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Abstract

FINNUS (1999-2002) is the Finnish public research programme on nuclear power plant
safety, launched and administrated by the Ministry of Trade and Industry (KTM). The
programme concentrates on the themes of ageing, accidents and risks. The general
objectives of the programme are to develop tools and practices for safety authorities and
utilities, to provide a basis for safety-related decisions, to educate new nuclear energy
experts and to promote technology and information transfer. The technical objectives of
the programme are prepared in the guidance of the Radiation and Nuclear Safety
Authority (STUK), but the views of the power companies are taken into consideration.
Funding of the programme is mainly from public sources. The annual volume of the
programme is about FIM 22 million (€ 3.6 million) and 30 person years. The research is
coordinated and mainly conducted by the Technical Research Centre of Finland (VTT).

The effects of ageing on nuclear power plants are studied intensively, in order to
evaluate safe remaining lifetime of the components and efficiency of the corrective
measures. The programme concentrates on studies in material sciences of metallic
structures, structural integrity and in-service inspection and monitoring methods. The
accident theme concerns operational aspects of nuclear power plant safety. The issues
of nuclear fuel behaviour, reactor physics and dynamics modelling, thermal-hydraulics
and severe accidents are addressed under the theme. In therisk field attention is paid on
one hand on advanced risk analysis methods and their applicability, and on the other
hand, on the evaluation of fire risks, safety critical applications of software based
technology, as well as human and organisational performance. The report summarises
goals and results of the programme during the period 1999 — August 2000.



Preface

Organisation of public nuclear energy research in Finland as national programmes was
started in 1989, launched by the Ministry of Trade and Industry (KTM). Since then these
programmes have been carried out in the fields of operational aspects of safety,
structural integrity and nuclear waste management. In paralel there have been running
separate technology programmes on nuclear fusion, advanced light water reactor
concepts and plant life management, funded partly by the National Technology Agency
(Tekes).

KTM decided to continue the national research efforts on fission reactor safety in a
single research programme after completion of the programmes on Reactor Safety
(RETU 1995-1998) and Structural Integrity of Nuclear Power Plants (RATU2 1995—
1998). The national advisory committee on nuclear energy, commissioned by KTM,
made a genera plan for the new programme and for its organisation (Advisory 1998),
where the recommendations of the international evaluation of the RATU2 and RETU
programmes and opinions of national expert panels were taken into account (Faidy &
Hayns 1998, RETU 1998, RATUZ2 1998). The new programme, The Finnish Research
Programme on Nuclear Power Plant Safety (1999-2002) FINNUS /Kansallinen
ydinvoimalaitosten turvallisuustutkimusohjelma/, concentrates on the themes of ageing,
accidents and risks.

The Technical Research Centre of Finland (VTT) coordinates the FINNUS programme
and also performs most of the research. The main funding sources are KTM, VTT, the
Radiation and Nuclear Safety Authority (STUK), the Lappeenranta University of
Technology (LTKK) and the power companies Teollisuuden Voima Oy (TVO) and
Fortum Oyj. These parties are also represented in the steering group of the programme.

The execution of the programme is based on the general plan and annual plans prepared
for KTM in cooperation with the regulatory body, the power companies and the research
bodies. This Interim Report summarises general features of the FINNUS programme
and the main goals and achievements in the period 1999 — August 2000. The report
includes selected, more detailed results in the form of presentations in the FINNUS Mid
Term Seminar Oct. 31% — Nov. 1%, 2000, Otaniemi. Statistical information on
publications, contact lists and academic degrees awarded are a so included.

The report has been prepared by the programme coordination unit, in cooperation with
the project leaders and the programme staff.
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1. Introduction

About one third of electricity generated in Finland is nuclear. High operational
reliability of the nuclear power plants has led to low production costs. In order to
maintain nuclear power as a major source of energy it is very important to ensure high
level of nuclear safety. This requires continuous effort on research in various fields of
technology and human aspects, in order to take into account modernisation and
upgrading of plant processes, implementation of new techniques, changing production
goals and renewing safety requirements. Continuous high level of safety is a prerequisite
for public acceptance of nuclear energy and for maintaining of future nuclear option.

1.1 Nuclear energy research in Finland

The total volume of nuclear energy related R&D efforts in Finland is currently about
FIM 160 million/a, or € 27 million/a, figure 1. The power companies fund directly more
than half of the total volume and the public sector about one third. Half of the total
volume is spent for nuclear waste management issues, mainly conducted by the power
companies. Nearly 40 % of the resources are used for reactor safety, out of which about
half isindicated for fully or partly public research programmes.

Funding Sources Research Areas
Fusion
Others VTT Research Others
EU 6% 10 % 10 % 1%

FFUSION2

\

Figure. 1. Resources of nuclear energy research in Finland in 1999. The public funding
comes from the Ministry of Trade and Industry (KTM), the Technical Research Centre
of Finland (VTT), the National Technology Agency (Tekes) and from the Radiation and
Nuclear Safety Authority (STUK).

Reactor
Safety

- 39 %
XVO

___________

FINNUS
Waste

Management
50 %

JYT2001



Currently the largest of the public programmes is the Finnish Research Programme on
Nuclear Power Plant Safety FINNUS (1999-2002), that concentrates on nuclear reactor
safety related issues of the existing power plants. The Advanced Light Water Reactor
programme ALWR deals with possible future solutions of nuclear power generation and
the Plant Life Management Programme XV O is directed towards plant specific ageing
problems with particular support from the power companies. These programmes are
mainly conducted at the various research units of the Technical Research Centre of
Finland (VTT). Universities also contribute to these programmes.

1.2 Organisation and general goals of the FINNUS programme

In the planning of the new research period it was recognised that a focused and result
oriented research programme is necessary, where various fields of nuclear safety
research are pooled and where strategic planning of resources is facilitated. Thus, the
previously separated fields of structural and operational safety research were combined
into the Finnish Research Programme on Nuclear Power Plant Safety FINNUS (1999—
2002). The Ministry of Trade and Industry (KTM) launched the programme and
administrates it. In order to guarantee independent know-how and research resources for
the public sector, the needs of Radiation and Nuclear Safety Authority (STUK) were
dominant in the planning of the programme. This aspect also reflects to the funding and
steering structure of the programme. In order to combine the limited national resources,
the Finnish power companies also contribute to the national programme by offering
resources to specific tasks and and by participating in the steering and reference groups.
The research is mainly performed by VTT, that also coordinates execution of the
programme (FINNUS 1998, FINNUS 2000a, FINNUS 2000b).

The general objectives of the FINNUS programme in the long term are to

. develop tools and practices for safety authorities and utilities,
. provide abasis for safety-related decisions,

. educate new nuclear energy experts and

. promote technology and information transfer.



FINNUS (1999-2002) briefly:

Resear ch fields: Resear ch Partners:
NPP ageing, accidents and risks VTT Energy,
Total volume (1999-2002): VTT Manufacturing Technology,

VTT Automation,
VTT Building Technology,
VTT Chemical Technology,

FIM 90 mill. / € 15 mill.
120 person-years

Funding in 2000 (FIM / € mill): L appeenranta University of
KTM: 9.1/153 Technology
VTT: 6.6/1.11 ..
STUK: 3.7/0.62 Coordination:
VTT Energy

Utilities:  0.9/0.15
Other: 1.4/0.23

http://www.vtt.fi/ene/tutkimus/finnus/index.html

In the organisation of steering and support functions of the programme, strong coupling
is ensured between the funding bodies, research organisations and the end users of the
results, both at the nuclear safety regulator and the power companies. The main duty of
the steering group is to supervise the overall performance of the programme. The
steering group sets up reference groups for the research projects and nominates strategic
planning groups on the main themes. The project reference groups contribute to the
planning of the projects, e.g. by suggesting new research topics. They advise the projects
and evaluate the results against the plans. An important task of the reference groupsisto
communicate between the research groups and the users of the results. The strategic
groups evaluate priorities and discuss the challenges of the whole programme against
national needs. The steering group and the project reference groups typicaly meet 34
times a year, while the strategic planning groups meet roughly twice during the
programme. Organisation scheme of the FINNUS programme is shown in figure 2.

A total of 11 research projects are under way in the field of ageing, accidents and risks
asindicated in figure 3 and table 1. There are natural connections between the projects,
and one objective of the programme is to strengthen these links. All the projects have
been planned for the four years period, but detailed objectives vary during execution of the
programme. Chapters 2—4 summarise the main goals and results of the projectsin the first
period of the programme. Capter 5 consists of a selection of more detailed research results.
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Figure 2. Organisation of the FINNUS programme.
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Operational International
experience co-operation

Figure 3. The 11 research projects under the three themes of the FINNUS programme.
The projects mainly associated with a certain theme are strongly intercoupled.

Couplings to be strengthened between the themes are indicated.



1.3 Contents of the FINNUS programme

The research objectives of the programme may be classified under three themes, ageing,

accidentsand risks.

Table 1. Volume and funding of the FINNUS projects.

Volume Costs
Main theme / Projct (acromym) | Gl | Tooe™ G000 | 1ese 2000
plan plan
Ageing
Ageing phenomena (AGE) VTT Manuf. T. 5.3 3.0 3.9 33
VTT Chem. T.
Structural integrity (STIN) VTT Manuf. T. 2.7 34 2.0 3.0
VTT Energy
In-service inspections and monitoring | VTT Manuf. T. 1.2 1.2 1.0 0.9
(INSMO) VTT Building T.
Accidents
Behaviour of high burnup fuel in VTT Energy 2.4 1.6 13 1.0
accidents (KOTO)
Reactor physics and dynam. VTT Energy 6.7 4.7 3.3 2.9
(READY)
Thermal hydraulic experiments and VTT Energy 4.4 3.2 3.1 25
code validation (TOKE) Lappeenranta
Univ. of Tech.
Modelling and simulant experiments of | VTT Energy 33 25 2.6 25
severe accident phenom. (MOSES) VTT Manuf.
Technology
Risks
Fire safety research (FISRE) VTT Building 1.0 1.9 0.6 0.9
Technology
Programmable automation system VTT Automation 1.7 2.1 0.8 1.3
safety integrity assessment (PASSI)
Methods for risk analysis (METRI) VTT Automation 2.3 25 15 15
Working practices and safety culture VTT Automation 2.2 2.2 11 14
in NPP operations (WOPS)
Administration and information of the VTT Energy 0.9 0.7 0.7 0.6
research programme (HALTI)
Total 34.1 29.0 21.9 21.8
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Ageing

The ageing field covers material sciences of the metalic structures in a nuclear power
plant, structural integrity studies and in-service inspection and monitoring methods.
Three research projects, AGE, STIN and INSMO mainly concentrate on these issues.

Ageing of mechanical components, fuel and constructions is one of the main factors
limiting remaining lifetime of nuclear power plants. ldentification of critical
components, ageing mechanisms and changes in in-service properties is crucia in order
to develop preventive actions as well as remedia measures and to evaluate the
remaining component lifetimes. In the Ageing Phenomena project (AGE), methods for
determining in-service properties are developed and applied for aged materials and
components. The am is also to model the effects of water environment and irradiation
exposure on the ageing phenomena and particularly, the effects of re-irradiation after
annealing of pressure vessel material.

The ageing of equipment and structures can be computationally predicted and the safety
margins in respect to failure during the service life can be assessed using numerical
methods. The needed material properties should be characterised reliably using
preferably small specimens. Specific methods are needed for modelling of material
inhomogenities and local loading effects, such as impacts and thermal stratification. The
main objectives of the Structural Integrity project (STIN) are creation of verified
experimental and computational methods and also verification of the existing methods
for assessing the remaining lifetime of components and their ability to withstand
possible accidents.

In the In-service Inspections and Monitoring project (INSMO), non-destructive testing
(NDT) methods are developed, evaluated and applied to examine the structural integrity
of the critical components. The reliability of in-service inspections is improved by
applying advanced inspection techniques and new anaysis methods. The issues
concerning qualification of inspection methods are seen as a very important area, and
different research efforts are directed to develop practices according to the quidelines of
the European qualification methodology. On-line monitoring techniques are considered
for acquisition of structural integrity data during the operation of plant as well as non-
destructive methods to measure material properties. The techniques for inspections of
reinforced concrete structures are seen as an important area of plant condition
monitoring.

13



Accidents

The accident field covers fuel research, reactor physics and dynamics, experimental and
calculational thermal-hydraulics and severe accidents, that are studied in the KOTO,
READY, TOKE and MOSES projects.

In the Behaviour of High Burnup Fuel in Accidents project (KOTO), calculation tools

for fuel rod thermal-mechanical performance and safety assessments in steady state and
transient conditions are qualified to cover higher burnup and the fuel designs used in
Finland. The safety authorities in different countries widely share the opinion that the
data base of the acceptance criteria for design basis accidents may be insufficient, in
relation to the burnup targets currently desired in search for better fuel efficiency and
less fuel waste. To understand the phenomena in more detail and to support their
modelling, extensive research is under way, including internationally sponsored reactor
experiments and out-of-pile testing, in which Finnish participation is sought.

A computer code system and competence for carrying out reactor physics and dynamics
calculations needed in Finland has been developed a VTT in the Reactor Physics and
Dynamics project (READY) and its predecessors. In reactor physics the main objective
is to ensure the reliable use of the wide range code system in order to generate nuclear
data for new fuel types and for transient and accident analyses, as well as to carry out
flux, dose rate and criticality safety studies. In reactor dynamics the objectives are to
complement and validate the calculation system for complex reactivity accident and
stability studies. The thermal hydraulic models of the dynamics codes are improved by
developing and taking into use new methods and models. The project aims at on-the-job
training of new experts. It also contributes to VVER safety improvements in
international co-operation.

In the Thermal-hydraulic Experiments and Code Validation project (TOKE), the
objective is to produce thermal-hydraulic data for developing more accurate safety
analysis tools and to enhance understanding of abnormal situations in nuclear reactors.
The project contains three parts. VVER related tests with the PACTEL test loop,
separate effect tests and validation of thermal-hydraulic computer codes. PACTEL is a
volumetrically scaled thermal-hydraulic model of the Loviisa power plant. Theaim isto
expand the scope of VVER experiments and to assure that there is a validated computer
code for safety analysis. The computer code validation is carried out in close co-
operation with the experimental programme. A further objective is to find out boundary
conditions for assessment of the effects of a power plant lifetime, such as thermal
fatigue of the pipes.

The safety of the Finnish nuclear power plants against severe accidents has been
enhanced with severa plant modifications and extensive research during the past

14



decade. However, significant uncertainties still remain in some areas that are important
to the Finnish NPPs, such as coolability of core debris, failure of the pressure vessel and
fission product behaviour, particularly in the reactor coolant system. The Modelling and
Simulant Experiments of Severe Accident Phenomena project (MOSES) focuses on
reducing uncertainties and getting better insights on pressure vessel lower head response
to core melt attack, coolability of debris beds, chemistry of fission product iodine and
containment thermal hydraulic loads.

Risks

The risk field covers topics on fire safety FISRE, programmable automation PASSI,
methods of risk analysis METRI and human factors WOPS.

The Fire Safety Research project (FISRE) studies influence of smoke and heat from fires
on electronics and programmed logic circuits. Fire risk analysis is developed further
towards living probabilistic safety assessment (PSA). First very simple fire models are
used for sensitivity types of studies with an emphasis on plausible probability
distributions of input variables. Guided by the obtained results more sophisticated
methods are developed later for sensitive parts of risk analysis link. Likewise the
reliability of active fire protection measures, such as sprinklers and alarming systems, is
further studied.

In the field of safety and reliability assessment of programmable automation systems
new and more cost-effective methods, tools and practices are developed and tested in
order to support the authorities and utilities in solving the licensing problems of
software-based safety critical automation systems. The work of the Programmable
Automation System Safety Assessment project (PASSI) is partly focused on the
development of reliability assessment methods and tools, partly on experimental
application studies aiming at the recognition of further development needs and at the
creation of a proper base for justification of safety claims. A pre-study on ageing of 1&C
equipment in nuclear power plantsis also included in the project.

Probabilistic safety assessment (PSA) is increasingly used in safety management and
regulation of NPPs. In the Methods of Risk Analysis project (METRI), risk informed
decision making methods are promoted and licensing practices, as well as methods for
risk importance and uncertainty are developed. Many problems of the risk informed
decison making are due to balancing between probabilistic and other criteria,
uncertainties in PSA results, the licensing complexity and some specific questions e.g.
common cause failures and human reliability. The main objectives of the project are: to
make progress in risk informed decision making methods and bring them available for
end users;, develop licensing practices in problematic areas, develop methods for
importance & uncertainty analysis; develop skills in nuclear risk analysis, assure the

15



competence transfer to the new generation and to contribute to international perspectives
of quantitative risk analysis.

The Working Practices and Safety Culture in Nuclear Power Plant Operations project
(WOPS) ams to enhance human-machine interface, competences and training of
operating staff and development of organizational practices. A method for the analysis
of working practices has been developed in earlier studies. It has been applied as a tool
for the control room operators’ simulator training. The present project devel opes further
applications. In integration with probabilistic risk assessment the method is applied in
the analysis of the safety effects of different types of control room information
presentation. It will also be used in studying the role of emotional and cultural factorsin
the organisation of situated actions in every-day work. These topics require a further
theoretical elaboration of the method.

References for chapter 1

Advisory Committee on Nuclear Energy. 1998. Nuclear power plant safety research
1999-2002. A proposal for the content and organisation of the new research
programme. Ministry of Trade and Industry studies and reports 15/1998. Helsinki. (In
Finnish).

Faidy, C. and Hayns, M. R. 1998. Evaluation of the RATU2 and RETU Reseach
Programs. Ministry of Trade and Industry, Finland. Studies and Reports 8/1998.

FINNUS. 1998. The Finnish Research Programme on Nuclear Power Plant Safety
1999-2002, research plan for 1999, HALTI-1/98.

FINNUS. 2000a. The Finnish Research Programme on Nuclear Power Plant Safety
19992002, annual report 1999, HALTI-1/00.

FINNUS. 2000b. The Finnish Research Programme on Nuclear Power Plant Safety
1999-2002, updated research plan for 2000, HALTI-2/00.

RATUZ2. 1998. RATU. The Finnish Research Programme on the Structural Integrity of
Nuclear Power Plants. Synthesis of achievements 1995-1998. Espoo 7.12.1998. VTT
Symposium 190. Ed. by Jussi Solin, Matti Sarkimo, Merja Asikainen & Asa Avall.
Espoo 1998. 333 p. + app. 42 p.

RETU. 1998. RETU. The Finnish Research Programme on Reactor Safety 1995-1998.

Final Symposium. Espoo 24.11.1998. VTT Symposium 189. Ed. by Timo Vanttola.
Espoo 1998. 206 p. + app. 62 p.
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2. Ageing: Main goals and results

2.1 Materials Ageing Phenomena in NPP's (AGE)

Main work on ageing is oriented to extend the operating lifetime of the nuclear power
plants. Technicaly plant life extension is established and described since mid 80's.
However, recurrently new degradation mechanisms have been discovered in aged
materials and thus, these lately discovered ageing mechanisms are not included in the
life management plans. The new ageing mechanisms of components exposed to reactor
environments are studies in most of the countries using nuclear energy. Examples of
these new ageing related degradation mechanisms are:

* Intergranular stress corrosion cracking (IGSCC) observed in stabilised or in cold
deformed, non sensitised austenitic stainless steels.

* lrradiation assisted stress corrosion cracking (IASCC) observed in austenitic
stainless steels even in highly reducing environmentslike in PWR's.

* Intergranular or interdendritic cracking of nickel base aloys.

* Dynamic strain ageing of nitrogen alloyed ferritic steels as well as low carbon
austenitic stainless steels.

Additionally, remedial actions taken in the nuclear power plants to prevent or mitigate
the degradation caused by the ageing mechanisms have regenerated new open
guestions:

» Effects of new water chemistries on fuel cladding materials.
* Annealing and re-embrittlement of irradiated reactor pressure vessel steels.

* Water chemistry transients effect on cracking of pressure boundary materials during
applied modified water chemistry.

» Alkaline water chemistry in the secondary side and the SCC of stainless steel steam
generator tubing under pile ups.

The significance of materials science for effective plant life management is clear: the
mechanisms underlying in materials degradation must be understood in order to define
and quantify suitable corrective and preventative measures. Material technology
contributes significantly both to the scientific background of fundamental research as
well as to everyday engineering work during all phases of life time of power plants.
Most of the work is focused on the passive structures and components, that have long
life and are very difficult to repair or replace.

17



The mgor concern of al programs related to life extension of LWR components is the
behaviour of systems and components whose integrity is essential for normal operation
of a plant (IWG-LMNPP-98/2). These systems and components are needed as a part of
the coolant pressure boundary or they are necessary to shut down the reactor, to
maintain a safe condition or to minimise on- and off-site exposures. They should be able
to serve for the design life of the plant despite some ageing degradation. Therefore,
understanding the ageing mechanisms and monitoring of the degradation processes are
of key importance in safe plant operation. Smaller, less expensive items, such as
sensors, certain pumps, valves etc. are serviced, repaired or replaced on a fairly frequent
basis. Their correct functioning is also of importance, and probabilistic risk assessments
can be used to predict their optimum service of replacement time.

Main objectives

In the FINNUS program the targets and goals for the ageing related materials research
work have been defined along the lines of international programs (Advisory 1998).
These were:

» Understanding and modelling of the environment assisted degradation and corrosion
of main component materials in various LWR water chemistries.

» Déefinition of the re-embrittlement rate and mechanism of the reactor pressure vessel
steelsin Loviisa after annealing heat treatment.

» Neutron irradiation induced degradation of reactor internal materials.

* Thermal ageing of cast austenitic stainless steels and weld metals during long term
exposure to reactor operational temperatures.

*  Wear of materials.
» Concrete ageing.
* Ageing of electric components and cables.

* Maintenance and repair methods.

The AGE project, divided into four technical materials related sub-programmes, was
initiated to provide experimental data specific to Finnish plants, to establish
understanding of ageing mechanisms involved and to transmit information from the
international programmes related to ageing. Research items dealing with concrete,
electric components or cables was not initiated within theAGE project, but are to some
extent covered by other FINNUS projects.

18



Main results in 1999-2000

Environmentally assisted cracking of nuclear materials (ENVI)

It has not been possible to take into consideration al deterioration mechanisms,
combinations of thermal, chemical and mechanical loads in the origina plant design,
because their existence was not realised at that time. Autoclave testing in laboratories has
been developed to carry out tests applying simultaneoudly different loading parameters
and chemical environments at elevated temperatures and pressures. Autoclave testing,
however, has not been able to provide enough data for statistical evauationsin the case of
EAC phenomena, contrary to fracture mechanics testing in air. Development of both
loading and testing equipment, capable of testing severa specimens simultaneously while
keeping environmental parameters roughly constant, is a prerequisite for the application
of statistical analysis methods, which is needed both for crack initiation and growth rate
evaluations.

Fatigue design curves of nuclear components are based on fatigue tests that do not cover
al factors known to influence the fatigue life, but include a safety factor covering
uncertainty of these aspects. One clear deficiency is that the design curves do not address
either the effects of ageing induced changes in the materia properties, or the effects of
reactor coolant, or the effects of oxidation on fatigue initiation.

Historically, autoclave fatigue testing has focused on crack growth rate measurements
using pre-cracked specimens. However, a clearly expressed need for fatigue crack
initiation measurements in reactor environments has been indicated by the obvious
thermal fatigue or stratification failures observed at the plants. In order to study the crack
initiation in highly stressed regions and to re-assess the original fatigue life caculations,
expensive and time consuming crack initiation measurements in autoclaves are needed.
Additionally, on-line monitoring of thermal cycles conducted at many plants, as part of
ageing related monitoring programs, requires information of red initiation times in real
environments to become useful.

As aresponse to this need, development of a bellows loaded fatigue rig, which is able to
load several specimens simultaneoudly, was initiated. The prototype to be used under load
controlled fatigue tests in an autoclave has been planned and built. Demonstrations in air
at room temperature, as well as a high temperature and high pressure have been
successfully performed. The bellows loading technology, previoudy used for other types
of testing in LWR autoclaves, is also suitable for fatigue testing. The prototype axial
fatigue unit provides controlled reversed loading and has sufficient load train rigidity and
concentricity (Marquis et a. 1999). The fatigue unit is able to maintain alignment of the
specimen almost as would be required from conventional materials testing load frames.
The degree of bending is 11%, which qualifies as a class 20 alignment, but the bending is
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primarily static and the dynamic component is only 2%. The degree of aignment is well
suitable for LCF and HCF testing of ductile materials, such as stainless stegls. The strain
controlled fatigue test operates without difficulty for 15600 fatigue cycles and the results
have been in good agreement with the data from VTT and other labs that have generated
data using more conventional test systems. The required load capacity of the fatigue unit
can be achieved. The maximum cyclic frequency attainable by the prototype unit is 0.5
Hz and was limited by air flow of the bellows. Future work should allow fatigue test
frequencies up to 1 Hz, if necessary. Four of the prototype units can be simultaneously
placed in a single autoclave and further development may permit simultaneous testing of
six specimens. The current bellows control system and the fatigue unit performed well for
either stress controlled or strain controlled loading. The construction of the first autoclave
testing rig with four positions is going on and the first materia tests will be carried out
and reported as part of AGE during the latter half of the project.

The behaviour of oxide films with regard to their role in activity build-up and
different corrosion phenomena in nuclear power plants (OXI)

During ageing it is crucia to know changes in the properties of oxide films that are
formed on construction materials during plant operation and possibly due to irradiation.
This knowledge bridges applied water chemistry, environmentally assisted cracking and
irradiation assisted stress corrosion cracking phenomena (EAC and IASCC), as well as
other forms of corrosion. Additionally, history of water chemistry influences activity
build-up and thus, maintenance of the plants. On the other hand detailed knowledge of
oxide properties is required for material selection for replacements, pre-filming before
power use in primary circuits, water chemistry practice during various stages of fuel
cycle and for possible decontamination procedures at the plants. This sub-program aims
at predicting the influence of operational conditions of nuclear power plants on
occupational dose rates and on the corrosion susceptibility of the plant components
when exposed to coolant water. This requires modelling of the processes taking placein
the oxide films formed on component surfaces.

The sub-program has been divided into four tasks. The first task focuses on modelling
the adsorption of radioactive species from the coolant on the outermost oxide surface.
While considering the competitive interaction of various dissolved ions with the oxide
film, the first step is considered to be adsorption. It is for instance possible that the
influence of zinc ions on Co-60 incorporation is due to the competition between zinc
and cobalt for the adsorption site. Model calculations have already demonstrated that
the retarding effect of zinc in the coolant on the adsorption of cobalt on iron oxide can
be theoretically predicted on the basis of the surface complexation approach.
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The second task focuses on the transport of radioactive species in the outer, porous part
of the oxide film. The first step has been to model the ionic transport in a BWR type
coolant. The results have made it possible to estimate driving forces such as potential
drops within the pores as a function of oxide properties.

The third task focuses on the compact, inner part of the oxide film. For oxidation of the
construction material to proceed, species have to be transported through the existing oxide
film. The inner part is likely to determine the rate of the whole oxidation. The mixed-
conduction model (MCM) introduced earlier for room-temperature films has been
successfully extended to high-temperature oxide films on Fe-Cr mode aloys,
resembling closely construction materials used in LWR's. The MCM makes it possible to
explain qualitatively the effect of corrosion potential (in other words, the amount of
oxygen or other oxidising agents) and of the film structure on the distribution of ionic
defects in the film. It has aso been found to account for the higher ionic conductivity of
the film at elevated temperatures when compared to ambient temperatures (Beverskog et
al. 2000). A model for the behaviour of oxide films on Ni-Cr aloys in nearly-neutra
conditions at room-temperature has also been proposed, and measurements for Ni-Cr
aloys at 200°C have been completed.

The experimental data used as input for the modelling work carried out in this project
has required the development of new electrochemical techniques. Conventional
electrochemical arrangements are usually not suitable for the high-temperature, high-
pressure environments and poorly conductive media encountered in NPP cooling
systems. Accordingly, a controlled-distance electrochemistry (CDE) arrangement has
been introduced, and its applicability to thin-layer electrochemical, contact electric
resistance and contact electric impedance measurements has been verified.

The results obtained in this subprogram of the AGE project will be reported as in-kind
information for the EPRI / Co-operative Irradiation Assisted Stress Corrosion Cracking
Research Program (CIR 1l) according to the co-operative agreement signed between
EPRI and VTT in September 2000. CIR Il program is among the other things planning
to characterise factors affecting crack initiation through the interface between irradiated
material and the coolant, i.e., oxide film. The interesting questions in the CIR Il
program are the effects of:

* Increased yield strength caused by irradiation and ageing on electronic properties of
passive film,

» Material composition on passive film properties in connection to radiation induced
grain boundary segregation (RIS),

» Corrosion potentias, internal oxidation and catalyst and radiolysis reactions on
IASCC.
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The effect of irradiation (I), annealing (IA) and re-irradiation (IAl) on material
properties and the repair methods (EMBRI)

Many of the VVER 440 reactor pressure vessals, including Loviisa 1, have been annealed
as a plant life extension measure due to their excessive irradiation embrittlement. The
annealing, however, has not been considered in the plant design. Thus, the surveillance
programs do not include enough full size specimens to cover additiona materid
conditions, arising from ageing and conducted annealing. Studies characterising the use of
sub-size and/or reconstituted specimensin IA and 1Al conditions are currently going on.
Research on the theoretica bases of material behaviour in annealing and the effects of re-
irradiation in the micro-mechanistic and macroscopic level is currently going on. The
estimation of the relevance and reliability of different toughness measures/tests for
materia ageing (I-, IA- and IAl-conditions) is also an essentia object of the sub-program
EMBRI.

Experimental tests have been carried out to create data base for the I- and IA-materia
conditions within the IAEA VVER 440 round robin programme in co-operation with
OECD Haden project. For the moment, the data base includes CH-V and cleavage
initiation fracture toughness data measured with specimens of different sizes. The data is
used for creating and supplementing property-property and specimen size correlations
developed by VTT. Based on the obtained results identification of the acceptable lower
limit of the specimen size for fracture toughness tests has been discussed in many
published papers (Vao et a. 1999). Reanalyses of existing data, supplementary tests with
irradiated IAEA CRP materias, irradiation shift estimations and clarification of the
inconsistent lower shelf values are to be conducted in order to further verify the small
specimen reconstitution technique.

In order to understand and model the effects of chemical composition on the irradiation
embrittlement a large model aloy (33 aloys) test program has been carried out in co-
operation with JRC Petten. Data base for analysing the effects of key impurities, i.e. P, Cu
and Ni, on embrittlement has been established at VTT using irradiated sub-size specimens
(Valo 2000). As a continuation some of the model alloys were annealed and inserted for
re-irradiation in the core of Loviisa plant. Micro-mechanism studies using the Field
Emission Gun Scanning Electron Microscope (FEGSTEM) to find out the role of
phosphorus in embrittlement of the irradiated model alloys will be initiated during the
year 2000 and continued later by using the re-irradiated samples.

Fuel cladding ageing (FUELI)

Changes in reactor water chemistry have been introduced as a mitigation method to
prevent stress corrosion cracking (SCC) in stainless steels. Hydrogen dosing, noble
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metal dosing or zinc injection have been shown to affect the SCC growth rates as well
as on he activity build-up. However, the evaluation of all effects of these new water
chemistry approaches and transitions on the fuel cladding materials requires more
information. The trend towards higher fuel burn-up in light water reactors imposes a
demand for better corrosion resistance of the zirconium alloy cladding tube materials. A
proper understanding of the corrosion behaviour of zirconium alloys in light water
reactor coolant conditions calls for fast and reliable in-situ techniques to investigate the
properties of the oxide films formed on their surfaces. The starting point in AGE FUELI
work has been the use of electrochemical measuring techniques which can be used at
high temperature agueous environments instead of the traditional long term weight gain
tests.

The FUELI sub-program has been dedicated to test and verify the applicability of the
controlled-distance electrochemistry (CDE) arrangement to study the corrosion
properties of the fuel cladding materials in simulated reactor environments. The
experiments showed that the CDE arrangement is suitable for the solid contact
measurements, i.e, contact electric resistance (CER) and impedance (CEl)
measurements of Zircaloy-2 specimens used in this experiment. However, the tubular
form of the specimens impeded the electrochemical measurements in a thin-layer
geometry.

The CER technique was found to provide information of the dc resistance of the
Zircaloy-2 oxide film during the initia oxidation stage. The CEl measurements, from
their part, provided information of the film behaviour at longer exposure times. The
results suggest that the transport process taking place in the oxide layer is likely to
control the rate of oxidation of the material and it can be associated with transfer of
oxygen species in the film. Based on a preliminary semiquantitative analysis of the
results, the value of the diffusion coefficient D; of oxygen ions or vacancies in the film
was assessed (Bojinov et al. 2000). In the future this type of results will probably be
used to predict the growth rates of zirconium alloy oxides and to compare the corrosion
performance of different cladding materials under various water chemistries. The
initiated work will be continued to further qualify the experimental arrangement.

International co-operation

There are severa relevant organisations working in ageing issues. The national safety
authorities, the research institutions, the utilities and the owners groups, and
international organisations are developing rules and guidelines to guarantee the safe
operation of the plants. International ageing management programmes addressing
nuclear power plants structures, systems and components have been conducted under
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the auspices of different International Organisations, IAEA, OECD/NEA, EPRI and the
EU (Ramirez et a. 1997).

Within the AGE project the research on materials ageing phenomena in NPPs is
conducted in close co-operation with the international programs. The research aimed at
understanding the mechanisms of ageing and the consequent degradation is the main
goal of the FINNUS AGE project. Thermal degradation, corrosion, fatigue, radiation
embrittlement of construction materials and all their combinations have been maor
subjects of concern.

Applications

The fracture mechanical testing methods to be conducted for aged materials in
combination with the environmental parameters for aged materials makes it possible to
evaluate material specific changes due to exposure in reactor environments. This is
needed for to apply NDE at right locations and for maintenance efforts conducted at
right time.

Note: A specia report on the AGE project in chapter 5.1.
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2.2 Structural integrity (STIN)

The ageing of equipment and structures can be computationally assessed by showing
that there is high enough safety margin in respect to failure mechanisms during the
service life. The needed material properties should be reliably characterised using
preferably small specimens. The existence of material inhomogenitiesin weld joints and
in other discontinuities of geometry and material properties gives rise to specific
demands on the modelling of the fracture mechanisms. Specific methods are needed
also for modelling of local loading effects such as impacts and thermal stratification.

The target of the structural integrity project is creation of verified experimental and
computational methods and also verification of the existing methods for assessing the
remaining lifetime of components and their ability to withstand the possible accident
situations.

Main objectives in 1999-2000

The main objectives of the structura integrity project are to develop methods for reliable
material characterisation using small specimens, to participate and follow-up of the
projects in this area in the international networks and to develop experimentally
validated methods for the analysis of piping under thermal stratification and water
hammer loads. These objectives are realised by developing and validating the testing
and analysis methods for the direct determination of fracture toughness and generation
of fracture toughness data with miniature size specimens. Also a correlation for
determining the fracture toughness from Charpy-V data will be completed and a
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constraint correction to the Master Curve approach (Wallin 1999) will be developed. A
study will be started in order to find out quantitative estimates for the constraint
correction. A test programme will be planned and started to verify the correction
method experimentally. The relationship of the crack initiation and crack arrest fracture
toughness characteristic of various structural steelsis studied.

The loading due to water flow and stratification is determined by computational fluid
dynamics. Experimental test redised in the PACTEL-system is analysed.
Computational results will be verified against measurements. Structural analyses will be
carried out by using the loading transients that are cal culated with a computational fluid
dynamics (CFD) code. Computational results will be verified against measurements.

The micromechanical computational analysis methods are developed and verified.
Numerical models are needed to assess fracture resistance determination with small
specimens using advanced material models. Numerical methods are also applied to
extend the micromechanical analysis methods to practical (mismatch) loading situations
and to consider zones of varying material properties at welds. The Master Curve
concept isintegrated to numerical local approach modelling.

Analyses of a reinforced concrete wall under detonation conditions is continued. The
structural analysis model will be improved based on the preliminary studies. The final
model will be analysed by using more redlistic loading transients. Structural integrity
assessments for a pipe inlet and other structures will be performed. Loading transient is
assessed by using athree-dimensional computation code.

The computer codes are verified by attending international comparison studies and
networks. In the year 2000 the NESC 2 project (EU network for the evaluation of steel
components) is participated putting the main focus on the possible new projects in the
NESC network dealing especially with piping integrity.

Main results in 1999-2000

Test results indicate that miniature size specimens may underestimate large specimen
fracture toughness contrary to fracture mechanics theory. Co-operation with University of
[llinois regarding constraint correction to the Master Curve has started. A relationship
between the Master Curve fracture toughness and the T-stress has been developed (Wallin
2000). This enables the application of the Master Curve Method aso with low constraint
geometries.

Calculations for planning the experiment in the TOKE project have been performed with
the FLUENT CFD code. Thermal stratification in the T-joint simulating the connection
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between the hot and the cold legs of the primary circuit has been calculated by using the
two-layer zonal model for turbulence.

A method is being developed to transfer data from CFD calculations to the structural
analysis codes. Some preliminary capabilities are aready in test use. Preliminary
structural analysis was carried out using the surface mesh of the CFD model.
Temperatures calculated with FLUENT were transferred to the input file needed for the
ABAQUS code. These numerical results will be used for further planning of the tests.

Numerical 2D and 3D finite element crack propagation smulations have been performed
with the Gurson modd (Talja 2000) for three-point bending specimens with varying
dimensions (Laukkanen 2000). The applicability of different constraint parameters is
being evaluated and compared on the basis of the results. Evaluations concerning the
measuring capacity of small specimens for ductile fracture resistance determination are
being carried out.

Transferring tool for detonation loading transients was developed in co-operation with
VTT Energy. Thistool was used in transferring the hydrogen detonation load transient to
the structural analysis model of a reinforced concrete wall. The transfer program for
importing the pressure transients calculated by the DETO code to the structural analysis
input file has been tested and taken into use.

Theload carrying capacity of areinforced concrete wall was studied. First, linear analyses
were carried out and the load carrying capacity was evaluated based on codes and
standards. Materially non-linear dynamic structural analyses were carried out. According
to these analyses the wall seems to resist quite well the pressure increase before the peak
detonation. The duration of a detonation is short compared with eigenperiods of the
structure. The wall may somehow survive a detonation peak. But, the relatively slowly
decreasing static type over pressure after a detonation peak severely damages the wall.
Also, the decrease of the constant over pressure after the detonation due to the ventilation
was assessed. The effect of this pressure decrease on the structura integrity of the
reinforced concrete wall was predicted.

The post-processor program WSTRESS developed at the University of Illinois for the
micromechanical analysis of brittle crack growth risk has been taken into use and it will
be tested within the ongoing phase of the ESIS TG8 round robin.

A contribution to the final evauation of NESC1 has been made. For NESC2 additiona

material testing has been performed using both deep and shallow cracked specimens.
Fracture toughness behaviour of the material followed the Master Curve.
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Main objectives in 2001-2002

The target is that quantitative fracture toughness estimates can be derived reliably from
small material volumes and from minimum information of the materia properties. Also,
quantitative crack arrest toughness estimates can be derived from toughness properties of
brittle fracture initiation. Capability to numericaly simulate structures redisticaly under
thermal and impact type loading conditions will be developed and verified.

The results by improved micromechanical fracture models is better understood.
Considerably improved accuracy and reliability of safety assessment is obtained through
evaluations, and more reliable computer codes are available through verification of codes
ininternational benchmarks and networks.

Applications

The main application is the assessment of the ageing of equipment and structures. The
targets are heavy steel and piping structures in power plants as well as reinforced
concrete structures like containments, floors and walls. The accurate and reliable
determination of material properties creates a good basis for structura anayses. The
results may be applied in the analysis of structures affected by pipe whips and water jets
due to pipe breaks, explosions and drop of a heavy specimen. The results also facilitate
analysis of structures under complicated fluid dynamic conditions. A test will be carried
out in order to verify numerical results of a structure under impact type loading.

Note: Special reports on the STIN project in chapters 5.2 and 5.3.
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2.3 In-service inspections and monitoring (INSMO)

During the in-service inspection the non-destructive testing (NDT) methods are applied
to examine the structural integrity of the critical components. Therefore the reliability of
techniques and procedures applied is of vital importance. Systematic qualification
methods are seen as a very important approach to measure and prove the rea
effectiveness of the inspection systems. At the moment the qualification is also
considered as a very effective way to enhance the reliability of the whole inspection
system that includes following three main components. equipment, procedure and
personnel. The main tasks of the project are linked to the establishment and
development of the Finnish qualification system, where the guidelines designed in
European co-operation are followed. Material monitoring techniques and also inspection
methods of reinforced concrete structures are considered as special issues.

Main objectives in 1999-2000

Ultrasonic testing capabilities are enhanced by developing testing practices of
mechanised inspections and by implementing a computer program for modelling of
ultrasonic testing. The Finnish NDT qualification process is supported through a
literature study about the essential inspection parameters applied in the technical
judtification. Development and verification of artificial test defects to be used in
practical test samples was seen as an important part of the qualification development
work and the research on them was started by manufacturing and testing of the first set
of ultrasonic reflectors. Through participation in the AMES-NDT network (EU network
for aged materials evaluation studies) relevant information is received about the NDT
technigues to measure material properties. In the inspection of the reinforced concrete
structures it was seen necessary to make a survey about the relevant components and
construction details that could require new inspection or monitoring applications.

Main results in 1999-2000

The qualification of NDT methods used during in-service inspections of the nuclear
power plants (NPP) was considered in two literature studies made to support the
application and development of the Finnish qualification scheme. The new procedure
requirements set by validation and mechanisation have been considered in the guideline
paper, and aliterary study has been made covering the use of parametersto be analysed in
the technical justification during the qualification process. These two studies have been
merged to one report that is published by STUK (Sarkimo 2000).

The creation of ultrasonic smulation and modelling capabilities has been started by
purchase and ingtallation of two computer programs applicable for different purposes.
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One of these programs is capable to create three dimensional simulation models of
ultrasonic inspection cases. 3D models of the components to be inspected can be created
and imported to ultrasonic inspection modelling program. The probe movements on the
component can be made "manually” or using a virtual scanner. An example of mechanical
scanning of a simple pipe component is given in the figure 4. The simulation shows the
path along which the probe is moved and reflections of the ultrasonic beam in the
component to be inspected, as well as the material volume covered by the scanning. The
other program is able to create two dimensional simulation of the ultrasonic wave front
propagating in material. Simple reflectors can be introduced in the materia to study
behaviour of the wave front at areflector.

The computer simulation and modelling of ultrasonic inspection is seen as a very
important tool when designing an inspection. In many cases the inspection can be
designed more efficiently if one has a chance to simulate the inspection scheme before the
details of the procedure are decided. This approach is particularly useful when application
is complicated or accessibility of the component is limited and coverage and performance
of the inspection shall be carefully checked. Also the schedule of the inspections is tight
during the outages of NPPs and it is necessary to be fully prepared before taking the
equipment to the component. These actions can be greatly assisted by computer
smulations at significantly reduced cost. The propagation of the ultra sound in the
component and reflections at different defects can be studied to predict the performance
of the ingpection. The propagation of the sound beam and its reflections from the straight
and curved surfaces of an artificial defect can be seen in the figure 5.

The qualification of NDT methods requires in many cases practical assessment of the
capability of the inspection system. This can be carried out by a test where a test block
resembling the real structure is inspected using the inspection procedure. Redl, redistic or
artificia defects snal be included in the structure in order to be able to assess the
detectability of the defects when the inspection system is applied. In the case of ultrasonic
testing different types of reflectors are introduced to represent cracks. A basic set of
ultrasonic reflectors, applicable in vaidation trids, has been produced using electro-
discharge machining (EDM). Ultrasonic signals from the reflectors have been recorded,
analysed and reported. Also hot cracks produced by special welding technique and some
fatigue cracks are available for ultrasonic measurements. The assessment of applicability
of different types of EDM notches is now continuing. At the moment the Finnish
qualification system is searching its forms and the practical methods of implementation
are under development. During 1999-2000 the Finnish qualification organisations have
processed the first practical cases (Paussu et al. 2000). Thus, al achievements supporting
qualification development process are useful and can be utilised soon.
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Figure 4. Smulation of mechanical ultrasonic inspection of a pipe section.

Figure 5. The two figures on the top show the normal reflection of the ultra sound beam
at the straight surface of an artificial reflector. The sound is returning to the probe
indicating the existence of the reflector. The two figures at the bottom show the splitting
of the sound beam when it hits the curved and skew surface of the reflector. No portion
of the reflected sound is hitting the probe and the reflector is not indicated.
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Material monitoring techniques and their development have been the objectives of the
participation in the work of the European AMES-network. A round robin project
(GRETE) has been prepared by the AMES/NDT group to be started in the EU fifth
framework programme. Measurements applying ultrasonic method are performed during
this year to assess the capability of an in-house developed transducer. Materia used for
NPP vavesis available in different conditions and the possibilities to measure the ageing
of the material can thus be assessed.

The reinforced concrete structures and other critical construction details and their
degradation mechanisms of NPP buildings have been identified in co-operation with
representatives of the utilities and Finnish regulatory body. During the severa visitsto the
NPPs these structura details have been examined in practice to find out applicable
measurement techniques for condition monitoring. Also some preliminary trials using
some measurement methods have been performed. A confidential status report has been
complied, where a review about the damages of the concrete structures and the methods
for monitoring and inspecting them is included. This summarises aso the critical structure
details in the Finnish NPPs considered during the first year of the project as well as the
measurement trials performed.

Main objectives in 2001-2002

The modelling of ultrasonic testing will be developed by applying the available
programs to real and test structures. The results of the test component simulations will
be compared with the actual inspection results which will produce validation cases of
the programs available. The applicability of the new tools in the market will be assessed
and possibilities to purchase more accurate modelling programs will be considered.

The production techniques and validation of the test defects in the qualification samples
are considered as a very important area. The production and tests on different types of
ultrasonic reflectors will be continued. The ultrasonic response from the test reflectors
will be assessed to justify their applicability in different simulation tasks. Also attempts
to purchase real defects will be made. These real defects would be useful as references
to the artificial defects. During the last phase of the project at least part of the test
samples will be tested by destructive methods to verify the final condition and
dimensions of the defects and reflectors applied in the project.

The materia condition monitoring will be studied and developed using ultrasonic
method. The VTT material probe will be applied to different measurements. The
material conditions change caused by different ageing effects is seen as the most
important application area.
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Measurement trials will be performed on concrete constructions and other structural
components of NPP buildings to develop applications for their condition monitoring.
Ultrasonic measurements will be applied to monitor condition and possible cracks of the
concrete structures. High energy X-ray unit will be applied to locate the position and
lay-out of reinforced steelsin thick concrete walls.

Applications

When NDT methods are applied every new system and procedure must be carefully
tested and evaluated. The performance should be shown in a systematic and traceable
way and necessary documentation compiled. Especially when inspection of critical
components is considered the requirement for reliable assessments of NDT systems
must be fulfilled using an approach that can be approved by the Finnish regulatory
body. The gained know-how about the organisation and documentation of qualifications
as well as about qualification sample production can be applied aso in other industrial
sectors and in international projects.

Ultrasonic inspection of a complicated component is a difficult task requiring careful
design. The performance and its limits can be quickly analysed in some extent by
simulations. Valuable information can be gained in the design phase and also supporting
evidence material can be produced for qualification. Such an approach can reduce
considerably the time and costs needed in the application design and verification phase.

Note: A special report on the INSMO project in chapter 5.4.
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3. Accidents: Main goals and results

3.1 Topics in transient behaviour of high burnup fuel (KOTO)

As soon as the use of nuclear fuel in the core of a reactor begins, a long and versatile
chain of events is initiated that changes the fuel in far-going ways. After these gradua
changes, the properties of the parts and materials of a nuclear fuel rod are generaly far
from those they once were with fresh fuel.

With accumulating experience, with developing material sciences, and with improved
calculation tools and hardware, the research and industry have been able to push the fuel
discharge burnups to levels that are tens of percent higher than before. There is a clear
economic incentive to continue. For instance, a rough estimate gives a total annua
saving of € 4 million in the Finnish plants, if a near-term goal of burnup increase of 5
MWd/kgU could be licensed. Of this about 60% is a direct saving in fuel purchase, 40%
in spent fuel handling and disposal cost. The upper limit for the average discharge
burnup of any single assembly is currently set at 40 MWd/kgU by the regulator.

From steady state testing and by irradiation experience, it has been quite well
demonstrated that the reliability and safety of operating fuel, the natural prerequisites of
preserving the gained savings, are maintained beyond the current burnup limits in
normal operation. The high burnup fuel properties, that sharply deviate from those of
the fresh, however, have potentially much stronger influence in transient and accident
situations. The data bases behind the criteria extend to the burnup regimes now applied
only by their small parts. Unfortunately, becoming convinced about the proper
performance of high burnup fuel in transients and accidents is not straightforward.

There now seems to be, after the infamous research results — and extensive analyses that
partly relieve the most urgent concern — a consensus that fuel accident behaviour
deserves a systematic re-evaluation. A number of international efforts has been newly
launched to this end, most notably the experimental OECD — IPSN CABRI Water Loop
Project to study reactivity initiated accidents (RIA).

The demand of improving the situation is reflected in the objectives of the current
FINNUS/KOTO project, which is the follow-up of a succession of tasks. Apart from
that, the utilities Fortum and TV O have recently taken alead to finance the participation
in the CABRI Water Loop Project, with partial support from the state through National
Technology Agency Tekes, and with VTT Energy as the main Finnish contractor. The
FINNUS/KOTO project continues to host several other studies on high burnup fuel
performance.
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Physical background

The changes with burnup in fuel materials come from thermal, chemical, crystallo-
graphic, irradiation damage and, in the pellet, neutronic contributors. The cladding will
oxidise, it will harden from irradiation and it will pick up hydrogen, which originate
from the coolant after radiolysis and consumption of the oxygen from a growing oxide
layer. The absorbed hydrogen form hydride precipitates in the metal that effectively
make the cladding become brittle. The oxide layer will eventually grow aso on the
inner surface of the cladding by a reaction with UO2; occasionally with an actual
chemical bonding of the two. In the pellet, the irradiation and temperature cause
restructuring of the ceramics, solid and gaseous fission products cause swelling, and
chemical and structural changes give rise to reduced thermal properties.

The most specific high burnup phenomenon is the so-called rim that will form on the
pellet. In athin layer on the pellet, the original microstructure is totally lost, the porosity
and plutonium content and thus burnup and power density are high, and small grains are
prone to separate. The releasing and released fission gases cause additional swelling and
finally increase the pressure inside the rod. Caesium, iodine and other volatile and
aggressive fission products gather in cooler spots, often next to pellet interfaces and
may enhance stress corrosion cracking.

The accident scenarios most prominently under consideration are the more or less
conventional RIA (reactivity initiated accident) and LOCA (loss-of-coolant accident;
large break). In RIA, increase of power and temperature are violent and these
concentrate on the mechanically weak pellet rim area. In LOCA, in turn, there will
always be a high potential of large deformations in the cladding, as the cooling as well
as the system pressure will be quickly lost. Whenever the cladding is fractured in an
accident, there will be a concern of fuel relocation and dispersal from the damage and
potential interaction with the coolant. Example of the thermal behaviour of arod in RIA
isseeninfigure 6.

Regulatory background
STUK has issued a new set of regulatory guides that define the requirements on fuel
performance, mainly in (STUK 1999). In these guides, directions have been adopted

that are in concert with the ideas that an OECD body has been recently formulating
(CSNI 1999). Thisis evidently the first occasion in the world that they are coming into
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effect. In these, the traditional categories of design basis accidents have been abandoned
and awider spectrum of events is introduced, with the probability of an event given the
more restriction the more severe its consequences are. This is physically sound but will
place high demand on the theoretical and analytical comprehension of the scenarios.
The final goal for calculations is generally a probability distribution of rod failure with
certain feasible uncertainties of the initial and boundary values. This would require
using probabilistic methods, development of appropriate failure criteria, and proper
knowledge of material properties from representative conditions.

The above requirements of the reactor and fuel types in use, pose a vast field of new
development and applications. The VTT Energy projects together will work to gradually
meet this goal. Some of the current tasks are mentioned in the following.

Results of the FINNUS/KOTO project in 1999-2000

The fuel performance codes are roughly categorised in steady state and accident
behaviour applications. Normally, the former serve to simulate the long-term power
reactor operation and to initialise an accident code. The neutronic and thermal-hydraulic
boundary conditions come from specialised system codes.

The steady state code of which VTT has the longest exerience is called ENIGMA,
originally acquired from that-time British Nuclear plc. The code has been adapted to
VVER and BWR conditions with subroutines developed to include VVER specific
material properties. A specia probabilistic version has been created and applied by VTT
to obtain statistical distributions of parameters starting from assumed distributions of
the input data, uncertainties of models, and distributions of operating conditions.
(Ranta-Puska et al. 2000). A less common application has been studies of some
oscillations, which has been possible thanks to the non-stationary heat transfer
description included (Ranta-Puska 19994). In addition, alink deck was created that will
allow an accident code to be initialised with the validated ENIGMA code.

There are constant efforts on steady-state validation, separate effect simulation, and
material property elaboration (Ranta-Puska 1999b) on the basis of collaboration with
the OECD Halden Reactor Project. VTT tools have been applied on extensive analyses
of the VVER fuel irradiations performed in Halden over past several years.

In collaboration with the French safety research organisation IPSN, VTT has installed
and used the IPSN SCANAIR code, developed to simulate a fuel rod in RIA mainly
(Federici 2000). Recently, VTT Energy has taken an active role in the further
development of SCANAIR. In a master’s thesis work, a model for creep, an essentia
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phenomenon in high-temperature transients, was incorporated in SCANAIR (Knuutila
2000). The work includes a literature survey on creep models.

The USNRC has launched programmes to renovate their steady state and accident
codes. These efforts partly continue, as it appeared that satisfactory results could not be
reached without profound re-writing of the coding. Necessary high burnup descriptions
were included. The Finnish STUK has started a close collaboration with the NRC, with
active participation from VTT to the development of the two NRC codes, viz.
FRAPCON-3 for steady state and FRAPTRAN for accident conditions. The
competencies on fuel behaviour and therma hydraulics have been combined to
introduce, in collaboration with the FINNUS/READY project, an interactive thermal
hydraulics model in FRAPTRAN that is based on VTT in-house GENFLO formulation,
with expected completion in 2000. With the parallel installation and collaborative
development of the NRC codes, STUK wishes to maintain independence of the utility
analyses and aforefront position in the international development in this sector as well.

Main objectives of the FINNUS/KOTO project in 2001-2002

Within the FINNUS Programme, selected studies will continue to improve the
understanding of phenomena and to promote the performance of analytical tools.

The further development of the ENIGMA steady-state code is focusing in improving the
descriptions of high burnup phenomena, fission gas release in particular. The USNRC
codes with upgraded thermal hydraulic subroutines will enter into systematic testing and
application. The new high burnup material data will be incorporated into the
performance models. Flexibility of the codes and features that will make them easier to
use will be added, together with elaborated post-processing capabilities.

Code validation, qualification of test results, and analysing separate effect tests will be
actively continued under the collaboration with the Halden Project collaboration.

Membershipsin bodies of international organisations continue. The IAEA is expected to
launch another co-ordinated research programme on fuel performance code comparison.
Post-graduate studies and other educational efforts will be encouraged.

The Finnish CABRI project
Finnish participation in international experimental projects now continues outside the
FINNUS Programme, but in close co-ordination with its fuel studies. Through aVTT-

utility consortium, preparations are well under way to participate in the OECD-IPSN
Water Loop Project 20002007, an experimental research programme on high burnup

38



-light water reactor fuel in prototypic RIA conditions. The key experiments that the high
burnup issue is resting on were once made by IPSN in CABRI reactor in CEN
Cadarache, in atest rig with sodium coolant. An internationally sponsored € 50 million
project has now started to build a water loop in the CABRI reactor with planned 12 test
altogether of which ten in the new facility. With water as the coolant, one aims at a
proper simulation of its interaction with fuel beyond the first fractions of a second. The
probable scenario depends on interactive factors in the manner schematised in figure 7.
In the planned tests in the pressurised water loop, the project will address the
interactions from the onset of the departure from nucleate boiling (DNB) up to the
behaviour of dispersed fuel in steam. Rod burnups of up to 60-80 MWd/kgU and
representative cladding materials are anticipated. The schedule of the tests and related
Finnish activities are planned as in table 2. The project will have a close connection
with the similar research at the NSRR laboratory of JAERI of Japan.

Attached with the CABRI Project, the French separate effect programmes PROMETRA
and PATRICIA for material testing and thermal hydraulics, respectively, will become
within reach of the participants. In the former, the cladding of the M5 type, similar to
the VVER cladding, and high temperature ranges of Zircaloy will be addressed. In
PATRICIA, transient heat transfer coefficients will be determined.

The USNRC has started an extensive out-of-pile support programme for high burnup
cladding behaviour, to be performed at the Argonne National Laboratory. Irradiated
claddings from actual PWR and BWR rod will be tested in various types of
experiments. The test types include oxidation tests in steam, simulated LOCA criteria
tests with internal pressurisation and simulated pellets, plus ring and axial tensile test,
and biaxia burst test, with RIA and LOCA-related conditions separately. The total
number of tests with irradiated samples will approach 350. The cladding samples will be
from rods with burnups of 50 MWd/kgU, typicaly. Zr-2 liner, Zr-4, and Zirlo type
materials are included. The results are expected to become shared by the CABRI Project
participants.

Conclusions

In reactor technology and safety, fuel performance isin a special position, as fuel is the
part of the system that will face constant changes in design and operational data. The
variety of reactor types and materials, the difficulty and high expense of performing the
experiments, and the difficulty to theoretically and analytically cover the many affecting
factors, together with the requirements of the new regulatory practices, place a great
challenge to high burnup fuel studies, however. It is acknowledged that a small part of
the whole can be addressed at a time. On the other hand, the Finnish participation and
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Table 2. Improving fuel efficiency by increasing burnup (CABRI). Time table of CABRI
tests, planning, and Finnish studies in 2000 through 2007.

CABRI: tests

CABRI:construction

Test planning (TAG)

Precalculations

Preparation of contracts

YEAR 2000 2001

2002 2003

2004

2005 2006

2007

Analyses of the results

SCANAIR development
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presence in the essential international research efforts are well advanced, and active and
competent participation in the actual research and development work is on-going and
anticipated to increase. The authority-sponsored parallel development and application
route based on the USNRC codes and collaboration will accentuate the role of VTT as
an independent consultant. Also, encouraging educational progress has been made after
along period of alarmingly low activity in this respect.

Note: A special report on the KOTO project in chapter 5.5.
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3.2 Reactor physics and dynamics (READY)

VTT Energy has created and intends to maintain a computer code system and
competence for carrying out al reactor physics calculations needed in Finland, as well
as a comprehensive and independent computer code system and expertise for reactor
safety analyses, providing tools from basic nuclear data to three dimensional transient
and accident analyses.

Main objectives in 1999-2000

In reactor physics the main objective is to ensure reliable and continuous use of the
wide range code system both by updating and validating the codes and the ways to use
them, and training of new personnel. In 1999-2000 special emphasis is in learning to
use Monte Carlo Technique, applying the nuclear data processing system NJOY'97 and
validating three-dimensional out-of-core calculation systems against experimental
benchmarks. In order to be able to model cores with increased heterogeneity, an
advanced nodal method (including pin power reconstruction) is to be devel oped.

In reactor dynamics the objectives are to complement and validate the calculation
system for complex scenarios, such as ATWS, boron dilution and BWR core stability.
The plan is to validate the three-dimensional reactor dynamics codes TRAB-3D and
HEXTRAN against plant measurements and international benchmarks. Co-operation
with the KOTO project includes improving of the fuel models of the reactor dynamics
codes and introducing thermal hydraulic models from the existing codes to the fuel
behaviour analysis codes. The therma hydraulic models of the dynamics codes are
improved by taking into use the numerically accurate solution method PLIM. The
CFDPLIM solver itself is aso further developed to have a new more robust version for
the coupled calculations. To model complicated accidents, correlations for counter-
current flow are studied. Possibilities of the six-equation model SFAV in modelling
thermal hydraulic phenomenais studied.

Main results in 1999-2002
Validation of three-dimensional reactor dynamics codes

The three-dimensional reactor dynamics code TRAB-3D (Kaoinen & Kyrki-Rajamaki
1997) developed a VTT has been validated for coupled neutronics and thermal-
hydraulics analyses of PWRs and BWRs in sguare lattice geometry (Daavittila et al.
2000a, Zimin et al. 2000). In addition to the core dynamics TRAB-3D includes BWR
circuit models; the combination has been succesfully validated by calculating real TVO
plant transients (Daavittila et al. 2000b). TRAB-3D has also been validated by
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calculation of the OECD/NEA Main Steam Line Break benchmark (Ivanov et al. 1999).
All the three phases of the benchmark were calculated duly and with good results using
TRAB-3D coupled with the SMABRE circuit model of the PWR (TMI-I). (See also
chapter 5.7.)

Improved neutronics modelling

Static and dynamic analyses of reactors are normally carried out using nodal methods,
in which the fuel assemblies are modelled with axially divided homogeneous volumes.
A new three-dimensional neutronics nodal model based on the analytical function
expansion method (AFEN) (Noh & Cho 1994) has been developed at VTT. The AFEN
& Cho model is needed in modelling of new complicated fuel types. In addition to
improved accuracy within the reactor core, use of analytic expansion functions enable
calculation of the neutron flux in reflector areas, which could eg. improve the accuracy
of the ex-core detector flux estimates. Moreover, the pin power reconstruction model
(Mattila 1999a, Mattila 1999b) developed earlier in the project is directly applicable
within AFEN. The model has been succesfully tested against IAEA-2D benchmark
(Argonne Natinal Laboratory 1977). (See chapter 5.6.)

HEXTRAN is a three-dimensional hexagonal reactor dynamics code developed at VTT
(Kyrki-Rgjamaki 1995). A model of the out-of-core detector signals with precalculated
kernels was implemented in the HEXTRAN three-dimensional reactor dynamics code
for VVERSs utilizing Monte Carlo calculations (Kaloinen et al. 1999, Wasastjerna &
Siltanen 2000). The comparisons against Loviisa and Czech Mochovce rod drop
experiments showed increased consistency (20— 10% difference), but still more
advanced neutronics modelling is needed to achieve full agreement.

Modelling of new fuel types

New fuel designs and intentions to increase the burnup of the nuclear fuel sets new
requirements for calculation models used in safety analyses. The problem has been
approached from two sides: by improving the fuel models of the dynamics codes and by
introducing advanced hydraulic modelsin fuel codes.

New models of the radial heat generation within the fuel pellet and of the gas gap
behaviour have been implemented in the reactor dynamics code TRAB (Syrjdlahti
2000). In the new models the heat generation depends on radial position and burnup;
and the gas gap conductance depends on the temperature, pressure and width of the gas
gap as well as on the free volume of the fuel rod. In addition, the effect of the possible
contact between the fuel pellet and cladding on conductance has been included in the
model. New models have been tested in a control rod € ection case.

43



FRAPTRAN is acomputer code used for transient and design basis accident analysis of
the behavior of a single fuel rod under off-normal reactor operating conditions (Siefken
et a. 1981). The fuel behavior model of FRAPTRAN has recently been upgraded but its
hydraulic model is still based on the old RELAP homogeneous model. At VTT
FRAPTRAN has been coupled with a more sophisticated hydraulic code called
GENFLO (GENera FLOw) that has been developed at VTT. The hydraulic models and
calculation routines of GENFLO are similar to those of the SMABRE (Miettinen &
Hamda&nen 2000) and RECRIT (Miettinen et al. 2000) codes. Hence, GENFLO is
based on fast, non-iterative five-equation model including also rewetting capabilities up
to the melting temperatures of the fuel rods. The first version of the new coupled code is
being tested in co-operation with the KOTO project, see chapter 3.1.

Advanced thermal hydraulics modelling

Piecewise Linear Interpolation Method (PLIM) (Rajamédki & Saarinen 1991) is a
hydraulic solution method, developed at VTT, that is aimed at improving the accuracy
of the reactor dynamics codes in challenging flow conditions. The PLIM method
eliminates numerical diffusion and dispersion, which improves eg. tracking of boron
and temperature fronts in transients. To improve the capability of PLIM in the cases
where the derivative terms are less important than the source and coupling terms, a new
numerical iteration scheme has been developed. The scheme, that resembles a normal
solution method of conventionally discretized equations, was found necessary to treat
the thermal hydraulics equations of reactor dynamics codes.

The pump model of the 1-D TRAB has been implemented in the version with the new
hydraulics model PLIM, and it has been successfully tested with several transients. The
HEXTRAN-PLIM core model has been shown to give consistent results with the old
version in mild transients. Various drift-flux correlations were programmed and tested
in complicated flow regimes such as counter-current flow and reversed flow. Good
candidates were found for further trial studies.

Separation of the Flow According to Velocity (SFAV) (Narumo 1997) is a two-phase
flow formalism developed at VTT. The amplitude growth of the propagating voidage
waves, earlier calculated at 7 MPa, were recal culated with SFAV at 0.1 MPain order to
obtain information for experimental work concerning significance of the phase
separation phenomena.

Updating and validating the reactor physics code system

In reactor physics the Monte Carlo method is chosen to solve complex problems in
criticality and radiation shielding. Several advanced features of the MCNP Monte Carlo



code (Briesmeister 1997), such as the differential operator perturbation technique to
evaluate small reactivity changes or variance reduction techniques in deep penetration
shielding and streaming problems, have been validated and taken into use. The Monte
Carlo method has also been applied to study the VVER-440 control element efficiency
and the Tokaimura criticality accident in 1999 (Tanskanen 1999a).

The NJOY nuclear data processing system is used for producing pointwise and
multigroup nuclear cross sections and related quantities from evaluated nuclear data in
the ENDF format (MacFarlane & Muir 1994). NJOY was applied to generate multi-
temperature neutron cross section and thermal scattering data for the MCNP Monte
Carlo particle transport code from the ENDF/B-VI revision 5 evaluated nuclear data
(Tanskanen 2000a). The new data enables wider use of accurate Monte Carlo analyses.

An international benchmark, launched by the OECD/NEA, to examine the current
computation techniques used for calculating neutron and gamma doses to reactor
components, revealed that three-dimensional neutron fluence calculations provide
results that are significantly more accurate than those obtained from two-dimensional
calculations (OECD/NEA Nuclear Science Committee 1999). Previoudly, the two-
dimensional DORT discrete ordinate transport code has been used at VTT for out-of-
core flux calculation (Wasastjerna 1992). Now, the three-dimensional TORT discrete
ordinate transport code has been validated against the VENUS-3 benchmark (Leenders
1988). A discrete mesh generator program DIMER (Tanskanen 2000b) has been
developed at VTT to automate mesh, material distribution and source distribution
generation for TORT calculations. The calculated benchmark results were in good
agreement with the reference resullts.

International research co-operation

International benchmarks have been utilised in validation and development of the
reactor physics and dynamics codes. Not only has the accuracy of VTT's independent
computer code system been demonstrated, but calculation of benchmarks has
contributed to the international research contacts. VTT's expertise in three-dimensional
dynamics calculations has been utilised in defining, solving and coordinating three-
dimensional hexagona dynamics benchmarks in the international co-operation on
VVER reactor physics and safety (AER) (Kliem et al. 1999). Also criticality calculation
codes have been validated within AER co-operation (Tanskanen 1999b). Moreover,
VTT has succesfully participated in calculation of benchmarks launched by the
OECD/NEA Nuclear Science Committee (NSC). Worldwide interest in coupled
neutronics/thermal hydraulics calculations has also increased co-operation with the
NEA Safety Committee (CSNI) (Kyrki-Ragjamaki & Réaty 1999, Kyrki-Rajamaki 2000,
Mittag et al. 2000).
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Education of experts

One of the goals of the READY project is to maintain the reactor physics expertise in
Finland. The project supports both undergraduate and post-graduate studies. Two
master's theses were completed in 1999 (Latokartano 1999, Mattila 1999a). The project
employs presently seven young persons (YG): five post-graduate scientists and two
research trainees. The Y G has participated in international training courses and summer
schools.

Main objectives in 2001-2002

In the near future the strategic objectives of the project will remain unchanged. In
reactor physics the main objective is to ensure reliable and continuous use of the wide
range reactor physics code system, that largely relies on internationally widespread
computer codes acquired through the NEA Data Bank. Therefore, it is essential to
maintain close contacts in the field of reactor physics with NEA Nuclear Science
Committee. Especidly participation in the work of the nuclear criticality safety groups
is planned. Fruitful co-operation on VVER safety will also be continued within AER.
Applications of the Monte Carlo method are extended. Further efforts in reactor physics
are included in the development of the reactor dynamics codes.

In reactor dynamics the main objective is to converge all the accrued development into
production versions of the codes. This includes development of the advanced neutronics
(AFEN) and thermohydraulic (PLIM) models and their application to reactor dynamics
codes; vaidation of the calculation system (NEA/NSC BWR turbine trip and AER
asymmetric steam line break benchmarks); and updating the code manuals. Modelling
of fuel transients is continued in close co-operation with the KOTO project and the
NEA/CSNI working group on Fuel Safety Margins.

Applications

VTT's comprehensive and independent reactor physics and dynamics code system is
applicable to safety analyses of BWRs and PWRs including VVERS. The code system
has been widely used by the nuclear safety authorities and by the Finnish nuclear power
companies as well as by customers abroad. The code system was extensively utilized in
the analyses of the recent power uprating projects of Finnish NPPs: in the selection of
new fuel types including criticality studies, and in the transient and accident analyses.
VTT has for many years carried out the ICFM work for the Olkiluoto-1 BWR, utilizing
also the expert system CORFU (HOglund & Latokartano 1999). The ICFM of the
Loviisa VVERs is made with VTT's HEXBU code (Kaoinen 1992) which was aso
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used in the development of a new VVER-440 fuel design. Nuclear data for these
analysesis generated by VTT with the CASMO code.

The power uprating, new advanced reactors and fuel types, new safety concerns, the
trend towards higher enrichment and burnup as well as better optimized cores set new
requirements for the calculation methods. More accurate modelling is needed to remove
uncertainties, excess conservatism, unphysical fittings, and to analyse numerically
challenging flow transients, where simplified assumptions can even lead to a fase
sequence of the events. Three-dimensiona core dynamics aso alows for modelling of
mixed fuel loading without simplifying averaging procedures.

The expertise gained in the project has been in great demand. New improved reactor
dynamics code versions have been applied to the safety analyses of the Finnish NPPs.
The reactor physics expertise has been utilized in waste management, simulator
applications, severe accident studies, materials research, fusion studies, as well as by the
Ministries of