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1. Introduction

In accordance with Chapter 7a of the Finnish Nuclear Energy Act enacted in 2004, the
objective of the National Nuclear Power Plant Safety Research programme 2015-2018
SAFIR2018 is to ensure that should new matters related to the safe use of nuclear power
plants arise, the authorities possess sufficient technical expertise and other competence
required for rapidly determining the significance of the matters. High scientific quality is
required of the research projects in the programme. The results must be available for
publication and their exploitation shall not be restricted to the power plants of a single licence
holder.

The SAFIR2018 programme’s planning group, nominated by the Ministry of Empoyment and
the Economy in March 2014, defined the following mission for national nuclear safety
programmes:

National nuclear safety research develops and creates expertise, experimental
facilities as well as computational and assessment methods for solving future
safety issues.

The vision of SAFIR2018 was defined as follows:

The SAFIR2018 research community is a vigilant, internationally recognised
and strongly networked competence pool that carries out research on topics
relevant to the safety of Finnish nuclear power plants on a high scientific level
and with modern methods and experimental facilities.

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

Several licensing and safety evaluation projects have been planned for the SAFIR2018
programme period or a time immediately following it: Olkiluoto 3’s operating license,
Fennovoima’s construction license for Hanhikivi 1, the periodic safety review of Loviisa 1 and
2 plant units, and the renewal of the operating licenses of Olkiluoto 1 and 2 plant units. In
addition, at the Loviisa and Olkiluoto plants, modernisation and improvement projects have
been planned, including also significant automation renewals.

SAFIR2018 management board was nominated in September 2014. It consists of
representatives of Radiation and Nuclear Safety Authority (STUK), Ministry of Employment
and the Economy (MEE), Fennovoima Oy, Fortum, Teollisuuden Voima Oyj (TVO), Technical
Research Centre of Finland Ltd (VTT), Aalto University (Aalto), Lappeenranta University of
Technology (LUT), and the Finnish Funding Agency for Innovation (Tekes). In 2015 the
management board was completed with a representative of Swedish Radiation Safety
Authority (SSM).

A public call for research proposals for 2016 was announced on the 26th of August 2015.
After the closure of the call, SAFIR2018 management board, taking into account the
evaluations made by the steering groups, prepared a proposal for the MEE regarding the
projects to be funded in 2016. The funding decisions were made by the Finnish State
Nuclear Waste Management Fund (VYR) in March 2016. In 2016 the programme consists of
28 research projects and a project for programme administration.
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Figure 1.1.  SAFIR2018 research areas.

VYR funding is collected from the Finnish utilities Fennovoima Oy, Fortum and Teollisuuden
Voima Oyj based on their MWth shares in Finnish nuclear power plants (units in operation,
under construction, and in planning phase according to the decisions-in-principle). In addition
to VYR, other key organisations operating in the area of nuclear safety also fund the
programme. The planned volume of the SAFIR2018 programme in 2016 is 6,8 M€ and 43
person years.

This annual plan summarises the research plans of the individual projects (Chapter 2), and
provides financial statistics of the research programme (Chapter 3). Administrative issues are
summarised in Chapter 4. The detailed research plans and budgets of the projects are given
in Appendix 1. Appendix 2 contains lists of persons involved in the management board,
research area steering groups, reference groups, and in the research projects.

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



RESEARCH REPORT VTT-R-02463-16

6 (46)

2. Research areas and research projects in 2016

The SAFIR2018 research programme is divided into three major research areas:

1. Plant safety and systems engineering

2. Reactor safety

3. Structural safety and materials.

In addition, the development of research infrastructure is considered and funded in the
programme in order to ensure up-to-date research equipments and facilities, and focused
international co-operation in the nuclear safety research field. The research areas are
presented with more detailed descriptions of their research needs for the programme period
2015-2018 in SAFIR2018 Framework Plan [1].

In 2016, the research is carried out in 28 research projects. The planned total volume of the
research projects is 6,4 M€. The volumes as well as the research execution organisations of
the research projects in the above research areas are listed in Table 2.1.

Table 2.1 SAFIR2018 projects in 2016.

Research
area

Project Acronym Organisation(s) Funding
(k€)

1. Plant safety and systems engineering
Crafting operational
resilience in nuclear domain

CORE VTT, FIOH 215,0

Extreme weather and
nuclear power plants

EXWE FMI 244,7

Management principles and
safety culture in complex
projects

MAPS VTT, Aalto, University of
Oulu

204,0

Probabilistic risk
assessment method
development and
applications

PRAMEA VTT, Aalto, Risk Pilot 343,0

Integrated safety
assessment and justification
of nuclear power plant
automation

SAUNA VTT, Aalto, FISMA, Risk
Pilot, IntoWorks

455,0

Safety of new reactor
technologies

GENXFIN VTT 112,0

2. Reactor safety
Comprehensive analysis of
severe accidents

CASA VTT 228,0

Chemistry and transport of
fission products

CATFIS VTT 158,0

Comprehensive and
systematic validation of
independent safety analysis
tools

COVA VTT 273,0

Couplings and instabilities in
reactor systems

INSTAB LUT 157,0

Integral and separate effects
tests on thermal-hydraulic
problems in reactors

INTEGRA LUT 359,0

Nuclear criticality and safety
analyses preparedness at
VTT

KATVE VTT 178,5

Development of a Monte
Carlo based calculation
sequence for reactor core
safety analyses

MONSOON VTT 100,0
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Development and validation
of CFD methods for nuclear
reactor safety assessment

NURESA VTT, Aalto, LUT 236,0

Physics and chemistry of
nuclear fuel

PANCHO VTT 277,0

Safety analyses for
dynamical events

SADE VTT 100,0

Uncertainty and sensitivity
analyses for reactor safety

USVA VTT, Aalto 140,0

3. Structural safety and materials
Experimental and numerical
methods for external event
assessment improving
safety

ERNEST VTT 89,0

Fire risk evaluation and
Defence-in-Depth

FIRED VTT, Aalto 195,0

Analysis of fatigue and other
cumulative ageing to extend
lifetime

FOUND VTT, Aalto 365,0

Long term operation aspects
of structural integrity

LOST VTT 224,5

Mitigation of cracking
through advanced water
chemistry

MOCCA VTT 147,0

Thermal ageing and EAC
research for plant life
management

THELMA VTT, Aalto 268,0

Non-destructive examination
of NPP primary circuit
components and concrete
infrastructure

WANDA VTT, Aalto 91,3

Condition monitoring,
thermal and radiation
degradation of polymers
inside NPP containments

COMRADE VTT, SP 190,0

4. Research infrastructure
Development of thermal-
hydraulic infrastructure at
LUT

INFRAL LUT 308,0

JHR collaboration & Melodie
follow-up

JHR VTT 29,0

Radiological laboratory
commissioning 2016

RADLAB VTT 750,0

0. Programme administration
SAFIR2018 administratiion
and information

ADMIRE VTT 330,0

2.1 Plant safety and systems engineering

In 2016 the research area “Plant safety and systems engineering” is build up of six projects:

1. Crafting operational resilience in nuclear domain (CORE)
2. Extreme weather and nuclear power plants (EXWE)
3. Management principles and safety culture in complex projects (MAPS)
4. Probabilistic risk assessment method development and applications (PRAMEA)
5. Integrated safety assessment and justification of nuclear power plant automation

(SAUNA)
6. Safety of new reactor technologies (GENXFIN).
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2.1.1 CORE – Crafting operational resilience in nuclear domain

In general, the aim of the project is to improve safe operation of nuclear power plants by
developing guidance, good operational practices and other practical solutions that promote
resilience in nuclear operations. In order to reach this objective, new guidelines, models and
simulations, and training interventions that will be tested and examined in simulated test
environments, will be developed.

The main objectives of the project are the following:
�x understand how to capture successful performance adaptations from operating

events and how to analyse and communicate the lessons learned from successes
�x develop new concepts to describe operator work and develop means for promoting

reflectivity and work-based learning
�x investigate the role of multitasking and effects of interruptions in operative work
�x analyze the reasoning and problem solving processes in difficult fault finding

situations
�x investigate the effects of acute stress on operator performance in simulated accident

situations
�x investigate communication and coordination of activities in emergency exercises
�x study appropriateness and use of the HF tool as an investigation method in operative

event analysis
�x evaluate the implementation process of the HF tool, its effects on safety thinking, as

well as supporting and hindering factors of the process.

Figure 2.1.1.1.  Resilience in nuclear domain.

.

2.1.2 EXWE – Extreme weather and nuclear power plants

The objective of the research is to enhance scientific understanding of the environmental
conditions of the NPP locations and predicting how they can change. By clearly explaining
the methods and dataset fusions we enable replicability of the work and increase reliability in
the results. EXWE primarily focuses on extreme weather and sea-level events that affect the
design principles of the power plants and might pose external threats to the plants. A specific
focus is given to extreme warm- and cold-season convective weather, including tornadoes
and downbursts; wind-related multiple events, freezing rain; and extreme-sea-level events
such as meteotsunamis. In addition, the project aims to improve the estimates of solar-storm
effects on the critical Finnish infrastructure, in particular nuclear power plants. The work
focusing on atmospheric dispersion modelling aims to provide a modern platform for as-
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sessing consequences of accidental releases at multiple transport and time scales. A
spectrum of different sources of information will be utilized as the research material.

The expected results include:
�x Frequency and trends of extreme convective weather conditions near the southern

and western coasts of Finland.
�x Frequency and trends of freezing rain near the Finnish coast.
�x Frequency and trends of combined weather events related strong winds near the

Finnish coast.
�x Exceedance frequency distribution of meteotsunamis at the Finnish NPPs.
�x Combined probability distribution of high sea level and high waves on the Finnish

coast.
�x Follow-up of new knowledge regarding sea level rise and, when necessary, updates

to the previously calculated sea level scenarios on the Finnish coast up to 2100.
�x Frequency and trends of extreme solar storms and their complexity.
�x Seasonal and year-to-year variation in the impact of solar storms to the atmospheric

currents and magnetic field.
�x An integrated dispersion and dose assessment toolset.

2.1.3 MAPS – Management principles and safety culture in complex projects

The MAPS-project aims at enhancing nuclear safety by supporting high quality execution of
complex projects, including modernisations and new builds, in the nuclear industry. The four
year MAPS-project has three main objectives:

�x To identify the generic safety principles of managing complex projects in the nuclear
industry.

�x To clarify the cultural phenomena in major projects and the influence of time, scale,
governance models, and the diversity of the involved actors on safety culture, and
thus on safety.

�x To facilitate the management and safety culture of ongoing and planned major
projects by providing practical tools and guidance on e.g. how to facilitate
communication, organise decision making in unexpected situations, encourage
openness, and distribute knowledge and lessons learned.

The project brings together expertise in nuclear safety culture, governance of complex
projects, construction industry network management, societal research on safety regimes
and system dynamics modelling. The  expected  results will be a set of guidance and
practical tools for defining and assessing project management practices and  safety culture
enhancement for the nuclear industry modernizations and new build projects.

Figure 2.1.3.1. Eroding goals archetype.
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2.1.4 PRAMEA – Probabilistic risk assessment method development and applications

Probabilistic risk assessment (PRA) is the field of quantifying risks in terms of probabilities,
evaluating the contribution of different subsystems, processes etc. to total system risk, and
assessing the uncertainty related to the analyses. Currently, as modernisation takes place
(also) in the nuclear domain, the functional principles and practices both in the process and
its control change. Modernisation raises the question of the existence of the needs to renew
the practices and perhaps also the principles of PRA used in the nuclear power plant (NPP)
in question. Furthermore, new builds in the nuclear domain call for tailored PRA.

The PRAMEA project will cover the important and topical issues in probabilistic risk/safety
assessment for nuclear power plants. The main objectives of the project are as follows:

�x to enable a credible human reliability analysis for digitalized control rooms in an
acceptable, reliable and unified manner, to obtain new information on other topical
issues and to train new HRA experts.

�x develop methods that enable the incorporation of the probability of an emergency
operation success, and timing information, to the main PRA models of nuclear power
plants, and the planning of more cost-effective emergency operations with optimal
use of scarce resources

�x improve and develop methods to support a more extensive and practical overall
safety assessment, and improve algorithms for computational PRA.

�x develop a deeper understanding of some important serious accident phenomena
(e.g. melt-concrete interaction, steam explosions) and how their analysis connects to
the general framework of level 2 PSA

�x develop methods of uncertainty handling on level 3 PSA, improved ways of modelling
important level 3 issues (such as evacuation), and a modern level 3 PSA program
into a demonstration prototype stage

�x develop methods and models for the analysis of schedule and end-product quality
risks in emergency operations so that estimates can be calculated for PRA-relevant
quantities such as success probability of operation and the timing of operation
completion

�x analyse the risks associated with an organization performing activities to attain a
goal; for example, the risk that a error in a plan will not be detected in reviews and
other quality assurance activities, and will affect the implementation of the plan

�x study applications of dynamic flowgraph methodology
�x train new PRA experts
�x develop cooperation with Finnish experts
�x foster international collaboration.
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Figure 2.1.4.1.  Overview of the development of a typical level 2 PRA and its connection to
level 1 and level 3 PRA.

2.1.5 SAUNA – Integrated safety assessment and justification of nuclear power plant
automation

The aim of the SAUNA project is to develop integrated and multidisciplinary ways to build
confidence in the safety of nuclear power plants and their systems. Within the general
framework of Systems Engineering (SE), this goal is pursued by developing comprehensive
and transparent safety demonstration practices. The results, intended to be used by the
regulator, the utilities and by the system suppliers, cover co-use of diverse assessment
methods, structured representation of the safety justification arguments and common
working processes for system development and licensing. While scoping the project primarily
on plant operations, i.e. on instrumentation and control systems and their human users, the
SAUNA team considers a power plant and organisations involved in its development,
licensing and maintenance as a sociotechnical system.

The overall objective of SAUNA is an integrated framework for safety assessment and
transparent safety demonstration. Both the regulator and utilities, as well as system suppliers
and contractors, would benefit from cost-effective and timely licensing and implementation of
investments in new builds and upgrades. The SAUNA project aims to contribute to this goal
in the following ways:

�x On the level of fundamental safety principles, SAUNA reviews recent trends in
regulatory policies, standardisation and research on the design of complex, safety-
critical systems for a better understanding of various aspects of the overall nuclear
power plant safety. The resulting literature reviews, roadmaps and conference papers
provide insights to necessary improvements in national design and regulatory
practices and to the needs for further research, especially within the SAFIR2018
programme.

�x For practical design and licensing work, SAUNA takes the good practices of Systems
Engineering and project management as the starting point and adapts them to the
needs of the nuclear domain. Progressing from the clarification of current terminology
towards more formal information models SAUNA promotes future model and
database oriented design practices as a complement to traditional documents. The
expected results on this level include shared reference models for various systems
engineering and regulatory processes as well as documents and data models for
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expressing the information exchanged between the parties involved in design and
licensing. Process assessment methods are developed to evaluate the quality of the
systems engineering processes.

�x Within the framework of Systems Engineering and principles of nuclear safety, the
SAUNA project focuses on safety demonstration practices considering both the ways
to represent the safety claims, arguments and evidences and the processes of safety
case development and licensing. Safety assessment and justification is, however,
seen together with the design activities that produce a significant part of the claims
and evidences needed for safety demonstration. The results, primarily in the form of
guidance and (optionally) tools for safety case development and licensing, can be
used during new build and upgrade projects and for periodic safety reviews of
existing plants. The structured representation and development approach are
expected to make the design and licensing of power plant automation smoother and
more cost-effective, both for the regulator and the utilities.

�x The claims presented in a safety demonstration are typically derived from regulations,
standards, specific system requirements and other points of reference like “best
practices in the domain”. For collecting a comprehensive set of evidences assessors
need a multitude of analysis methods. The objective of SAUNA is to enhance and
integrate existing methods and to develop new assessment methods where needed
for a good coverage in the safety case. While each method focuses on its specific
aspect of a system or its life-cycle, they all should provide useful inputs to the safety
demonstration and, where practical, apply the same claim-argument-evidence logic in
their working process and documentation of the observations. The results are
documented in the form of research reports and manuals that can be used by the
developers themselves and by independent assessors.

�x The production and management of all the information needed for design and
licensing is not possible if performed manually. Therefore, SAUNA also intends to
develop software tools where the analysis of practical needs and implementation
options make it reasonable. Examples of potential areas for tool development are
management and exchange of design data (e.g. requirements, traceability, system
configuration and versions, PRA), analysis methods (process assessment, model
checking), safety case development and documentation, and utility-regulator
communication (e.g. issue management systems).

In order to limit the scope and the required efforts SAUNA focuses on design and licensing
issues related to power plant operations in normal, low-power and accident situations. This
means that I&C and information systems, control room(s), human operators and emergency
support personnel are in the centre.

2.1.6 GENXFIN - Safety of new reactor technologies

The main objective of the new GENXFIN network is to improve scientific and technologic
expertise in the field of innovative nuclear energy technologies. The knowledge is needed
nationally to enable future nuclear reactors being deployed in a reasonably near future in
Finland. Also international collaboration with ESNII, EERA, IAEA INPRO (Innovative Nuclear
Reactors and Fuel Cycles), OECD/NEA CSNI (Economic Co-operation and Development /
Nuclear Energy Agency the Committee on the Safety of Nuclear Installations) and other
global forums such as GIF, is needed. The mission is not only to create enabling knowledge
pool in Finnish needs, but also enable new business activities for the Finnish industry
through enhanced technology transfer, innovative process development, and materials
engineering. Also the safety authorities benefit from the outcomes of this project since they
have the possibility to follow and steer the development work of the future reactor
technologies. The activities in the programme will cover scientific, technological and
industrial goals. Research & education organisations, safety authorities, manufacturing
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industry and power companies as well as ministries and other associated organisations are
participating in the network.

The project consists of three work packages:

�x WP1: Safety features of SMRs

�x WP2: International co-operation

�x WP3: Strategic views of future reactor concepts.

Figure 2.1.6.1. Testing of austenitic steel.

2.2 Reactor safety

In 2016 the research area “Reactor safety” is build up of eleven projects:

1. Comprehensive analysis of severe accidents (CASA)
2. Chemistry and transport of fission products (CATFIS)
3. Comprehensive and systematic validation of independent safety analysis tools

(COVA)
4. Couplings and instabilities in reactor systems (INSTAB)
5. Integral and separate effects tests on thermal-hydraulic problems in reactors

(INTEGRA)
6. Nuclear criticality and safety analyses preparedness at VTT (KATVE)
7. Development of a Monte Carlo based calculation sequence for reactor core safety

analyses (MONSOON)
8. Development and validation of CFD methods for nuclear reactor safety assessment

(NURESA)
9. Physics and chemistry of nuclear fuel (PANCHO)
10. Safety analyses for dynamical events (SADE)
11. Uncertainty and sensitivity analyses for reactor safety (USVA).

2.2.1 CASA – Comprehensive analysis of severe accidents

The objective of the project is to develop safety analysis methods which benefit the safe and
sustainable use of nuclear energy in Finland. The capability of simulation tools in use,
including integral codes and several specialised programmes to model phenomena related to
severe accidents will be assessed. If needed, the codes and methods will be further
improved in collaboration with colleagues around the world. Reinforcing international
networks will bring the most recent relevant knowledge to the use of Finnish nuclear
community. The objective is not only to follow the international actions but to adopt the latest
information to Finnish context.



RESEARCH REPORT VTT-R-02463-16

14 (46)

The project consists of four research work packages:

�x WP1: Progress of severe accidents

�x WP2: Core melt management

�x WP3: Containment phenomena

�x WP4: Environmental consequences.

The main outcomes of the project are (1) comprehensively validated simulations tools
available for the assessment of severe accident scenarios for the needs of the Finnish NPPs,
(2) trained experts who can use these tools and have in-depth understanding on the complex
physical phenomena and (3) significant reduction of uncertainties in the key processes that
determine the consequences of a severe accident.

The results of the project will be published in the form of articles in scientific journals and
conferences and as theses and dissertations of undergraduate and doctoral students. Thus,
the high scientific quality of the results is ensured. At the end of this project, Finland will be
able to more reliably analyse severe accident scenarios in our current and future NPPs.

2.2.2 CATFIS - Chemistry and transport of fission products

The main objective in CATFIS project (2015-2018) is to find out the mechanisms how
gaseous fission products, especially iodine and ruthenium, are released from primary circuit
into containment. In addition, the behaviour of iodine in the containment gas phase will be
studied. Another objective is to find out the effect of radiation on the formation of air
radiolysis products and their impact on the fission product speciation. Also the durability of
containment seal materials will be investigated. The data gathered will be utilized to develop
mathematical models on fission product transport. The international collaboration will be
further strengthened through the NKS-R collaboration with Chalmers University of
Technology and also through the participation in OECD/NEA STEM-2 and OECD/NEA BIP-3
programs.

The project is divided into four workpackages in 2016. The first workpackage is focused on
the primary circuit chemistry of iodine. General objective of this work is to identify if chemical
reactions and revaporisation process at the primary circuit surfaces may have a significant
effect on the physical and chemical form and on the transport of fission products. In the
proposed work, the impact of initial B/Cs and Cs/I molar ratios on the formation of gaseous
iodine in the circuit will be examined. B/Cs molar ratio depends on the accident scenario.
However, since boron is used as a neutron moderator, it is always in excess to caesium. In a
severe accident, the Cs/I molar ratio is estimated to be close to 10. The precursor samples
will be exposed to various gaseous atmospheres (Ar/air, Ar/H2O, Ar/H2O/H2) at 400°C and
the reaction products will be analysed in detail. In general, the experiments will answer to the
question on the impact of increasing oxygen potential to the transport of iodine, boron and
caesium. The studies will give more information on the formation of solid, glassy mixture of
boron and caesium, which is a potential cause of blockages in the circuit. The results will
also show the effect of higher caesium fraction on preventing the formation of gaseous
iodine.

The formation of nitric acid by beta radiation in the containment gas phase will be studied in
the second workpackage. Previous studies on nitric acid formation have been conducted with
gamma radiation. As mentioned above, in a severe accident the most important source of
ionizing radiation is beta radiation. However, the rate of nitric acid formation due to beta
radiation may be a lot higher than expected. The objective is to find out the formation rate of
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HNO3 by beta radiation (e.g. P-32) in humid air or nitrogen atmosphere. The concentration of
water, oxygen/nitrogen ratio, dose rate and radiation dose will be varied. The results will be
compared with the previous tests conducted with gamma radiation.

The third workpackage is focused on the development of ChemPool software. The objective
is to improve the chemistry model continuously during the project in 2015-2018. That will
include the updating of nitric acid formation rate to notice the impact of beta radiation as well.
The data for it will be received from the experiments of WP2. The second objective is to
recalculate Olkiluoto or Loviisa severe accident scenario with the updated chemistry model
and HNO3 formation rate. This task is important in the course of project, since it will give an
overall view on the effect of various phenomena to pool pH and to speciation of iodine
concerning especially Finnish NPPs and thus this knowledge will increase the nuclear safety.
The results will be summarized in a scientific publication.

The follow-up of OECD/NEA STEM-2 (Source Term Evaluation and Mitigation Issues) and
OECD/NEA BIP-3 (Behaviour of Iodine) programmes, which will begin in January (BIP-3)
and in March-April (STEM-2) 2016, will be conducted in the fourth workpackage. The four-
year STEM-2 programme is focused on the transport of ruthenium in the primary circuit
conditions and on the reactions of particulate iodine on the painted and metal containment
surfaces. The three-year BIP-3 programme is focused on the behaviour of gaseous inorganic
and organic iodine on the painted containment surfaces, especially the adsorption and
desorption phenomena. The specific project plans of both programmes were distributed to
SAFIR2018 RG2 members in summer 2015. Due to the VTT´s unique experiments on the Ru
chemistry in RCS (SAFIR2014 and SAFIR2018 programs), VTT has also been invited to
perform some of the planned Ru transport experiments of OECD/NEA STEM-2 program.
Another possibility is that VTT will focus on tests related to the release of gaseous iodine
from iodine containing aerosol deposits on containment surfaces.

Figure 2.2.2.1. The measured number concentration of aerosol particles in an experiment.
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2.2.3 COVA - Comprehensive and systematic validation of independent safety analysis
tools

The COVA project aims at developing and promoting a rigorous and systematic approach to
the procedures utilized in validation of independent nuclear safety analysis tools. The
process enhances the expertise in thermal hydraulic area of Generation II and III LWR
reactors and includes as an essential part training of new experts to this relevant area of
reactor safety. Main part of the work is carried out with the system-scale safety analysis tool
Apros that has been developed in Finland in cooperation between VTT and Fortum and that
is currently used in safety analysis work both at the regulatory side and by Finnish utilities
Fortum and TVO. The U.S. NRC’s TRACE code that is currently used by VTT for the Finnish
regulatory body STUK provides suitable benchmark in the validation process as an
independent, widely used and well validated safety analysis tool. Participation in international
research projects related to nuclear safety research in the field of thermal hydraulics forms
an essential part of the project: experimental data produced in these activies is directly
utilized in the validation work carried out within COVA, and on the other hand, these
validation activities support conduction of the experiments, in addition to promoting
international cooperation and networking in the field of nuclear safety research.

The overall objective of the project is to improve the state of validation of two mutually-
independent safety analysis tools, Apros and TRACE, through a systematic and rigorous
approach to the validation process, and also promoting this kind of approach to the validation
process. The process enhances the expertise in thermal hydraulic area of Generation II and
III LWR reactors and includes as an essential part training of new experts to this relevant
area of reactor safety. While the main effort is carried out using Apros, as it has higher
national interest as a self-developed independent and versatile safety analysis tool, TRACE
is also used in analyses of new experiments and in code-to-code comparisons with Apros.

In particular, the project answers in its own part in multiple research goals and aspects
highlighted within the SAFIR2018 framework plan:

�x Validation of independent thermal-hydraulic calculation codes, and especially
modelling of new types of safety systems has been deemed as still requiring more
resources

�x Validation of all software used in computational nuclear safety analyses is
encouraged to be developed to a more systematic and extensive direction

�x Use of OECD/NEA’s thermal-hydraulic validation matrices, the content of which have
been last time updated in 2010, is encouraged

�x Participation in computational analyses of reactor safety experiments carried out in
international research projects is encouraged to get full benefit from these projects

�x The project promotes international networking and cooperation through participation
in international research projects such as the CAMP programme and projects
coordinated by OECD NEA. Experimental data produced in these projects is also
essential input for the work performed in this project

�x The project supports, in its own part, experimental activities carried out at
Lappeenranta University of Technology. Also experiments carried out at LUT provide
useful input for this project

�x The project has an important educational aspect that aims at competence transfer
from an older generation of scientists to younger researchers.
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Figure 2.2.3.1. Calculated temperatures of the MISTRA facility (t=12300 s).

2.2.4 INSTAB - Couplings and instabilities in reactor systems

The INSTAB project aims to increase understanding of the phenomena related to BWR
pressure suppression function to enhance capabilities to analyse Nordic BWR containments
under transient and accident conditions. Particularly, additional information will be gathered
on

�x effect of SRV spargers, RHR nozzles, strainers and blowdown pipes on mixing and
stratification of the pool;

�x feedbacks between wetwell water pool and spray i.e. formation and mixing of
thermally stratified water layers in the suppression pool due to spray operation;

�x formation of liquid films on the vessel wall and blowdown pipe due to spray operation
and their effect on heat transfer and local condensation and heat flux to the pool;

�x earlier suppression pool test results concerning blowdown pipe with a collar, parallel
blowdown pipes and transparent/poorly conducting blowdown pipes.

To achieve the objectives a combined experimental/analytical/computational program will be
carried out. LUT will create an experiment database on pool operation related phenomena in
the PPOOLEX test facility with the help of sophisticated, high frequency measurement
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instrumentation and high-speed video cameras. LUT, VTT and KTH will use the gathered
experiment database for the development, improvement and validation of numerical
simulation models. Also analytical support will be provided for the experimental part by pre-
and post-calculations of the experiments.

The main benefit of the project will come through improved and validated calculation models
of CFD and system codes used for nuclear safety analysis. The project outcome will allow
the end users to analyse the risks related to different scenarios of safety importance in the
drywell and wetwell compartments of a Nordic BWR. The research results can be used by
the power companies, nuclear safety authorities and research organizations.

2.2.5 INTEGRA - Integral and separate effects tests on thermal-hydraulic problems in
reactors

The main aim of the project is to ensure the operation of safety related systems or the
efficiency of the procedures in accident and transient situations of nuclear power plants. An
integral test facility, such as PWR PACTEL, offers a good possibility to carry out tests which
supplement test campaigns in the other facilities (PKL-3) or make independent tests to study
phenomena relevant to the safety of nuclear power plants (nitrogen, pump trip etc.). As a
result, counterpart-like tests give information of parameter effects such as a smaller scaling
ratio or a higher pressure level (PWR PACTEL/PKL) when certain operator actions or system
activation setpoints are used.

The effect of nitrogen in LOCA situations is studied experimentally in the PWR-PACTEL
facility. The main goal of this testing is to independently verify whether the claimed positive
effect of nitrogen on the core cooling can be reproduced (the nitrogen-driven coolant
inventory redistribution in the reactor vessel). The testing will also generate data that serves
for the code development and the code and user validation for system thermal hydraulic
codes.

The limiting factors of the operation of passive heat removal loops will be surveyed and one
representative system will be selected to be studied experimentally. The ultimate goal is to
identify physical mechanisms that can reduce performance or prevent the functioning of the
loop, helping recognise conditions in which the functioning of the system could be
endangered and suggesting ways assure the operation.

Tests in the PCCS test facility are carried out to study aerosol behavior in the horizontal
PCCS construction. The behavior differs significantly from the vertical PCCS exchanger,
since the flow conditions vary depending on the tube elevation in the tube bank. With the
PCCS facility this behavior is characterized by utilizing the aerosol producing and measuring
devices of VTT in the tests ran by LUT.

The expected results of the INTEGRA project are:

�x LUT participates in the OECD/NEA PKL Phase 3 project and an anticipated
continuation project,

�x LUT makes the needed modifications to PWR PACTEL to study nitrogen effects and
performs a test series,

�x LUT designs a test system to investigate the fundamentals of the selected passive
system.
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Figure 2.2.5.1. Coolant behaviour when nitrogen is released from pressure accumulator.

2.2.6 KATVE - Nuclear criticality and safety analyses preparedness at VTT

The objective of the project is to improve the preparedness to perform safety analyses in the
field close to reactor physics as well as raise the knowledge of the current researchers and
educate new experts to the field. The main analyses are in the field of criticality safety and
radiation shielding. Additional analyses are activation of structural materials and neutron
dosimetry. Moreover, source terms are often needed for analyses also outside the scope of
this project. These source terms comprise nuclide inventories and decay heat. In this area,
the ability to build a complete analyses chain from the heat source through the CFD
calculation for heat transfer to the integrity of fuel is an important outcome.

The objective of the criticality safety work is to have an appropriately validated calculation
system that has the possibility to take into account also the burnup credit. In addition to the
tools, also the knowledge on how to perform a criticality safety analysis is revived. In the four
years of the programme, the criticality validation package should be finalised and the
depletion validation package should be in good progress. These validation packages are
concrete results of the project. In addition, the tools are developed to take into account the
burnup credit in an easy and manageable way. Setting up national guidelines on how burnup
credit is used in most cases, as a basis, serves the whole nuclear community.

Serpent is developed into a practical simulation tool for criticality safety, radiation shielding
and other applications involved in the project. Once the work is completed, the code is
capable of performing reliable criticality safety analyses, producing source terms for
radioactive inventory and decay heat calculations, as well as calculating neutron and gamma
dose rates in complex geometries using the best available knowledge on interaction physics
and state-of-the-art variance reduction techniques. The use of the continuous-energy Monte
Carlo method with unstructured mesh-based geometry types and CFD code coupling
constitute a one-of-a-kind calculation scheme for the safety analysis of spent fuel storage
facilities.
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The work in the project has been devided into four work packages according to the analysis
under consideration:

�x WP1: Criticality safety

�x WP2: Radiation shielding

�x WP3: Source terms and activation

�x WP4: Heat transfer and fuel integrity.

The emphasis in the work is in developing methods and tools for making analyses in the
areas chosen for this project. In addition to the tools also the know-how in these areas needs
improvement. The tools and the knowhow will ensure a readily available capability to perform
criticality and safety analyses for the authority and the utilities.

2.2.7 MONSOON - Development of a Monte Carlo based calculation sequence for
reactor core safety analyses

The project continues the development of the Serpent Monte Carlo code, started in 2004,
and carried out within the previous SAFIR programmes. Compared to the KÄÄRME project in
SAFIR2014 the work is clearly more focused on spatial homogenization, and the primary
objective and expected result is a first of a kind Monte Carlo based calculation tool, capable
of performing group constant generation in a routinely manner. The code can be used to
complement or even replace current state-of-the-art deterministic lattice physics codes,
bringing the advantages of the continuous-energy Monte Carlo method to spatial
homogenization. The improved methodologies are thoroughly validated and put to practice in
the calculation schemes used at VTT for the safety analyses of Finnish power reactors.

The Serpent code, together with the fuel cycle and transient simulator codes developed at
VTT and STUK, form a complete and independent calculation sequence for the safety
analyses of Finnish power reactors. The continuous- energy Monte Carlo method provides a
novel approach to spatial homogenization, enabling more rigorous modelling of conventional,
as well as advanced fuel types and axially heterogeneous cores.

The work supports other proposed projects in SAFIR2018, in which Serpent is involved as a
calculation tool for various applications, in particular:

�x KATVE (VTT) – Serpent is used for criticality safety analyses and calculating
radioactive inventory and decay heat source terms. The project also involves
development of photon transport mode in Serpent for the purpose of radiation
shielding applications.

�x SADE (VTT) – Serpent is used for group constant generation for TRAB3D and
HEXBU dynamics codes.

�x INSTAB (LUT)  – Serpent ARES code sequence is used for BWR core calculations.

�x PANCHO (VTT) – The FINIX fuel behaviour code developed in the project is
internally coupled to Serpent.

Other topics, carried out in parallel with group constant generation, include accounting for the
effects of fuel temperature feedback on assembly burnup calculations, and novel methods for
cross section parametrization. The work began in 2015 with a study involving coupled
Serpent-ENIGMA burnup calculations, providing realistic assembly- and pin-wise
temperature profiles over the irradiation cycle.
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Since close collaboration with the large international Serpent user community and feedback
from expert users has proven extremely valuable for the development work, part of the
project is devoted to maintaining close contacts with the users.

Figure 2.2.7.1. Validating pin power reconstruction module with Serpent 2.

2.2.8 NURESA - Development and validation of CFD methods for nuclear reactor
safety assessment

The importance of the validation of the codes is emphasized in the SAFIR2018 Framework
Plan [1]. No comprehensive validation matrix for CFD codes exists, but some
recommendations on the validation have been given by OECD working groups. The
procedures for the validation of CFD tools have to be developed so that CFD analysis can be
used in licensing calculations of NPPs. Therefore, CFD grade validation data is needed that
can be obtained, for instance, with Particle Image Velocimetry, tomography or wire-mesh
sensors. The nationally important experimental data should be listed and the missing
experiments should be performed in national or international projects. The validation of the
numerical tools for analysing Fluid-Structure Interaction (FSI) should be performed.

The NURESA project consists of four year Work Packages, where CFD methods are
developed and validated for the identified most important topics in NRS assessment. In Work
Package 1 (WP1), single phase CFD models are validated for mixing and stratification
calculations. In particular, the international benchmarks give as a result an understanding of
the uncertainties involved in using CFD calculations for NRS assessment. As a result of
WP1, improved understanding on the uncertainty of state-of-the-art CFD calculations on
mixing and stratification is obtained. In WP2, spray experiments proposed to be performed
with the PPOOLEX facility at LUT are modelled in co-operation with KTH. In WP3, open
source CFD code OpenFOAM is developed and validated for NRS assessment. In particular,
models for boiling and DNB in PWRs are developed. The work is done in co-operation with
KTH, which develops models for dry-out in BWRs. In WP4, CFD-Apros coupling is validated.
The goal is to make possible more realistic simulations of large integral systems, where
important three-dimensional components are accurately modelled. In WP5, co-ordination of
the project is performed and international co-operation is done with KTH, HZDR,
NORTHNET Roadmap 1 and Roadmap 3 and the OpenFOAM Foundation.

The developed and validated CFD methods are used by the regulator, utilities and research
organizations in NRS assessment. In addition to the validation of the CFD methods, the
uncertainty of the results is assessed in international benchmark calculations. The
information on uncertainties is essential in using CFD in NRS analysis.

The benchmark calculations performed in WP1 provide validation of the CFD methods in the
calculation of mixing and stratification. In addition, information on the uncertainties of the
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results is obtained, when the results of several international partners are compared to
experimental results.

The modelling of PPOOLEX experiments in WP2 provides improved understanding on the
pressure suppression function of the BWR containment. New models for condensation and
evaporation of spray droplets and liquid films can also be used in other NRS problems, such
as in modelling of pressurizers of PWRs.

The subcooled boiling models of OpenFOAM that are developed and validated in WP3 can
be used after the second year of the project for NRS assessment. A model for DNB is
available at the end of the four year project. A main result of WP3 is a publicly available,
transparent and efficient open source CFD simulation tool for nuclear safety. In addition, a
related national toolset is formed with application specific closure models and best practices.
This will provide a common software platform for national and international co-operation in
the field of nuclear safety related CFD.

The validation of coupled CFD-Apros calculations in WP4 provides a new analysis tool for
NRS assessment. The coupled calculations make possible to analyse large systems with
three-dimensional components.

2.2.9 PANCHO - Physics and chemistry of nuclear fuel

The project investigates the integral fuel behaviour as well as combines the experimental and
the modelling approaches in studying several topical features of nuclear fuel behaviour.
These topics are the the chemistry of the fuel pellet and the mechanical response of the
cladding.

As the nuclear fuel provides the first physical safety barriers against the spread of
radionuclides, understanding the fuel behaviour during accidents is vital. This information
must be gained through experiments, as the phenomena encountered are complex. A large
part of PANCHO focuses on international programmes either performing experiments or
distributing the data and tools for and experience on fuel behaviour analyses.

PANCHO investigates several nuclear fuel related issues with an interdisclipinary approach
combining theoretical and experimental investigations. This work supports both the in-depth
understanding of safety-related phenomena and communication across disciplines. The
research will support several dissertations, and thus it will be reported in scientific journals
and conferences to ensure the high quality and visibility of the work. As such the project is
both relevant to nuclear safety and aims for high scientific quality.

The work in PANCHO is divided into four work packages:

�x WP1: Computational framework

o In SAFIR2014, the FINIX fuel behaviour module has been developed within
the PALAMA project. FINIX is a general purpose fuel behaviour module for
thermal and mechanical fuel behaviour in multi-physics simulations, and has
been integrated into VTT’s Serpent 2 reactor physics code and reactor
dynamics codes. In PANCHO, further development and validation of the FINIX
fuel behaviour module is a major goal during 2015-2018.

�x WP2: Integral fuel behaviour

o This work package consists of tasks: the LOCA and RIA performance of the
fuel and the Halden in-kind work.
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�x WP3: Separate effects

o Investigation of previously leached samples

o Modelling creep phenomena

�x WP4: Management and international co-operation.

.

Figure 2.2.9.1. Logistic Creep Strain Predictions (LCSP) and creep test results.

2.2.10 SADE - Safety analyses for dynamical events

VTT has been at the forefront in the development of the coupled reactor dynamics codes
during the last decades, when coupled neutronics-thermal hydraulics codes HEXTRAN and
TRAB3D were developed. Aim of the project is to model transients and accidents in such a
way, that we can give more reliable answers to the safety requirements set in the YVL
guides. The main idea is to improve VTT’s modelling capabilities by routine coupled use of
the CFD-type thermal-hydraulics solver PORFLO and the reactor dynamics codes
HEXTRAN and TRAB3D.  New submodels for wall friction and mixing are required especially
for two-phase conditions. Also the neutronics modelling needs to be more detailed and the
whole safety analyses methodology revised to get the full benefit on the accuracy of the
thermal-hydraulics modelling. The goal is to have a tool, which is more accurate and still fast
and robust enough for practical safety analysis.  Own code and in-depth understanding of it
enables the best possible expertise on safety analyses.

The developed computational tool set of coupled neutronics, system codes and real 3D
thermal hydraulics will be tested and demonstrated in cases relevant from safety analyses
point of view. Objective is that by the end of the project we have calculated several transients
and accidents of real interest. First cases to be calculated are a re-connection of an isolated
circulation loop filled with low-temperature coolant and a main steam line break (MSLB), both
for a VVER plant. After these the objective is to calculate other cases in which three-
dimensional phenomena are significant, including also  cases in which  two-phase modelling
is required:

�x asymmetric flow transients such as pump transients



RESEARCH REPORT VTT-R-02463-16

24 (46)

�x asymmetric reactivity transients such as control rod ejection (CRE), control rod
withdrawal (CRW)

�x sudden changes in coolant conditions such as pressure transients in BWRs, boron
dilution, propagation of a cold water front

�x Failures in operation or protection such as loss of offsite power (LOOP), load
rejection, ATWS

�x BWR stability

A further objective is to calculate also transients, which cannot yet be modelled with existing
tools

�x Mechanical interaction of flow and fuel assemblies: fuel rod bowing, lift off

�x Blocked flow channels.

At the beginning the project focus is on VVER plants, but developed methods and tools can
be applied also for PWRs and BWRs.

a) Fission power b) Power distribution

Figure 2.2.10.1. Fission power during VVER-1000 Control Rod Ejection (CRE) transient (left)
and assembly powers 1 second after initiation of control rod ejection versus power at initial
state.

2.2.11 USVA - Uncertainty and sensitivity analyses for reactor safety

The project builds on the existing expertise in uncertainty and sensitivity analyses at VTT and
Aalto University and merges the on-going research activities under one project. In addition,
USVA promotes activities at the interfaces of the different disciplines in reactor safety.

The general goal of the USVA project is to develop methods and practices in uncertainty and
sensitivity analyses of multi-physics problems and calculation sequences in reactor safety.
The goal supports the long-term aim of establishing a comprehensive methodology for
uncertainty and sensitivity analysis for the whole reactor safety field.

USVA approaches the general goal on several fronts. The problem of performing a complete
analysis of the whole coupled code system involving uncertainties from various stages of the
calculation sequence and from the different physical sources is simply too complex. For this












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































