-ISI analyses and inspection reliability of piping systems (RAIPSYS)

Risk-informed in-service inspections (RI-ISI) aim at rational in-service inspection management
by taking into account the results of plant specific risk analyses in defining the inspection
program. The fundamental idea is to identify risk significant locations where the inspection
efforts should be concentrated. Even though RI-ISI has been widely applied in the U.S.,
European utilities and safety authorities consider that several issues need further research, and
that the U.S. approaches cannot be adopted as such. In Finland, the implementation of RI-ISI is
a topical issue, as the Finnish regulator STUK now requires RI-ISI analyses for all piping
systems for both operating and future nuclear power plants (NPPs). RI-ISI is a rather resource
demanding process, which depends on the level of detail of various analysis parts. It is
necessary to show through research studies what simplifications can be justified, in order to
have a robust and reasonable methodological approach. This project is a continuation to the
corresponding RI-ISI related project in the previous SAFIR program, i.e. SAFIR2010. The focus
is on the remaining open questions and further development issues as well as providing
guidance on the application of a RI-ISI program.

Specific goals in 2014

The project was organised in four tasks under two subprojects, the specific goals of each task
are described below.

Task 1.1 aimed at developing methods and tools to support the quantification of NPP piping
leak and break potential due to various degradation mechanisms. This was carried out by
further developing probabilistic simulation procedures and probabilistic fracture mechanics
(PFM) applications, as well as by taking more accurately into account reliability of piping
inspections. In particular, it was planned to develop further the convolution integral based
procedure for computation of NPP piping component degradation/failure probabilities. This
simple but efficient procedure was already implemented during 2012, and it applies also for
computation of small probabilities. The further development included taking into account the
effect of inspections and considering more degradation states. Through these developments
the procedure became more accurate and now provides more results. See Figure 2.6.4.1 for
degradation probability results computed for NPP pipe of austenitic stainless steel, denoted as
Medium pipe. The outer diameter and wall thickness of the pipe are 170 mm and 11.0 mm,
respectively, and the considered degradation mechanism is stress corrosion cracking (SCC).
Another goal was to create a probability distribution for the initial size of thermal fatigue induced
cracks. This was carried out by using the available data of artificially evoked thermal fatigue
induced cracks, as produced by Trueflaw Ltd company.

Task 1.2 aimed at probabilistic modelling of cyclic loading. The first goal was to collect and
review the existing methods for application of cyclic loading used in fatigue induced crack
growth analyses of NPP piping components. One key issue is the frequency of occurrence of
the load cycles. As for load amplitude, in addition to conventional constant amplitude cases,
also variable amplitude cases were included, e.g. high-cycle thermal loading in NPP piping.
Importantly, the applicability of the collected methods for probabilistic description of cyclic
variable amplitude loading was reviewed. The second goal was to develop a straightforward
probabilistic method for application of cyclic thermal loading. The developed new application
method for cyclic loading is compared to the SIN-method (developed in European THERFAT
project) in a computational example concerning fatigue induced crack growth in a
representative boiling water reactor (BWR) piping Tee. To get a more distinctive model
response, exaggerated loading was used. The analysis results show that the new VTT method
is considerably less over conservative than the SIN-Method. However, it still appears too
conservative for application of high-cycle thermal loading in NPP piping mixing zones. At least a
part this conservatism originates from the applied fracture mechanics procedure.

Task 2.1 aimed at international co-operation and connections. The main part of this is the
participation to activities of European Network for Inspection and Qualification (ENIQ) Task
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Group Risk (TGR). Nowadays ENIQ TGR is a part of the NUGENIA Association, so the aim
was to follow all RI-ISI related research efforts in NUGENIA too.

Task 2.2 aimed at development of RI-ISI methodologies. As the main criterion for the
acceptance of a RI-ISI program is that the risk will not increase when replacing the earlier ISI
program with the risk informed equivalent, one aim of the task was the robust quantification of
the change in risk. Further, the task aimed at providing both development and application
guidance concerning quantitative RI-ISI methodology. In particular, the aim was to prepare a
summary of the results from the study which took the previous three years, as well as to carry
out some new supplementary computational analyses. The focus of the study has been on
effect of initial flaw and load assumptions on NPP failure potential and risk estimate changes.
The effect of inspections has also been taken into account. The main tools for the pipe break
probability and risk analyses have been probabilistic VTTBESIT code and Markov process
based application, but for comparison some calculations were also performed using Swedish
NURBIT code.

Figure 2.6.4.1. Degradation probability results for Medium pipe, with inspections every five
years. Degradation states are for depth of crack growing through wall, with 0 as 0 %, 1 as 0 –
10 %, 2 as 10 – 50 %, 3 as 50 – 90 %, 4 as 90 – 99 % and 5 as 99 – 100 %, respectively.

Deliverables in 2014

 The results of the research work on structural reliability analysis methods focus on further
development of a more accurate and versatile approach for the convolution integral based
analysis tool for computation of NPP piping component leak/break probabilities. These
results improve the computational capabilities needed in the quantitative RI-ISI analyses.

 Another result concerning the research work on structural reliability analysis methods was
the development of a probability distribution for the initial sizes of thermal fatigue induced
cracks. The distribution was created using the available information of 137 artificially
evoked thermal fatigue induced cracks, as produced by Trueflaw Ltd company as contract
work for their customers.
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 As for modelling of cyclic thermal loading for probabilistic fatigue analyses, a new approach
was developed. The computational fatigue crack growth analysis results show that the VTT
approach is considerably less over conservative than the SIN-Method, while still being to
some extent conservative. It is deemed that the developed new approach is applicable for
probabilistic modelling of cyclic thermal loading in NPP piping components. It is considered
to be more realistic than other straightforward modelling approaches.

 The VTT contributions to ENIQ TGR documents included those on "ENIQ TGR discussion
document: RI-ISI – Lessons Learned from Application to European Nuclear Power Plants".
This document will be published as ENIQ report No. 48.

 The summary of the results from the study which took the previous three years, together
with some new supplementary computational analyses, shows the effect of initial flaw and
load assumptions on NPP failure potential and risk estimate changes. The effect of
inspections has also been taken into account. The main tools for the pipe break probability
and risk analyses have been probabilistic VTTBESIT code and Markov process based
application.

 Participation in Kärnteknik 2014 on nuclear technology in November 2014 in Stockholm.

2.6.5 Advanced surveillance-techniques and embrittlement modelling (SURVIVE)

SURVIVE2014 is a sub-project of SAFIR2014, where techniques and analyses essential for
irradiated material testing and data interpretation are developed. Three categories of works are
included in the project, namely issues in 1) small specimen test techniques, 2) multiscale
modelling concentrating on modelling of fracture in multi-crystalline material and 3)
understanding of microstructure of pressure vessel steels in various irradiation-annealing
conditions. The project has enabled participation in the IGRDM (International Group for
Radiation Damage Mechanisms) activities including Kim Wallin`s role as  the Technical Area
Co-ordinator of sub-task Micromechanics.

Specific goals in 2014

Small specimen test techniques

Embrittlement of pressure vessel materials is monitored by specimens irradiated in surveillance
capsules, where small specimen size is either a necessity or an advantage. Due to technical
and scientific development the focus of test techniques has moved from the indirect Charpy-V
test towards direct measurement of cleavage initiation fracture toughness KJC and data analysis
based on Master Curve concept. Welds of several pressure vessels have been anneal and
hence data on annealing and re-irradation behaviour is required. Without specimen
reconstitution technique the new data based on already tested material could not have been
created.  The reconstituted specimen data shall meet all requirements of relevant standards
and hence proper validation of the technique is required. In some applications only semi-
quatitative data is needed, i.e. when the effect of annealing parameters or the effect of impurity
elements on toughness is studied. With miniature Charpy-V test data can be created chieply
and with small amount of material but the data is only semi-quantitative.
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Figure 2.6.5.1. Extent of specimen deformation in tested Charpy-V specimens along the
specimen axis. Lateral expansion from the Charpy-V test is shown on x-axis and extent of
deformation on specimen axial direction is given on y-axis. The extent of deformation is
measured from the V-notch location and the criterion for extension of LE/2=0.05mm is applied.
On upper shelf the deformation extends up to 6 mm from the V-noch and the value starts to fall
down quickly at Charpy-V lateral expension value of approximately 0.5mm. Specimen
deformation shall be included within the centre section in a reconstituted specimen.

Multiscale modelling

The current fracture initiation models do not consider plasticity in polycrystalline structures and
multiscale modelling task aims to improve the situtation. Crystal plasticity analyses with a
dislocation dynamics based constitutive model were carried out for “Eurocurve Material A”. The
crystal plasticity model was applied to a selected lath containing aggregate mesh over three
differing states of imposed constraint in order to derive triaxial stress states ranging from those
of uniaxial tensile tests to those indicative of near crack-tip plane strain conditions. The
aggregate in question loosely mimics the microstructural morphology present in lower bainitic
pressure vessel steels. The findings demonstrate the effects of temperature and crack-tip
constraint on the distribution of stress and strain fields within the polycrystal aggregate, and are
to be utilized further in the hierarchical multiscale modeling chain in development of cleavage
fracture models, especially the micromechanically informed WST cleavage initiation model.
Findings and trends within the results are discussed and the results are found indicative and in
line with expectations for the differing temperatures and states of constraint. Example of stress
distributions in a multicrystalline model is shown in Figure 2.6.5.2.

Figure 2.6.5.2. The calculated distribution of van Mises stresses in a 10k grain model  indicating
large local variation of stresses within a multicrystaline arrey. Stress values increase from blue
to red.
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Irradiation induced microstructure

The formations created in the irradiated pressure vessel materials by fast neutrons are
nanoscale precipitations or segregations. Powerfull characterisation tools for these formations
are Small Angle Neutron Scattering (SANS) and Atom Probe Tomoraphy (APT), which
techniques are not available in Finland. Hence co-operation with foreign partners has been
essential. Much information is available on microstructure of high copper steels, where the
principal cause for hardening is the formation of iron rich copper, manganese, nickel and silicon
containing precipitates. The focus of our work has been in old VVER440 pressure vessel welds
available in Loviisa. In these steels high phosphorus content is responsible for most of the
embrittlement according to the trend curve derived from mechanical test data. Because Loviisa-
1 pressure vessel weld has been annealed, understanding of microstructural changes occurring
in annealing and re-irradiation are of interest. Physical bases of the hardening mechanism due
to phosphorus impurity has not yet been revealed. The microstructural changes of weld 501,
which is a typical high phosphorus weld and which was used as surveillance material for
Loviisa-1 annealing, has been studied.

Figure 2.6.5.3. Size distribution of irradiation induced formations in weld 501 in various
irradiation-annealing conditions from SANS data.

Deliverables in 2014

V-M. Pulkkanen, P. Lappalainen, M. Valo, Modelling heat transfer in electron beam welding,
Research Reports, VTT-R-00368-15, 2015.

M. Valo, P. Lappalainen, Electrical resistivity response to annealing of VVER440-type weld
material in irradiated, post-irradiation annealed and re-irradiated conditions, Research Report,
VTT-R-00163-15, 2015.

P. Lappalainen, R. Talja, M. Valo, Validation of melting temperatures of temperature monitoring
alloys by DSC, Research Report, VTT-R-00162-15, 2015.

M. Valo, U. Ehrnsten, T. Planman, P. Lappalainen, K. Wallin, Supplementary tests with CRIEPI
mini CT-specimens, Research Report, VTT-R-05628-14, 2014.

A. Laukkanen, Crystal plasticity analysis of cleavage fracture initiation stress-strain fields,
Research Report, VTT-R-00746-14, 2014.
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2.6.6 Water chemistry and plant operating reliability (WAPA)

The overall objective in the project “Water chemistry and plant operating reliability” is to study
the role of water chemistry in preventing degradation of the components both in the primary and
secondary side of NPPs.

In BWR reactors and PWR primary side the main target is to optimise the water chemistry with
regard to mitigation of activity build-up by minimising the formation of corrosion products and to
mitigate stress corrosion cracking. In PWR secondary side the main target is to optimise water
chemistry for minimising the formation of colloidal magnetite and to minimise the deposition of
magnetite onto steam generator surfaces.

Specific goals in 2014

Specific goals in 2014 were to study the effect of different water chemistry parameters on the
magnetite deposition, perform a literature study and start experiments on the effect of
octadecylamine (ODA) on carbon steel corrosion in the PWR secondary circuit and perform a
sensitivity analysis for the model on corrosion product deposition in reactor circuits.

Water chemistry parameters affecting magnetite deposition

Magnetite (Fe3O4) is formed in the pressurised water reactor secondary circuit mainly from
corrosion of carbon steel tubing and other carbon steel components in the feed water line.
Magnetite particles originating from the corrosion process are transported with the flow through
the feed water line and deposit e.g. in the flow holes/crevices between the steam generator
tubes and tube support plate and on the tube sheet creating flow and corrosion problems.

In aqueous solutions, colloidal magnetite particles usually have a surface charge, the sign and
magnitude of which depends on the water chemistry conditions (e.g. pH and chemicals used to
adjust pH). Surface charge (i.e. zeta-potential) is the main variable in determining the ease of
deposition, and it can be influenced by water chemistry additives (e.g. amines and dispersants).
The streaming potential experimental arrangement (in principle a small-size once-through feed
water line simulator) developed in 2012 for the zeta-potential measurements was further
upgraded in 2013 and in 2014 to allow measurements up to T = 250oC (the operating
temperature of the steam generator). Increasing temperature was found to decrease the
magnitude of the zeta-potential in water with ammonia, ethanolamine and morpholine and to
approach zero close to the operating temperatures of steam generators. Thus, increasing
temperature tends to promote the flocculation (and thereby possibly deposition) tendency of
colloidal magnetite particles in PWR secondary side water conditioned with ammonia and the
two amines.

Carbon steel corrosion inhibition using octadecylamine (ODA)

In recent years, the effect of film forming amines like ODA on corrosion and associated fouling
processes in process industry and conventional power plants has been thoroughly studied in
lab scale by electrochemical methods, as well as in pilot plants closely simulating practice-like
conditions. According to these results at least the same or better corrosion protection can be
achieved in comparison to well established corrosion inhibitors like molybdate or nitrite.

Figure 2.6.6.1 shows the carbon steel corrosion inhibition efficiency achieved in one test
arrangement. In this arrangement ODA needed a temperature of higher than T = 120oC to
become active, and over 95% efficiency was achieved with [ODA] > 5 mg/l. Within WAPA –
project, experiments showed that under conditions simulating the secondary side chemistry of a
VVER-440 plant at T = 228oC, 25 mg/l ODA resulted in about 75% corrosion inhibition
efficiency.
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Figure 2.6.6.1 Effect of ODA concentration (exposed for 3 h in steam at T = 220 oC) and
exposure temperature (exposed for 3 h at 5 mg/l ODA) on corrosion inhibition efficiency of
carbon steel.

Modelling corrosion product deposition

Corrosion product deposition is a generic problem for all power plants. However, there are no
generally applicable models describing the effects of the many variables affecting deposition
processes. In 2013 within the WAPA –project, the basis and boundary conditions for such a
model were laid down and reported.

In 2014, a sensitivity study was performed on the model, enabling to point out the relative
importance of different variables on the rate of magnetite deposition under PWR secondary
side conditions. Figure 2.6.6.2 shows as an example the effect of surface energy (Hamaker
constant, a material property that represents the strength of van der Waals interactions
between macroscopic bodies) on the predicted deposition rate, when compared to
experimentally determined data. It is clear that even 1% change in the surface energy
influences dramatically the deposition behaviour. In case of changing the surface charge (zeta
potential), the influence was also found to be quite large.
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Figure 2.6.6.2. Effect of changing the Hamaker constant AH by 1, 5 and 10% on the
predictions of the model. The surface activity of 59Fe (As) was normalized by the activity of the
same nuclide in the suspension (Asusp) to provide a measure of deposition coverage.

Deliverables in 2014

 The effect of ammonia, morpholine and ethanolamine on the tendency for deposition of
magnetite under PWR secondary circuit conditions. One scientific conference paper (Velin
et al., NPC 2014) and one research institute report (VTT-R-05936-14) were published.

 A thorough literature study was performed on the use of film forming amines in process
industry and power plants. Octadecylamine was indicated as an efficient and versatile
corrosion inhibitor for carbon steel (VTT-R-03234-14).

 Laboratory experiments were started and showed that a 75% corrosion inhibition efficiency
of carbon steel can be achieved with [ODA] = 25 mg/l under Loviisa NPP type secondary
side water chemistry conditions during exposure at T = 228oC (VTT-R-06077-14).

 Modelling of corrosion product deposition was continued with a sensitivity study (VTT-R-
00034-15) of the model developed in 2013 for magnetite deposition into steam generators.
This study is part of a larger effort aiming at development of a model describing dissolution,
deposition and re-entrainment of magnetite and soluble iron species in the secondary circuit
conditions. In another report (VTT-R-05936-14) the calibration experiments with a high-flow-
rate steam generator simulating experimental facility were published.
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2.6.7 Fatigue affected by residual stresses, environment and thermal fluctuations
(FRESH)

The FRESH project aims at expanding and deepening understanding of fatigue behaviour
experienced by NPP pressure boundary components under realistic loads and environment.
The following topics were studied:

• stresses in a weld prior and after to NPP operation (weld residual stresses);

• sensitivity of the Fen-factor to variation in the loads;

• determination of the realistic loads caused by turbulent mixing;

• clarification of stress component categorization for numerical fatigue analyses;

• weld overlay as a repair method.

Specific goals in 2014

Concerning fatigue simulation the models created 2013 were changed to have elastic-plastic
material models while keeping the loads equal to those used 2013. The results showed the
difference in the resulting strain range obtained with different material models. Specimen
temperature time histories and an example stress contour are shown in Figure 2.6.7.1.

The parametric FEM-models created 2013 were utilized and modified so that the applicable
stress distribution was computed for cracks growing due to thermal loading. The recorded
stress histories showed large tensile stresses on the heating area surface but the stress state
transformed to compressive stresses in the through-thickness direction. Tensile stress
amplitudes of 500 MPa were obtained in the heating area centroid.

Figure 2.6.7.1. Example plots of specimen temperature histories and stress contours in a
thermal fatigue simulation.

The second subtask aimed at numerically simulating the changes in the weld overlay residual
stress state due to operational loads. Comparison between computed residual stress states of
3D and 2D models was also performed. In the case of overlay welding three dimensional
predicts smaller stress decrease due to weld overlay than the axisymmetric model. In the case
of the butt welded pipe and RPV nozzle the stresses were slightly relaxed due to pressure test
and operational loading. Figure 2.6.7.2 shows computed stress state in an overlay welded
nozzle.
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Figure 2.6.7.2. Computed residual stresses in an overlay welded nozzle.

The stress state in RPV cladding was computed takin into account post weld heat treatment
and operational loads. The computational results show that the post weld heat treatment
reduces RPV cladding stresses especially in the base material beneath the cladding. The
cladding stresses are also reduced due to pressure test and operational loading. In the
operational loading (pressure and temperature) highest stresses occur in the base material
underneath the cladding. The value of tensile hoop stress is approximately 200 MPa.

The third subproject aims mainly to assess the level of conservatism in the existing plastic
strain correction factor definition in ASME code. This study is divided into two parts, which are
theoretical and numerical comparison of nuclear codes and analysis procedures. A structure
operating in Olkiluoto 1 NPP unit was chosen as an analysis target to calculate plastic strain
correction values. The examined structure consists of an elbow and a reducer.

Reference plastic strain correction factor value was used to detect the level of conservatism in
plastic strain correction factor value obtained according to ASME NB-3200 and linear-elastic FE
analysis. For a result example, see Figure 2.6.7.3 below. Based on result comparisons,
conclusions were drawn and recommendations were provided on procedure selection.
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Figure 2.6.7.3. Plot of plastic strain correction factor (Ke) results from ASME code and Ke value
from elastic-plastic and linear-elastic FE results.
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CFD and FEM calculations of thermal mixing in a T-junction were performed in the fourth
subproject. The Smagorinsky turbulence model and wall functions were used for Large-Eddy
Simulation (LES) of the temperature fluctuations. The transient thermal loads were interpolated
to the structural model of the T-junction by a script created in Star-CCM+ CFD code.
Corresponding crack growth calculations using straight pipe models with simplified sinusoidal
and turbulent thermal loads were also performed to study the effect of model geometry and
load simplification.

Instantaneous temperature and temperature variance in the T-junction are shown in Figure
2.6.7.4. The largest cracks observed in the experiment were about 1 mm deep, and hence a
crack with depth 1 mm was modelled at the location of maximum wall temperature variance.
LES has been found sufficiently accurate in the bulk of the flow, but further development and
validation is needed for near-wall regions. Comparison of different loads showed small effect for
the spatial load distribution, but large effect for the frequency content and heat transfer
coefficient.

Figure 2.6.7.4. Instantaneous temperature (left) and temperature variance (right) at the wall of
the T-junction (units K and K2).

Deliverables in 2014

 Plasticity effects in thermal fatigue simulations

 Comparison of computed residual stress states by 3D and 2D models and evolution of
residual stresses due to operational loading

 Computation of RPV cladding welding stresses

 Numerical comparison of plastic strain correction factor against elastic-plastic FE analysis.

 Simulations of crack growth caused by thermal mixing

 Scientific publication about conjugate heat transfer LES of thermal mixing in a T-junction
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2.6.8 Heavy fouling and corrosion risks in the cooling water systems of NPPs and
methods for their mitigation (RICO)

The overall objective in the project “Heavy fouling and corrosion risks in the cooling water
systems of NPPs and methods for their mitigation” is to study the fouling and corrosion risk in
NPP cooling water systems caused by chemical spills in Baltic Sea. In 2014 the focus was at
studying the effect of chemical spills on microbiologically influenced corrosion (MIC).

Cooling water systems are essential for nuclear power plants to operate safely. Their integrity,
however, can be compromised by different kind of fouling phenomena. The corrosion and
fouling of condensers in nuclear power plants, which are using natural waters for their
condensing, can be enhanced by changes in natural waters, for example a leak of chemicals.
Part of that corrosion is caused by microbes, which can also harm otherwise corrosion-
resistant, cooling water system material titanium. Especially sulphate reducing bacteria (SRB)
are known to be harmful for titanium.

Specific goals in 2014

Specific goals in 2014 were 1) to study the effects of certain chemicals on corrosion and heat
transfer of titanium plates in microbe containing artificial sea water simulating the cooling water
condenser of a nuclear power plant 2) to measure how the amount of microbes changes when
these chemicals are added compared to pure sea water.

Corrosion and microbiological measurements in 2014

These experiments consisted of the microbiological analyses and the electrochemical
measurements. The aim of these experiments was to monitor how the microbial population
responds to addition of different chemicals in simulated cooling water cycle environment and
how it changes the corrosion rate of titanium plate. The inoculant of micro-organisms used in
these experiments was collected from Baltic Sea from the depth of 8 meters. The studied
chemicals were ethanol, sodium hydroxide, phosphoric acid, phenol and rape seed oil. Their
concentrations in the test solution were 0.1; 1 and 10mg/l. The studied chemicals and
concentrations were selected according to report and modelling of Finnish Environment
Institute SYKE and were used also earlier in this project. The highest concentration is ten times
higher than the highest concentration SYKE estimated to be possible.

Experiments were conducted in laboratory environment with laboratory equipment used also
before in RICO-project. The test samples were heated from outer surface with an external
water circulation heated with a heating bath and test solution temperature was kept constant
with external cooling water circulation. Two sample temperatures (Tplate) were used, Tplate=80°C
and Tplate=40°C, lower corresponding to the highest temperature of water in the secondary side
of condenser. Higher temperature was selected because it is comparable to the previous
abiotic measurements and because it accelerates corrosion. The temperature of the test
solution remained at room temperature. The temperature of solution coming in and going out of
the measurement cell and the temperatures of the outer surface of test samples were
measured. Changes in the corrosion rate and in the deposit thickness on test samples (titanium
plates) were measured with electrochemical impedance spectrometry (EIS) and linear-
polarization resistance (LPR) measurements. Biomass sample from measurement solution was
taken before chemical addition and after experiment period of three days. As a proxy for
bacterial biomass, quantitative PCR (qPCR) was used to determine the amount of 16S rRNA
gene copies in each sample. The amount of sulfate reducing microbes was determined on base
of copies of -subunit of dissimilatory sulfite reductase (dsrB) gene.

Whereas abiotic water with chemicals produced white precipitate containing mainly calcium
carbonate, adding of microbes resulted in a much thinner layer consisting of organic
substances and significantly less of calcium carbonate (Figure 2.6.8.1).
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Figure 2.6.8.1. Deposit on titanium samples exposed to sea water with microbes.

All measured corrosion rates were small (Figure 2.6.8.2), less than 100 nm/year after three
days, and were lower than previous measurements without microbes. Therefore it seems likely
that chemical spill assumed in this project does not create a threat to cooling water systems of
nuclear power plant. Smallest corrosion rates were achieved with addition of rape seed oil or
sodium hydroxide.

Figure 2.6.8.2. Measured corrosion rates of titanium plates exposed to different chemicals
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The amount of bacteria according to 16S rRNA gene copies increased during the experiment at
Tplate=80°C compared to baseline sample, Figure 2.6.8.3, suggesting that the conditions in flow
cell were favourable for microbes from sea water. Also the amount of sulphate reducing
bacteria increased during the experiments performed at Tplate=80°C. Sulphate reducing bacteria
had strongest response to phosphoric acid. When the experiments were repeated at Tplate=40°C
the number of bacteria and sulphate reducing bacteria decreased during the experiment. This
could be due to the nutrient poor conditions in flow cell when the high temperature is not
accelerating the release of organic matter. When phosphoric acid was added to the experiment
the amount of detected bacteria increased. This demonstrates that the naturally occurring
microbes in Baltic Sea water have the ability to adapt to the high temperatures of heat
exchange units. No clear correlation could be detected between corrosion rate and microbial
community. The results suggest that temperature is more important factor than microbes when
considering the performance of titanium.

Figure 2.6.8.3. Corrosion rates compared to amount of microbes Tplate=80°C or 40°C
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Deliverables in 2014

 A VTT report on the effect of spilled chemicals on MIC in the cooling water systems of
NPPs

 Conference paper in NPC2014 (Nuclear Plant Chemistry) conference
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2.7 Construction safety

In 2014 the research area "Construction Safety" consisted of four projects: Impact 2014
(IMPACT2014), Aging management of concrete structures in nuclear power plants (MANAGE),
Structural mechanics analyses of soft and hard impacts (SMASH) and Seismic safety of
nuclear power plants -  targets for research and education (SESA).

2.7.1 Impact 2014 (IMPACT2014)

A general objective of IMPACT2014 project is to obtain experimental data on the physical
phenomena involved in a condition where an airplane impacts against nuclear power plant civil
structures. The projectiles used in the impact tests simulate the wings, the engines and the
fuselage of an airplane. The targets used are either a force plate (a steel plate with a set of load
cells attached behind it for measurement of the impact force as a function of time), a reinforced
square concrete wall or a 3D wall-floor-wall reinforced concrete structure. The walls can include
also pre-stressing bars with or without pre-stressing as well as a steel liner attached to the back
surface. The test results will also be used for validation of numerical methods used and models
developed within SAFIR2014-project SMASH.

Specific goals in 2014

The project was divided into 5 tasks, which, however, all served the purpose of task 4, testing of
missiles, walls and structures. The specific goal of this task for 2014 was to get the testing activity
going after 8 months of break due to relocation of the test-bed into its new test hall in VTTs
Research hall 1.

In addition to 4 more “traditional” impact tests with square walls, a totally new type of tests was
introduced within 2014. In these vibration propagation and damping tests, a reinforced concrete
structure having a front wall, a floor, a rear wall and optional side walls are impacted with a highly
deformable projectile. The purpose of these tests is to obtain reliable measurement data
regarding how the vibrations induced by a soft impact against the front wall travel down from the
impact point and then along the floor and up the rear wall and how they get damped in the
process. Two such structures were tested in 2014, the first one 3 times and the second one 6
times. The purpose of multiple tests was to check how much the vibration behaviour of the
structure changes when it gets more and more accumulating damage in each test.

The structure used in the first series of these tests is shown in figure 2.7.1.1. This structure was
tested three times with highly deformable projectiles weighing 50 kg and having impact velocity
between 111.2 m/s and 116.8 m/s. The structure was instrumented with strain gauges on the
reinforcement, displacements sensors and accelerometers. The structure was also subjected to
modal testing and analysis before and after the tests.
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Figure 2.7.1.1. A reinforced concrete structure V0 used in the first vibration propagation and
damping test series.

In terms of acceleration, the level of vibration is reduced the further away from the hit point one
goes. This is illustrated in figure 2.7.1.2 which presents the acceleration in the impact direction
as a function of time at the bottom of the front wall (upper row) and at the top of the rear wall
(bottom row) in tests A, B and C. This holds especially true at the very beginning of the impact
(0 to 0.01 s) but this difference is reduced as time proceeds. As the tests are repeated, the level
of acceleration at the very beginning of the impact is reduced but as time proceeds, this
difference between the tests almost vanishes.

Figure 2.7.1.2. Left: Horizontal accelerations measured with sensor 1 at the bottom of the front
wall (top row) and with sensor 4 at the top of the rear wall (bottom row) as a function of time in
test A (the blue curve), B (the red curve) and C (the green curve). Right: The accelerations
during the actual impact (first 20 ms).
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An additional effect of the damage accumulating in each test is that the main frequencies at
which the vibration occurs shift downwards but only slightly, as can be seen from figure 2.7.1.3,
which shows the frequency decomposition of accelerations in terms of auto power spectra. The
same tendency was observed also in case of displacements as well as in modal tests.

Figure 2.7.1.3. Frequency decomposition of the measured signals in a form of APS. Left:
Sensor 1 at the bottom of the front wall. Right: Sensor 4 at the top of the rear wall.

Deliverables in 2014

 Relocation of the test-bed into the new test facility was finished.

 4 walls and 2 3-D structures were tested, some of them numerous times.

 4 so called force-plate tests were carried out, 3 with water-filled projectiles.

 Conference papers discussing the testing project and the results were written for and
presentations given in two conferences.

2.7.2 Aging management of concrete structures in nuclear power plants (MANAGE)

The main objective of the MANAGE project is to develop a platform for the systematic ageing
management of concrete infrastructure at Finnish nuclear power plants. The MANAGE platform
provides an essential tool for coordinating all activities relating to the understanding, control,
monitoring and mitigation of ageing effects of the plant component or structure. This MANAGE
platform supports applications tools related to the management of concrete structures, based
on a harmonised data system. The platform helps coordinate efforts in the acquisition of
essential, up-to-date and proactive data on the condition and performance of concrete
structures is secured. The MANAGE platform will provide systematic methods for planning,
surveillance, inspection, monitoring, condition assessment, maintenance and repair of
structures.

MANAGE is a joint project with VTT Technical Research Centre of Finland and Aalto University.

Specific goals in 2014

The project for 2014 is mainly based on the normal continuation work according to preliminary
plans. The specific goals of this project are:

• Integration of the Ageing Management Platform into NPP’s systems;

• User training of NPP personnel;

• National and International research cooperation, and

• Research to support performance assessment of ageing concrete infrastructure at Finnish
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NPPs.

Figure 2.7.2.1. Schematic representation of the structure of the MANAGE platform and the user
applications.

Deliverables in 2014

 Stand-alone versions of platform for Finnish NPPs

 Ageing Management Platform User Manual and Administrator Manual

 Report on condition assessment of shelter structures at OL2

2.7.3 Structural mechanics analysis of soft and hard impacts (SMASH)

The main objective of this project is to develop and take in use numerical methods for
predicting response of reinforced concrete structures to severe dynamic loads such as impacts
of projectiles. The structures may additionally be pre-stressed or covered with a steel liner. The
aircrafts contain fuel which leads to a high risk of fire. The aim of the liquid research is the
validated capability to simulate spreading of burning liquid and smoke as a result of an aircraft
impact.

It is important to evaluate and prioritize the development needs based on the work already done.
The post-calculation of the tests conducted in the ongoing IMPACT project gives valuable
information on the applicability and development needs of the methods being used.

Specific goals in 2014

Literature review will be carried out in order to obtain deep understanding of the phenomenon and
to study and assess the methods used worldwide. Based on the literature study, methods and
modelling techniques will be tested and taken in use.

FE analyses of selected tests conducted within IMPACT project will be carried out.
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Post analyses on hydrodynamic effect of the water container will be carried out. These tests were
carried out within IMPACT project in 2012, using empty, filled and partly filled missiles. Based on
that study the impact forces due to water-filled missiles will be able to be predicted more reliably
in the future. Different modelling techniques will be used.

Liquid experiments

The goal of the task is to utilize the 2012-2013 experimental data for FDS validation and input
parameter specification.

Deliverables in 2014

Shear punching tests

Shear punching test series of three tests was carried out by using as a target a two way simply
supported concrete plate with a span of 2 m and a thickness of 25 cm. The amount of the shear
reinforcement was varied. The mass of the used stainless steel missile is 50 kg. Two types of
missiles were used and impact velocities were about 143 m/s and 166 m/s.

Bending and shear punching capacity of an impact loaded reinforced concrete wall was studied
by applying different kinds of numerical methods and models. Also, the effect of the temporal
shape of the loading function was studied. Numerical solutions were compared with the
experimental results obtained in impact tests conducted at VTT. The capabilities of different
types of calculation methods in assessing local shear deformation and possible shear punching
cone formation were studied.

Vibration tests

Numerical studies were carried out on vibration test V0 in order to find out the essential
phenomena to be considered in the numerical studies. Two types of calculation methods were
used: Abaqus/Explicit and an in-house FE code. In this case, it is important to assess the effect
of the test frame. This rather heavy steel frame affects the vibration behaviour of the whole test
setup. Also, the effect of the way to apply the loading was studied. There are two different types
of approaches: loading function calculated by the Riera method and the so-called coupled
approach where also the missile is modelled with finite elements. The effect of structural
damping wass also tentatively studied.

Water filled missiles

Post analyses on hydrodynamic effect of the water container were be carried out. These tests
were carried out within IMPACT project in 2012, using empty, filled and partly filled missiles.
The water was modelled in three different ways; as solid elements, as SPH particles or as
material flow in Eulerian mesh. The steel pipe was modelled with shell elements and varying
failure criteria. The main simulation results, the impact force, impulse, initial velocity of the
water front and deformed shape of the missile, were all compared with the corresponding
experimental values.
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(a)                                                           (b)

Figure 2.7.3.1. (a) Numerical result approx. 15 ms after impact. (b) Test approx. 8 ms after
impact.

Figure 2.7.3.2. Comparison of force-time functions.

The measurements of liquid dispersion and drop size in IMPACT tests SFP7 SFP12, where
water filled missiles were shot against a steel force plate were analysed. Droplet size and
velocity distributions were measured as a function of time with two high-speed cameras.
Experimentally observed droplet size distributions were modelled using commonly used particle
size distributions. The results can be used as input parameters and validation database for the
numerical simulations of the impact phenomena. (Figure 2.7.3.3)

Liquid spreading

CFD simulations require information on initial velocities of the droplets after impact as well as
information on droplet size. The droplet data captured during impact experiments has been
used to determine the initial data for simulations. The analysed data was also used to construct
validation tests for simulations of liquid spreading.

The results indicate that the front velocity decreases as the time and distance from the impact
target increases. The deceleration of the front is strongest within the first 0.5 m distance from
the projectile due to high drag forces and simultaneous liquid atomization. The front decelerates
to a level of projectile impact velocity (velocity ratio 1) within 1–1.5 m distance from the
projectile.

Figure 2.7.3.3 shows comparisons of predicted and measured spray front velocities in three
selected tests. The simulation results are in reasonable agreement with the median of the
experimental data.   In the simulations there is no significant difference in liquid front velocity in
different directions.
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a) b)

c)

Figure 2.7.3.3. Predicted and experimentally determined liquid front velocity for three selected
experiments. The errorbars in experimental values correspond to minimum and maximum
velocities in different directions, while the black dot marks the median velocity.

2.7.4 Seismic safety of nuclear power plants – targets for research and education (SESA)

The decisions to increase the number of nuclear power plants (NPP) in Finland, and especially
the positioning of one NPP in northern Finland calls for the need to assess the seismic hazard
and the potential effect of earthquakes on plant safety requirements and design criteria for new
installations. In order to address these questions SESA involves all aspects of the seismic
assessment from: evaluation of the hazard, to the design of buildings and qualification of the
equipment. It is understood that these task are complex, and our aim is only to map the needs
of expertise required for preparation of the NPP design process. SESA also has a strong
educational element in order to train professionals for undertaking design and review tasks. In
Finland seismic design is not required in conventional building projects. Therefore the seismic
engineering community is small and fragmented in several organizations. One goal of SESA is
to bring together the expertise from different organization working with issues related to seismic
engineering.

Specific goals in 2014

The original goals of the SESA projects were set before the very serious accident that occurred
at the Fukushima Daiichi nuclear power plant following the major earthquake and devastating
tsunami of 11 March 2011. At the new situation the quality and the volume of the original
mission related to the seismic risk assessment for 2012 - 2014 needed to be reassessed. This
included more comprehensive investigation of methods and regional characteristics in Finland.
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Figure 2.7.4.1. Earthquakes included in the database are marked with blue dots. The seismic
stations are denoted with red triangles.

In 2014 in Subproject 1 the main focus was concluding seismic hazard studies and supervision
work for starting the source modelling. Basic resources were dedicated to continuing collection
of data for the database by integrating some data from Sweden. In 2014 an update to the
earlier proposed GMPE relationship was calibrated is SESA:

Eq.1

Where PGA is peak ground acceleration, M is the magnitude, Red distance to the fault,
f0=max(log(R0 (Red),0)), f1=min(log(Red, logR1),  f2=max(log(Red (R2),0)), with R0=10,  R1=70 and
R2=140. For hard rock sites S=0, for soil sited S=1. The calibrated c1…c11 coefficients are given
in the outcome summary of the project 1.

For small magnitudes GMPE’s fitted to equation 1 is recommended. For larger magnitudes
(Mw~4…5) the use of the average of GMPE’s by Pezeshk et al., (2011), Atkinson and Boore,
(2006, 2011) and Silva et al., (2002) is suggested.

2014 was the year for finalizing, write-down and conclusion for the hazard studies, using the
consolidated (i.e. documented, archived and published) version of the attenuation relationship.
Further deaggregation studies have also been carried out2. The deaggregation studies
contributed to a better understanding the nature of the seismic activity contributing to the
hazard in Finland. It appears that mid-magnitude events (M~3…5), hosted at near-site locations
(<70km) contribute most significantly to the seismic hazard.

1 L. Fülöp, V. Jussila, M. Malm, T. Tiira, J. Saari, Y. Li, P. Mäntyniemi, P. Heikkinen, and J. Puttonen, “Seismic
Safety of Nuclear Power Plants - Targets for Research and Education (SESA) - Final Report,” in SAFIR2014, The
Finnish Research Programme on Nuclear Power Plant Safety 2011-2014, (Final Report), Espoo: VTT Technical
Research Centre of Finland, 2015.

2 M. Malm and J. Saari, “SESA, Subproject 1 - Earthquake Hazard Assessment, Progress Report 2014,” ÅF-Consult
Ltd, Research Report DSAF14R, Dec. 2014.
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Figure 2.7.4.2. EZ-FRISK magnitude-distance deaggregation for Pyhäjoki, 5 % damping,
average horizontal component of PGA amplitude (a) 0.05g, (b) 0.1g, (c) 0.2g

The training of a PhD candidate at the Institute of Seismology, and complementary work of
cooperation with Uppsala University was carried out in 2014. A related PhD thesis work is on-
going at Uppsala, facilitating the cooperation of the two sides. One outcome of this work has
been the successful NKS proposal to organize two Workshops dedicated to “Modelling as a tool
to augment ground motion data in  regions of diffuse seismicity”.

The sensitivity of the structural response has been studied in earlier years (Subproject 2). One
point of interest was the possibility of estimating the damping rations using non-linear models,
at different levels of non-linearity. This was the only structural modeling topic to be explored in
20143.

The good practice example started for modeling and testing based qualification of a day tank
for an emergency diesel generator (EDG) was improved in 2014. Advanced FEM modeling of
the day tank include interaction with liquid, and other sources of uncertainty4.

Deliverables in 2014

 The SESA earthquake databank was used to calibrate GMPE’s from small magnitude
earthquakes in Finland.

 Using the EZ-FRISK software package, the hazard of several locations in Finland has been
defined, and by de-aggregation the main source of hazard is identified. The results point to
middle magnitude earthquakes (M3-5) at low distances (<70km) to supply the main part of
the hazard to the sites.

 The non-linear Finite Element Modelling (FEM) of a complex model of a generic reactor
building was reported. The loading was according to the YVL 2.6 guide, and concrete
tensile cracking of the floors was the only significant source of non-linearity on the material
side. Using the current modelling technique and assumptions, we were unable to confirm

3 V. Jussila and L. Fülöp, “Damping estimates based on the level of non-linear response in stiff concrete buildings,”
VTT Technical Research Centre of Finland, Espoo, Research Report VTT-R-05636-14, Dec. 2014.

4 V. Jussila and L. Fülöp, “Seismic qualification of complex equipment by combined analysis and testing,” VTT
Technical Research Centre of Finland, Espoo, Research Report VTT-R-06003-14, Dec. 2014.
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the 4% equivalent damping, used in the elastic models corresponding to the natural modes
of vibration in the horizontal direction. There are several possible explanation for the
relatively low equivalent damping found, one being that the type and size of the elements
(shells with ~650x650mm in size and thickness integration point every 150mm) may be too
course to capture tension cracking of concrete in enough detail to represent the amount of
energy dissipated.

 The qualification procedure of a special equipment of an EDG, a fuel day-tank has been
developed. The design case has relevance with the industry.



RESEARCH REPORT VTT-R-03998-15
138 (164)

2.8 Probabilistic risk analysis (PRA)

In 2014 the research area "Probabilistic Risk Analysis (PRA)" consisted of four projects:
Extreme weather and nuclear power plants (EXWE), Risk assessment of large fire loads
(LARGO), PRA development and application (PRADA) and FinPSA knowledge transfer
(FINPSA-TRANSFER).

2.8.1 Extreme weather and nuclear power plants (EXWE)

The objective of the project is to produce a comprehensive review of extreme weather and sea
level events that are relevant for the safety of nuclear power plants, as well as to clarify the
influence of climate change on these. Instrumental records and climate model simulations are
utilized. The study topics have been selected in discussions with end users of the results, i.e.,
with representatives of the Finnish nuclear power companies and with the nuclear safety
authorities.

Specific goals in 2014

Specific goals in 2014 were as follows: 1) The sea level studies concentrated on
meteotsunamis, sudden local changes in sea level, on the Finnish coast. 2) Climate model
downscaling methods developed in 2013 were used to analyse freezing rain and excess
snowfall, with an ultimate goal to give rough estimates of the probability of occurrence of
extreme weather events that have not been observed in Finland. 3) Research results of EXWE
within SAFIR2014 were synthesized.

Modelling of meteotsunamis in the Bay of Bothnia: The detected meteotsunamis on the Finnish
coast are small, generally 10–40 cm high (crest to trough). However, because their strength
strongly depends on coastal topography, higher oscillations may have taken place even though
they are not observed at the tide gauges. To study the vulnerability of NPP sites to
meteotsunamis, refraction modeling has been carried out. The refraction model can be used to
resolve the large-scale concentrations of wave energy caused by coastal bathymetry (Figure
2.8.1.1). Based on the results, none of the studied sites (Olkiluoto, Hanhikivi and Loviisa, the
latter site being simulated already in 2013) are particularly vulnerable to meteotsunamis, and
the probability of a strong meteotsunami occurring there is very small. To bring the probability
estimate on a firmer basis is a priority in future work.
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Figure 2.8.1.1. An example of the refraction model output. The model was used to detect wave
directions that produce amplification of wave energy at NPP sites. Waves arriving from 303°
(WNW) are focused at the Hanhikivi peninsula.

Improving understanding of meteotsunamis by radar data analysis: Weather radars are
routinely used to detect the location and motion of precipitation areas. Radar images are a very
valuable tool for meteotsunami research, as they enable us to see the movement of squall lines
and gust fronts (Figure 2.8.1.2), and to measure their speed and direction, the two parameters
that are crucial for the amplification of a meteotsunami wave. To further study the movement of
mesoscale weather phenomena that can cause meteotsunamis, video material has been
generated from weather radar images and lightning location data. Squall lines and gust fronts
that can cause meteotsunamis are exceptionally rapid and can in principle be visually detected
from the videos. At the next stage this material will be used to gain statistics of the speed and
direction of the air pressure disturbances arriving at the Finnish coast from the sea.

Figure 2.8.1.2. Squall line movement over the Gulf of Finland 8 Aug 2010. During that day,
exceptional sea-level variations of up to 60 cm and strong oscillating currents were observed by
eyewitnesses at three locations in and near Helsinki (Pellikka et al. 2014).

Probability of occurrence of extreme weather events that have not been observed in Finland:
Methods and their use were refined in order to provide model-based estimates of the probability
of occurrence of unprecedented extreme weather events in the changing climate of Finland by
2100. Based on analysis of weather type observations at Finnish weather stations, a gridded
observational data set was created for areas of occurrence of past significant freezing
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precipitation events. The data set were used in development of an identification filter that
combines information about air temperatures at heights of 2 m and 1.5 km and about surface
precipitation. The thresholds used in the filter were optimized using Heidke Skill Score metrics.
Based on the selected identification filter and regional climate model data for the future, the
percentage of days in a year when atmospheric conditions are favourable for freezing rain will
increase in the interior of Finland but remain practically unaltered on the coast (Figure 2.8.1.3).

Figure 2.8.1.3. Present-day climatology (left) and expected change (right) of occurrence of
freezing rain in Fennoscandia according to CORDEX regional climate models. The predictor
variables were filtered with the optimal identification filter. Percentage of identified freezing rain
days in a year (left) and their relative change in future (%, right) are shown.

As regards lake-effect snowfall, weather stations were divided to coastal and continental ones
to identify the coastal precipitation patterns in observations. The cases where moderate or
heavy snowfall was reported at several coastal stations but hardly at all at continental stations
were considered significant coastal snowfall events. These cases were further verified using
several independent sources: ice extent maps of the Baltic Sea; degree of atmospheric
instability in ERA-Interim reanalysis; and spatial distribution of daily precipitation in the FMI
observational daily gridded data set (but not yet remote sensing data). Spatial analyses and
local analyses in the power plant sites are under investigation.

Synthesis of the EXWE outcomes in 2011-2014. The synthesis report, to be published in the
FMI report series, includes the following main topics: (1) The occurrence of extreme
temperatures and enthalpy; (2) Storm tracks and very high winds; (3) Freezing precipitation and
severe lake-effect snowfall; (4) Sea level changes on the Finnish coast; (5) Meteotsunamis on
the Finnish coast.

An example of the results in the synthesis report is shown in Figure 2.8.1.4. Based on the
longest available observational time series (75-165 years) at 30 locations in Finland, the annual
minimum temperature has increased statistically significantly at half of the sites studied.
Accordingly, the estimated annual probabilities of very low temperatures have decreased. For
example at Lappeenranta the annual probability of temperatures lower than -35 °C was about
3% (a return period of about 30 years) in 1960. In the current climate the estimated probability
is only 0.5%, corresponding to a return period of 200 years. It should be kept in mind, however,
that although cold weather has become less likely in time, severe frost still occurs.  The lowest
ever recorded temperature in Finland, -51.5°C at Kittilä, was measured rather recently, in 1999.
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Figuure 2.8.1.4. Annual probabilities of undershooting of low instantaneous temperatures (°C)
at three weather stations in Finland in 1960 (dotted curves) and 2010 (solid lines). The range of
0.5–50% corresponds to 200–2 year return periods.

Deliverables in 2014

 A report on the results of the meteotsunami studies in 2014 was written.

 Part II of the report on severe winter weather in Finland was written, focusing on past and
projected future climatology of freezing rain and sea-effect snowfall and on method
development needed in the assessment.

 A report synthesising the outcomes of EXWE in 2011-2014 was written.

References
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observations of meteotsunamis on the Finnish coast. Natural Hazards 74, 197–215.

2.8.2 Risk assessment of large fire loads (LARGO)

The main objective of the project was the assessment of risks associated with large industrial
fire loads within NPPs, such as oil or electrical cables. The results of the project can be used to
ensure the fulfilment of defence-in-depth principle in fire protection. Specific requirements set
by the intensity and nature of the fire, for the elements of the defence-in-depth principle were
studied, including the possibilities for detection and suppression as well as fire mitigation by
structural partitioning. In the project, fire simulation methods were developed towards a
validated capability to predict fire size under ventilation controlled conditions and suppression.
The ability to evaluate the efficiency of counter measures by plant personnel is examined by
further development and practical application of the new fire-HRA –method. The sensitivity of
digital automation to smoke and heat will be studied to enable the prediction of damages in
components and systems for which empirical data is not yet available. The objective of the fire-
HRA and device response studies is the estimation of probability of successful safe shutdown.
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Specific goals in 2014

Effects of a transformer fire occurring between the turbine hall and the diesel generator building
of Loviisa NPP was selected as a case study. The goal of the study was to explore the effects
of the transformer fire on other transformers and nearby buildings. Particular attention was paid
to dispersion of smoke. Smoke from the transformer fire may cause arcing in the nearby
electrical equipment. Smoke may also reach the air intakes of the diesel generator building
possibly impeding the use of the generators. Predicted heat fluxes on the walls and on the
ground around the burning transformer were recorded in order to assess the thermal stress on
the structures and the conditions facing the fire fighters. Gauge heat flux at the turbine building
wall at one case (2.5 m/s wind from the direction of the diesel building) is shown in Figure
2.8.2.1.

Figure 2.8.2.1. Gauge heat flux at the turbine hall wall, with 2.5 m/s wind from the direction of
the diesel building.

The operation of the plant fire brigade in case of a transformer fire was assessed by Stochastic
Operation Time Modelling (SOTM). It is very challenging to extinguish a fully grown transformer
fire, but fire brigade can prevent the fire spread and heat effects near other buildings. The main
transformers are equipped with automatic suppression system, which should extinguish the fire
at an early stage. In this study only the highly unlikely case that the suppression system does
not operate at all was considered. The assumed working conditions of the fire brigade were
based on the fire simulations, and the time delays and other parameters of SOTM were based
on measurements and expert opinions from other similar cases as well as discussions with the
local staff. The Monte Carlo simulations show that if everything goes as planned, the fire
brigade is able to start water suppression in average of 14 minutes from the ignition.
Unexpected events (e.g., wrong address, malfunction of some equipment etc.) caused
additional delay in 26 % of the realizations. These results should be considered as indicative,
but better accuracy can be achieved by more careful selection of input parameters and their
distributions.

A modelling chain for simulating and predicting the effects of soot and smoke particulates on
the performance of electronics and electrical equipment has been studied. The soot deposition
modelling was studied in 2013; this year the work concentrated in understanding the
mechanisms of surface resistance reduction, and several failure mechanisms. Humidity, and
visible water, seems to be the biggest contributor in loss of resistance. Due to the complex
nature of the problem, no general threshold value for equipment malfunction could be identified.
Some studies showed that if surface insulation resistance is below 1 M , probability of a failure
increases substantially. However, failures may occur above this limit, and equipment may stay
operational below it.

The polymer composition of a cable changes slowly during the decades of plant operation. Both
heat and radiation accelerate the ageing of polymer, main mechanism being oxidation.
Oxidation breaks the polymer chains and thus degrades material. This may lead to decrease of
combustible material and thus reduce the flammability of the polymer blend. Also migration of
plasticizers and additives may occur, further reducing the related fire risk. The experimental
results of brand new and slightly older PVC cables were compared. The similar composition of
old and new cables was confirmed by small scale experimental analysis. The vertical flame
spread rate as a function of initial temperature is shown in Figure 2.8.2.2. It can be observed
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that the flame spread rate is higher for the new cable at all initial temperatures. This confirms
the theory that the ageing actually reduces the fire risks of a polymer. However, this analysis is
only valid for PVC cables; it is not clear how modern flame retardant cables age, because loss
of flame retardant additives may actually increase the fire risk.

Figure 2.8.2.2. Comparison of brand new and older cable.

Cable modelling has been one of the main interests during the four years of LARGO project.
While the small and mid-scale models seem to work well, larger scale applications bring several
new challenges. This year the cable models have been used in predicting flame spread in
larger scale set-ups, in order to validate the models and identify possible problems. The
simulation results have been compared to experimental results of PRISME 2 projects, where
several experiments were made using different cable types and controlled ventilation
environment. The results show that although sometimes the predicted heat release rates are
close to the experimental ones, this is however not always the case. Part of the problem is the
significant uncertainty that is related to the large scale experiments. In the simulations the
challenge is in the different scales of the phenomena; predicting correctly the flame spread (or
ignition) requires very accurate boundary conditions at the material surface (meaning very tight
grid), which is not practical in large scale simulations. In general, it can be concluded that the
experiments with large initial fire can be simulated more accurately than the others.

Deliverables in 2014

 A research report describing the simulations of the fire of a main transformer of Loviisa
NPP, and their results. The smoke and heat effects on the neighbouring buildings (diesel
and turbine halls), possible fire spread to other main transformers, and conditions for the
fire brigade near the fire were assessed. Heat and smoke spread in different wind
conditions are taken into account.

 A report assessing the operation of the plant fire brigade in case of a main transformer fire.
The main task of the fire brigade is to protect nearby buildings from the heat caused by the
fire. Parameters used in the assessment are based on simulations, measurements and
expert opinions. Also a sensitivity study was performed. The results reported here are only
indicative, but they can be focused to better accuracy by re-assessing parameter
distributions and values.

 Effects of smoke and heat on digital automation were addressed in a research report basing
on scientific publications and earlier VTT experiments. Also the conditions for accelerating
the loss of conductivity were studied.

 The influence of thermal and radiation ageing on cable fire behaviour was presented in a
literature based review. The methods for accelerated ageing were reviewed, as well as
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some experimental results for polymer ageing. The earlier VTT experiments were also used
in the analysis.

 Modelling and simulations of one PVC, and one FRNC cable were described in a research
report. Results from PRISME2-project were used in model validation. The differences in the
fire behaviour of these two cable types were compared and analysed basing on small scale
experimental results.

2.8.3 PRA development and application (PRADA)

PRADA was an umbrella project for research in probabilistic risk analysis (PRA). The fields of
PRADA were human reliability analysis, dynamic reliability analysis (including level 2 PRA, and
the modelling and analysis of prevention and emergency operations), level 3 PRA and the
application of imprecise probabilities to reliability analysis. General goals of the PRADA project
were to:

 Improve and develop methods for risk-informed decision making to support strategic
and operative plant management

 Improve and develop PRA methods in terms of uncertainties and critical areas

 Develop PRA knowledge and expertise in Finland

 Foster international co-operation and import the best practices of the field into Finland

Specific goals in 2014

In the human reliability analysis task, VTT participated in the Nordic, German and Swiss
collaboration project EXAM-HRA. The overall objective of EXAM-HRA was to provide guidance
for a state of the art HRA for purposes of PSA, to ensure that plant specific properties are
properly taken into consideration in the analysis. In 2014-2015 the project arranged a seminar,
prepared several case reports, two guidance reports and two summary reports. VTT
contributed to the case reports on Heavy load drop and Actions without procedures. The gained
insights from the project are concluded in the two guidance documents - HRA application guide
and A practical guide to HRA - which form the main results of the project.

The HRA application guide provides guidance of the scope of human failure events to include in
HRA applications in a plant specific PSA level 1 or 2 in order to improve the consistency of in-
depth HRA and human error probability assessment. The practical guide to HRA is intended to
support a PSA practitioner in performing an HRA. It provides guidance on how to perform
different tasks of the HRA process, based on the conclusions from the survey performed within
the project and the case studies. In the guide, the HRA process is divided in tasks and
attributes as shown in Table 2.8.3.1. In addition, the guide presents an overview of HRA
methods and a summary of international guidance documents concerning the HRA process
available in literature.



RESEARCH REPORT VTT-R-03998-15
145 (164)

Table 2.8.3.1. The tasks and attributes of the HRA process.

HFE Definition
Quantification V&V

Selection Data collection Qualitative
analysis

Identification Plant organization /
management Task analysis

Methodology Reasona-
blenessPSF calculation

Dependencies

Transpar-
ency

Screening Task specific
information

Uncertainties

PSF Assessment

Recoveries

Minimum believa-
ble results

Adequacy
Errors of

Commission Task context

Actions without
procedures

HRA for hazards

Documentation

HRA Team

VTT published also a research report on State-of-the-Art of Human Reliability Analysis for
Nuclear Power Plants which is based on commission work for the Radiation and Nuclear Safety
Authority, Finland (STUK) regarding technical support related to the regulatory review of the
Loviisa nuclear power plant human reliability analysis.

The IDPSA task produced two reports, one on improved modelling of steam explosions and the
other on debris bed coolability. Steam explosion modelling attempted a more detailed analysis
on ex-vessel steam explosion loads posed to containment structure of a BWR reactor. The
analyses were conducted with MC3D code, which is a multidimensional numerical tool devoted
to analysis of FCI phenomena. The results showed generally quite large pressures and
impulses in comparison to e.g. results obtained in OECD’s SERENA program. The second
report discussed ex-vessel debris bed coolability from safety analysis perspective, especially
regarding level 2 probabilistic risk assessment. Literature review covered the most important
debris bed parameters that can affect debris coolability. A probability model of failure to provide
cooling for ex-vessel debris is evaluated by using load vs. capacity concept was developed.

In 2014, the prevention and emergency operations modelling task developed and analysed a
model for the clearing of roads leading to Hästholmen after a west storm has cut down trees
that block the road network. The work is responsibility of the Eastern Uusimaa Emergency
Services Department (EUESD). The work process and its main parameters (in terms of time)
were acquired through expert interview, and an activity network model was formulated.
Location and size of trees were estimated visually from Google Maps images. It turned out that
EUESD has the capacity to clear the roads well within the stated time limits even with one fire
truck and its crew; a catastrophic storm might challenge the time limit, but in that case more
units would be called in. A catastrophic storm might affect clearance times also in the sense
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that all EUESD units would be tied to life-saving for long periods of time, but this was not
analysed either.

The level 3 PSA subtask concentrated its efforts to analyzing a case in alternative history. It has
turned out that the radiological effects of the Fukushima Daiichi accident are practically non-
existent. This raises the question: was this good luck or was this to be expected. To answer this
question, the accident was re-modelled with conservative assumptions (all people in their initial
whereabouts – no effects of the tsunami – the source term of Fukushima released in three
hours, conservative assumptions of evacuation and shielding success). The weather was
modelled as the probability distribution of each weather variable in that part of Japan in March.
It turned out that even with these conservative assumptions, with more than 0.9 probability
there would have been no radiation casualties, and the expected number of cancers would
have been 16. It was concluded that the non-existent radiological consequences were not a
matter of luck but rather what one would expect, given the efficacy of Japanese evacuation.

In 2014, the imprecise probabilities task has developed and solved optimal resource allocation
models in which epistemic uncertainty is modeled by interval-valued probabilities defined by
plausible lower and upper bounds on the failure probabilities of the systems events. In this
model, decision recommendations are derived by using the concept of dominance:  a resource
allocation portfolio P is dominated if there is another portfolio that
1) improves the reliability at least as much as P for all failure probabilities that are within the
intervals and 2) improves reliability strictly more than portfolio P for some probabilities within
these intervals. Because a dominated portfolio is less effective in improving the system
reliability than the portfolio it is dominated by, the resource allocation portfolio should be non-
dominated.

We use the non-dominated portfolios to derive recommendations about which actions are more
cost-effective than others in improving system reliability. An action that is in all non-dominated
portfolios should be selected; an action that is not in any non-dominated portfolio should not be
selected; and those actions that are in some but not all non-dominated portfolios may or may
not be optimal, depending on which failure probabilities from the intervals are taken. Figure
2.8.3.1 provides illustrative results for the residual heat removal system of a nuclear power
plant which has 31 basic events and 147 minimal cut sets. This figure shows for this system
which portfolios of actions are cost-efficient when 1) each failure probability is within an interval
whose width is half of the 90% estimated confidence interval and 2) each failure probability can
be set to zero through an action for a cost of one unit (green = cost-efficient, red = not cost-
efficient, grey = analyze further using other metrics such as importance measures).
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Figure 2.8.3.1. Illustrative results for the residual heat removal system of a nuclear power plant.

The exact computation of non-dominated portfolios belongs to a class of challenging
optimization problems. In 2014, we have succeeded in improving the computational capability
by building a novel method based on total order interactions [1]. For instance, the problem for
the residual heat removal system took initially 30 hours to solve; but, after several algorithmic
improvements, this problem has now become tractable and can be solved in about 2.5 hours.
Even though this method is based on a simplification of the reliability function, it still generates
a sufficient number of non-dominated solutions for deriving meaningful implications for decision
making (see Table 2.8.3.2).

Table 2.8.3.2. Share of the non-dominated set that could be computed using the improved
algorithm.

Budget 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Share of original ND set
(%) 100 100 100 100 100 42 75 85 72 74 39 25 67 0  0

Deliverables in 2014

 Ex-vessel steam explosion loads posed to containment structure of a BWR reactor were
analysed using the MC3D code

 Literature on ex-vessel debris bed coolability was surveyed, and a model for the probability
of failure to provide cooling for ex-vessel debris was developed
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 A case study of the analysis of schedule risks in clearing the roads leading to the
Hästholmen nuclear power plant site from trees fallen on it during a storm was conducted

 An NKS meeting on level 3 PSA was participated

 A pilot was developed on the application of event trees in level 3 PSA analysis

 Manuscript/submitted article that describes the developed method for
improving the computation of non-dominated portfolios and the experiences
from applying it with test data

2.8.4 FinPSA knowledge transfer (FINPSA-TRANSFER)

FinPSA and its predecessor SPSA are unique software tools developed by the Finnish Centre
for Radiation Safety (STUK) for carrying out probabilistic risk analyses (PRA). STUK started the
development of SPSA in 1988 and the trial usage of level 1 part started in 1991. Level 2 part of
the code was completed in early 1993. After validation and pilot modelling, the TVO power
company completed the first level 2 PRA in 1997. The development of FinPSA was started in
2000 and the software was launched to customers in 2005. The current version of FinPSA
supports only level 1 analysis.

Figure 2.8.4.1. FinPSA – the comprehensive risk and reliability analysis tool for full scope PRA
modeling.

In order to support FinPSA and SPSA software end users in the future, an agreement was
made to move maintenance and development of these software codes from STUK to VTT
Technical Research Centre of Finland. FinPSA knowledge transfer project (2012–2014) was
started. Ensuring the support and development of these tools has been the main objective of
the project. In addition, a more general objective has been to develop and demonstrate practice
and skills in the development of software products critical to safety.

Specific goals in 2014

The project consisted of four subprojects in 2014: coordinating, detailed design, prototype and
testing. The aim of the coordinating subproject was to coordinate meetings and other



RESEARCH REPORT VTT-R-03998-15
149 (164)

subprojects. Responsibility of this subproject was also to organize end user training sessions.
The software detailed design subproject aimed to prepare the level 2 detailed and algorithm
design. The specification includes detailed designs for graphical modeller, solver, statistical
analysator and risk integrator modules. Also, the needs of PRA reporting were taken into
account. The aim of the prototype subproject was to support knowledge transfer on a deeper
level. To achieve this, a new level 2 prototype tool and its integration with level 1 were
implemented. The integration was based on loose coupling, which enables also a standalone
usage of the level 2 tool. The focus was in the correct and efficient operation of the level 2 tool.
Figure 2.8.4.2 illustrates implemented FinPSA level 2 prototype with a modelled containment
event tree.

Figure 2.8.4.2. FinPSA level 2 containment event tree model.

The testing subproject aimed to study needed methods and to prepare a plan for level 1 run
result comparison in order to validate correctness of results in complex test cases. The aim was
also to verify correctness of level 2 tool and its integration with level 1. Appropriate test cases
were planned for this purpose. Thus, the whole tool chain from level 1 to 2 would be taken
under test control.

Deliverables in 2014

 A plan for level 1 run result comparison has been reported. FinPSA contains many
important features that need to be tested for each new release. Running tests and checking
results is time consuming, and hence, automation of the process would facilitate the
software development. The document presented a plan to check the results automatically,
while many test runs had already been automated. Automatic result comparison would also
be a useful feature for FinPSA users.

 Verification and validation of FinPSA has been planned carefully because of its complexity
and importance to nuclear safety. Test cases for properties related to interface trees of the
software have been specified and they have been prioritised. The properties included the
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correctness of minimal cut sets, traceability, interface tree editing, truncation and update
actions among others.

 Verification and validation of interface trees of FinPSA have been performed according to
the verification and validation plan for interface trees. The results were calculated correctly,
but some deficiencies in usability and ideas for improvement were found.

 Detailed design of FinPSA level 2 tool has been planned and reported. The design
document includes specification of a graphical modeller to model containment event trees
(CET) and to control CET simulations, physical encoding of CETs, a solver to resolve
CET execution model and to execute simulations, a statistical analysator to perform
statistical analyses and the design of a risk integrator.

 A prototype tool for level 2 analysis has been implemented. Level 2 PRA analyses how the
accident progresses after the core damage and how large and probable are releases to
environment. The tool supports a modelling convention based on integrated
deterministic and probabilistic safety analysis (IDPSA). In addition, the level 2 prototype
tool has been loosely coupled with level 1.

 Verification and validation of FinPSA level 2 has been planned carefully because of its
complexity and importance to nuclear safety. Tests for properties related to risk analysis of
severe accidents have been specified according to the level 2 requirement specification and
the tests have been prioritised. The properties included statistical analyses, point value
calculation, CET modelling, CET language correctness checking and the level 2 calculation
procedure as a whole.

 Verification and validation of FinPSA level 2 tool has been performed according to the
verification and validation plan. The testing focused on the properties of the software related
to modelling, quantification and analysis of severe accident models. All calculation results
were correct, but some small deficiencies were found in the compiler.
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2.9 Development of research infrastructure

In 2014 there were two projects focused on the development of research infrastructure:
Enhancement of Lappeenranta instrumentation of nuclear safety experiments (ELAINE) and
Renewal of hot cell infrastructure (REHOT).

2.9.1 Enhancement of Lappeenranta instrumentation of nuclear safety experiments
(ELAINE)

The objective of the project is to increase the quality and quantity of the measured data
generated by the Nuclear Safety Research Unit at Lappeenranta University of Technology
(LUT) in order to meet the requirements imposed by today’s CFD modelling. Increasing need
for the validation of CFD codes requires adoption of new measuring devices and systems for
producing high quality experimental data. Earlier experimental data from LUT has been
successfully used for CFD validation. The value of this data is based on innovative use of
traditional instrumentation. However, current requirements for experiments and measurements
require introduction of advanced instruments, such as Particle Image Velocimetry (PIV), Wire-
Mesh Sensors (WMS) and High-Speed Cameras (HSC).

The amount of data to be handled increases drastically, when adopting advanced instruments.
Large amount of data has to be transferred, handled and finally stored. Ensuring the
compatibility of the data acquisition systems used in different test facilities is essential to avoid
maintaining of multiple software and system architectures.

To ensure the availability of the test facilities as well as the functioning of the systems in
different experiment platforms the traditional control and measuring infrastructure has to be up
to date. Long delivery times or even the discontinuance of important components may cause
unexpected delays in research projects. Thus, the essential replacement components have to
be available on-site.

The last link in the chain of experimental research is storing the results in archives in an
efficient and convenient manner as well as distributing the results in a controlled way. The
STRESA database, developed in an EU project mainly by JRC Ispra, was used at LUT for this
purpose. However, the support of STRESA has been suspended and the software used in the
database was not anymore compatible with the operating systems currently in use at LUT. This
is why new replacing software with similar functions as in STRESA has been developed.

Specific goals in 2014

Specific goals in 2014 covered wide range of topics from the software development to various
hardware installations.

The advanced measurement techniques have been actively used in the experiments performed
in LUT. The goals in this project are related to the know-how of performing and analysing the
measurement (also two research visits). The PIV measurements have been performed in the
PPOOLEX test facility. Some advances have been achieved in two-phase flow measurements
with PIV by using different filters for the cameras to exclude the laser reflections from the steam
bubbles more effectively. New filtering does not remove all the problems such as optical
distortions (lens effect) produced by the steam bubbles. Also, the system of three High-Speed
Cameras has been actively used in the PPOOLEX experiments and data analysis routines
have been developed to analyse the size and the frequency of the steam bubbles departing
from the blowdown pipe. The method performs well, but there are some difficulties to detect the
major steam-water interface due to lighting conditions and numerous smaller gas bubbles. The
WMS technique was actively used in the HIPE test facility (Figure 2.9.1.1) and some new
applications for the technique have been studied. New type of WMS was developed and
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constructed for the axial flow studies. Original plans for the data storage and distributing
software (EDS) covered only maintenance and bug fixes for the existing software. However, the
recent update of the server software enabled some new features and safety upgrades for the
EDS version 2.0. The goal of the maintenance activities is to secure the availability of (PWR)
PACTEL for the thermal-hydraulic experiments.

Figure 2.9.1.1. Example frames from the WMS void fraction measurements (Air-Water
experiments in the HIPE test facility), 32 × 32 WMS.

Deliverables in 2014

 Use of PIV system was continued and measurements were conducted in EXCOP tests. The
quality of the measurements was improved as new camera filters were applied. Velocity
fields have been obtained from the PPOOLEX experiments when the PIV method has been
applicable.

 The WMS technique was actively applied for the two-phase flow studies in the HIPE test
facility as more than 800 measurements were performed. In addition, an axial wire-mesh
sensor (AXE) was designed and constructed to study the axial dynamics of two-phase flow.

 The development of data analysis routines for high-speed camera footage was continued
and the method was tested against the data collected from the PPOOLEX experiments.

 Maintenance work of PWR PACTEL was continued with the operational safety related
systems and structures. Inspections of vertical steam generators were carried out and
several new thermocouples were installed to the secondary side of the steam generators.
Also, differential pressure transmitters have been tested.

 Research visits were organized to Paul Scherrer Institut and University of Michigan. The
purpose of the visits was related to the PIV applications. Outcomes of the visits are in the
networking and exchanging knowledge and ideas of the use of PIV for thermal-hydraulic
experiments.

 Data storage and distributing software (EDS) was updated to version 2.0. The newer
version contains several changes compared to the previous one (new features, safety
upgrades). Also some minor bug fixes have been made.
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 New system for the removal of non-condensable gases from the water of the test facility
was acquired. It was first applied for the PPOOLEX test facility. Later on, the system will be
used for the PWR PACTEL primary circuit.

2.9.2 Renewal of hot cell infrastructure (REHOT)

The objective of the REHOT project is to plan and execute the hot cell and hot laboratory
portion of the infrastructure renewal, including the planning and making of critical equipment
investments for the facility, and training of the technical personnel that will be staffing the
facility, carried out in tandem with the design and construction of the Centre for Nuclear Safety
(CNS). Central to 2014 is the Engineering Design of the hot cells, which is being outsourced to
an appropriate company selected by competitive bid.

Specific goals in 2014

A principal goal in REHOT is the design and construction of the hot laboratory facility, which
involves defining and guiding the technical aspects of the hot laboratory portion of the new
building in tandem with the engineering design of the CNS.  Central to this are the shielding
cells themselves, to be constructed of suitable materials and equipped with appropriated
manipulators and devices.  Additional aspects include supporting facilities like radioactive
materials and waste handling and storage. In all cases, the overarching design goal is to enable
functionality while providing protection against human radiation exposure in line with the
ALARA principle.

Another significant area of effort is the procurement of research equipment to be installed in the
hot cells, particularly executing the competitive bidding process for each item.  The principle
piece of equipment purchased in 2014 was the electrodischarge machine (EDM), for which
competitive bidding was carried out in 2013.  Specifications were also made for procurement of
a scanning electron microscope, and a transmission electron microscope, including auxiliary
equipment. The procurement also includes the nuclearization for the new equipment and
training for their use. In 2014 a focus was the design and construction of a radioactive particle
separator loop for the EDM water circuit, enabling a smaller foot-print for the EDM when
installed in a hot cell, while also reducing build-up of radioactive debris in the system.

Because of the integrated nature of the infrastructure renewal effort, continuous exchange of
information between the VTT project team and the engineering design team carrying out the
design and construction work of the building itself, as it pertains to the aspects involving the
interface between the building systems and the hot laboratory and hot cells facilities (structural,
electrical, ventilation, fire protection, security, etc.), has been an important goal.

Deliverables in 2014

 To support the tender and the conceptual design process, a technical specification and
initial design iteration was produced for hot cells for housing the equipment and devices
used in conjunction with the radioactive material research and testing.  It featured a suite of
six hot cells on the main floor (referred to as cells 1.1 through 1.6), located above a two-
station utility cell in the basement (referred to as cell 3.1), as well as a shielded glove-box
(referred to as cell 2.1).  A shielded, enclosed facility (referred to as cell 1.7) connects the
two upstairs cell rows, and features a lift to transport test specimens from the basement cell
3.1 to the connection cell 1.7. The primary purpose of cell 1.7 is to transport specimens
between the basement and the two upstairs cell rows in a shielded manner.  In addition, the
specification included three facility transfer casks matched to the transport ports in the cells
as an alternative transportation route within the facility (e.g. to cell 2.1). The proposed hot
cells are illustrated in Figure 2.9.2.1.
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 A key aspect of the hot cell design is the shielding material and its amount, so extensive
shielding calculations were made using the radioactive isotope Co-60 as the source,
shielded by lead and leaded glass.  Based on expected source sizes, times of source
presence, periods of and operator presence at the hot cell working face, the conclusion was
that a shielding equivalent to 20 cm Pb is adequate for the working face of the main cell
suite, 10 cm Pb for the shielded glovebox, and 25 cm for basement capsule opening/utility
double cell working face.  The report findings were presented to the Finnish Radiation
Safety Authority-STUK.

 A tender process for the engineering design and fabrication of the hot cells was carried out,
with the technical and economic assessment leading to the selection of Isotope
Technologies Dresden GmbH for the contract.  Contract negotiations culminated in the
approval of the contract by the VTT Ltd. Board of Directors in the beginning of 2015.  The
project was launched with visits between VTT and ITD to discuss design inputs, and assess
the equipment to be installed in the hot cells, the facility in which the hot cells will be
installed, and the manufacturing facilities to be used by ITD.

 A tender process for the quality assurance (QA) oversight of the hot cell contract was
carried out, and the contract was awarded to Qualfinn Engineering Ltd. Qualfinn carried out
initial review of the ITD preliminary QA plan, and feedback was given to ITD on how to
improve their QA plan.

Figure 2.9.2.1.  Sketch of the hot cell configuration for which an engineering design and
manufacturing contract has been placed with Isotope Technologies Dresden GmbH.

 With compilation of the design requirements document in 2013, the conceptual design
process of the radioactive waste handling system for the hot laboratory was launched in
2014.  Following consideration of several potential Finnish suppliers, Platom Oy was
selected to advise the design process, and a contract was put into place with them.  VTT
will carry out the design work, but Platom will provide expertise related to the various
aspects of radioactive waste handling that should be taken into consideration in the design
process. The conceptual design phase will produce a description of the facilities in the
context of the building itself, the layout and conceptual design of the waste handling
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infrastructure alternatives for achieving the functionality and safety required for the scope of
activities, and an equipment list for the proposed hot cells.

 Knowledge and familiarity with particular hot cell methods and technical solutions was
gained by attending the HOTLAB 2014 conference in Baden, Switzerland, the Microscopy &
Microanalysis Conference in Hartford, Connecticut, USA, and the World Nuclear Exhibition,
WNE2014 in Paris Le Bourget, France, and the Irradiation effects on Concrete International
Committee (ICIC) meeting in Espoo.  A site tour of the Paul Scherrer Institute hot cell
facilities was made as part of the HOTLAB 2014 conference, and visits were made to “hot”
microscopy facilities at Studsvik and GE Global Research Center.

 The procurement schedule for REHOT went forward as planned in 2014, with the delivery
of the “hot-cell ready” EDM device (and associated training), and preparation of the
specifications for a “hot” scanning electron microscope, and preparation for procurement of
a “hot” transmission electron microscope.  Visits were also made to various equipment
suppliers such as JEOL (electron microscopes) and LaCalhene (hot cell manipulators and
transport casks) and AgieCharmilles (EDM) in conjunction with information gathering and
factory acceptance test inspections.

 With delivery of the EDM and completion of site acceptance testing of its performance, its
nuclearization process proceeded, with design and construction of the centrifuge pilot
system for separating radioactive solids from the water circuit. An elevated platform was
erected in the VTT Otakaari 3 Pilot Hall for simulating the EDM location above the
centrifuge loop in the new building.  Design was advanced to address things like EDM metal
waste expulsion to movable containers, metal powder drying based on a resistance heater
and a possibility to open the bottom part of EDM container.  The centrifuge water loop was
advanced to address the centrifuge’s position, water flow, piping, and pressure regulation.
The pressure- and flow-control hardware and software was integrated with a Siemens
programmable logic controller produced by TAS Oy.

 As an addition to the EDM nuclearization, procurement was made of a programmable,
electromechanical manipulator arm from KUKA, a German robotics company with sales
support in Finland.  The device is already in production and will be delivered in 2015.  It will
be utilized in a variety of manners targeted at identifying its suitability as an alternative to
purely manually-operated remote handling applications, starting with activities related to the
EDM centrifuge loop.

 With the securing of the building permit for the CNS at the beginning of 2014, excavation
and blasting work was initiated by the subcontractors.  By the end of the 2014 calendar
year, all of the concrete work was completed, giving the facility its general exterior form, as
shown in Figure 2.9.2.2..  In parallel, follow-up of the detailed facility design process mainly
consisted of deciding particular details of specific aspects and cost-savings opportunites of
the building systems, structures and furnishings, mainly with the help of the detailed 3-D
design model and discussions held around drawings of particular features.
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Figure 2.9.2.2.  Progress on construction of THE VTT Centre for Nuclear safety in 2014, CW
from upper left, January, June, September and December.

 As a part of the building construction process, a risk workshop was held with the building
design and construction team, and end users.  Risks were grouped into the following:

o regulatory risks
o technical risks
o quality risks
o temporary risks
o financial risks
o environmental or environmental

impact risks
o workplace safety related risks
o publicity risks
o start-up risks
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 Radiological safety is of utmost importance in the new facility, and the first visit by STUK
to the VTT CNS construction site was made on in September, mainly for a discussion of
the ventilation system design.  A formal evaluation request was submitted to STUK for
the proposed ventilation pressure differential management system.

 A site visit was made to the cleanroom facility of ALS Life Sciences Division |
Environmental (Luleå, Sweden) with Granlund, the consultant used for designing of the
CNS clean room facilities for high resolution mass-spectroscopy equipment in C-
laboratory (used for trace analysis of radiological isotopes).

 In the area of the radiation safety systems of the new facility, technical discussions were
held with Canberra and Mirion, for specific definition of the needs for obtaining detailed
cost estimates for radiation safety equipment.  This includes personnel dosimeters, their
recording device, software, area monitoring, hand/foot monitor, full-body monitor/gate,
and noble gas monitoring equipment.  A principle goal is to have the hot-cell monitoring
integrated with the facility monitoring system.

 To disseminate information about this national infrastructure project and facilitate
dialogue among the stakeholders, a seminar was held regarding the scope of the CNS.
Valuable feedback was received from the attendees, which will be implemented when
going forward.
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3. Financial and statistical information

The planned and realised volumes of the SAFIR2014 programme in 2014 were 10.3 M€ and
10.2 M€ and 64 and 70 person years, respectively. The funding partners were VYR with
5.672 M€, VTT with 2.708 M€, Aalto University with 0.211 M€, NKS with 0.186 M€, Fortum
with 0.199 M€, TVO with 0.148 M€, and other partners with 1.085 M€. The planned and
realised funding by the major funding partners are illustrated in Figure 3.1. The planned and
realised costs by cost category are shown in Figure 3.2. The personnel costs constitute the
major share of yearly expenses.

Figure 3.1. Planned and realised financing of the SAFIR2014 programme in 2014.

Figure 3.2. Planned and realised costs of the SAFIR2014 programme in 2014.
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Figures 3.3-3.6 illustrate the cost and volume distributions by research area. In these figures,
following abbreviations have been used for the research areas: Human for Man,
Organisation and Society; Automation for Automation and Control Room; Fuel and reactor
for Fuel Research and Reactor Analysis; Thermal for Thermal Hydraulics; Severe for Severe
Accidents; Materials for Structural Safety of Reactor Circuits; Construction for Construction
Safety; PRA for Probabilistic Risk Analysis (PRA); and Infra for Development of Research
Infrastructure.

Figure 3.3. Planned and realised costs by research area in 2014.

Figure 3.4. Planned and realised volumes by research area in 2014.

In the area Development of Research Infrastructure the share of personnel costs is lower
than in other research areas because of the infrastructure investments (Figures 3.5-3.6).



RESEARCH REPORT VTT-R-03998-15
160 (164)

Figure 3.5. Distribution of total funding in SAFIR2014 research areas in 2014.

Figure 3.6. Distribution of person years in SAFIR2014 research areas in 2014.

The numbers of different kind of publications made in SAFIR2014 projects during 2014 are
listed in table 3.1. The programme produced 353 publications in 2014 consisting of 140
scientific articles and conference papers, 156 research reports (of the participating
organisations), and 57 other publications (theses, reports of other organisations, other
publications).
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The average number of publications was 5.1 per person-year, and the average number of
published scientific articles was 1.0 per person-year. There were clear differences in the
number of publications between the projects. Some project focused on writing research
reports and neither scientific articles nor conference articles were written in 2014.

Table 3.1.  Publications in the SAFIR2014 projects in 2014.

Project acronym Volume
(p- years)

Scientific Conference
papers

Research
institute
reports

Others Total

MANSCU 1.57 4 2 1 1 8
SAFEX2014 0.97 2 2 0 4 8
SISIANS 0.95 5 1 2 0 8
CORSICA 1.30 0 3 4 3 10
HACAS 1.24 4 7 3 1 15
SARANA 2.40 2 4 6 5 17
SAREMAN 1.76 0 1 5 6 12
IFAPROBE 0.80 0 3 0 0 3
CRISTAL 1.70 2 1 4 1 8
KOURA 1.60 0 2 5 4 11
KÄÄRME 1.80 15 13 2 0 30
NEPAL 1.56 5 0 0 0 5
PALAMA 3.05 4 2 6 3 15
ESA 3.00 3 0 5 2 10
EXCOP 1.90 3 0 4 0 7
NUFOAM 1.31 0 0 6 0 6
NUMPOOL 0.82 0 0 1 0 1
PAX 2.30 0 0 4 1 5
SGEN 0.87 0 0 2 0 2
UBEA 0.82 0 0 1 0 1
SPEFU 0.60 0 0 2 0 2
COOLOCE-E 1.30 2 0 2 0 4
FISKES 1.29 0 0 4 1 5
TERMOSAN 0.91 1 1 5 2 9
TRAFI 1.60 1 5 3 1 10
VESPA 1.60 0 0 4 0 4
PCCS 1.28 0 0 2 0 2
ENVIS 4.40 2 5 9 1 17
FAR 1.30 2 1 8 1 12
MAKOMON 1.09 1 0 6 0 7
RAIPSYS 0.79 0 0 3 0 3
SURVIVE 1.17 5 0 5 1 11
WAPA 1.06 1 2 4 0 7
FRESH 0.93 1 0 5 0 6
RICO 0.80 0 1 1 0 2
IMPACT2014 2.60 2 3 1 0 6
MANAGE 0.80 0 4 2 2 8
SMASH 1.10 2 0 1 1 4
SESA 0.92 0 0 4 4 8
EXWE 1.30 3 0 3 2 8
LARGO 1.00 0 3 5 2 10
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PRADA 1.54 1 1 5 5 12
FINPSA-TR. 1.38 0 0 6 0 6
ELAINE 2.00 0 0 1 0 1
REHOT 4.02 0 0 2 3 5
ADMIRE 1.05 0 0 2 0 2
TOTAL 70 73 67 156 57 353

Altogether 16 higher academic degrees were obtained in the research projects in 2014:
seven Doctoral degrees and nine Master’s degrees (Table 3.2). The academic degrees are
listed in Appendix 3.

Table 3.2. Academic degrees obtained in the projects in 2014.

Project
acronym

Doctor Master

SARANA 2
SAREMAN 1
PALAMA 1
ESA 1
PAX 1
UBEA 1
TRAFI 1
FAR 1
MANAGE 1 2
SMASH 1
SESA 1
EXWE 1
ELAINE 1
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4. Programme management

During the administrative period (January 2014 – March 2015) the SAFIR2014 steering
group held six meetings. The reference groups had five meetings, including the last email
meeting for the approval of the last reports for invoicing. During 2014, several ad hoc groups
supported projects and improved information exchange and co-operation between research
areas in multidisciplinary topics.

The final seminar of the SAFIR2014 programme was held on 19-20 March 2014 with ca 200
participants from Finland and abroad. The SAFIR2014 Final report published in the seminar
[4] gives a summary of the technical results of the entire SAFIR2014 programme with
emphasis on the results achieved during the years 2013-2014.

In addition to the final seminar, the information on the research performed in 2014 was
communicated formally via the quarterly progress reports of the projects, the annual plan and
annual report of the programme, and SAFIR2014 web pages. Additional information was
given in seminars organised in the various research areas. The detailed scientific results
were published as articles in scientific journals, conference papers, and separate reports.

In addition to conducting the actual research according to the annual plans, SAFIR2014 was
an efficient conveyor of information to all organisations operating in the nuclear energy sector
in Finland and also an open discussion forum for participation in international projects,
allocation of resources, and planning of new projects.

Figure 4.1 illustrates the organisation and quality management in the SAFIR2014
programme. The lists of persons involved in the steering and reference groups, as well as
programme staff and their main duties are presented in Appendix 5.

Figure 4.1. Organisation and quality management on the SAFIR2014 programme.
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Managing safety culture throughout the lifecycle of nuclear plants (MANSCU):

Scientific publications

Pia Oedewald, Nadezhda Gotcheva, Kaupo Viitanen, Mikael Wahlström. Turvallisuuskulttuuri ja
resilienssi ydinvoima-alalla laitosten elinkaaren eri vaiheissa. VTT, Espoo, 2015.

Conference papers

Gotcheva, Nadezhda; Oedewald, Pia; Macchi, L.; Alm, H.; Osvalder, A-L.; Wahlström, Mikael.
Managing safety culture in design activities: Evidence from the Nordic nuclear power domain. 7th
international conference Workingonsafety.net, WOSnet 2014, 30 September - 3 October 2014, Glasgow,
Scotland, United Kingdom. Book of abstracts. Institution of Occupational Safety and Health
(IOSH) (2014), 60-61

Oedewald, Pia; Skjerve, A-B.; Axelsson, C.; Viitanen, Kaupo; Reiman, Teemu. Expected and
experienced benefits of human performance tools in nuclearpower maintenance activities.  7th
international conference Workingonsafety.net, WOSnet 2014, 30 September - 3 October 2014, Glasgow,
Scotland, United Kingdom. Book of abstracts. Institution of Occupational Safety and Health
(IOSH) (2014), 62-63

Other

Oedewald, P., Skjerne, A-B, Axelsson, C., Viitanen, K., Bisio, R., Human performance tools in nuclear
power plant maintenance activities, Final report of HUMAX project, NKS-328, 2015.

Sustainable and Future Oriented Expertise (SAFEX2014):

Scientific publications

Kurki, A-L. Schaupp, M. Lindström, S. & Mäki,  E. : A quest for resilience in nuclear power
organizations?  Collaboration between HR and line managers as a possibility in capability development.
Submitted to Safety Science January 2015.

Mäki E., Pahkin K., Lindström S. & Kurki A-L. Assessment Method for Analyzing and Developing
Human Resource Management Practices in Nuclear Power Industry. International Journal for Nuclear
Power has requested to reprint the article.

Conference papers

Kurki,  A-L,  Schaupp,  M.,  Lindström,  S.  &  Mäki  E.  (2014)  Collaboration  between  HR  and  Line
Management – Enhancing Learning in Complex work. In Broberg, o. Falletin, N., Hasle, P., Jensen, P.L.,
Kabel, A., Larsen, M.E. & Weller, T. Proseedings. 11th International Symposium on Human Factors in
Organisational Design and Management & 46th Annual Nordic Ergonomic Society Conference. Volume I
+ II. Santa Monica CA, USA: IEA, Department of Management Engineering Technical University of
Denmark, pp. 413 – 417.

Mäki E., Pahkin K., Lindström S. & Kurki A-L. Assessment Method for Analyzing and Developing
Human Resource Management Practices in Nuclear Power Industry. ENC 2014, The European Forum to
discuss Nuclear Technology Issues, Opportunities & Challenges  11 - 14 May 2014, Marseille, France.
Pp. 362-367.

http://www.otalib.fi/cgi-bin/thw/trip/?$%7bBASE%7d=vttjure&$%7bHTML%7d=wwwrecordfi&$%7bOOHTML%7d=wwwrecordfi&$%7bTRIPSHOW%7d=form=wwwabstractfi&$%7bFREETEXT%7d=R%3D73396
http://www.otalib.fi/cgi-bin/thw/trip/?$%7bBASE%7d=vttjure&$%7bHTML%7d=wwwrecordfi&$%7bOOHTML%7d=wwwrecordfi&$%7bTRIPSHOW%7d=form=wwwabstractfi&$%7bFREETEXT%7d=R%3D73397
http://www.otalib.fi/cgi-bin/thw/trip/?$%7bBASE%7d=vttjure&$%7bHTML%7d=wwwrecordfi&$%7bOOHTML%7d=wwwrecordfi&$%7bTRIPSHOW%7d=form=wwwabstractfi&$%7bFREETEXT%7d=R%3D73397
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Research institute reports

Pahkin K., Mäki E., Kurki A-L. & Lindström S. Kestävää ja kehittyvää tulevaisuuden osaamista
ydinvoima-alalla. Työterveyslaitos ja Aalto-yliopisto, 2014.  ISBN: 978-952-261-517-6 (PDF). 31 pages.

Others

Lindström S., Kurki A-L., Mäki E. & Pahkin K. Urapolut ydinvoima-alalla. Accepted to ATS
Ydintekniikka

Signaled and Silenced Aspects of Nuclear Safety (SISIANS):

Scientific publications

Ylönen, M. Learning From Fukushima: International Isomorphism as Contributing and Constraining Nuclear
Safety. Pre-Conference proceeding. 12-18, July, 2014. Yokohama, Japan.

Ylönen, M. . Learning From Fukushima: International Isomorphism as Contributing and Constraining
Nuclear Safety. Submitted to the Safety Science.

Ylönen, M. and Litmanen T. Signaled and Silenced Aspects of Nuclear Safety - Evaluation of International
Nuclear Safety Thinking. Submitted to Journal of Risks, Hazards and Crisis in Public Policy.

Aven, T. and Ylönen, M. Safety Regulations: Implications of the New Risk Perspectives. Submitted to the
journal of Reliability Engineering and Safety System.

Ylönen, M. , Litmanen T., Kojo M. and Lindell P. (De)politicisation of Nuclear Power: The Finnish
Discussion After Fukushima.  Will be submitted to Public Understanding of Science.

Conference papers

Learning From Fukushima: International Isomorphism as Contributing and Constraining Nuclear Safety. Pre-
Conference proceeding. 12-18, July, 2014. Yokohama, Japan.

Research institute reports/ others

Ylönen, M. Signaled and Silenced Aspects of Nuclear Safety. International Safety Regime and National
Cultural Features. SAFIR2014 Report. Spring 2014.  Will be published in JYKS. ISBN number...

Ylönen, M. Signaled and Silenced Aspects of Nuclear Safety: Characteristics of Finnish Nuclear Safety
Regulation. SAFIR2014 Final report. Will be published in JYKS. ISBN number…

Coverage and rationality of the software I&C safety assurance (CORSICA):

Scientific publications

Varkoi, T., Nevalainen, R. and Mäkinen, T. (2014), Toward Nuclear SPICE – integrating IEC 61508, IEC
60880 and SPICE. Journal of Software: Evolution and Process, 26: 357–365. Wiley 2014.

Conference papers

Lahtinen, J. Automatic test set generation for function block based systems using model checking.
Proceedings of The International Conference on the Quality of Information and Communications
Technology (QUATIC 2014).
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Nevalainen, R. and Varkoi, T.: A Safety-Critical Assessment Process. Mitasiunas et al. (Eds.) Software
Process Improvement and Capability Determination, 14th International Conference SPICE 2014, Vilnius,
Lithuania, November 4-6, 2014, Proceedings, CCIS 477, Springer.

Varkoi, T., Nevalainen, R.: Compliance and Rigour in Process Assessment for Safety-Critical Domain. B.
Barafort et al. (Eds.): EuroSPI 2014, CCIS 425, pp. 296–308, Springer 2014.

Research institute reports

Nevalainen, R., Varkoi, T.: FiSMA 2014-1: Integrated Nuclear SPICE Process Assessment Model.

Varkoi, T., Nevalainen, R.: FiSMA 2014-2: Advanced Nuclear SPICE assessment process.

Teikari, O., Nevalainen, R.: Comparison of software safety standards IEC 61508-3 and IEC 62138. VTT
Research Report, VTT-R-03820-14, 2014.

Teikari, O. CORSICA Task 4.1 Hazard analysis methods of digital I&C systems. VTT Research Report,
VTT-R-03821-14, 2014.

Others

Nevalainen, R., Varkoi, T.: FiSMA 2014-3: Nuclear SPICE mallin ja ydinvoima-alan
viranomaisvaatimusten yhteensovittaminen.

Slide set: CORSICA Task 4.2: Trends in the use of FPGA technology in the nuclear domain.

Slide set: Safety demonstration templates -  concept and example.

Human-automation collaboration in incident and accident situations (HACAS):

Scientific publications

Savioja, P., Norros, L., Salo, L. & Aaltonen, I.: Identifying resilience in proceduralised accident
management activity. Safety Science 68, 258-274, 2014.

Norros, L. 2014. Developing human factors/ergonomics as a design discipline. Applied Ergonomics 45,
61-71.

Norros,  L.,  Liinasuo,  M.  &  Savioja,  P.:  Operators’  orientations  to  procedure  guidance  in  NPP  process
control. Cognition, Technology & Work 16, 487-499, 2014.

Norros,  L.,  Savioja,  P.,  Liinasuo,  M.  & Wahlström,  M.:  Can proceduralization  support  coping with  the
unexpected? International Journal of Nuclear Safety and Simulation 5.

Conference papers

Karvonen, H., Lappalainen, J. & Liinasuo, M.: Automation awareness user interface study – preliminary
results. Proceedings of Enlarged Halden Programme Group Meeting, Roros, Norway, September 7-12,
2014.

Laarni, J. & Koskinen, H. 2014. Method for fidelity evaluation of nuclear power plant simulators from the
Human factors point of view. Proceedings of the 5th International Conference on Applied Human Factors
and Ergonomics AHFE 2014, Kraków, Poland 19-23 July 2014.

Laarni, J., Savioja, P., Norros, L., Liinasuo, M., Karvonen, H., Wahlström, M. & Salo, L.: Conducting
stepwise HFE validations to support control room modernization. Proceedings of ISOFIC/ISSNP 2014,
Jeju, Korea, August 24-28, 2014.
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Norros, L., Savioja, P. & Liinasuo, M.: Balancing between stability and improvisation in operator
practices – analysis of nuclear power plant operators’ procedure usage. Paper presented at the 28th
International Congress of Applied Psychology, Paris, France, 8-13 July, 2014.

Norros,  L.,  Savioja,  P.,  Liinasuo,  M.  & Wahlström,  M.:  Can proceduralization  support  coping with  the
unexpected? Proceedings of ISOFIC/ISSNP 2014, Jeju, Korea, August 24-28, 2014.

Salo, L. & Savioja, P.: HFE program development: Balancing between existing design practices and
human factors requirements. Proceedings of ISOFIC/ISSNP 2014, Jeju, Korea, August 24-28, 2014.

Wahlström, M., Liinasuo, M., Norros, L. & Savioja, P.: Symbiosis of rule-following and flexible acting?
Procedure designers’ views on NPP operating work. Proceedings of Enlarged Halden Programme Group
Meeting, Roros, Norway, September 7-12, 2014.

Research institute reports

Eitrheim, M.H.R., Holmgren, L., Savioja, P., & Hildebrandt, M.: Measuring Procedure Competence.
Final Report from the NKS-R (14)112/13.IFE/HR/F – 2015/1623.

Karvonen, H., Liinasuo, M. & Lappalainen, J.: Assessment of situation and automation awareness.
Research Report. VTT-R-05997-14. Laarni, J.: Report from Working Group on Human and Organisational
Factors – On-going activities 2014.

Liinasuo, M. & Porthin, M.: Updating Human Reliability Analysis – insights from Human Factors
oriented control room validation. VTT-R-05278-14.

Others

Aaltonen, I., Kuula, T., Wahlström, M. & Aikala, M.: Training needs of NPP maintenance personnel. Paper
accepted to ANS NPIC&HMIT 2015.Koskinen, H., Laarni, J., Torkkeli, K. & Vesaoja, E.: Pre-validation
of a new interactive operating panel system for a nuclear power plant training simulator. Paper accepted
to ANS NPIC&HMIT 2015.

Laarni, J., Norros, L. & Salo, L.: Multi-stage approach to control room validation. White paper submitted to
OECD/NEA/WGHOF ISV workshop.

Laarni, J. & Tommila, T.: Concept-of-Operations as a boundary object in knowledge sharing across
stakeholders in nuclear industry. Paper to be submitted to the Applied Human Factors and Ergonomics
Conference (AHFE) 2015.

Norros, L., Savioja, P. & Koskinen, H.: Core-Task Design – a practice-theory approach to human factors.
Book submitted to Morgan & Claypool.

Salo, L., Savioja, P. & Laarni, J.: Developing a Human Factors Engineering process for control room
upgrades. Paper accepted to ANS NPIC&HMIT 2015.

Safety evaluation and reliability analysis of nuclear automation (SARANA):

Scientific publications

Jockenhoevel-Barttfeld, M., Bäckström, O., Holmberg, J.-E., Porthin, M., Taurines, A., Tyrväinen, T.,
Modelling Software Failures of Digital I&C in Probabilistic Safety Analyses based on the TELEPERM®
XS Operating Experience, atw – International Journal for Nuclear Power, submitted in January 2015.

Xiang Gan, Jori Dubrovin, Keijo Heljanko: A symbolic model checking approach to verifying satellite
onboard software. Science of Computer Programming 82: 44-55 (2014).

Kähkönen, K., Saarikivi, O. and Heljanko K.: Unfolding Based Automated Testing of Multithreaded
Programs. Automated Software Engineering Journal, accepted for publication, available online, 2014.
http://dx.doi.org/10.1007/s10515-014-0150-6
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Lahtinen, J., Kuismin T., Heljanko, K. Verifying Large Modular Systems Using Iterative Abstraction
Refinement, Submitted to Reliability Engineering & System Safety. Under review (resubmitted Oct 02,
2014).

Conference papers

Bäckström, O., Holmberg, J.-E., Jockenhoevel-Barttfeld, M., Porthin, M., Taurines, A., Quantification of
reactor protection system software reliability based on indirect and direct evidence, Probabilistic Safety
Assessment and Management PSAM 12, June 2014, Honolulu, Hawaii

Lahtinen, J. Verification of fault-tolerant system architectures using model checking, Lecture Notes in
Computer Science Volume 8696, pp 195-206, Proceedings of SAFECOMP 2014 Workshops: ASCoMS,
DECSoS, DEVVARTS, ISSE, ReSA4CI, SASSUR, Florence, Italy, September 8-9, 2014.

Pakonen, Antti; Valkonen, Janne; Matinaho, S; Hartikainen, M. 2014. Model Checking for Licensing
Support in the Finnish Nuclear Industry. International Symposium on Future I&C for Nuclear Power
Plants (ISOFIC 2014), Jeju Island, Republic of Korea, 24 - 28 August 2014. Korean Nuclear Society

Kari Kähkönen, Keijo Heljanko: Lightweight State Capturing for Automated Testing of Multithreaded
Programs. Tests and Proofs (TAP) 2014, Lecture Notes in Computer Science 8570, p. 187-203, York,
UK.

Kähkönen, K. and Heljanko, K.: Testing Multithreaded Programs with Contextual Unfoldings and
Dynamic Symbolic Execution. In Proceedings of 14th International Conference on Applications of
Concurrency to System Design, p. 142-151, Tunis, June 2014.

Research institute reports

Failure modes taxonomy for reliability assessment of digital I&C systems for PRA.
NEA/CSNI/R(2014)16.

Authén, S, Holmberg, J-E. Tyrväinen, T., Zamani, L., Guidelines for reliability analysis of digital systems
in PSA context — Final report, NKS-330.

Bäckström  O.,  Holmberg,  J.-E.,  Jockenhövel-Barttfeld  M.,  Porthin  M.,  Taurines  A.,  Tyrväinen  T.,
Software reliability in PSA; failure mode and data analysis, NKS report.

Tyrväinen, Tero, Counterintuitive results from Bayesian belief network software reliability model, VTT
Research report, VTT-R-04235-14.

Björkman,  Kim,  Tyrväinen,  Tero,  Dynamic  flowgraph  methodology  as  a  part  of  PRA,  VTT  Research
report, VTT-R-04222-14.

Kari Kähkönen, Olli Saarikivi and Keijo Heljanko, Formal analysis of source code, Research report,
Aalto 2014

Kähkönen, K., Vanhala, A., and Heljanko, K., Model Checking Timed Systems with ATMOC and Tool
Portfolios, Research report, Aalto 2014

Others

Proceedings of the DIGREL seminar: Guidelines for reliability analysis of digital systems in PSA context,
15.1.2015, Stockholm, Sweden

Pakonen, A., Travel report from International Symposium on Future I&C for Nuclear Power Plants
(ISOFIC 2014), Jeju Island, Republic of Korea, 24 - 28 August 2014. (in Finnish)
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Lahtinen, J., Travel report from 33rd International Conference on Computer Safety, Reliability, and
Security, SAFECOMP 2014, Florence, Italy, 10-12.9.2014, (in Finnish)

Safety requirements specification and management in nuclear power plants
(SAREMAN):

Conference papers

Uusitalo, E., Raatikainen, M., Ylikangas, Männistö, T. Experiences from an Industry-wide Initiative for
Setting Metadata for Regulatory Requirements in the Nuclear Domain. IEEE Requirements Engineering
and Law Workshop (RELAW), Karlskrona, Sweden, August 26, 2014, 8 p.

Uusitalo, E., Raatikainen, M., Koskela, M., Myllärniemi, V. & Männistö, T. Lessons learned from safety-
critical software-based automation architectures of nuclear power plants, 11th Working IEEE/IFIP
Conference on Software Architecture (WICSA), Sydney, Australia, April 7-11, 2014, 4 p.

Research institute reports

Tommila, T. & Alanen J. Conceptual model for safety requirements specification and management in
nuclear power plants. VTT Technology no xx (in press).

Others

Doan, Q. Managing safety requirements in nuclear power domain by using V-model as a lifecycle model.
Master’s Thesis, 73 p.

Pakonen, A. Visual languages for representing sequences in functional I&C requirements. SAREMAN
working report, 25 p.

Tommila, T. A control engineer’s introduction to requirements engineering. SAREMAN working report,
42 p.

Tommila, T. Using Controlled Natural Language for complex functional requirements. SAREMAN
working report. 18 p.

Tommila, T. & Alanen J. Conceptual model for safety requirements specification and management in
nuclear power plants. SAREMAN working report, 113 + app. 29 p.

Uusitalo, E., Raatikainen, M., Applying structured natural language to regulatory requirements in nuclear
domain. SAREMAN working report, 8 p.

Uusitalo, E., Raatikainen, M.,  & Männistö, T. Piloting Lightweight Requirements Engineering Training.
SAREMAN working report, 6 p.

Uusitalo, E., Ylikangas, M. & Raatikainen, M. Annotating regulatory requirements: A summary report of
the VAHA-A initiative. SAREMAN working report, 9 p.

Ylikangas, M., & Uusitalo, E. KLAD tool (source code).
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Identification of FAult situations PROpagating BEtween different systems and
disciplines (IFAPROBE)):

Conference papers

Nikolaos Papakonstantinou, Seppo Sierla, Konstantinia Charitoudi, Bryan O'Halloran, Tommi Karhela,
Valeriy Vyatkin, Irem Tumer, ” Security Impact Assessment of industrial automation systems using
genetic algorithm and simulation”, submitted to IEEE ETFA 2014.

Ryan Arlitt, Nikolaos Papakonstantinou, Bryan O'Halloran, Chris Hoyle, Robert Stone, “Using A
Feasibility Study Of Human Computation For Failure Scenario Identification”, ASME 2014 International
Design Engineering Technical Conferences (IDETC) and Computers and Information in Engineering
Conference (CIE), August 17-20, 2014, Buffalo NY, USA.

Nikolaos Papakonstantinou, Scott Proper, Bryan O'Halloran, Irem Y. Tumer, “Simulation Based Machine
Learning For Fault Detection In Complex Systems Using The Functional Failure Identification And
Propagation Framework”, ASME 2014 International Design Engineering Technical Conferences
(IDETC) and Computers and Information in Engineering Conference (CIE), August 17-20, 2014, Buffalo
NY, USA.

Criticality Safety and Transport methods in reactor analysis (CRISTAL):

Scientific publications

Vanhanen, R. and Pusa, M., Survey of Prediction Capabilities of Three Nuclear Data Libraries for a
PWR Application. Submitted to Ann. Nucl. Energy.

Conference papers

Viitanen, T. and Leppänen, J., Validating the Serpent Model of FiR 1 Triga Mk-II Reactor by Means of
Reactor Dosimetry, In proc. 15th ISRD, Aix-en-Provence, France, May 18-23, 2014. (together with
KÄÄRME)

Pusa, M., Adjoint-Based Sensitivity and Uncertainty Analysis of Lattice Physics Calculations with
CASMO-4, In Proc. PHYSOR 2014, Kyoto, Japan, September 28 - October 3rd, 2014.

Research institute reports

Räty, A., EPRI benchmark SCALE-ohjelmilla, VTT Research Report VTT-R-04186-14, 2014.

Räty, A., C5G7 benchmark BOT3P- ja TORT-ohjelmilla, VTT Research Report VTT-R 05771-14, 2014.

Valtavirta, V. and Juutilainen, P., Kriittisyysturvallisuuden validointipaketin tilanne 2014. VTT Research
Report VTT-R-00405-15, 2015.

Others

Rantamäki, K., Juutilainen, P. and Valtavirta, V., Kriittisyysturvallisuusvalidoinnin päivitys, VTT:n
muistio VTT-M-03118-14, Espoo 2014.
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Three-dimensional reactor analyses (KOURA):

Scientific publications

T. Ikonen, H. Loukusa, E. Syrjälahti, V. Valtavirta, J. Leppänen, V. Tulkki. Module for
thermomechanical modeling of LWR fuel in multiphysics simulations. Annals of Nuclear Energy (2014),
accepted manuscript, in press.
http://www.sciencedirect.com/science/article/pii/S0306454914005842

Conference papers

Ilvonen M., Hovi V. and Taivassalo V. 3D Core Thermal Hydraulics With the PORFLO Code - Turbulence
Modeling and Porous Medium With Porosity Steps. Proceedings of the 22th International Conference on
Nuclear Engineering ICONE-22, July 7 – 11, 2014, Prague, Czech Republic. Paper ICONE22-30731.

Research institute reports

Hovi V., Hämäläinen A., Ilvonen M., Taivassalo V., Syrjälahti E. PORFLO mixing calculations of AER-7
benchmark coupled with HEXTRAN-SMABRE. Research report  VTT-R-00555-15.

Hämäläinen, A.SMABRE Code Manual - Input and Output for Versions 5 and 6. VTT Technical Research
Centre of Finland . Research report VTT-R-00297-15. (Restricted)

Sahlberg V. Development of Serpent 2 - TRAB3D code sequence. VTT Technical Research Centre of
Finland. Research report VTT-R-04538-14.

Syrjälahti, E. Updates in the reactor dynamics code system and validation matrix in 2014. VTT Technical
Research Centre of Finland.  Research Report VTT-R-00223-15.

Syrjälahti, E. TRAB3D calculation of the O2 BWR stability benchmark. VTT Technical Research Centre
of Finland. Research Report VTT-R-00227-15.

Other
Hovi V., Hämäläinen A., Ilvonen M., Räty H., Sahlberg V., Taivassalo V., Syrjälahti E. Three-
dimensional reactor analyses -- KOURA summary report  in SAFIR2014 Final seminar.

Syrjälahti E. Travel report OECD/NEA WPRS meeting

Syrjälahti E. and Ikonen T. Coupling of the FINIX fuel behaviour code to the HEXTRAN.
AER working group D meeting, 12-13 May 2014, Garching, Germany. (contributed talk)

Development of a Finnish Monte Carlo Reactor Physics Code (KÄÄRME):

Scientific publications

V. Valtavirta, T. Viitanen and J. Leppänen, “Internal Neutronics-Temperature Coupling in Serpent 2.”
Nucl. Sci. Eng., 177 (2014) 193-202.

J. Leppänen, M. Aufiero, E. Fridman, R. Rachamin and S. van der Marck, "Calculation of Effective Point
Kinetics Parameters in the Serpent 2 Monte Carlo Code," Ann. Nucl. Energy, 65 (2014) 272-279

T. Viitanen and J.Leppänen, "Target Motion Sampling Temperature Treatment Technique With Elevated
Basis Cross Section Temperatures,”  Nucl. Sci. Eng., 177 (2014) 77-89.

http://www.sciencedirect.com/science/article/pii/S0306454914005842
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J. Leppänen, R. Mattila and M. Pusa, “Validation of the Serpent-ARES Code Sequence using the MIT
BEAVRS Benchmark – Initial Core at HZP Conditions,” Ann. Nucl. Energy, 69 (2014) 212-225.

V. Rintala, H. Suikkanen, J. Leppänen and R. Kyrki-Rajamäki, “Modelling of Realistic Pebble Bed
Reactor Geometries Using the Serpent Monte Carlo Code,” Ann. Nucl. Energy, 77 (2015) 223-230.

E. Dorval and J. Leppänen, J. “Monte Carlo current-based diffusion coefficients: application to few-group
constants generation in Serpent.” Ann. Nucl. Energy,  78 (2015) 104-116.

J. Leppänen, "Development of a CAD Based Geometry Model in Serpent 2 Monte Carlo Code." Trans.
Am. Nucl. Soc., 111 (2014) 663-667.

Conference papers

J. Leppänen and M. Aufiero, “Development of an unstructured mesh based geometry model in the
Serpent 2 Monte Carlo code,” In Proc. PHYSOR 2014, Kyoto, Japan,  Sept. 28 - Oct. 3, 2014.

J. Leppänen and R. Mattila, “On the practical feasibility of continuous-energy Monte Carlo in spatial
homogenization,” In Proc. PHYSOR 2014, Kyoto, Japan,  Sept. 28 - Oct. 3, 2014.

T. Kaltiaisenaho and J. Leppänen, “Analyzing the statistics of group constants generated by Serpent 2
Monte Carlo code,” In Proc. PHYSOR 2014, Kyoto, Japan,  Sept. 28 - Oct. 3, 2014.

V. Valtavirta, T. Ikonen, T. Viitanen and J. Leppänen, “Simulating fast transients with fuel behavior
feedback with the Serpent 2 Monte Carlo Code,” In Proc. PHYSOR 2014, Kyoto, Japan,  Sept. 28 - Oct.
3, 2014.

M. Pusa, “Higher-order CRAM approximations in Burnup Calculations,” In Proc. PHYSOR 2014, Kyoto,
Japan,  Sept. 28 - Oct. 3, 2014.

T. Viitanen and J. Leppänen, “Validating the Serpent Model of FiR 1 Triga Mk-II Reactor by Means of
Reactor Dosimetry,” 15th International Symposium on Reactor Dosimetry, Aix en Provence, France, May
18-23, 2014.

Research institute reports

J. Leppänen, “Serpent progress report 2013-2014,” VTT-R-00364-15, VTT Technical Research Centre of
Finland.

T. Kaltiaisenaho, “Statistical Tests and the Underestimation of Variance in Serpent 2,” VTT-R-00371-14,
VTT Techncal Research Centre of Finland, 2014.

V. Sahlberg, "Development of Serpent 2 – TRAB3D code sequence." VTT-R-04538-14 VTT Technical
Research Centre of Finland, 2014.

Neutronics, nuclear fuel and burnup (NEPAL):

Scientific publications

Isotalo, A.E., Sahlberg, V., Comparison of Neutronics-Depletion Coupling Schemes for Burnup
Calculations. Accepted for publication in Nuclear Science and Engineering.

Isotalo, A.E., Comparison of Neutronics-Depletion Coupling Schemes for Burnup Calculations 2.
Accepted for publication in Nuclear Science and Engineering.

Isotalo, A.E., Wieselquist,  W.A.,  Method for Including External Feed in Depletion Calculations with
CRAM and Implementation to ORIGEN. Submitted to Annals of Nuclear Energy (2015).
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Isotalo, A.E., Wieselquist, W.A., Implementation of CRAM Depletion Solver with External Feed and
Improved Accuracy into ORIGEN, Submitted to the M&C2015 conference to be held in Nashville, TN,
April 19-23, 2015.

Ovaska, M., Alava, M.J., Joint modeling of thermal creep and radiation damage interaction with gas
permeability and release dynamics: the role of percolation. Submitted to Physica A (2014).

Polttoaineen laaja-alainen mallinnus (PALAMA):

Scientific publications

Steady state uncertainty and sensitivity analysis of the nuclear fuel rod and the importance of input
interactions, T. Ikonen, V. Tulkki Nuclear Engineering and Design, Volume 275 (2014) pp. 229–241.

Viscoelastic modeling of Zircaloy cladding in-pile transient creep, V. Tulkki, T. Ikonen Journal of
Nuclear Materials, Volume 457, February 2015, Pages 324-329 DOI: 10.1016/j.jnucmat.2014.11.100.

Module for thermomechanical modeling of LWR fuel in multiphysics simulations, T. Ikonen, H.
Loukusa, E. Syrjälahti, V. Valtavirta, J. Leppänen, V. Tulkki  Annals of Nuclear Energy (2014), accepted
manuscript, in press. http://www.sciencedirect.com/science/article/pii/S0306454914005842

J.  Leppänen,  V.  Hovi,  T.  Ikonen,  J.  Kurki,  M.  Pusa,  V.  Valtavirta,  T.  Viitanen,  "The Numerical  Multi-
Physics Project (NUMPS) at VTT Technical Research Centre of Finland", Annals of Nuclear Energy,
accepted (2014). http://www.sciencedirect.com/science/article/pii/S0306454914005532

Statistical analysis of fuel failures in large break loss-of-coolant accident (LB-LOCA) in EPR type
nuclear  power  plant  A.  Arkoma,  M.  Hänninen,  K.  Rantamäki,  J.  Kurki,  A.  Hämäläinen  Nuclear
Engineering and Design, accepted.

Conference papers

V. Tulkki, T. Ikonen, Effect of underlying assumptions to the publication and display of creep data, F4.7,
EHPG 2014, 7.-12.2014 Norway.

V. Valtavirta, T. Ikonen, T. Viitanen, J. Leppänen, "Simulating fast transients with fuel behavior feedback
using the Serpent 2 Monte Carlo code", in Proceedings PHYSOR 2014, September 28 - October 3 2014,
Kyoto, Japan.

Research institute reports

S. Häkkinen, Katsaus sivuaktinideja sisältävään ydinpolttoaineeseen. VTT-R-00073-15.

A. Arkoma, Defining an interface between the SCANAIR RIA code and a thermal hydraulics code. VTT-
R-05543-14.

J. Kättö, Input-Reading Module for FINIX. VTT-R-00320-15.

E. Syrjälahti, Simulation of the multirod application with GENFLO-FRAPTRAN in 2014. VTT-R-00400-
15.

V. Valtavirta, Coupling Serpent and FINIX for neutronics – fuel behavior multiphysics calculations.
VTT-R-05942-14.

S. Huotilainen, Preliminary tests with the Melodie experimental setup. VTT-R-00046-15.

http://www.sciencedirect.com/science/article/pii/S0306454914005842
http://www.sciencedirect.com/science/article/pii/S0306454914005532
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Others

Loukusa H. Computational module for the calculation of thermochemical equilibria in nuclear fuel,
Master’s Thesis, Aalto University School of Chemistry, 2014, 134 p.

Enhancement of Safety Evaluation tools (ESA):

Scientific publications

Mallet  J.,  Huhtanen  R.,  et  all,  Gas  entrainment  by  one  single  French  PWR  spray,  SARNET-2  spray
benchmark, Nuclear Engineering and Design 282 February 2015.

Kelm S., Silde A., et all, Generic Containment: Detailed comparison of containment simulations
performed on plant scale, Annals of Nuclear Energy 74 (2014).

Horvatovic M., Hänninen M., et all, FONESYS: The FOrum & NEtwork of SYStem Thermal-Hydraulic
Codes in Nuclear Reactor Thermal-Hydraulics, Nuclear Engineering and Design 281 (2015).

Research institute reports

Hillberg S. Simulation of PKL III H2.1 Station black-out experiment with Apros VTT-R-05390-14.

Kolehmainen J. Simulation of the PWR PACTEL SBO-02 experiment with Apros 5.12.04 VTT-R-00401-
15.

Lauerma S., Kolehmainen J. Modeling of LUT Passive Containment Cooling System Experiment PCC-06
with Apros VTT-R-00802-15.

Hillberg S, Urhonen P. AER dynamic benchmark 6 with coupled TRACE/PARCS (2014), VTT-R-05528-
14.

Kolehmainen J. Simulation of the Hymeres MISTRA HM2-1 experiment with containment package of
Apros 5.12.04 VTT-R-00404-15

Others

Kurki J. Modelling of ROCOM Mixing Test 2.2 with TRACE v 5.0 Patch 3, Submitted to U.S.NRC, May
2014.

Kolehmainen J.  Modelling  of  hydrogen stratification  and gas  mixing in  containment  using  the  APROS
code, Master’s thesis, Lappeenranta University of Technology, 2014.

Experimental Studies on Containment Phenomena (EXCOP):

Scientific publications

Tanskanen, V., Jordan A., Puustinen M., Kyrki-Rajamäki R. (2014). CFD simulation and pattern
recognition analysis of the chugging condensation regime. Annals of Nuclear Energy 66 (2014), pp. 133-
143. Final version published online 6th January 2014.

Patel, G., Tanskanen, V., Kyrki-Rajamäki, R., Numerical modelling of low-Reynolds number direct
contact condensation in a suppression pool test facility. Annals of Nuclear Energy 71 (2014), pp. 376-
387. Final version published online 13th May 2014.
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Li, H., Villanueva, W., Puustinen, M., Laine, J., Kudinov, P., Validation of Effective Models for
Simulation of Thermal Stratification and Mixing Induced by Steam Injection into a Large Pool of Water.
Science and Technology of Nuclear Installations. Volume 2014, Article ID 752597, 18 p. Final version
published online 16th October 2014.

Research institute reports

Laine, J., Puustinen, M., Räsänen, A., PPOOLEX Experiments with a Sparger. Lappeenranta University
of Technology, Nuclear Safety Research Unit, Research Report EXCOP 1/2014. Lappeenranta 2015. 19
p. + app. 17 p.

Pyy, L., Telkkä, J., PIV Measurements of DCC-06 and DCC-07 PPOOLEX Experiments. Lappeenranta
University of Technology, Nuclear Safety Research Unit, Research Report EXCOP 2/2014. Lappeenranta
2015. 28 p. + app. 101 p.

Tanskanen, V., Hujala, E., Puustinen, M., Numerical simulation and analysis of PPOOLEX DCC-05
chugging test. Lappeenranta University of Technology, School of Energy Systems, Nuclear Engineering,
Research Report EXCOP 3/2014. Lappeenranta 2015. 33 p.

Puustinen, M., Summary Report on Studies with the PPOOLEX Test Facility. Lappeenranta University of
Technology, Nuclear Safety Research Unit, Research Report EXCOP 4/2014. Lappeenranta 2015. 34 p.

Others

Tanskanen  V.,  Hujala  E.,  Puustinen  M.,  Rintala  V.,  D33.31  –  CFD  modelling  of  condensation  in
suppression pools; progress report. EC-EURATOM 7th Framework Programme: NURESAFE
Collaborative Project, Deliverable 33.31. 2014. 18 p.

OpenFOAM CFD-solver for nuclear safety related flow simulations (NuFoam):

Scientific publications

Patel, G., Tanskanen, V. & Kyrki-Rajamäki, R. Numerical Modelling of Low-Reynolds Number Direct
Contact Condensation in a Suppression Pool Test Facility, Annals of Nuclear Energy, Vol. 71, pp. 376-
387 (2014).

Research institute reports

Ekström, K., Simulation of MATiS-H benchmark using OpenFoam and FLUENT, FPWR-TERMO-
402784, Fortum, 2014.

Peltola, J. OpenFOAM 2.3.1 twoPhaseEulerFoam and twoPhaseNuFoam v0.6 extension to simulation of
subcooled nucleate boiling, VTT Research Report VTT-R-00642-15. 47 p. (Restricted)

Peltola, J. twoPhaseNuFoam v0.6:  Evaluation of interfacial, turbulence and thermal phase change
models, VTT Research Report VTT-R-00716-15. 29 p. (Restricted)

Patel,  G.  &  Tanskanen,  V.  CFD  modelling  of  the  STB-28  POOLEX  experiment  with  OpenFOAM,
NuFoam 1/2014, Research report, Laboratory of Nuclear Engineering, Lappeenranta University of
Technology. 16 p.

Ala-Juusela, J. & Siikonen, T. Simulation of a Flow and Heat Transfer in a VVER-440 Fuel-Rod Bundle
with OpenFOAM. Aalto University, CFD/MECHA-34-2015, 2015. 28 p. + app. 2 p.

Ala-Juusela,  J.  &  Siikonen,  T.  Simulations  of  a  Flow  and  Heat  Transfer  Near  the  Spacer  Grids.  Aalto
University, CFD/MECHA-35-2015, 2015.



14(29)

Numerical modeling of condensation pool (NUMPOOL):

Research institute reports

Pättikangas, T., Timperi, A. & Saifi, Q. CFD and FEM modeling of blowdown of gas into pressure
suppression pool. VTT Research Report VTT-R-00868-15.

PWR PACTEL experiments (PAX):

Research institute reports

Vesa Riikonen, Virpi Kouhia, Otso-Pekka Kauppinen, Station blackout experiments, Research Report,
PAX 1/2014, Lappeenranta University of Technology / Nuclear Safety Research Unit, Lappeenranta,
2014, 20 + 18 p.

Virpi Kouhia, Vesa Riikonen, Harri Partanen, Antti Räsänen, Otso-Pekka Kauppinen, Joonas Telkkä,
Lauri Pyy, General Description of the PWR PACTEL test facility - third edition, Technical report, PAX
2/2014, Lappeenranta University of Technology / Nuclear Safety Research Unit, Lappeenranta, 2014, 28
+ 118 p.

Virpi Kouhia, Otso-Pekka Kauppinen, Vesa Riikonen, Simulations on CNC- and SBO-experiments,
Research Report, PAX 3/2014, Lappeenranta University of Technology / Nuclear Safety Research Unit,
Lappeenranta, 2014, 33 p.

Joonas Telkkä, Vesa Riikonen, Quick look report of the PWR PACTEL RF-10 experiment, Technical
report, PAX 4/2014, Lappeenranta University of Technology / Nuclear Safety Research Unit,
Lappeenranta, 2014, 7 p.

Others

Vihavainen J., VVER-440 Thermal Hydraulics as a Computer Code Validation Challenge. Acta
Universitatis Lappeenrantaensis, 618, Lappeenranta University of Technology, Digipaino 2014,
Lappeenranta, ISBN 978-952-265-716-9, http://www.doria.fi/handle/10024/102206, 175 p.

Modeling of steam generators of nuclear power plants (SGEN):

Research institute reports

Hovi,  V.,  Pättikangas,  T.,  Lauerma,  S.  & Karppinen I.  CFD modeling  of  transient  behavior  of  an  EPR
steam generator. VTT Research Report VTT-R-00758-15.

Rämä, T. & Peltokorpi, L. CFD simulation of MSLB of VVER-440 horizontal steam generator, Fortum
Report, FPWR-TERMO-400635, 2015. 21 p.

Uncertainty Evaluation for Best-Estimate Analyses (UBEA):

Conference papers

Alku, T., Quantification of Input Uncertainties Based on VEERA Reflooding Experiments, Chicago,
August 30–September 4, 2015.
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Research institute reports

Alku, T. Quantification of uncertainties related to APROS modelling of reflooding using VEERA
experiments. VTT Research Report VTT-R-05342-14.

Thermal  hydraulics  and  fuel  integrity  in  spent  fuel  dry  cask  interim  storage
facility (SPEFU):

Research institute reports

Huhtanen Risto. Modelling of multi-assembly cask with fins. Espoo. VTT Research Report VTT-R-
00592-15. 23 p. + app. 2p. (Restricted)
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Transport and chemistry of fission products (TRAFI):

Scientific publications

Kärkelä,  T.,  Vér,  N.,  Haste,  T.,  Davidovich,  N.,  Pyykönen,  J.,  Cantrel,  L.,  Transport  of  ruthenium  in
primary circuit conditions during a severe NPP accident, Ann. Nucl. En. 74, pp. 173-183 (2014)
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14. 40 p.

Keinänen, H. Comparison of computed residual stress states by 3D and 2D models and evolution of
residual stresses due to operational loading, 2014 Research Report VTT-R-04886-14. 36+3p.
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Concrete Research Symposium, Reykjavik, Iceland, August 12-15, 2014. (ISBN 978-82-8208-
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24(29)

Aging management of concrete structures in nuclear power plants (MANAGE):

Conference papers

Al-Neshawy, F., Sistonen, E., Ageing mechanisms of building structures and their management.
Proceedings of the Intern. Conference on Ageing of Materials & Structures, Delft 26 – 28 May 2014, The
Netherlands, (in CD-ROM).
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Conference papers

L. A. Fülöp and J. Puttonen, Progress in seismic safety related research in Finland in SAFIR2014, The
Finnish Research Programme on Nuclear Power Plant Safety 2011-2014, (Final Report), Espoo: VTT
Technical Research Centre of Finland, 2015.

L. Fülöp, V. Jussila, M. Malm, T. Tiira, J. Saari, Y. Li, P. Mäntyniemi, P. Heikkinen, and J. Puttonen,
Seismic Safety of Nuclear Power Plants - Targets for Research and Education (SESA) - Final Report, in
SAFIR2014, The Finnish Research Programme on Nuclear Power Plant Safety 2011-2014, (Final
Report), Espoo: VTT Technical Research Centre of Finland, 2015.

Research institute reports

M. Malm and J. Saari, “SESA, Subproject 1 - Earthquake Hazard Assessment, Progress Report 2014,”
ÅF-Consult Ltd, Research Report DSAF14R, Dec. 2014.

V. Jussila and L. Fülöp, “Seismic qualification of complex equipment by combined analysis and testing,”
VTT Technical Research Centre of Finland, Espoo, Research Report VTT-R-06003-14, Dec. 2014.

V. Jussila and L. Fülöp, “Damping estimates based on the level of non-linear response in stiff concrete
buildings,” VTT Technical Research Centre of Finland, Espoo, Research Report VTT-R-05636-14, Dec.
2014.

Others

Slide  presentation:  Presenter:  L.  Fülöp,  Contributors:  T.  Tiira,  P.  Heikkinen,  V.  Jussila,  N.  Leso,  M.
Malm, P. Mäntyniemi, J. Puttonen, J. Saari, I. Smedberg, Seismic safety research project, recent studies
in Finland, in 37th Meeting of the Integrity and Ageing of Components and Structures Working Group
(WGIAGE), Seismic Behaviour of Components and Structures group, April 9, 2014 at the OECD

Poster presentation Seismic Safety of NPP’s – Targets for Research and Education (SAFIR2014/SESA),
Ludovic Fülöp, Prof. Pekka Heikkinen, Vilho Jussila, Niko Leso, Marianne Malm, Päivi Mäntyniemi,
Prof.  Jari  Puttonen,  Jouni  Saari,  Ilmari  Smedberg,  Timo Tiira,  and abstract Seismic Safety of NPPs, L.
Fülöp, Prof. Pekka Heikkinen, V. Jussila  and Niko Leso, Marianne Malm, Päivi Mäntyniemi, Prof. Jari
Puttonen, Jouni Saari, Ilmari Smedberg, Timo Tiira, in Advances in Earthquake Source Physics
Workshop , 1st - 2nd September 2014, University College London (Vilho Jussila presenting)

Extreme weather and nuclear power plants (EXWE)

Scientific publications

Johansson, M.M., Pellikka, H., Kahma, K.K. & Ruosteenoja, K., 2014. Global sea level rise scenarios
adapted to the Finnish coast. Journal of Marine Systems 129, 35–46.

Lehtonen I., Ruosteenoja K., Jylhä K. 2014. Projected changes in European extreme precipitation indices
on the basis of global and regional climate model ensembles. International Journal of Climatology, 34,
1208-1222, doi:10.1002/joc.3758



26(29)

Lehtonen, I., Ruosteenoja, K., Venäläinen, A. & Gregow, H. 2014: The projected 21st century forest-fire
risk in Finland under different greenhouse gas scenarios. Boreal Env. Res. 19: 127–139

Luomaranta, A., Ruosteenoja, K., Jylhä, K., Gregow H., Haapala J.,  & Laaksonen A. 2014. Multimodel
estimates of the changes in the Baltic Sea ice cover during the present century. Tellus A 2014, 66, 22617.

Pellikka, H., Rauhala, J., Kahma, K.K., Stipa, T., Boman, H. & Kangas, A. 2014. Recent observations of
meteotsunamis on the Finnish coast. Natural Hazards 74, 197–215.

Vajda, A., Tuomenvirta, H., Juga, I., Nurmi, P., Jokinen, P., Rauhala, J., 2014: Severe weather affecting
European transport systems: the identification, classification and frequencies of events. Natural Hazards
vol. 72(1): 169-188.

Dissertations

Johansson,  M.M.,  2014.  Sea  level  changes  on  the  Finnish  coast  and  their  relationship  to  atmospheric
factors. Finnish Meteorological Institute Contributions 109. http://urn.fi/URN:ISBN:978-951-697-832-4

Conference papers

Jokinen, P., Gregow, H. 2014: Impact data in weather and climate services EMS Annual Meeting
Abstracts Vol. 11, EMS2014-427, 2014 14th EMS / 10th ECAC:
http://meetingorganizer.copernicus.org/EMS2014/EMS2014-427.pdf

Jokinen, P., Gregow, H., Venäläinen, A., Laaksonen, A. 2014:  Influence of resolution on storm studies
Geophysical Research Abstracts Vol. 16, EGU2014-14299, 2014 EGU General Assembly 2014:
http://meetingorganizer.copernicus.org/EGU2014/EGU2014-14299.pdf

Leijala, U., Kahma, K.K., Pellikka, H., Leinonen, K., Johansson, M.M., 2014: Estimating long-term
flooding risks on the Finnish coast. IEEE/OES Baltic Symposium 2014, May 26.-29.2014, Tallinn,
Estonia. http://baltic2014.msi.ttu.ee/files/Abstracts_Tallinn_Symposium2014.pdf

Pellikka, H., Kahma, K.K., Boman, H., Karjalainen, A., 2014: Historical analysis of the occurrence of
meteotsunamis on the Finnish coast. IEEE/OES Baltic Symposium 2014, May 26.-29.2014, Tallinn,
Estonia. http://baltic2014.msi.ttu.ee/files/Abstracts_Tallinn_Symposium2014.pdf

Research institute reports

Hohenthal  J.,  Venäläinen  A.,  Ylhäisi  J.S.,  Jylhä  K.,  Käyhkö  J.,  2014:  Occurrence  of  meteorological
summer dry spells and dry days in Northern Europe during the 20th century. Finnish Meteorological
Institute, Reports 2014:1. 83 p. https://helda.helsinki.fi/handle/10138/44694

Kahma, K., Pellikka, H., Leinonen, K., Leijala, U. & Johansson, M., 2014. Pitkän aikavälin tulvariskit ja
alimmat suositeltavat rakentamiskorkeudet Suomen rannikolla. Ilmatieteen laitos, Raportteja 2014:6. 48
p. https://helda.helsinki.fi/handle/10138/135226

Others

Jokinen, P. Tuovinen, J. 2014: Helena-rajuilma 31.7.2014. Ilmastokatsaus 7/2014 s. 6-7
http://ilmatieteenlaitos.fi/ilmastokatsaus-lehti

Jylhä, K., Saku, S. & Venäläinen, A., 2014: Return levels of enthalpy in Finland. EXWE/SAFIR2014
project report 2013, Finnish Meteorological Institute.

Jylhä K., Pellikka, H., Kämäräinen, M., Johansson, M., Saku, S., Jokinen, P., Kahma, K., Venäläinen, A.
& Gregow. H (eds.) 2015.  Extreme weather and sea level events as potential external threats to nuclear

http://ilmatieteenlaitos.fi/ilmastokatsaus-lehti
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power plant safety — Synthesis of the EXWE project outcomes in 2011-2014. EXWE/SAFIR2014
project report 2014, Finnish Meteorological Institute.

Kahma K, Pellikka H, Tikka K, Jokinen H, 2014. Meteotsunamien refraktiomallinnus
ydinvoimalaitospaikoilla. EXWE/SAFIR2014 project report 2013, Finnish Meteorological Institute.

Kämäräinen, M., 2014: Severe winter weather in Finland: Present-day conditions and projections of
future
EXWE/SAFIR2014 project report 2013, Finnish Meteorological Institute.

Kämäräinen, M. & Jokinen, P. 2015. Severe winter weather in Finland: Part II: Freezing rain and lake-
effect snowfall. EXWE project report 2014, Finnish Meteorological Institute.

Pellikka, H., Boman, H., Karjalainen, A., Kahma, K., Pirinen, P., 2014. Meteotsunamien yleisyys Suomen
rannikolla. EXWE/SAFIR2014 project report 2013, Finnish Meteorological Institute.

Pellikka, H., Kahma, K., Hohti, H., Mäkelä, A., Tikka, K., Jokinen, H., 2014. Towards assessing
meteotsunami probabilities at the Finnish NPP sites. EXWE/SAFIR2014 project report 2014, Finnish
Meteorological Institute.

Risk Assessment of Large Fire Loads (LARGO):

Conference papers

Matala, A., Hostikka, S. Predicting fire spread of a cable tray using methods of pyrolysis modelling.
INTERNATIONAL WORKSHOP ON FIRE PRA (OECD/NEA WGRISK) 28.-30.4.2014, Garching,
Germany.

Sikanen, T., Hostikka, S. Predicting the heat release rate of liquid pool fires using CFD.
INTERNATIONAL WORKSHOP ON FIRE PRA (OECD/NEA WGRISK) 28.-30.4.2014, Garching,
Germany.

Hostikka,  S.,  Mangs,  J.,  Kling,  T.,  Paajanen,  A.  and Pinomaa,  T.  Simulation  Toolbox Development  for
Fire PRA INTERNATIONAL WORKSHOP ON FIRE PRA (OECD/NEA WGRISK) 28.-30.4.2014,
Garching, Germany.

Research institute reports

Korhonen, T. and Sikanen, T. Simulation of transformer fires at Loviisa NPP. VTT-R-05857-14.

Mangs, J. and Matala, A. Soot and smoke effects on digital automation. VTT-R-05748-14.

Kling, T. Operaatioaikamalli Loviisan ydinvoimalaitoksen muuntajapalotilanteeseen. VTT-R-06094-14.

Mangs, J. Influence of thermal and radiation ageing on cable fire behaviour. VTT-R-02816-14.

Matala, A. Fire modelling of PVC and FRNC cables. VTT-R-05991-14.

Others

Van Hees, P., Wahlqvist, J., Hostikka, S., Sikanen, T., Husted, B., Magnusson, T. and Jörud, F. Prediction
and validation of pool fire development in enclosures by means of CFD (Poolfire) - Final Report. NKS-
322. ISBN 978-87-7893-403-1. 2014.
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PRA developments and applications (PRADA):

Research institute reports

Becker,  G.,  Holmberg,  J.-E.,  Porthin,  M.  EXAM-HRA  Case  Study:  Actions  without  procedures.  VTT
Research report VTT-R-04996-14, 2014. (Restricted)

Björkman K.,  Tyrväinen T.  Dynamic  flowgraph methodology as  a  part  of  PRA.  VTT Research  Report
VTT-R-04222-14, 30 p.

Bladh,  K.,  Frohm,  J.,  Iseland,  T.,  Karlsson,  A.,  Becker,  G.,  Tunturivuori,  L.,  Porthin,  M.,  Olsson,  A.,
Böhm, J., Johanson, G., Jonsson, S. Evaluation of Existing Applications and Guidance on Methods for
HRA – EXAM-HRA - Phase 3a Summary Report, NKS-305, March 2014.

Johanson, G., Jonsson, S., Bladh, K., Karlsson, A., Ljunbjörk, J., Becker, G., Tunturivuori, L., Porthin,
M.,  Olsson,  A.,  Böhm,  J.  Evaluation  of  Existing  Applications  and  Guidance  on  Methods  for  HRA  –
EXAM-HRA. NPSAG Report

Karanta, I. Modelling of prevention and emergency operations for probabilistic risk analysis. VTT
Research Report VTT-R-01743-14. 33 p.

Karanta, I. Clearing of roads to Hästholmen after a storm – a case study in emergency operations
modelling. VTT Research Report VTT-R-05654-14, 28 p.

Karanta, I. Tyrväinen, T., Rossi, J. Applying IDPSA in PSA level 3 – a pilot study. VTT Research Report
VTT-R-05661-14. 23 p.

Karlsson, A., Ljungbjörk, J. C16 Heavy Load Drop. Rapport, Forsmarks Kraftgrupp, Dok nr FTT-2013-
0046, 2015-01-19, Företagsintern

Porthin, M. State-of-the-Art of Human Reliability Analysis for Nuclear Power Plants. VTT Research
report VTT-R-05497-14, 2014.

Silvonen, T. MC3D simulations of ex-vessel steam explosions in IDPSA framework. VTT Research
Report VTT-R-02944-14. 44 p.

Silvonen T. Treatment of ex-vessel debris coolability in IDPSA context. VTT Research Report VTT-R-
02943-14. 24 p.

Toppila, A.  and Salo, A. Selection of risk reduction portfolios under interval-valued probabilities. To
appear in: SCIENCE + TECHNOLOGY, Aalto University publication series.

FinPSA knowledge transfer (FinPSA-transfer):

Research institute reports

Mätäsniemi, T., Tyrväinen, T., Björkman, K., Silvonen, T. FinPSA – Software design – Level 2 detailed
design, VTT Technical Research Centre of Finland, Espoo, 2014. VTT-R-04887-14. 56 p. (Restricted)

Tyrväinen,  T.  FinPSA  –  Software  testing  –  Plan  for  level  1  run  result  comparison,  VTT  Technical
Research Centre of Finland, Espoo, 2014. VTT-R-04113-14.  19 p. (Restricted)

Tyrväinen,  T.  FinPSA  –  Software  testing  –  Verification  and  validation  plan  for  interface  trees,  VTT
Technical Research Centre of Finland, Espoo, 2014. VTT-R-02429-14.  42 p. (Restricted)
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Tyrväinen,  T.  FinPSA  –  Software  testing  –  Verification  and  validation  results  for  interface  trees,  VTT
Technical Research Centre of Finland, Espoo, 2014. VTT-R-02430-14.  25 p. (Restricted)

Tyrväinen, T. Mätäsniemi, T. FinPSA – Software testing – Verification and validation plan for level 2,
VTT Technical Research Centre of Finland, Espoo, 2014. VTT-R-06210-14.  56 p. (Restricted)

Tyrväinen, T. Mätäsniemi, T. FinPSA – Software testing – Verification and validation results for level 2,
VTT Technical Research Centre of Finland, Espoo, 2014. VTT-R-06211-14.  38 p. (Restricted)

Enhancement of Lappeenranta instrumentation of nuclear safety experiments
(ELAINE):

Research institute reports

Ylönen  A.,  Pyy  L.,  Telkkä  J.  ELAINE  1/2014:  Report  on  the  status  of  new  measuring  systems.  LUT,
Nuclear Safety Research Unit. 14 p.

Renewal of Hot Cell Infrastructure (REHOT):

Conference papers

Karlsen, Wade, The new VTT Centre for nuclear safety, 51st Annual Meeting of the Hot Laboratories and
Remote Handling Working Group, HOTLAB 2014, 21 - 25 September 2014, Baden, Switzerland
Proceedings. HOTLAB Steering Committee (2014), 18 p. http://hotlab.sckcen.be/en/Proceedings

Research institute reports

Tähtinen, S., Karlsen, W. Engineering design and manufacturing of radioactive materials testing hot cells.
VTT Report VTT-R-03470-14. 27 p. (Restricted)

Tähtinen, S., Karlsen, W., Aho-Mantila, I. Engineering design and manufacturing of radioactive materials
testing hot cells - Tender technical evaluation, VTT Report VTT-R-05557-14. 35 p. (Restricted)

Tähtinen,  S.,  Kekki,  T.,  Toivonen,  A.  Arvio  kuumakammion  säteilysuojauksesta  VTT  Report  VTT-R-
02244-14. 20 p. (Restricted)

Autio, J.-M., Tapper, U., Centre for Nuclear Safety SEM Procurement, VTT Report VTT-R-00565-15. 17
p.

Huotilainen, S., Ydinturvallisuustalon aktiivisten materiaalien jätteenkäsittelyn infran suunnittelu, VTT
Report VTT-R-00179-15. 10 p.

Others

VTT Ydinturvallisuustalo – tutkimusinfrastruktuuri seminaari yhteistyökumppaneille Proceedings, 184 p

SAFIR2014 Administration and information (ADMIRE):

Hämäläinen, J. & Suolanen, V. (eds), SAFIR2014 – The Finnish Research Programme on Nuclear Power
Plant Safety 2011-2014, Final Report. VTT Technology 213, ISBN-978-951-38-8226-6, 2015, 722 p.
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Management of safety culture throughout the lifecycle of nuclear plants
(MANSCU):
NKS project HUMAX (Maximising human performance in maintenance)
NKS project SADE (Safety culture in design and implementation of technological and
organisational solutions)
OECD/NEA WGHOF (Working Group on Human and Organisational Factors)

IAEA expert task on lessons learned from Fukushima

Sustainable and Future Oriented Expertise (SAFEX2014):
IAEA Consultancy Meeting on Mapping Organisational Competencies and Knowledge
Loss Risk Management in Nuclear Organisations.
IAEA Technical Meeting on Implementing Standardized Curricula for Nuclear Knowledge
Management in Universities

Signaled and Silenced Aspects of Nuclear Safety (SISIANS):
SAFERA (EU-project) knowledge exchange

IAEA workshop facilitator

Coverage and rationality of the software I&C safety assurance (CORSICA):
ISO/IEC JTC1 SC7 Software and systems engineering - WG7 Life cycle management;
WG10 Process assessment.

Collaboration with Tecpoint (www.tecpoint.dk) network for software quality and
measurement, standards and models.

Human-automation collaboration in incident and accident situations (HACAS):
NKS (Nordic Nuclear Safety) project ProCom (Measuring Procedure Competence)
OECD/NEA WGHOF (Working Group on Human and Organizational Factors)

NUGENIA (Nuclear Generation II & III Association)

Safety evaluation and reliability analysis of nuclear automation (SARANA):
NKS project DIGREL (Guidelines for reliability analysis of digital systems in PSA
context)
Nordic PSA Group project IEC61508

OECD/NEA WGRISK (Working Group on Risk Assesment)

http://www.tecpoint.dk/
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OECD/NEA WGRISK Task group DIGREL (Development of best practice guidelines
on failure modes taxonomy for reliability assessment of digital I&C systems for PSA)
IAEA Technical Working Group on Nuclear Power Plant Instrumentation and Control
(TWG-NPPIC)
Program Committee Memberships of International Conferences and Workshops:

TIME 2014 – 21st International Symposium on Temporal Representation and
Reasoning

NWPT 2014 – 26th Nordic Workshop on Programming Theory

GRAPHITE 2014 – 3rd Workshop on GRAPH Inspection and Traversal
Engineering

FMICS 2014 – 19th International Workshop on Formal Methods for Industrial
Critical Systems

FMCAD 2014 – 14th Formal Methods in Computer-Aided Design

CONCUR 2014 – 25th International Conference on Concurrency Theory

CAV 2014 – 26th Internation Conference on Computer Aided Verification

AVOCS2014 – 14th International Workshop on Automated Verification of
Critical Systems

ACSD 2014 – 14th International Conference on Application of Concurrency to
System Design

HWMCC 2014 – 7th Hardware Model Checking Competition

ISOFIC 2014 – International Symposium on Future I&C for Nuclear Power
Plants

Criticality safety and transport methods in reactor analysis (CRISTAL):
OECD/NEA NSC (Nuclear Science Committee)
OECD/NEA WPNCS (Working Party on Nuclear Criticality Safety)

OECD/NEA EGUAM (Expert Group on Uncertainty Analysis in Modelling)
OECD/NEA EGBUC (Expert Group on Burn-up Credit Criticality Safety)

OECD/NEA EGADSNF (Expert Group on Assay Data of Spent Nuclear Fuel)
AER WG E (Atomic Energy Research, working group E: radwaste, spent fuel and
decommissioning)
EWGRD (European Working Group on Reactor Dosimetry)

Three-dimensional reactor analyses (KOURA):
OECD/NEA WPRS  Working Party on Scientific Issues of Reactor Systems
OECD/NEA EGUAM Expert Group on Uncertainty Analysis in Modelling
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OECD/NEA EGRFP Expert Group on Fuel Performance

OECD/NEA Oskarshamn-2 (O2) BWR Stability Benchmark for Coupled Code
Calculations and Uncertainty Analysis in Modelling

Follow-up of OECD/NEA benchmarks UAM (Uncertainty Analysis in Best-Estimate
Modelling for Design, Operation and Safety Analysis of LWRs ) and K3 (Kalinin-3
Coupled Code Calculations and Uncertainty Analysis in Modelling )
Scientific Council of AER (Atomic Energy Research)

AER working group D on VVER safety analysis

Development of a Finnish Monte Carlo reactor physics code (KÄÄRME):
Collaboration with international Serpent user community (126 universities and research
organizations worldwide)
Participation in American Nuclear Society (ANS) Reactor Physics Division (RPD)
Executive Committee
Participation in the thesis advisory committee of a Ph.D. student at Texas A&M
University

Neutronics, nuclear fuel and burnup (NEPAL):
Serpent User Group

Extensive fuel modelling (PALAMA):
OECD Halden Reactor Project
OECD/NEA Working Group on Fuel Safety

Halden Programme Group Fuel&Materials
Jules Horowitz Reactor Fuel Working Group

OECD/NEA – IRSN Cabri Water Loop Project, Technical Advisory Group (TAG)
OECD/NEA benchmark UAM (Uncertainty Analysis in Best-Estimate Modelling for
Design, Operation and Safety Analysis of LWRs).

Enhancement of safety evaluation tools (ESA):
OECD/NEA/CSNI Working Group on the Analysis and Management of Accidents
(WGAMA)
OECD/NEA HYdrogen Mitigation Experiments for REactor Safety (HYMERES)

OECD/NEA Primary Coolant Loop Test Facility Phase 3 project (PKL-3)
OECD/NEA Advanced Thermal-hydraulic Test Loop for Accident Simulation facility
(ATLAS)
USNRC/CAMP Code Applications and Maintenance Program (CAMP)
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NORTHNET (The Nordic Thermal Hydraulics and Nuclear Safety Network) Roadmap3
Modelling and Experiments of Direct-Contact Condensation in Pool Geometry
FONESYS, network among thermal-hydraulic system code developers, co-ordinated by
Pisa University
SARNET2 Network of Excellence / Hydrogen mixing and combustion in containment
(WP7-2), Bringing research results into reactor application (WP7-3) (Euratom FP7)

Experimental studies on containment phenomena (EXCOP):
NKS project ENPOOL (Experimental and numerical studies on suppression pool issues)

NORTHNET(The Nordic Thermal Hydraulics and Nuclear Safety Network) Roadmap 3
NURESAFE (Nuclear Reactor Safety Simulation Platform) (Euratom FP7 project)

OpenFOAM CFD-solver for nuclear safety related flow simulations (NUFOAM):
Royal Institute of Technology (RIT), Stockholm, Sweden
Nordic Thermal Hydraulic Network (Northnet), Roadmap 1

Numerical modeling of condensation pool (NUMPOOL):
NKS project ENPOOL (Experimental and numerical studies on suppression pool issues)
Nordic Thermal Hydraulic Network (Northnet), Roadmap 3

PWR PACTEL experiments (PAX):
OECD/NEA PKL Phase 3 project

Uncertainty evaluation for best estimate analyses (UBEA):
OECD/NEA PREMIUM (Post BEMUSE Reflood Models Input Uncertainty Methods)
benchmark

Core debris coolability and environmental consequence analysis (COOLOCE-E):
NKS project DECOSE (Debris Coolability and Steam Explosion)

NUGENIA TA2.2  (Ex-Vessel Corium Behavior)

Chemistry of fission products (FISKES):
OECD/NEA BIP-2 PROJECT (To investigate the Behaviour of Iodine in support of
source term evaluation in case of severe accident in a nuclear reactor)
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Thermal hydraulics of severe accidents (TERMOSAN):
U.S.NRC CSARP (Co-operative Severe Accident Research Program)
OECD/NEA THAI-2 (Thermal Hydraulics, Aerosols and Iodine)

Transport and chemistry of fission products (TRAFI):
OECD/NEA STEM (Source Term Evaluation and Mitigation)
NKS project ATR (Impact of Aerosols on the Transport of Ruthenium in the primary
circuit of nuclear power plant), co-operation with Chalmers University of Technology
PhD thesis work in collaboration with Paul Scherrer Institut (PSI), Villingen,
Switzerland
NUGENIA TA2.4 Source term area

Reactor vessel failures, vapour explosions and spent fuel pool accidents (VESPA):
NKS/DECOSE (Debris Coolability and Steam Explosion)
JRC IVR VVER1000 Benchmark

Environmental influence on cracking susceptibility and ageing of nuclear materials
(ENVIS):
International Co-operative Group on Environmentally Assisted Cracking (ICG-EAC).

OECE/NEA CODAP (Component Operational Experience, Degradation and Ageing
Programme)

OECD Halden Reactor Project
Co-operation with MIT, USA on thermal ageing of stainless steel weld metals.

Co-operation with KAPL, USA on thermal ageing of lean duplex stainless steels.
Co-operation with KAERI, Korea on ordering in Alloy 690 material.

Nugenia Association, Technical Area 4 (TA4), INCEFA project (Increasing Safety in
NPPs by Covering Gaps in Environmental Fatigue Assessment)

Perform 60 project (Euratom FP7)
EPRI Alloy 690 expert group

EPRI ARRM project (Advanced Radiation Resistant Materials)
IFRAM, the International Forum on Reactor Ageing Management (NRC coordinated
network)
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Fracture assessment of reactor circuit (FAR):
MULTIMETAL - Structural performance of multi-metal component. Project reference
295968. Funded under European Commission FP7-EURATOM.
ASTM Committee E08 on Fatigue and Fracture.

Monitoring of the structural integrity of materials and components in reactor
circuit (MAKOMON):
US-NRC PARENT program (Program to assess the reliability of emerging
nondestructive techniques)

RI-ISI Analyses and Inspection Reliability of Piping Systems (RAIPSYS):
NUGENIA Association Technical Area 8 (TA8), ENIQ (European Network for
Inspection and Qualification) Task Group Risk (TGR) activities.

NUGENIA Association Technical Area 1 (TA1), Safety and Risk of NPPs activities.

Advanced surveillance-techniques and embrittlement modelling (SURVIVE):
International Group for Radiation Damage Mechanisms (IGRDM)

Joint Research Agreement on "Mini-CT Master Curve Round-robin Tests" organized by
CRIEPI/Japan. Seven international partners, a four year programme.

International Round-Robin for the Qualification of Miniaturized Charpy Specimens for
the Indirect verification of Small-Scale Impact Machines. Organized by NIST/USA,
seven international partners, a two year programme.
Co-operation VTT-Tohoku University on APT and PA characterisation of irradiated
materials.
Co-operation agreement between VTT and CRIEPI/JAPAN on APT characterisation of
irradiated materials. EDF, ORNL and RRC-KI also partners in the work. Draft
agreement available.

Helmholz-Zentrum Dresden-Rossendorf and VTT. Agreement on performance of
SANS-measurements on VTT materials.

Water chemistry and plant operating reliability (WAPA):
Co-operation with NUGENIA (Nuclear Generation II&III Association) in preparation
of project ”Magnetite deposition in the secondary circuit of LWRs”

European Co-operation Group on Corrosion Monitoring (ECG-COMON)
Swedish Radiation Safety Authority (SSM)
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Impact 2014 (IMPACT 2014):
International research project IMPACT 2 (medium scale tests with deformable and hard
missiles to the concrete wall with reinforcement) with 8 international partners

Ageing management of concrete structures in nuclear power plants (MANAGE):
OECD/NEA WGIAGE (Working Group on Integrity and Ageing of Components and
Structures) subgroup on Integrity and ageing of concrete structures

OECD/NEA/WGIAGE project ASCET (Assessment of Structures subject to  Concrete
Degradation with focus on Alkali-Aggregate Reaction)

RILEM Technical Committee ISR ( Prognosis of deterioration and loss of serviceability
in structures affected by alkali-silica reactions)

ICIC - International Committee on Iradiated Concrete

Structural mechanics analysis of soft and hard impacts (SMASH):
Co-operation with IMPACT 2 project (8 international partners)

European reference network for critical infrastructure protection, working group on
Resistance of Structures to Explosion Effects

Seismic Safety of Nuclear Power Plants – Targets for Research and Education
(SESA):
OECD’s, Working Group on Integrity of Components and Structures (IAGE), Seismic
Behavior of Components and Structures sub-group
IAEA, International Seismic Safety Centre (ISSC)

Receiving a Fulbright grantee Professor Yue Li from Michigan Technological
University (contribute to Subproject 2 in 2014 and again in 2015)

Cooperation with University of Uppsala (in Subproject 1 from 2014), finaced by SSM
(Swedish Radiation Safety Authority).

NKS “Modelling as a tool to augment ground motion data in  regions of diffuse
seismicity (ADdGROUND)
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Risk assessment of large fire loads (LARGO):
OECD PRISME 2 project (a project to further investigate fire propagation by means of
experiments and analyses relevant for nuclear power plant applications)

NKS project POOLFIRE (Prediction and validation of pool fire development in
enclosures by means of CFD Models for risk assessment of nuclear power plants).

PRA development and application (PRADA):
OECD/NEA CSNI Working Group RISK
European Technical Safety Organization Network (ETSON), working group on
Probabilistic Safety Assessment
EXAM-HRA: Evaluation of Existing Applications and Guidance on Methods for HRA
– NPSAG (Nordic PSA group) and German and Swiss partners
IDPSA Integrated Deterministic-Probabilistic Safety Analysis international network and
NKS project in co-operation with Scandpower, KTH and Vattenfall
Level 3 PRA: Finnish-Swedish NKS project on Addressing Off-site Consequence
Criteria Using PSA Level 3 in co-operation with Scandpower, Risk Pilot and ESKonsult

Extreme weather and nuclear power plants (EXWE):
FP7 Core Climax: COordinating Earth observation data validation for RE-analysis for
CLIMAte ServiceS
FP7 CRISMA: Modelling crisis management for improved action and preparedness

FP7 ToPDAd: The Tool-supported policy development for regional adaptation
FP7 MOWE-IT: Management of weather events in the transport system

FP7 RAIN: Risk Analysis of Infrastructure Networks in response to extreme weather
Adaptation Actions for a Changing Arctic –part C (AACA-C) project of the Arctic
Monitoring and Assessment Program (AMAP)
SAFE-MET: Study on risk management of extreme weather related disasters and
climate change adaptation in Malawi and Zambia
Membership in the EUMETNET Expert Team Climate

Renewal of hot-cell infrastructure (REHOT):
HOTLAB- International network for hot laboratories and remote handling

Administration of the research programme (ADMIRE):
Consultative Committee Euratom Fission
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Appendix 3

Academic degrees obtained in the
projects in 2014
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Safety evaluation and reliability analysis of nuclear automation (SARANA)

Doctor of Technology:

Siert Wieringa: Incremental Satisfiability Solving and its Applications, Aalto
University, Department of Computer Science and Engineering, March 2014.

Kari Kähkönen: Automated Systematic Testing Methods for Multithreaded Programs,
Aalto University, Department of Computer Science and Engineering, February 2015.

Safety requirements specification and management in nuclear power plants
(SAREMAN)

Master of Science in Technology:

Quang Doan. Managing safety requirements in nuclear power domain by using V-model
as a lifecycle model. Aalto University, School of Electrical Engineering, 2014-12-15,
(https://aaltodoc.aalto.fi/handle/123456789/14882, 73 p.)

Extensive fuel modelling (PALAMA)

Master of Science in Technology:

Loukusa H. Computational module for the calculation of thermochemical equilibria in
nuclear fuel, Aalto University School of Chemistry, 134 p.

Enhancement of Safety Evaluation tools (ESA)

Master of Science in Technology:

Kolehmainen J. Modelling of hydrogen stratification and gas mixing in containment using
the Apros code, Lappeenranta University of Technology, 2014
(http://www.doria.fi/bitstream/handle/10024/95718/Master__Final.pdf?sequence=2)

https://aaltodoc.aalto.fi/handle/123456789/14882
http://www.doria.fi/bitstream/handle/10024/95718/Master__Final.pdf?sequence=2
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PWR PACTEL experiments (PAX)

Doctor of Technology:

Vihavainen J., VVER-440 Thermal Hydraulics as a Computer Code Validation
Challenge. Acta Universitatis Lappeenrantaensis, 618, Lappeenranta University of
Technology, Digipaino 2014, Lappeenranta, ISBN 978-952-265-716-9,
http://www.doria.fi/handle/10024/102206, 175 p.

Uncertainty Evaluation for Best-Estimate Analyse (UBEA)

Master of Science in Technology:

Alku, T. Quantification of APROS’ physical model uncertainties in the context of the
PREMIUM benchmark. MSc. thesis. Aalto University. 2013

Fracture Assessment of Reactor Circuit (FAR)

Master of Science in Technology:

Lindqvist, S., 2014. “Fracture mechanical characterization of multimetal welds”.
Master’s Thesis, School of Chemical Technology, Aalto University.

Ageing management of concrete structures in nuclear power plants (MANAGE)

Doctor of Technology:

Kari, O-P., Long-term ageing of concrete structures in Finnish rock caverns as
application facilities for low- and intermediate-level nuclear waste. Aalto University,
School of Engineering, Department of Civil and Structural Engineering, Aalto
University publication series, DOCTORAL DISSERTATIONS 9/2015. ISBN (printed)
978-952-60-6051-4. ISBN (pdf) 978-952-60-6052-1. urn http://urn. /URN:ISBN:978-
952-60-6052-1. 144 p.

Master of Science in Technology:

Mähönen, M. Lämpötilan ja kosteuden vaihtelun vaikutus betonin ominaisuuksiin
paksuissa betonirakenteissa (The effect of temperature and moisture on properties of



4(5)

concrete at massive concrete structures). Aalto University, School of Engineering,
Department of Civil and Structural Engineering, 2015, 75 p.

Bachelor of Science in Technology:

Suutari, M. Ydinsäteilyn pitkäaikaisvaikutukset betonin ominaisuuksiin. (The effect of
long-term  radiation  on  the  properties  of  concrete).  Aalto  University,  School  of
Engineering, Department of Civil and Structural Engineering, IA3017, 2014, 27 p.

Structural Mechanics Analysis of Soft and Hard Impacts (SMASH)

Master of Science in Technology:

Pietilä Jari. Raudoitetun teräsbetonilaatan taivutuksen mallintaminen ANSYS-
ohjelmalla. Tampereen teknillinen yliopisto 2014. 75 s+ liitteet 10 s.

Seismic Safety of Nuclear Power Plants – Targets for Research and Education
(SESA)

Doctor of Technology:

One PhD thesis in Aalto University by candidate Vilho Jussila - Earthquake source
modelling and study of the near-field effects in the Fennoscandian shield. (Coordinator:
Professor Jari Puttonen)

Extreme weather and nuclear power plants (EXWE)

Doctor of Philosophy:

Johansson, M.M., 2014. Sea level changes on the Finnish coast and their relationship to
atmospheric factors. Finnish Meteorological Institute Contributions 109.
http://urn.fi/URN:ISBN:978-951-697-832-4

http://urn.fi/URN:ISBN:978-951-697-832-4
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Enhancement of Lappeenranta instrumentation of nuclear safety experiments
(ELAINE)

Master of Science in Technology:

Kotro E. Prosessiautomaatio pinnankorkeusmittauksen koelaitteistoissa. Lappeenranta
University of Technology, LUT School of Technology, LUT Energy, Energy
Technology, 2014, (http://urn.fi/URN:NBN:fi-fe2014111946421, 86 p.)
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International travels in the projects
in 2014
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International travels in SAFEX2014 project in 2014

Kurki, A-L, 11th International Symposium on Human Factors in Organisational Design
and Management & 46th Annual Nordic Ergonomic Society Conference. 17-20 August
2014, Copenhagen, Denmark.

Mäki E. ENC 2014, The European Forum to discuss Nuclear Technology Issues,
Opportunities & Challenges  11 - 14 May 2014, Marseille, France.

International travels in SISIANS project in 2014

Ylönen, M. Invited speaker in a seminar “L’Europe Nucléaire: Vers une normalisation du
risqué d’accident?, arranged by the Ècole des Hautes Ètudes en Science Sociales. Title of
the presentation: “(De)politicisation of Nuclear Power: Finland after Fukushima. 13th of
March 2014. Paris, France.

Ylönen,  M.  IAEA.  Workshop  on  Global  Safety  Culture-  National  Factors  Relevant  to
Safety Culture. Facilitator. Title of the presentation “Sharing the Finnish Experience on
National Culture and Nuclear Safety - Assumptions and conceptualisations”. 8-11, April,
2014. Vienna, Austria.

Ylönen, M. ISA (International Sociological Association’s Conference). Title of the
presentation: Learning From Fukushima: International Isomorphism as Contributing and
Constraining Nuclear Safety. 12-18, July, 2014. Yokohama, Japan.

Ylönen, M. EASST (European Associations for the Study of Science and Technology)
Conference. Title of the presentation: Nuclear Safety Regulation: Safety, Safety Culture
and Risk as Boundary Objects. 17-19, September, Torun, Poland.

Ylönen, M. Visiting researcher at the University of Stavanger – Seros (Centre for  Risk
Management and Societal Safety)  8th of  August- 28th of October 2014. Stavanger,
Norway.

International travels in CORSICA project in 2014

Nevalainen, R. EuroSPI 2014 conference, June 24 – 26.2014,  Luxemburg.

Lahtinen, J. The International Conference on the Quality of Information and
Communications Technology (QUATIC 2014), 23 – 26 September 2014, Guimarães,
Portugal.

Varkoi, T. 14th International Conference SPICE 2014, November 4-6.11.2014,  Vilnius,
Lithuania.

Varkoi, T. ISO/IEC SC7 Interim meeting, 10-14.11.2014, Vigo, Spain.
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Valkonen, J. ASSURE, 2nd International Workshop on Assurance Cases for Software-
intensive Systems, November 5, 2014, Naples, Italy

International travels in HACAS project in 2014

Laarni, J., WGHOF meeting, March, 24.-27., Paris, France.

Laarni, J., 5th International Conference on Applied Human Factors and Ergonomics
(AHFE 2014), July 19-23, Kraków, Poland.

Liinasuo, M., Enlarged Halden Programme Group Meeting, September 7-12, Roros,
Norway.

Norros, L., WGHOF Task Group Meeting, February 24-26, Brugg (Zurich),
Switzerland.

Norros, L., 28th International Congress of Applied Psychology, July 8-13, Paris,
France.

Norros, L., of ISOFIC/ISSNP 2014, August 24-28, Jeju, Korea.
Savioja, P., WGHOF Task Group Meeting, February 24-26 Brugg (Zurich),
Switzerland.
Savioja, P., 28th International Congress of Applied Psychology, July 8-13, 2014, Paris,
France.

International travels in SARANA project in 2014

Pakonen, A., Valkonen, J. International Symposium on Future I&C for Nuclear Power
Plants, ISOFIC 2014, 24-28 August 2014, Jeju Island, Korea

Lahtinen, J. The 33rd International Conference on Computer Safety, Reliability and
Security (SAFECOMP’14), 10-12 September 2014, Firenze, Italy.

Lahtinen, J. 1st International Workshop on DEvelopment, Verification and VAlidation
of cRiTical Systems DEVVARTS’14, September 8th 2014, Firenze, Italy.

Lahtinen, J. International Workshop on Next Generation of System Assurance
Approaches for Safety-Critical Systems (SASSUR) September 9th 2014, Firenze, Italy.

Porthin, M., Tyrväinen, T., NKS/DIGREL Final seminar on reliability analysis of
digital systems in PSA context, January, 15, 2015.

Heljanko, K., Hardware Model Checking Competition affiliated with Computer Aided
Verification Conference, HWMCC’2014, July 2014, Wien, Austria.
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International travels in SAREMAN project in 2014

Uusitalo, E., The 11th Working IEEE/IFIP Conference on Software Architecture
(WICSA), Sydney, Australia, April 7-11, 2014.

Uusitalo, E., IEEE Requirements Engineering and Law Workshop (RELAW) (co-located
with the IEEE Requirements Engineering Conference), Karlskrona, Sweden, August 26,
2014.

International travels in IFAPROBE project in 2014

Papakonstantinou N., American Society of Mechanical Engineers (ASME) International
Design Engineering Technical Conferences (IDETC) and Computers and Information in
Engineering Conference (CIE) 2014, Buffalo NY, US, August 17-20, 2014.

Papakonstantinou N., Research visit to Oregon State University (Prof. Irem Tumer),
Corvallis, Oregon, USA, August 21 Aug. - 8 Sept. 2014.

International travels in CRISTAL project in 2014

K. Rantamäki, AER WG-E meeting, May 13-14, 2014, Dukovany, Czech Republic.

M. Pusa, UAM-8 workshop, May 14-16, 2014, Garching, Germany.

T. Viitanen, 15th International Symposium on Reactor Dosimetry ISRD-15, May 18-23
2014, Aix-en-Provence, France,

P. Kotiluoto, OECD-NEA Nuclear Science Committee meeting, June 11-13, 2014, Paris,
France.

Karin Rantamäki, OECD-NEA Working Party on Nuclear Criticality Safety (WPNCS)
meeting and the expert groups on burn-up credit (EGBUC) and assay data of spent nuclear
fuel (EGADSNF), September 16-19, 2013, Paris, France.

International travels in KOURA project in 2014

Syrjälahti E., Meetings of OECD/NEA Working Party on Scientific Issues of Reactor
Systems (WPRS) and Expert Group on Uncertainty Analysis in Modelling (EGUAM-04)
and Expert Group on Reactor Fuel Performance (EGRFP-04) , February 19-21, 2014,
Issy-les-Moulineaux, France.

Syrjälahti E., AER working group D,  OECD/NEA O2-3 workshop and planning meeting
of NEA/NSC/EBV (Expert Group on Experimental Data, Benchmarking and Validation),
May 12-13, 2014 Garching, Germany.
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Ilvonen M., ICONE-22 conference in July 7-11, 2014, Prague, Czech Republic.

Räty H., 25th meeting of the Scientific Council of the AER in November 24-25, 2014,
Budapest, Hungary.

International travels in KÄÄRME project in 2014

Leppänen, J. Invited talk at the 2014 UK Monte Carlo User Group Meeting, MCNEG
2014, Liverpool, UK, April 28-29.

Leppänen, J. American Nuclear Society Reactor Physics Division Executive Committee
meeting and ANS Annual Meeting 2014, Reno, NV, June 15-18.

Leppänen, J., Pusa, M., Viitanen, T., Valtavirta, V. and Kaltiaisenaho, T. 4th

International Serpent User Group Meeting, Cambridge, UK, 17-19 September.

Leppänen, J., Pusa, M., Viitanen, T., Valtavirta, V. and Kaltiaisenaho, T. International
Conference PHYSOR 2014, Kyoto, Japan, September 28 – October 3.

Leppänen, J., Participation in the Ph.D. Advisory Committee of Jesse Johns from Texas
A&M University. Thesis defence on October 17 at College Station, TX.

Leppänen, J. American Nuclear Society Reactor Physics Division Executive Committee
meeting and ANS Winter Meeting 2014, Anaheim, CA, November 9-13.

International travels in NEPAL project in 2014

Isotalo, A., visiting scientist at Oak Ridge National Laboratory from June 2, 2014
onwards (to be continued in SAFIR2018 until November 2015)

Ovaska, M., The Nuclear Materials Conference, Hilton Clearwater, Florida, USA, October
27-30, 2014

International travels in PALAMA project in 2014

Ikonen, T., UAM-8 workshop 14.-16. May in Garching, Germany.

Ikonen, T., Kättö, J., 1st Research Coordination Meeting of IAEA CRP FUMAC, 13.-
14.11. Karlsruhe, Germany.

Arkoma, A., First meeting of RIA benchmark phase 2, 29.-30.9.2014 in Paris, France.

Kelppe, S., OECD/NEA WGFS meeting, 30th Sept- 1st Oct, Paris France.

Ikonen, T., JHR Working Group on Fuel meeting, 26th March, Paris France.
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Tulkki, V., EHPG2014, 7.-12.9. Røros, Norway

Loukusa, H., FJOH summer school, 20.8.-29.8.2014, Cadarache France.

International travels in ESA project in 2014

Hänninen M. 6th FONESYS workshop, 17-18 February, 2014, Pisa Italy.

Kurki J., OECD/ATLAS Programme Review Group meeting 23rd April, 2014, Paris,
France.

Karppinen I., Northnet Roadmap3 meeting, 24th April, 2014, Stockholm, Sweden

Hillberg S., OECD/PKL3 Programme Review Group meeting, 6-7 May, 2014, Budapest,
Hungary.

Kolehmainen J., OECD/HYMERES Programme Review Group meeting, 17-18 June,
2014, Villigen, Switzerland.

Huhtanen R., CFD4NRS-5 OECD/NEA and IAEA workshop, 9-11 September, 2014,
Zurich, Switzerland.

Karppinen I., Northnet Roadmap3 meeting, 2nd October, 2014, Stockholm, Sweden

Kurki J., OECD/ATLAS Programme Review Group meeting 21-23 Octoberl, 2014,
Daejeon, Korea.

International travels in EXCOP project in 2014

Pyy, L., Telkkä, J., Researcher Visit (PIV and LIF training), March 30 – April 14, 2014,
Paul Scherrer Institute (PSI), Villigen, Switzerland.

Puustinen, M., NORTHNET RM3 Meeting, April 24, 2014, Stockholm, Sweden.

Tanskanen, V., NURESAFE Open Seminar, SP3 Meeting, GB Meeting, June 16-19, 2014,
Budapest, Hungary.

Puustinen, M., Purhonen, H., Tanskanen, V., NORTHNET RM3 Meeting, October 2,
2014, Stockholm, Sweden.

Pyy, L., Telkkä, J., Researcher Visit (PIV and LIF training), November 14-30, 2014,
University of Michigan, Ann Arbor, the US.

Tanskanen, V., NURESAFE SP3 Meeting, December 9-10, 2014, Paris, France.
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International travels in NuFoam project in 2014

Peltola,  J.,  The  2nd OpenFOAM User Conference 2014, October 7–9, 2014,
Steigenberger Hotel am Kanzleramt, Berlin, Germany

Pättikangas, T., Nordic Thermal Hydraulic Network (Northnet), Roadmap 1 Reference
Group Meeting, 26 June, 2014, KTH, AlbaNova, Stockholm, Sweden

Pättikangas, T., Nordic Thermal Hydraulic Network (Northnet), Roadmap 1 Reference
Group Meeting, 11 December, 2014, KTH, AlbaNova, Stockholm, Sweden

International travels in NUMPOOL project in 2014

Pättikangas, T., Nordic Thermal Hydraulic Network (Northnet), Roadmap 3 Reference
Group Meeting, 24 April, 2014, Clarion Hotel, Arlanda Airport, Stockholm, Sweden.

Pättikangas, T., Nordic Thermal Hydraulic Network (Northnet), Roadmap 3 Reference
Group Meeting, 2 October, 2014, KTH, Albanova, Stockholm, Sweden.

International travels in PAX project in 2014

Heikki Purhonen, Vesa Riikonen, Virpi Kouhia, The Programme Review Group and
Management Board meetings of the OECD/NEA PKL Phase 3 Project, Budapest Hungary,
6th-7th May 2014.

Heikki Purhonen, Vesa Riikonen, Otso-Pekka Kauppinen, The Programme Review Group
and Management Board meetings of the OECD/NEA PKL Phase 3 Project, Erlangen
Germany, 12th-13th November 2014.

International travels in UBEA project in 2014

Alku, T., OECD/NEA PREMIUM Benchmark Phase IV meeting, May 27-28, 2014, Paris,
France

International travels in COOLOCE-E project in 2014

Takasuo, E. 1st NUGENIA TA2.1 and TA2.2 review meetings on in- and ex-vessel corium
behaviour. Santa Cruz de Tenerife, Spain, February 17-21, 2014.

Takasuo, E. MEWA Code Seminar. Stuttgart, Germany, March 6-7, 2014.
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International travels in FISKES project in 2014

Kekki, T., 5th Meeting of the Programme Review Group of the OECD/NEA BIP-2
Project, September 9-10, 2014, Paris, France.

International travels in TERMOSAN project in 2014

Sevón, T. & Taivassalo, V., OECD THAI-2 Programme Review Group and Management
Board meetings, June 10–12, 2014, Eschborn, Germany.

Sevón, T., International Workshop on Nuclear Safety and Severe Accident (NUSSA-
2014), September 3–5, 2014, Kashiwa, Japan.

Sevón, T., CSARP (Cooperative Severe Accident Research Program) meeting & MCAP
(MELCOR Code Assessment Program) meeting, September 16–19, 2014, Bethesda,
Maryland, USA.

Sevón, T., OECD BSAF Programme Review Group and Management Board meetings &
OECD BSAF-2 kick-off meeting, November 24–28, 2014, Paris, France.

International travels in TRAFI project in 2014

Kärkelä, T., NUGENIA TA2.4 Source Term area planning meeting, 30.1-31.1.2014,
Aix-en-Provence, France.

Kärkelä, T., OECD/NEA STEM follow-up meeting, 11.9.2014, Paris, France.

Kalilainen, J., Visit at Paul Scherrer Institute (PSI), 19-31.10.2014, Villigen,
Switzerland

Gouëllo, M., OECD/NEA THAI-2 final seminar and THAI-3 planning meeting, 17.11-
19.11.2014, Frankfurt, Germany.

International travels in VESPA project in 2014

Takasuo, E., NUGENIA meetings on in- and ex-vessel corium behaviour, February 17-
21, 2014, Santa Cruz, Spain (1/3 of the trip).
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International travels in ENVIS project in 2014

Huotilainen, S. Secondee at CEA, Saclay, France, 1.1. 2014 – 30.7.2014. ENVIS paid
for a part of the stay.

Ehrnstén, U.. Nugenia TA4 working group meeting, Erlangen Germany, 18-19.2.2014.

Ehrnstén U. Hänninen, H. International Co-operative Group on Environmentally Assisted
Cracking, Prague, Chez Republic, 6-11.4.2014.

Karlsen, W.. EU-Soteria planning meeting, Paris, France, 15-16.5.2014.

Karlsen, W. Nugenia general assembly, Madrid, Spain, 7-11.4.2014.

Ehrnsten U. NEA COPAP project Steering Committee meetings, Paris, France, 14-
15.5.2014.

Kauppinen, P. Prometey seminar, St Petersburg, Russia, 2-6.6-2014.

Karlsen, W. IAEA CRP meeting, Vienna, Austria, 11-13.6.2014.

Ahonen, M., Autio J-M., Ivanchenko, M., Mouginot, R.  Fontevraud 8 conference,
Avignon, France, 14-18.9.2014.

Ivanchenko, M. Enlarged Halden Program Meeting, Röros, Norway, 7-12.9.2014

Karlsen, W. Halden IASCC expert meeting, Halden, Norway, 11-13.11.2014.

Ahonen, M. Kärnteknik 2014, Tukholma, Ruotsi, 19-20.11.2014.

Ahonen, M. EPRI 690 expert group meeting 2014. Tampa, USA, 1-5.12.2014.

International travels in FAR project in 2014

Kaunisto, K., International exchange, October 13-17, 2014, Areva GmbH, Erlangen,
Germany. Part of MULTIMETAL - Structural performance of multi-metal component.
Project reference 295968. Funded under European Commission FP7-EURATOM.

Saifi, Q. International exchange, October 6-10, Areva GmbH, Erlangen, Germany. Part
of MULTIMETAL - Structural performance of multi-metal component. Project
reference 295968. Funded under European Commission FP7-EURATOM.

Wallin, K., 20th European Conference on Fracture ECF20, 30th June – 04th July, 2014,
Trondheim, Norway.

Wallin, K., ASME Nuclear Codes and Standards Workshop, Prague, Czech Republic,
July 7-10, 2014.
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Wallin, K., ASTM Committee E08 on Fatigue and Fracture. Toronto, Canada, May 5-8,
2014 and New Orleans, USA, November 10 – 12, 2014

International travels in MAKOMON project in 2014

Koskinen, A. & Jäppinen, T., 11th European conference on Non Destructive Testing, 6th

-10th October, 2014, Prague, Czech Republic.

Haapalainen, J., Fall School: “Modelling and Simulation for Non Destructive
Evaluation” INSTN – CEA, October 13-17, 2014, Saclay, France.

Leskelä, E., US-NRC PARENT-9 program meeting, 8th – 12th Sept. 2014, SSM,
Stockholm, Sweden.

International travels in RAIPSYS project in 2014

Cronvall, O., NUGENIA Association Technical Area 8 (TA8), ENIQ (European Network
for Inspection and Qualification) Task Group Risk (TGR) meeting, 22-23 October 2014,
Schiphol, Amsterdam, the Netherlands.

Cronvall, O., participation in Kärnteknik 2014 conference, 19-20 November 2014,
Stockholm, Sweden.

International travels in SURVIVE project in 2014

Valo, M., ASTM 6th Symposium on Small specimen Test Techniques, January 29-31,
2014, Houston TX, USA.

Planman, T., IGRDM18 conference meeting, November 1-5, 2014, Miyazaki-Ceiden,
Japan.

International travels in WAPA project in 2014

Saario, Timo, project meeting on deposition modelling at University of Chemical
Technology and Metals (UCTM), September 22-25, 2014, Sofia, Bulgaria

Sipilä, Konsta, European Co-operation Group on Corrosion Monitoring (ECG-COMON)
meeting, June 15-18, 2014, Manchester, United Kingdom

Velin, Essi and Sipilä, Konsta, Nuclear Plant Chemistry Conference 2014, Sapporo, Japan.
October 25-30, 2014.

http://ceiden.com/wp-content/uploads/2015/01/2-Sekimura20150115_P62IGRDMStatus.pdf
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International travels in FRESH project in 2014

Keinänen, H. Beräkninsgruppen meeting, Febryary 26, 2014, Stockholm, Sweden.

International travels in RICO project in 2014

Velin, E., Nuclear Plant Chemistry Conference (NPC 2014), October 26-31, 2014,
Sapporo, Japan.

International travels in IMPACT2014 project in 2014

Vepsä, A., 16th International Conference on Experimental Mechanics, 7-11.7.2014,
Cambridge, United Kingdom.

Vepsä, A., XXII Nordic Concrete Research Symposium, 12-15.8.2014, Reykjavik, Iceland

Vepsä, A., OECD/NEA IRIS Phase 3 scientific committee meeting, 5.9.2014, Paris,
France

International travels in MANAGE project in 2014

Al-Neshawy, F., Conference on Ageing of Materials & Structures, Delft 26 – 28 May
2014, The Netherlands, (in CD-ROM).

Al-Neshawy, F., IABSE Workshop on Safety, Robustness and Condition Assessment of
Structures. Tuusula 11-12 February 2015. (in CD-ROM).

International travels in SMASH project in 2014

Saarenheimo, Arja. 37th Meeting of the Integrity and Ageing  of Components and
Structures Working Group (WGIAGE)  Concrete sub-group meeting. August 7- 8, Paris,
France

International travels in SESA project in 2014

Ludovic Fülöp, Vilho Jussila, Prof. Jari Puttonen, Prof. Pekka Heikkinen, Cooperation
planning meeting with Uppsala University, 29.01.2014

Ludovic Fülöp, 37th Meeting of the Integrity and Ageing of Components and Structures
Working Group (WGIAGE), WGIAGE Seismic sub-group meeting, April 9-10, 2014,
Paris, France
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Vilho Jussila, Advances in Earthquake Source Physics Workshop , 1st-2nd September
2014, University College London

Vilho Jussila attended modules of the course “Earthquake source physics HT 2014. 1GE027”
in Uppsala University, September 2014 (Lecturers: Björn Lund, Samar Amini, Roland Roberts,
Hossein Shomali)

International travels in EXWE project in 2014

Jylhä, K., Adaptation Actions for a Changing Arctic –part C (AACA-C) project of the
Arctic Monitoring and Assessment Program (AMAP), Chapter Author meeting, November
26, 2014,  Stockholm, Sweden

Jokinen, P., EGU General Assembly, April 28-30, 2014, Vienna, Austria.

Jokinen, P., European Meteorological Society Annual Meeting & European Conference on
Applied Climatology, October 6-10, 2014, Prague, Czech Republic.

Kämäräinen, M., European Geosciences Union General Assembly 2014, 27–02 May 2014,
Vienna, Austria.

Kämäräinen, M., Spatial and Temporal Variability in Statistical and Dynamical
Downscaling, 3rd VALUE training school, 3– 8 November 2014, ICTP, Trieste, Italy.

Pellikka, H., IEEE/OES Baltic Symposium 2014, May 26-29, 2014, Tallinn, Estonia.

International travels in LARGO project in 2014

Matala, A. and Sikanen, T. International Workshop on Fire PRA. Garching, Germany,
April 28-30, 2014.

Matala, A. PRISME 2 meeting, May 21.-22, 2014, Aix-en-Provence, France.

Matala, A. PRISME 2 meeting, November 4.-5, 2014, Aix-en-Provence, France.

International travels in PRADA project in 2014 – January 2015

Karanta, I., NPSAG/NKS Level 3 PSA seminar, January 21, 2014, Stockholm, Sweden.
Karanta held a presentation on VTT’s level 3 PSA pilot case, approach and data.

Porthin, M., NPSAG EXAM-HRA – Phase 3b seminar, 22 January, 2015, Solna, Sweden.
Porthin held a presentation on Actions without procedures.

Tyrväinen, T., NPSAG/NKS Level 3 PSA seminar, January 20th, 2015, Solna, Sweden.
Tyrväinen held a presentation on VTT’s level 3 pilot results.
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International travels in ELAINE project in 2014

Pyy, L. and Telkkä, J. Research visit to Paul Scherrer Institut, March 31-April 10, 2014,
Villigen, Switzerland.

Pyy, L. and Telkkä, J. Research visit to University of Michigan, November 17-28, 2014,
Ann Arbor, Michigan, USA.

International travels in REHOT project in 2014

Paasila, M., Factory acceptance test of AgieCharmilles electrodischarge machine,
Losone, Switzerland, June 13, 2014.

Autio, J-M, Microscopy & Microanalysis Conference, Hartford, Connecticut, USA,
August 3-7, 2014.

Autio, J-M, JEOL SEM demonstration, Munich, Germany, August 13, 2014.

Karlsen, W., HOTLAB 2014 (”Hot Laboratories and Remote Handling” Working
Group), Baden, Switzerland, September 21 – 25, 2014

Autio, J-M, Visit to Studsvik and evaluation of hot microscopy facilities, September 25,
2014.

Autio, J-M, JEOL microscopy demonstration, Wiesbaden, Germany, October 14, 2014.

Tähtinen, S. World Nuclear Exhibition, WNE2014, Paris Le Bourget, France, October
14-16, 2014.

Tähtinen, S., Karlsen. W., Kukkonen, A., Isotope Technologies Dresden technical
meeting, Dresden, Germany, December 2-3, 2014

International travels in ADMIRE project in 2014

Hämäläinen, J., Meeting with the representatives of the EC DG for Research &
Innovation, 21 May 2014, Brussels, Belgium.

Hämäläinen, J., Meeting of the Euratom Programme Committee (Fission), 22 May
2014, Brussels, Belgium.



Appendix 5

The steering group, the reference
groups and the scientific staff of the
projects in 2014
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Steering Group of SAFIR2014

Person Organisation & Finnish abbreviation
Marja-Leena Järvinen, Chair Radiation and Nuclear Safety Authority (STUK)
Keijo Valtonen, Vice Chair Radiation and Nuclear Safety Authority (STUK)
Arto Kotipelto Finnish Funding Agency for Technology and

Innovation (Tekes)
Eija Karita Puska Technical Research Centre of Finland (VTT)
Pentti Kauppinen Technical Research Centre of Finland (VTT)
Liisa Heikinheimo Teollisuuden Voima Oyj (TVO)
Olli Hoikkala Teollisuuden Voima Oyj (TVO)
Sami Hautakangas Fortum Power and Heat Oy (Fortum)
Kristiina Söderholm Fortum Power and Heat Oy (Fortum)
Ilkka Männistö Fennovoima Oy
Hanna Virlander Fennovoima Oy
Rainer Salomaa Aalto University
Sanna Syri Aalto University
Riitta Kyrki-Rajamäki Lappeenranta University of Technology (LUT)
Heikki Purhonen Lappeenranta University of Technology (LUT)
Anneli Leppänen Finnish Institute of Occupational Health (TTL)
Jaana Avolahti Ministry of Employment and the Economy

(TEM)
Nils Sandberg Swedish Radiation Safety Authority (SSM)
Eva Simic Swedish Radiation Safety Authority (SSM)
Jorma Aurela, TEM &VYR
contact person

Ministry of Employment and the Economy
(TEM)

Jari Hämäläinen, Director of
SAFIR2014, Secretary of the
Steering Group

Technical Research Centre of Finland (VTT)
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SAFIR2014 Reference Groups

1. Man, organisation and society / Ihminen, organisaatio ja yhteiskunta

Person Organisation
Matti Vartiainen, Chair Aalto
Kirsi Levä TUKES
Hanna Kuivalainen STUK
Ann-Mari Sunabacka-Starck STUK
Leena Norros VTT
Heli Talja VTT
Soili Vaimala TVO
Anna Raitanen TVO
Tellervo Juurmaa Fortum
Magnus Halin Fortum
Matti Kattainen Fortum
Liisa Sallinen Fennovoima
Mikko Merikari Fennovoima
Anna-Maria Teperi (HF expert)
Jaana Isotalo Posiva
Johan Enkvist SSM

2. Automation and control room / Automaatio ja valvomo

Person Organisation
Martti Välisuo, Chair Fortum
Mika Koskela STUK
Heimo Takala STUK
Mika Kaijanen STUK
Tommi Karhela VTT
Olli Ventä VTT
Mauri Viitasalo TVO
Lauri Tuominen TVO
Ville Nurmilaukas Fortum
Janne Peltonen Fennovoima
Ilkka Niemelä Aalto
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3. Fuel research and reactor analysis / Polttoainetutkimus ja
reaktorianalyysi

Person Organisation
Antti Daavittila, Chair STUK
Riku Mattila STUK
Risto Sairanen STUK
Lena Hansson-Lyyra STUK
Markku Hänninen VTT
Seppo Tähtinen VTT
Petri Kotiluoto VTT
Arttu Knuutila TVO
Mikael Solala TVO
Laura Kekkonen Fortum
Tuukka Lahtinen Fortum
Malla Seppälä Fennovoima
Libor Klecka Fennovoima
Pertti Aarnio Aalto
Anna Alvestav SSM

4. Thermal hydraulics / Termohydrauliikka

Person Organisation
Eero Virtanen, Chair STUK
Miikka Lehtinen STUK
Mikko Ilvonen VTT
Anitta Hämäläinen VTT
Juha Poikolainen TVO
Mikko Lemmetty TVO
Timo Toppila Fortum
Heikki Kantee Fortum
Leena Torpo Fennovoima
Juha Luukka Fennovoima
Timo Siikonen Aalto
Anne Jordan LUT
Ninos Garis SSM
Pekka Nurmilaukas, expert Platom
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5. Severe accidents / Vakavat onnettomuudet

Person Organisation
Risto Sairanen, Chair STUK
Lauri Pöllänen STUK
Tomi Routamo STUK
Arja Saarenheimo VTT
Ilona Lindholm VTT
Kristiina Rusanen TVO
Janne Vahero TVO
Lasse Tunturivuori TVO
Marko Marjamäki Fortum
Mika Harti Fortum
Nici Bergroth Fennovoima
Niina Miettinen Fennovoima
Jarmo Ala-Heikkilä Aalto
Heikki Suikkanen LUT
Ninos Garis SSM

6. Structural safety of reactor circuits / Reaktoripiirin rakenteellinen
turvallisuus

Person Organisation
Martti Vilpas, Chair STUK
Mika Bäckström STUK
Petri Kinnunen VTT
Arja Saarenheimo VTT
Eila Lehmus VTT
Kim Wallin VTT
Erkki Muttilainen TVO
Kimmo Tompuri TVO
Antti Kallio TVO
Alpo Neuvonen Fortum
Petri Kytömäki Fortum
Ossi Hietanen Fortum
George Rajan Fennovoima
Hannu Hänninen Aalto
Peter Ekström SSM
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7. Construction safety / Rakennustekninen turvallisuus

Person Organisation
Pekka Välikangas, Chair STUK
Jukka Myllymäki STUK
Heli Koukkari VTT
Eila Lehmus VTT
Vesa Hiltunen TVO
Timo Kukkola TVO
Joonas Koskinen Fortum
Tapani Kukkola Fortum
Aki Mattila Fortum
Juha Rinta-Seppälä Fennovoima
Jari Puttonen Aalto
Kostas Xanthopoulos SSM

8. Probabilistic risk analysis (PRA) / Todennäköisyyspohjainen
riskianalyysi (PRA)

Person Organisation
Ilkka Niemelä, Chair STUK
Matti Lehto STUK
Jorma Sandberg STUK
Tuula Hakkarainen VTT
Ilona Lindholm VTT
Ari Koskinen VTT
Risto Himanen TVO
Jari Pesonen TVO
Kalle Jänkälä Fortum
Tommi Purho Fortum
Juho Helander Fennovoima
Ahti Salo Aalto
Per Hellström SSM
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9. Development of research infrastructure / Tutkimusinfrastructuurin
kehittäminen

Person Organisation
Risto Sairanen, Chair STUK
Martti Vilpas STUK
Timo Vanttola VTT
Pentti Kauppinen VTT
Liisa Heikinheimo TVO
Esa Mannola TVO
Sami Hautakangas Fortum
Harri Tuomisto Fortum
Christoffer Ehrnrooth Fennovoima
Pertti Aarnio Aalto
Riitta Kyrki-Rajamäki LUT
Heikki Purhonen LUT
Jorma Pitkänen Posiva
Jorma Aurela TEM
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Project personnel

Managing safety culture throughout the lifecycle of nuclear plants (MANSCU)
Turvallisuuskulttuurin hallinta laitosten elinkaaren eri vaiheissa

Research organisation: VTT
Project manager: Pia Oedewald, VTT

Person Org. Tasks
Pia Oedewald, M.A, Senior
Scientist

VTT Project manager, overall planning, data
acquisition, data analysis and
reporting, HUMAX and MODEL
UPDATE

Nadezhda Gotcheva, PhD,
Research Scientist

VTT MODEL UPDATE, DESIGN

Reiman, Teemu, PhD (psych),
Senior Scientist

VTT HUMAX and MODEL UPDATE

Elina Pietikäinen, M.A.
(psych), PhD student, Senior
Scientist

VTT DESIGN, HUMAX

Kaupo Viitanen, M.A, (psych),
Research Scientist

VTT HUMAX

Mikael Wahlström, DI,
Research Scientist

VTT DESIGN

Maria Liinasuo, PhD, Senior
Scientist

VTT DESIGN

Prof. Håkan Alm Luleå
University,
Sweden

DESIGN

Prof. Anna-Lisa Osvalder Chalmers
University,
Sweden

DESIGN

Ann-Britt Skjärve IFE, Halden HUMAX

Christer Axelsson Vattenfal HUMAX
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Sustainable and Future Oriented Expertise - SAFEX2014
Kestävää ja kehittyvää tulevaisuuden osaamista

Research organisations: Aalto University (Aalto) and Finnish Institute of Occupational
Health (TTL)
Project manager: Eerikki Mäki, Aalto University

Person Org. Tasks
Eerikki Mäki, D.Sc. (Tech.) Aalto  Project manager, researcher: responsible for

modifying SAFEX-survey, analysing survey
data, and facilitating development oriented
feedback sessions. Responsible for writing
and reporting results of the SAFEX2014
project for practitioners in the industry and
scholars in the academic community.

Krista Pahkin, Lic.Sc. TTL Deputy project manager, researcher:
responsible for modifying SAFEX-survey,
collecting survey data, analysing survey data,
and facilitating development oriented
feedback sessions. Responsible for writing
and reporting results of the SAFEX2014
project for practitioners in the industry and
scholars in the academic community.

Sara Lindström, VTM TTL Researcher: responsible for writing and
reporting results of the SAFEX2014 project
for practitioners in the industry and scholars
in the academic community.

Anna-Leena Kurki, MA
(edu)

TTL Researcher: responsible for writing and
reporting results of the SAFEX2014 project
for practitioners in the industry and scholars
in the academic community.

Signaled and Silenced Aspects of Nuclear Safety (SISIANS)
Ydinturvallisuuden korostetut ja vaiennetut näkökohdat

Research organisation: University of Jyväskylä
Project manager: Marja Ylönen, University of Jyväskylä

Person Org. Tasks
Marja Ylönen, Dr. in Social
Sciences

University
of
Jyväskylä

Project manager, and responsible
researcher, data gathering, analysis,
reporting, writing articles.
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Coverage and rationality of the software I&C safety assurance (CORSICA)
Turvallisuuskriittisten I&C ohjelmistojen täsmällinen ja kattava varmistaminen

Research organisation: VTT and FiSMA ry.
Project manager: Timo Varkoi, FiSMA

Person Org. Tasks

Ossi Teikari, MSc student VTT Hazard analysis, Standard comparison
Janne Valkonen, MSc Tech VTT Safety demonstration
Jussi Lahtinen, MSc Tech VTT Test set generation, Model checking
Risto Nevalainen, Lic Tech FiSMA

ry.
Development and validation of Nuclear
SPICE process assessment model,
Standard comparison

Timo Varkoi, Lic Tech FiSMA
ry.

Development and validation of Nuclear
SPICE assessment process

Human-automation collaboration in incident and accident situations (HACAS)
Ihmisen ja automaation yhteistyö häiriö- ja hätätilanteissa

Research organisation: VTT
Project manager: Jari Laarni, VTT

Person Org. Tasks
Jari Laarni, PhD VTT Project manager, Human factors engineering,

Interactive large-screen displays, Simulator
fidelity, Participation in WGHOF

Paula Savioja, D.Sc. (Tech.) VTT Deputy project manager, Procedure usage in
accident management, Human factors
engineering, Control room validation

Leena Norros, Res Prof, PhD VTT Procedure usage in accident management, Control
room validation, Participation in WGHOF

Iina Aaltonen, MScTech VTT Automation awareness
Maiju Aikala VTT Automation maintenance work
Hannu Karvonen, MA VTT Automation awareness, Simulator environment

design
Hanna Koskinen, MA VTT Interactive large-screen displays, Simulator

fidelity
Timo Kuula VTT Automation maintenance work
Jari Lappalainen, LicScTech VTT Automation awareness, Simulator environment

design
Marja Liinasuo, PhD VTT Procedure usage in accident management, Human

reliability analysis
Mikael Wahlström, MA VTT Procedure usage in accident management
Markus Porthin, MScTech VTT Human reliability analysis
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Safety evaluation and reliability analysis of nuclear automation (SARANA)
Ydinvoima-automaation turvallisuuden ja luotettavuuden arviointi

Research organisation: VTT, Aalto
Project manager: Janne Valkonen, VTT

Person Org. Tasks
Janne Valkonen, MScTech VTT Project management, Formal analysis of

large systems, Synergies of methods and
tools developed for nuclear I&C analysis in
RG2 projects

Kim Björkman, MScTech VTT Reliability analysis of digital systems in
PRA context (DIGREL), YADRAT
development, Plant-level models and failure
modelling

Jussi Lahtinen, MScTech VTT Formal analysis of large systems, Plant-level
models and failure modelling

Tero Tyrväinen, MScTech VTT Reliability analysis of digital systems in
PRA context (DIGREL), YADRAT
development

Antti Pakonen, MScTech VTT Formal analysis of large systems
Markus Porthin, MScTech VTT Reliability analysis of digital systems in

PRA context (DIGREL)
Keijo Heljanko, DrTech Aalto Project management, System level interfaces

and timing issues, Model checking tool
portfolio, Formal analysis of source code

Tuomas Kuismin, MScTech Aalto System level interfaces and timing issues,
Model checking tool portfolio, Plant level
models and failure modelling

Kari Kähkönen, MScTech Aalto System level interfaces and timing issues,
Formal analysis of large systems, Model
checking tool portfolio, Formal analysis of
source code

Antti Vanhala Aalto Formal analysis of large systems, Model
checking tool portfolio

Olli Saarikivi, MScTech Aalto Formal analysis of source code
Hernan Ponce de Leon, PhD Aalto Formal analysis of large systems, Formal

analysis of source code
Siert Wieringa, MSc Aalto Formal analysis of large systems, Model

checking tool portfolio
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Safety requirements specification and management in nuclear power plants
(SAREMAN)
Turvallisuusvaatimusten määrittely ja hallinta ydinvoimalaitoksilla

Research organisation: VTT and Aalto University
Project manager: Teemu Tommila, VTT, and Eero Uusitalo, Aalto University

Person Org. Tasks
Jarmo Alanen VTT Integration SAREMAN conceptual

model and SIMPRO SEAModel
(Systems Engineering Artefact Model) in
order to demonstrate traceability of
engineering artefacts

Antti Pakonen,
M.Sc.(Eng.)

VTT Use of visual languages for requirement
definition in model checking

Teemu Tommila,
M.Sc.(Eng.)

VTT Conceptual models for safety
requirements definition and management
Use of natural language requirement
templates and structured use cased in
design and model checking

Quang Doan, Master’s
Thesis student

Aalto Managing safety requirements in nuclear
power domain by using V-model

Tomi Männistö,
professor,
D.Sc. (Tech.)

Uni.
Helsinki /
Aalto

Responsible manager

Eero Uusitalo,
M.Sc.(Tech)

Aalto System requirements engineering
practices in design and licensing

Mikko Ylikangas,
research associate

Aalto Coding and design of software tools

Identification of FAult situations PROpagating BEtween different systems and
disciplines (IFAPROBE)

Research organization: Aalto University
Project manager: Nikolaos Papakonstantinou (1/1/2014 – 21/9/2014) Aalto, Cheng Pang
(22/9/2014 – 31/12/2014) Aalto

Person Org. Tasks
Nikolaos Papakonstantinou,
DTech (1/1/2014 –
21/9/2014)

Aalto Project manager, APROS  6 modeling,
analysis and reporting, data acquisition

Cheng Pang (22/9/2014 –
31/12/2014)

Aalto Project manager
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Criticality Safety and Transport methods in reactor analysis (CRISTAL)
Kriittisyysturvallisuus ja kuljetusmenetelmät reaktorianalyysissä

Research organisation: VTT
Project manager: Karin Rantamäki, VTT

Person Org. Tasks
Rantamäki Karin, DrTech VTT Project management, calculation methods,

criticality safety, international co-operation
and training courses

Häkkinen Silja, DrTech VTT Calculation methods
Juutilainen Pauli, MScTech VTT Criticality safety
Kotiluoto Petri, PhD VTT Calculation methods, international co-

operation and training courses
Pusa Maria, DrTech VTT Calculation methods, international co-

operation and training courses
Räty Antti, MSc VTT Calculation methods
Valtavirta Ville, MScTech VTT Criticality safety
Viitanen Tuomas, MScTech VTT Reactor dosimetry, international co-

operation and training courses

Three-dimensional reactor analyses (KOURA)
Kolmiulotteiset reaktorianalyysit

Research organisation: VTT
Project manager: Elina Syrjälahti, VTT

Person Org. Task
Syrjälahti Elina, MSc (Tech) VTT Project manager, Fuel behaviour

models, BWR modelling, International
co-operation

Hovi Ville, MSc (Tech) VTT PORFLO development and
applications

Hämäläinen Anitta, DSc (Tech) VTT BWR modelling, TRAB3D/SMABRE
Ilvonen Mikko, LicSc (Tech) VTT PORFLO development and

applications
Rintala Jukka, MSc (Tech) VTT Neutronics
Räty Hanna, MSc (Tech) VTT Deputy project manager, BWR

modelling, International co-operation
Sahlberg Ville, Research trainee VTT Neutronics
Taivassalo Veikko, PhLic
(Phys)

VTT PORFLO development and
applications
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Development of a Finnish Monte Carlo Reactor Physics Code (KÄÄRME)
Suomalaisen Monte Carlo -reaktorifysiikkakoodin kehittäminen

Research organisation: VTT
Project manager: Jaakko Leppänen, VTT

Person Org. Tasks
Jaakko Leppänen, D.Sc. VTT Head developer of the Serpent code
Mari Pusa, D.Sc. VTT Serpent developer
Tuomas Viitanen, M.Sc. VTT Serpent developer
Ville Valtavirta, M.Sc. VTT Serpent developer
Toni Kaltiaisenaho, B.Sc. VTT Serpent developer

Neutronics, nuclear fuel and burnup (NEPAL)
Neutroniikka, ydinpolttoaine ja palama

Research organisations: Aalto University
Project manager: Jarmo Ala-Heikkilä, Aalto

Person Org. Tasks
Jarmo Ala-Heikkilä, D.Sc.(Tech.) Aalto Project manager
Seppo Sipilä, D.Sc.(Tech.) Aalto Deputy project manager
Aarno Isotalo, D.Sc.(Tech.) Aalto Computer simulations, analytical

methods
Markus Ovaska, M.Sc. Aalto Computer simulations, analytical

methods
Pertti Aarnio, D.Sc.(Tech.) Aalto Internal support group
Rainer Salomaa, Prof.Emer. Aalto Internal support group
Mikko Alava, Prof. Aalto Internal support group
Filip Tuomisto, Prof. Aalto Internal support group
Eric Dorval, M.Sc.(Tech.) Aalto Internal support group
Risto Vanhanen, M.Sc.(Tech.) Aalto Internal support group
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Extensive fuel modelling (PALAMA)
Polttoaineen laaja-alainen mallinnus

Research organisation: VTT
Project manager: Ville Tulkki, VTT (Timo Ikonen, VTT, acting project manager
16.12.2013 – 31.8.2014)

Person Org. Tasks
Asko Arkoma, MSc (Tech) VTT Analysis of reactivity initiated accidents and

loss of coolant accidents, implementation
and development of SCANAIR code.

Santtu Huotilainen, MSc
(Tech)

VTT Melodie test device development and
validation.

Silja Häkkinen, D.Sc (Tech) VTT Effect of actinides to fuel behaviour
Timo Ikonen, D.Sc. (Tech) VTT Uncertainty analysis, FINIX development,

project management
Joonas Kättö, MSc (Tech) VTT LOCA modelling.
Seppo Kelppe, MSc (Tech) VTT Mentoring, WGFS participation
Henri Loukusa, MSc (Tech) VTT Chemistry modelling
Elina Syrjälahti, MSc (Tech) VTT GENFLO-FRAPTRAN coupling.
Ville Tulkki, LicSc (Tech) VTT Development of cladding creep models,

project manager.
Ville Valtavirta, MSc (Tech) VTT Multiphysics modelling

Enhancement of Safety Evaluation tools (ESA)
Turvallisuusanalyysityökalujen kehittäminen

Research organisation: VTT
Project manager: Ismo Karppinen, VTT

Person Org. Task
Ismo Karppinen, MScTech VTT Project manager, validation of Apros code,

participation in OECD/WGAMA, follow-up of
OECD/HYMERES, OECD/PKL3,  co-ordination
of Northnet RM3

Seppo Hillberg, MScTech VTT Deputy project manager , validation of Apros and
TRACE codes, follow-up of USNRC/CAMP

Risto Huhtanen, MScTech VTT Development and validation of CFD calculation
methods

Markku Hänninen, DrTech VTT Participation in the FONESYS code developers
network

Jarno Kolehmainen,
MScTech

VTT Validation of Apros

Joona Kurki, LicTech VTT Validation of TRACE 3D module, follow-up of
OECD/ATLAS

Sampsa Lauerma, trainee VTT Validation of Apros
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Ari Silde, MScTech VTT Validation of Apros Containment
Pekka Urhonen, MScTech VTT Validation of Apros and TRACE

Experimental Studies on Containment Phenomena (EXCOP)
Suojarakennuksessa tapahtuvien ilmiöiden kokeellinen tutkimus

Research organisation: Lappeenranta University of Technology
Project manager: Markku Puustinen, Lappeenranta University of Technology

Person Org. Tasks
Markku Puustinen, MScTech LUT Project manager, Experiment planning and

analysis
Jani Laine, MScTech LUT Deputy project manager, Experiment

analysis, Data conversion
Heikki Purhonen, DrTech LUT International tasks, Experiment planning
Vesa Riikonen, MScTech LUT Data acquisition, Experiments
Antti Räsänen, MScTech LUT Instrumentation, Data acquisition, Data

conversion, Visualization, Control systems,
Experiments

Vesa Tanskanen, DrTech LUT Computer simulations, Experiments
Arto Ylönen, Dr. sc. ETH
Zurich

LUT Assessment of measurement techniques,
Experiment analysis

Harri Partanen, Engineer LUT Designing of test facilities, Experiments
Hannu Pylkkö, Technician LUT Construction, operation and maintenance of

test facilities, Experiments
Ilkka Saure, Technician LUT Construction, operation and maintenance of

test facilities, Experiments
Lauri Pyy, MScTech LUT Assessment of measurement techniques,

Experiments
Joonas Telkkä, MScTech LUT Assessment of measurement techniques,

Experiments
Elina Hujala, MScTech LUT Pattern recognition, Experiment analysis
Eetu Kotro, MScTech LUT Construction, operation and maintenance of

test facilities, Instrumentation, Data
acquisition, Data conversion, Visualization,
Control systems
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OpenFOAM CFD-solver for nuclear safety related flow simulations (NuFoam)
OpenFOAM CFD -ratkaisija ydinturvallisuuden virtaussimulointeihin

Research organisation: VTT, Aalto, LUT Energy
Project manager: Dr Timo Pättikangas, VTT
Deputy project manager: Juho Peltola, VTT

Person Org. Task
Timo Pättikangas, D.Sc. VTT Project manager, two-phase CFD modeling
Juho Peltola, M.Sc. VTT Two-phase CFD model development and

validation
Timo Siikonen, Prof. Aalto CFD model development and validation
Tomas Brockmann, M.Sc. Aalto CFD modeling
Juhaveikko Ala-Juusela, M.Sc. Aalto CFD modeling
Vesa Tanskanen, D.Sc. LUT CFD model development and validation
Giteshkumar Patel, M.Sc. LUT CFD model development and validation

Numerical modeling of condensation pool (NUMPOOL)
Lauhdutusaltaan numeerinen mallintaminen

Research organisation: VTT
Project manager: Timo Pättikangas, VTT

Person Org. Task
Timo Pättikangas, DTech VTT Project manager, CFD modeling of

condensation pool
Jarto Niemi, MScTech VTT CFD modeling of condensation pool
Antti Timperi, MScTech VTT Modeling of fluid-structure interactions
Qais Saifi, MScTech VTT FSI calculation of blowdown with a sector

model of a BWR

PWR PACTEL experiments (PAX)
PWR PACTEL kokeet

Research organisation: LUT
Project manager: Vesa Riikonen, LUT

Person Org. Tasks
Vesa Riikonen, MScTech LUT Project manager, experiment planning,

analysis and reporting, data acquisition
Markku Puustinen, MScTech LUT Deputy project manager, experimental work
Heikki Purhonen, DTech LUT International tasks
Virpi Kouhia, MScTech LUT APROS code modeling and calculations,

experiment analysis and reporting
Otso-Pekka Kauppinen,
MScTech

LUT TRACE code modeling and calculations
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Antti Räsänen, MScTech LUT Instrumentation, data acquisition, process
control, experimental work

Vesa Tanskanen, DrTech LUT  CFD simulations
Juhani Vihavainen, DrTech LUT TRACE code modeling and calculations
Joonas Telkkä, MScTech LUT Experimental work, experiment analysis and

reporting
Harri Partanen, Engineer LUT Designing of test facilities
Hannu Pylkkö, Technician LUT Construction, operation and maintenance of

test facilities, experimental work
Ilkka Saure, Technician LUT Construction, operation and maintenance of

test facilities, experimental work
Eetu Kotro, Trainee LUT Construction, operation and maintenance of

test facilities, experimental work

Modeling of steam generators of nuclear power plants (SGEN)
Ydinvoimalaitosten höyrystimien mallintaminen

Research organisations: VTT and Fortum Power and Heat Oy
Project manager: Timo Pättikangas, VTT

Person Org. Task
Timo Pättikangas, DTech VTT Project manager, development of CFD

models for steam generators
Ville Hovi, MScTech VTT CFD modelling of steam generators
Ismo Karppinen, MScTech VTT Apros modeling of EPR NPP
Sampsa Lauerma, Research
Trainee

VTT Apros modeling of EPR steam generator

Tommi Rämä, MScTech Fortum CFD modeling of VVER-440 horizontal
steam generator

Lauri Peltokorpi, MScTech Fortum Apros modeling of Loviisa NPP
Timo Toppila, MScTech Fortum CFD modeling of VVER-440 horizontal

steam generator

Uncertainty Evaluation for Best-Estimate Analyses (UBEA)
Best-estimate -turvallisuusanalyyseihin yhdistetty epävarmuuksien arvioiminen

Research organisation: VTT
Project manager: Joona Kurki, VTT

Person Org. Tasks
Joona Kurki, LicScTech VTT Project management
Torsti Alku, MScTech VTT Uncertainty evaluation, best-estimate plus

uncertainty analyses
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Thermal hydraulics and fuel integrity in spent fuel dry cask interim storage
facility (SPEFU)
Lämmönsiirto ja polttoaineen eheys väliaikaisessa käytetyn polttoaineen
kuivavarastossa

Research organisations: VTT
Project manager: Risto Huhtanen, VTT

Person Org. Tasks
Risto Huhtanen, LicTech VTT Project manager, modelling and simulation

of heat transfer
Ville Tulkki, LicTech VTT Deputy project manager, behaviour of spent

fuel, creep models
Asko Arkoma, MScTech VTT Spent fuel, material parameters
Timo Pättikangas, DrTech VTT Simulation of heat transfer

Core debris coolability and environmental consequence analysis (COOLOCE-E)
Partikkelimaisen sydänromun jäähdytettävyys ja ympäristövaikutusten arviointi

Research organisation: VTT
Project manager: Eveliina Takasuo, VTT

Person Org. Tasks
Eveliina Takasuo, MScTech VTT Planning, design and analysis of the

COOLOCE experiments, modelling of debris
coolability, project management

Veikko Taivassalo, LicSc VTT CFD modelling of debris coolability
Tuomo Kinnunen, Engineer VTT COOLOCE experiments: design, installation

and maintenance work
Taru Lehtikuusi, Technician VTT COOLOCE experiments: design, installation

and maintenance work
Jukka Rossi, MScTech VTT Modelling of atmospheric dispersion of

radioactive releases using ARANO
Mikko Ilvonen, LicTech VTT Modelling of atmospheric dispersion of

radioactive releases using VALMA
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Chemistry of fission products in containment (FISKES)
Fissiotuotteiden kemia suojarakennuksessa.

Research organisation: VTT
Project manager: Tommi Kekki, VTT

Person Org. Tasks
Tommi Kekki, MSc VTT Project manager, OECD/NEA BIP-2 project,

nitric acid formation
Tiina Lavonen, MSc VTT Pool chemistry
Merja Tanhua-Tyrkkö,
MScTech

VTT Pool chemistry

Jouni Hokkinen,  MScTech VTT Nitric acid formation
Teemu Kärkelä,  MScTech VTT Nitric acid formation
Melany Guello, MScTech VTT Nitric acid formation
Karri Penttilä, MScTech VTT pH calculation Chempool
Anna Nieminen, MScTech VTT ASTEC code, iodine

Thermal Hydraulics of Severe Accidents (TERMOSAN)
Vakavien onnettomuuksien termohydrauliikka

Research organisation: VTT
Project manager: Tuomo Sevón, VTT

Person Org. Tasks
Tuomo Sevón, MScTech VTT Fukushima modelling with MELCOR,

CSARP, PCCS calculations with MELCOR,
OECD THAI-2, project management

Anna Nieminen, MScTech VTT PCCS calculations with ASTEC
Veikko Taivassalo, LicSc VTT Fluent calculations of hydrogen combustion

experiments in THAI-2
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Transport and chemistry of fission products (TRAFI)
Fissiotuotteiden kulkeutuminen ja kemia

Research organisation: VTT
Project manager: Teemu Kärkelä, VTT

Person Org. Tasks
Teemu Kärkelä, MScTech VTT Ruthenium and Iodine experiments,

Participation in STEM project, Interpretation
of results

Ari Auvinen, MScTech VTT Participation in STEM project, Interpretation
of results

Melany Gouello, PhD VTT Iodine experiments in primary circuit
conditions

Jarmo Kalilainen,
MScTech

VTT Iodine experiments in primary circuit
conditions, Studies on particle deposition by
turbulent natural convective flow

Pekka Rantanen, LicTech VTT Studies on particle deposition by turbulent
natural convective flow

Unto Tapper, PhD VTT Electron microscopy
Raoul Järvinen, Technician VTT Construction of experimental facilities
Emmi Myllykylä, MSc VTT Chemical analysis - iodine experiments
Jaana Rantanen, Technician VTT Chemical analysis - iodine experiments
Tuula Kajolinna, Engineer VTT Analysis of gaseous compounds - iodine

experiments

Vessel failures, steam Explosions and Spent fuel Pool Accidents (VESPA)
Paineastian puhkeaminen, höyryräjähdysten mallinnus ja käytetyn polttoaineen altaiden
onnettomuudet

Research organisation: VTT
Project manager: Anna Nieminen, VTT

Person Org. Tasks
Anna Nieminen,
M.Sc.(Tech.)

VTT Project manager, guiding the special
assignments on steam explosions

Magnus Strandberg,
B.Sc.(Tech.)

VTT Steam explosion analyses with MC3D

Mikko Patalainen,
M.Sc.(Tech.)

VTT Pressure vessel failure simulations with
Abaqus

Kari Ikonen, D.Sc.(Tech.) VTT Development of PANAMA CFD model to
simulate heating of interim spent fuel storage
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Passive containment cooling system tests (PCCS)
Passiivisen suojarakennusjäähdyttimen kokeet

Research organization: LUT, VTT
Project manager: Juhani Vihavainen, LUT

Person Org. Tasks
Juhani Vihavainen, LicTech LUT Project manager, experiment planning,

analysis and reporting
Markku Puustinen, MScTech LUT Experimental work
Heikki Purhonen, DScTech LUT Experiment planning and analysis support
Antti Räsänen, MScTech LUT Instrumentation, data acquisition, process

control, experimental work
Harri Partanen, Engineer LUT Designing of test facilities
Hannu Pylkkö, Technician LUT Construction, operation and maintenance of

test facilities, experimental work
Ilkka Saure, Technician LUT Construction, operation and maintenance of

test facilities, experimental work
Eetu Kotro, Trainee LUT Construction, operation and maintenance of

test facilities, experimental work
Teemu Kärkelä, MScTech VTT Deputy project manager, aerosol experiment

planning, analysis and reporting
Pekka Rantanen, LicTech VTT Aerosol experiment planning, analysis and

reporting, aerosol facility construction
Johanna Forsman, DScTech VTT Aerosol experiment planning, analysis and

reporting, aerosol facility construction
Ari Auvinen, MScTech VTT Aerosol experiment planning
Raoul Järvinen, Technician VTT Aerosol facility construction
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Environmental influence on cracking susceptibility and ageing of nuclear materials
(ENVIS)
Ympäristön vaikutus ydinvoimalaitosmateriaalien murtumiseen ja vanhenemiseen

Research organisation: VTT and Aalto University
Project manager: Ulla Ehrnstén, VTT

Person Org. Tasks
Ulla Ehrnstén, MScTech VTT Project manager, analysis and reporting,

international tasks, mentoring
Mykola Ivanchenko (YG),
DTech

VTT TEM investigations on irradiated stainless
steels

Matias Ahonen (YG),
MScTech

VTT Low temperature crack propagation
experiments, analysis,  reporting and writing
PhD manuscript

Santtu Huotilainen (YG),
MScTech

VTT Secondee at CEA Sacley, France,
preparations for in-core creep experiment,
design of glove box

Juha-Matti Autio (YG),
MScTech

VTT Deputy project manager, metallography and
EPR of mock-ups, liquid metal
embrittlement experiments

Pekka Moilanen, DTech VTT Design, assembly and testing of biaxial creep
equipment Crebello

Pertti Aaltonen, MScTech VTT EPR measurements mentoring
Wade Karlsen, DTech VTT TEM on irradiated materials, mentoring
Hannu Hänninen, Prof. Aalto Analysis and reporting, international tasks,

mentoring
Risto Ilola, DTech Aalto Project management at Aalto University
Tapio Saukkonen, MScTech Aalto SEM/EBSD measurements
Antti Forsström, MScTech
(YG)

Aalto Ageing of nuclear materials, nanoindentation
measurements

Roman Mouginot, MScTech
(YG)

Aalto Characterisation of nuclear mock-ups, SEM,
nanoindentation

Teemu Sarikka, MScTech
(YG)

Aalto Characterisation of nuclear mock-ups, SEM
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Fracture Assessment of Reactor Circuit (FAR)
Reaktoripiirin murtumisriskin arviointi

Research organisation: VTT
Project manager: Juha Kuutti, VTT

Person Org. Tasks
Juha Kuutti, MScTech VTT T1: Engineering assessment methods
Kalle Kaunisto, MScTech VTT T1: Engineering assessment methods
Heikki Keinänen, MScTech VTT T2: Leak-Before-Break
Mikko Patalainen, MScTech VTT T2: Leak-Before-Break
Päivi Karjalainen-Roikonen,
MScTech

VTT T2: Leak-Before-Break, T3: Low constraint
fracture; T4: Dissimilar metal welds

Kim Wallin, Research
Professor

VTT T2: Leak-Before-Break, T3: Low constraint
fracture;

Tom Andersson, MScTech VTT T3: Low constraint fracture;
Tapio Planman, MScTech VTT T3: Low constraint fracture;
Pekka Nevasmaa, Dr. Tech. VTT T4: Dissimilar metal welds
Sebastian Lindqvist, MScTech VTT T4: Dissimilar metal welds
Qais Saifi, MScTech VTT T4: Dissimilar metal welds

Monitoring of the structural integrity of materials and components in reactor
circuit (MAKOMON)
Materiaalien ja komponenttien eheyden monitorointi

Research organisation: VTT
Project manager: Tarja Jäppinen, VTT

Person Org. Tasks
Tarja Jäppinen, Lic.Sc. (Tech.) VTT Project manager, Eddy current

applications
Jonne Haapalainen, M.Sc. VTT Deputy project manager, Ultrasonic

reflectors and simulations, radiography
Ari Koskinen, M.Sc. (Tech.) VTT Ultrasonic reflectors
Kari Lahdenperä, Lic.Sc. (Tech.) VTT Eddy current applications
Esa Leskelä, M.Sc. (Tech.) VTT Ultrasonic reflectors and simulations

Stefan Sandlin, M.Sc. VTT Ultrasonics methods, radiography

Antti Tuhti, Eng. VTT Ultrasonic reflectors
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RI-ISI Analyses and Inspection Reliability of Piping Systems (RAIPSYS)

Research organisation: VTT
Project manager: Otso Cronvall, VTT

Person Org. Tasks
Otso Cronvall, LicTech VTT Project manager, risk informed in-service

inspection methodology, probabilistic
fracture mechanics

Jouni Alhainen, MScTech VTT Probabilistic fracture mechanics software
development

Kalle Kaunisto, MScTech VTT Database applications, structural reliability
software development

Tero Tyrväinen, MScTech VTT Piping break risk analyses
Ari Vepsä, MScTech VTT Deputy project manager, probabilistic

simulations and sampling methods

Advanced surveillance technique and embrittlement modelling (SURVIVE)
Kehittynyt surveillance-tekniikka ja materiaaliominaisuuksien luotettava
mallintaminen

Research organisation: VTT
Project manager: Petteri Lappalainen, VTT

Person Org. Tasks
Petteri Lappalainen, MSc VTT Project manager
Anssi Laukkanen, MScTech VTT Modelling, calculations
Jari Lydman, engineer VTT Mechanical testing, EB-welding,

metallography and HV-tests
Tuomo Lyytikäinen, engineer VTT Mechanical testing
Tapio Planman, MScTech VTT Fracture mechanics analysis
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Water chemistry and plant availability (WAPA)

Research organisation: VTT
Project manager: Timo Saario, VTT

Person Org. Tasks
Martin Bojinov, professor UCTM Impedance modelling
Tiina Ikäläinen, Research
Engineer

VTT Chemistry control

Marketta Mattila, Senior
Research Assistant

VTT SEM-investigations

Seppo Peltonen, Research
Engineer

VTT Equipment design

Timo Saario, DrTech VTT Project manager, planning and reporting
Konsta Sipilä, MSc VTT Deputy project manager, corrosion

experiments
Essi Velin, MSc-student VTT Measurement of zeta-potential under PWR

secondary side conditions

Fatigue affected by REsidual Stresses, environment and tHermal fluctuations
(FRESH)

Research organisation: VTT
Project manager: Heikki Keinänen VTT

Person Org. Tasks
Heikki Keinänen, MScTech VTT Project manager , welding simulation,

numerical modelling
Otso Cronvall, LicTech VTT Numerical modelling
Antti Timperi, MScTech VTT CFD computation, numerical modeling
Juha Kuutti, MscTech VTT Numerical modelling
Qais Saifi, MscTech VTT Numerical modelling
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Heavy fouling and corrosion risks in the cooling water systems of NPPs and
methods for their mitigation (RICO)
Korroosion ja saostumien muodostumisen riskit ydinvoimalaitosten
jäähdytysvesikierroissa sekä niiden ennaltaehkäisy

Research organisation: VTT
Project manager: Essi Velin, VTT

Person Org. Tasks
Johanna Lukin, Research
Technician

VTT Laboratory experiments

Seppo Peltonen, Senior
Research Engineer

VTT Equipment design

Tiina Ikäläinen, Research
Engineer

VTT Equipment design

Taru Lehtikuusi, Research
Technician

VTT Chemistry control

Mirva Pyrhönen, Research
Technician

VTT Microbiology

Tarja Eriksson, Research
Technician

VTT Microbiology

Arto Nyholm, Research
Technician

VTT Equipment modification

Marketta Mattila, Research
Technician

VTT SEM investigations

Juha-Matti Autio, MScTech VTT SEM investigations
Pauliina Rajala, MSc VTT Microbiology measurement analysis
Timo Saario, DrTech VTT Deputy project manager, impedance

modelling
Saija Väisänen, MScTech VTT Project manager (to 03/2014), planning and

experiments
Essi Velin, MScTech VTT Project manager (from 03/2014), planning,

experiments and reporting
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IMPACT2014 (IMPACT2014)

Research organisation: VTT
Project manager: Ari Vepsä, VTT

Person Org. Tasks
Ilkka Hakola, MScTech VTT Project management (until May 2014)
Ari Vepsä, MScTech VTT Project management (from May 2014),

project engineering
Matti Halonen, MScTech VTT Measurements and instrumentation
Seppo Aatola, Phd. VTT Modal testing and analysis
Kim Calonius, MScTech VTT Pre-simulation of the tests
Jukka Mäkinen, Senior
Research Technician

VTT Instrumentation

Pentti Tuononen, Senior
Research Technician

VTT Instrumentation

Jouni Hietalahti, Research
Engineer

VTT Manual structural work

Management of Ageing of NPP Concrete Structures (MANAGE)
Ydinvoimaloiden Betonirakenteiden Ikääntymisen Hallinta

Research organization: VTT
Project manager: Miguel Ferreira, VTT

Person Org. Tasks
Miguel Ferreira, Ph.D. VTT Project manager, Planning of the platform,

application and interfacing of the program
ServiceMan, condition analyses based on
samples.

Mikko Tuomisto, B.Sc. VTT Planning of the MANAGE platform. Design
of interfaces between central database and
analysis tools.

Olli Stenlund, M.Sc. VTT Planning of the MANAGE platform. Design
of interfaces between central database and
analysis tools.

Esko Sistonen, D.Sc. (Tech.) Aalto NDT&E of TWS proposal
Faim Al-Neshawy, D.Sc.
(Tech.)

Aalto NDT&E of TWS proposal, Planning of the
platform. Planning of the central database
and the inspection database. Design and
implement the GUI of the MANAGE
platform and the inspection database
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Structural Mechanics Analysis of Soft and Hard Impacts (SMASH)
Rakenteiden mekaniikan menetelmiä pehmeiden ja kovien iskukuormitusten
tarkasteluun

Research organisation: VTT
Project manager: Arja Saarenheimo, VTT
Deputy project manager: Kim Calonius
Person Org. Tasks
Arja Saarenheimo, LicTech VTT Project manager, structural analyses
Kim Calonius, MScTech VTT Deputy project manager, structural analyses
Ari Silde, MScTech VTT Liquid dispersal studies
Topi Sikanen, MScTech VTT Fire dynamic simulations
Markku Tuomala, Prof TUT Analytical methods
Jari Pietilä TUT MSc thesis on structural analyses

Seismic Safety of Nuclear Power Plants – Targets for Research and Education
(SESA)
Ydinvoimaloiden seisminen turvallisuus

Research organizations: VTT, Institute of Seismology (Uni. Of Helsinki), Aalto
University, ÅF-Consult Ltd
Project manager: Ludovic Fülöp, VTT

Person Org. Tasks
Ludovic Fülöp, Ph.D. VTT Project manager; Coordination of the

structural analysis, equipment qualification
review, Teaching (SP1, SP2)

Vilho Jussila VTT Modelling tasks of buildings in SP2 and SP3
Saari Jouni, Ph.D. AF Deputy project manager; Seismic hazard

modelling methods– SP1
Malm Marianne, M.Sc. AF Seismic hazard modelling – SP1
Pekka Heikkinen, Prof. SeI Coordination of hazard studies (SP1)
Päivi Mäntyniemi, Ph D.,
docent

SeI Teaching - Earthquake hazard assessment

Timo Tiira, Ph. D. SeI Data analysis of data-bank and developing
the attestation relationships – SP1

Jari Puttonen, Prof. Aalto Overall planning of teaching activity,
Teaching
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Extreme weather and nuclear power plants (EXWE)
Sään ääri-ilmiöt ja ydinvoimalaitokset

Research organisation: FMI
Project manager: Kirsti Jylhä

Person Org. Tasks
Kirsti Jylhä, Dr FMI Project management; writing of the synthesis
Hilppa Gregow, Dr FMI Debyte project manager; participating in

writing of the synthesis.
Hanna Boman, MSc FMI Meteotsunami related research, reporting
Harri Hohti, MSc FMI Weather radar videos for meteotsunami work
Milla Johansson, Dr FMI Finalizing the PhD thesis; writing of the

synthesis report
Hannu Jokinen FMI Refraction modelling of meteotsunamis
Pauli Jokinen, MSc FMI Participating in writing of the synthesis
Kimmo Kahma, Prof FMI Meteotsunamis, supervising and participating

in writing scientific manuscripts
Anu Karjalainen, Ms FMI Meteotsunami related technical assistance
Matti Kämäräinen, MSc FMI Downscaling of climate model data, bias

corrections, freezing rain, excess lake-effect
(coastal) snowfall, analysis and reporting

Katri Leinonen, MSc FMI Finalizing a MSc thesis based on EXWE
research in 2012

Hilkka Pellikka, MSc FMI Meteotsunami related research, reporting and
writing scientific manuscripts

Antti Mäkelä, Dr FMI Extreme weather related method development
Kimmo Tikka FMI Refraction modelling of meteotsunamis
Seppo Saku, MSc FMI Participating in writing of the synthesis
Ari Venäläinen, Dr FMI Participating in writing of the synthesis

Risk Assessment of Large Fire Loads (LARGO)
Suurten palokuormien riskien arviointi
Research organisation: VTT
Project manager: Anna Matala, VTT

Person Org. Tasks
Anna Matala, D. Sc. (Tech) VTT Project management, cable pyrolysis

modelling, PRISME2
Johan Mangs, PhD VTT Smoke effects on digital automation, cable

ageing
Topi Sikanen, M. Sc. (Tech) VTT Transformer fire simulations (case study)
Timo Korhonen, D. Sc. (Tech) VTT Transformer fire simulations (case study)
Terhi Kling, M. Sc. (Tech) VTT Stochastic operation time modelling for the

case study.
Antti Paajanen, M.Sc. VTT Stochastic operation time modelling.
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PRA Development and Application (PRADA)
Todennäköisyyspohjaisen riskianalyysin kehittäminen ja soveltaminen

Research organisation: VTT
Project manager: Ilkka Karanta, VTT

Person Org. Tasks
Ilkka Karanta, LicTech VTT Project manager, level 2 PSA, IDPSA,

modeling of complex operations, level 3
PSA

Terhi Kling, MScTech VTT Human reliability analysis
Taneli Silvonen, MScTech VTT Deputy project manager, level 2 PSA,

IDPSA
Markus Porthin, MScTech VTT Human reliability analysis
Jukka Rossi, MScTech VTT level 3 PSA
Ahti Salo, Prof., DTech Aalto Imprecise probabilities subproject manager
Antti Toppila, MScTech Aalto Main researcher in imprecise probabilities

subtask
Tero Tyrväinen, MScTech VTT level 3 PSA

FinPSA knowledge transfer (FinPSA-transfer)
FinPSA tietämyksen siirto

Research organisation: VTT
Project manager: Teemu Mätäsniemi, VTT

Person Org. Tasks
Teemu Mätäsniemi,
MScTech

VTT Project manager, Software detailed design
(level 2), level 2 compiler implementation,
organization of trainings

Kim Björkman, MScTech VTT Deputy project manager, Software detailed
design (level 2), level 1+ implementation,
level 2 runtime implementation and
integration of level 2 modules

Tero Tyrväinen, MScTech VTT Testing (level 1, 1+ and 2 test planning,
execution and reporting), Software detailed
design (level 2), level 2 statistical analysator
implementation

Taneli Silvonen, MScTech VTT Software detailed design (level 2),
Identification of level 2 test cases
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Enhancement of Lappeenranta instrumentation of nuclear safety experiments
(ELAINE)
Lappeenrannan ydinturvallisuuskokeiden mittausten ajanmukaistaminen

Research organisation: LUT
Project manager: Arto Ylönen, LUT

Person Org. Tasks
Arto Ylönen,
Dr. sc. ETH Zurich

LUT Project manager, advanced measuring
devices and applications

Antti Räsänen, MScTech LUT Instrumentation, data acquisition, process
control, experimental work

Vesa Riikonen, MScTech LUT Deputy project manager, experiment
planning, analysis and reporting, data
acquisition

Heikki Purhonen, DrTech LUT Planning and supervising
Jani Laine, MScTech LUT Experiment planning, analysis and reporting
Lauri Pyy, MScTech LUT PIV and WMS applications
Joonas Telkkä, MScTech LUT PIV and WMS applications
Eetu Kotro, MScTech LUT Construction, operation and maintenance of

test facilities, experimental work
Harri Partanen, Engineer LUT Designing of test facilities
Hannu Pylkkö, Technician LUT Construction, operation and maintenance of

test facilities, experimental work
Ilkka Saure, Technician LUT Construction, operation and maintenance of

test facilities, experimental work



33(34)

Renewal of Hot Cell Infrastructure (REHOT)
Kuumakammiotutkimusvalmiuksien uudistaminen

Research organisation: VTT
Project manager: Wade Karlsen, VTT

Person Org. Tasks
Wade Karlsen, Ph. D. VTT Project management
Seppo Tähtinen, MScTech VTT Deputy project mgr, hot laboratory design
Petteri Lappalainen, MScTech VTT Activated materials transport and waste

handling topics; surveillance testing
Irina Aho-Mantila, MScTech VTT Financial strategy; Technical writing
Arto Kukkonen, Tech VTT Activated materials handling topics
Mika Jokipii, TechEng VTT Device procurement; remote handling
Ulla Ehrnstén, MScTech VTT SEM and failure analysis topics
Juha-Matti Autio, MScTech VTT SEM and EBSD procurement
Unto Tapper, MScTech VTT TEM equipment procurement
Mykola Ivanchenko, DrTech VTT Microscopy topics
Marketta Mattila, TechEng VTT Metallography and hardness testing of

activated materials
Tuomo Lyytikäinen, TechEng VTT Mechanical testing of activated materials
Jari Lydman, TechEng VTT Mechanical testing of activated materials
Aki Toivonen, DrTech VTT Autoclave testing of activated materials
Santtu Huotilainen, MScTech VTT Radioactive waste handling system design
Jarmo Siivinen, TechEng VTT Hot cell decommissioning planning
Marko Paasila, Tech VTT Machining of activated materials topics
Samuel Kuitunen Tech VTT Hot cell device design topics
Pekka Moilanen, DrTech VTT Activated solid waste separation water

handling system design and construction
Tommi Kekki, MScTech VTT Centre for Nuclear Safety radiation safety
Ulla Vuorinen, MSc VTT Radiochemistry and final repository

materials testing facilities
Iiro Auterinen VTT Nuclear materials safeguard topics
Emmi Myllykylä, MSc VTT Radiochemistry, Clean room and HR-ICP-

MS
Perttu Kivelä, MSc VTT Radiological monitoring systems
Jori Helin, TechEng VTT Radiological monitoring systems
Timo Vanttola, DrTech VTT Centre for Nuclear Safety design topics
Pentti Kauppinen, DrTech VTT Centre for Nuclear Safety design topics
Åsa Åvall, secretary VTT Project support services
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Administration of the Research programme (ADMIRE)
Tutkimusohjelman hallinnointi

Research organisation: VTT
Project manager: Jari Hämäläinen, VTT

Person Org. Tasks
Jari Hämäläinen, DrTech VTT Project manager, programme administration,

EU FP7 and Horizon 2020 co-operation
Vesa Suolanen, MScTech VTT Deputy project manager, programme

administration
Kari Rasilainen, DrTech VTT FP7 national support group
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