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Abstract

SAFIR 2003-2006 is the present Finnish public research programme on nuclear power
plant safety. The programme is administrated by the steering group that has been
nominated by the Ministry of Trade and Industry (KTM). The steering group of SAFIR
consists of representatives from Radiation and Nuclear Safety Authority (STUK),
Ministry of Trade and Industry (KTM), Technical Research Centre of Finland (VTT),
Teollisuuden Voima Oy (TVO), Fortum Oyj (Fortum), National Technology Agency of
Finland (Tekes), Helsinki University of Technology and Lappeenranta University of
Technology.

The six key research areas of SAFIR are 1) reactor fuel and core, 2) reactor circuit and
structural safety, 3) containment and process safety functions, 4) automation, control
room and IT, 5) organisations and safety management and 6) risk-informed safety
management.

The research programme of the year 2004 involved 23 research projects, whose volume
varied from a few person months to several person years. The total volume of the
programme in 2004 was 4.9 million euros and 35 person years.

The research in the programme is performed primarily by the Technical Research Centre
of Finland (VTT). Other research units responsible for the projects include Lappeenranta
University of Technology, Fortum Nuclear Services Ltd and Helsinki University of
Technology. In addition, there are a few minor subcontractors in some projects.

The programme management structure involves the steering group, a reference group in
each of the six research areas and a number of ad hoc groups in the various research areas.

This report gives a summary of the results of the SAFIR programme for the period
January 2003 — October 2004. During this period the programme produced 256
publications, four Doctoral, one Licentiate and six Master Thesis. The total volume of
the programme in 2003-2004 was approximately 9 M€ and 67 person years.



Preface

SAFIR, The Finnish Research Programme on Nuclear Power Plant Safety 2003—-2006 is
the newest link in the chain of Finnish national research programmes in nuclear area.
Organisation of public nuclear energy research as national research programmes was
started in 1989 by the Ministry of Trade and Industry (KTM). Since then national
programmes have been carried out in the fields of operational aspects of safety (YKA
1990-1994, RETU 1995-1998), structural safety (RATU 1990-1994, RATU2 1995—
1998), and in FINNUS 1999-2002 that combined the operational aspects and structural
safety. Simultaneously the research was carried out in nuclear waste management
programmes (JYT 1989-1993, JYT2 1994-1996, JYT2001 1997-2001).

In parallel with the public programmes research has been carried out in the Finnish
Fusion Research Programme (FFUSION2) 1993-2002, programmes on Advanced Light
Water Reactor concepts (ALWR) 1998-2003 and a project on component life
management 1999-2003, partly funded by the National Technology Agency (Tekes).
Currently fusion research continues in the FUSION (2003-2006) and nuclear waste
management research in the KYT (2002-2005) programme.

The steering group of SAFIR consists of representatives from Radiation and Nuclear
Safety Authority (STUK), Ministry of Trade and Industry (KTM), Technical Research
Centre of Finland (VTT), Teollisuuden Voima Oy (TVO), Fortum Oyj (Fortum),
National Technology Agency of Finland (Tekes), Helsinki University of Technology
and Lappeenranta University of Technology.

In 2003 the main funding sources of the programme were KTM, STUK, VTT, TVO and
Fortum. At the beginning of 2004 there was a major change in the funding structure of
the programme due to a change in the Finnish legislation on nuclear energy. The
funding by KTM, STUK, TVO and Fortum was replaced by funding from a separate
fund of the State Nuclear Waste Management Fund (VYR). This VYR-funding is
collected from the Finnish utilities Fortum and TVO with respect of their MWth shares
in Finnish nuclear power plants.

The main funding sources of the programme in 2004 were the State Nuclear Waste
Management Fund (VYR) with 2.7 M€ and Technical Research Centre of Finland
(VTT) with 1.3 M€. The rest of the funding originated from several partners.

The six key research areas of SAFIR are 1) reactor fuel and core, 2) reactor circuit and
structural safety, 3) containment and process safety functions, 4) automation, control
room and IT, 5) organisations and safety management and 6) risk-informed safety
management.

SAFIR is a dynamic research programme allowing inclusion of new projects or
extension of the existing projects during the research year. Besides the research done
within SAFIR and education of experts via this research, SAFIR is an important
national forum of information exchange for all parties involved.

This report has been prepared by the programme management in cooperation with the
project leaders and project staff.



Contents

ADSTIACE. ...ttt h et ettt et b ettt 3
PIOIACE ..o e et e 4
Lo INEEOAUCTION . ...ttt ettt et b et e et e e e eaes 9
2. Enhanced methods for reactor analysis (EMERALD)........c.cccccceevviiiiiiniieiienieees 22
2.1 EMERALD SUMMATY TEPOTT ..cceuviiriiieiiiieriiieeiieeeiteeeiteeerteesiieeesireeenaeeeeieees 22
2.2 A systematic study of cross section library based discrepancies in LWR
criticality calculations. ...........ccveviieiiiiiiieiiee e 30
2.3 The coupled code TRAB-3D-SMABRE for 3D transient and accident
ANALYSES ..vvieiiiiiieeie ettt ettt ettt e b e e ta e e be e aeeebeensaeenbaenaaeans 38
3. High-burnup upgrades in fuel behaviour modelling (KORU)..........cccoveriiiirennnnnne. 46
3.1  KORU SUMMATY TEPOTT ..ceoueiiiiiiieiiieeeiteeeitee ettt eeiteesitte et e sibeesieeesbaeesabeee e 46
3.2 Improvements on FRAPCON3/FRAPTRAN mechanical modelling.............. 52
4. Integrity and life time of reactor circuits (INTELI)......c.ccccoviininiiniiniiicnieceeee, 59
4.1 INTELI SUMMATY TEPOTL...ccciuiiiiiiiiiiieeeiieeeiteeeiteeeiteeerteeeirteesibeessireesnieeesaeees 59
4.2 Constraint corrected fracture mechanics in structural integrity assessment.....68
4.3  Fatigue behaviour of 316 NG stainless steel in EPR primary circuit conditions..... 76
5. LWR oxide model for improved understanding of activity build-up and corrosion

phenomena (LWROXI) ..cooouviiiiiiiiiie ettt 89
5.1 Kinetics of the growth and restructuring of the oxide layer on stainless

steel in a light water reactor coolant.............ccoooiieiiiiiiiiiiniieeeeee e, 89
Ageing of the function of the containment building (AGCONT)........cccccvevveeneennen. 98
6.1 Ageing of the function of containment..............ccceeeueeriieniiienieniieeieeieeee e 98

Concrete technological studies related to the construction, inspection and

reparation of the nuclear power plant structures (CONTECH) .........cccccccveevrennnnne. 105
7.1  CONTECH SUMMATY TEPOTL...cuveieiiiieriiieeniiieeiieeeieee ettt esteeesbeeenireesieeesneees 105
Wall response to soft impact (WARSI) ......oooiviiiiniiniiiccceee 110
8.1  WARSI SUMMATY TEPOTT.....eeeeiiieeiieeeiieeeieeeriee et ere e e e sree e ens 110
8.2 Impact loaded StIUCTUIES.......cccuieiiieiiieiie ettt 113



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

The integration of thermal hydraulics (CFD) and finite element (FEM) computer
codes in liquid and solid mechanics (MULTIPHYSICS).....cccccovveviieiieniieiienee. 124
9.1 The integration of thermal-hydraulics (CFD) and structural analysis (FEM)
computer codes in liquid and solid mechanics (MULTIPHYSICS) .............. 124
APROS modelling of containment pressure suppression systems (TIFANY)........ 132
10.1 TIFANY SUMMATY TEPOTE ..c.utiiiiiiiieriiieeriieeeiteeeiteeeiteeeieeesieeesireeenireeennneesnns 132
Thermal hydraulic analysis of nuclear reactors (THEA)........cccccoeviiiiiiiiiniinne 140
11.1 THEA SUMMATY TEPOTT....ceruiieeiieeiiieeeiiieesteeeiteeeieeeeireesieeesnseeesnseesnnseesnnseas 140
11.2 Simulation of the PACTEL non-condensable experiments with APROS 5.04..... 147
Severe accidents and nuclear containment integrity (SANCY).....coceveevinvenennne 153
12.1 SANCY SUMMATY TEPOTT ..ecuvvieriireeiieeniieerieeesiteeesireeeereesareesseeesseesnsseesnssees 153
12.2 Study of water ingression MOdels ..........ceevieiiieiieniiierieeieeee e 160
12.3 The irradiation tests of sealing materials.............coocueeiieniieiiiiiiiiieeeeeee, 168
Fission product gas and aerosol particle control (FIKSU).........ccceovvieviienieeciiennnns 175
13.1 Ruthenium behaviour in severe accident condition............eceevereerierieneennens 175
Development of aerosol models for NPP applications (AMY) .....ccccoevveerieriienenne 183
14.1 Aerosol model development for nuclear applications...........cccceevveeereennnnne. 183
Emergency preparedness supporting studies (OTUS) .......ccoocvvvieviiinieniieiee, 192
15.1 OTUS SUMMATY TEPOTT ....eouriiiiiiieiiieniteeieeeiie ettt 192
Archiving experiment data (KOETAR)......ccccoeoiiiiiiiiiiieeeeeeeeee 194
16.1 KOETAR SUMMATY FEPOTT c...eeeiiriieiieeiieniieeieenite et e e 194
Condensation pool experiments (POOLEX) .......cccoceviriiiniininiinicnecicnieneeeeen 199
17.1 Condensation pool experiments with steam injection............cccccveevvvervrenennn. 199
PACTEL OECD project planning (PACO) .......cccceeeiiieriiiiieieeieeieeie e 207
18.1 PACTEL OECD project planning...........cccceecvereeneriienieneenienieneeeeseenieenens 207
Interaction approach to development of control rooms (IDEC)..........c.ccccveevvennnnn. 215
19.1 Development of indicators for integrated system validation......................... 215
Application possibilities of systematic requirements management in the
improvement of nuclear safety in Finland (APSREM)........cccccoceeiiiiininniiiinceene 224
20.1 APSREM Summary RepOrt........cooveriiiiiiiiiiiiiiiceicrieeeeeeeeeee e 224
Influence of RoHS-directive to reliability of electronics — preproject (ROVEL) ...226

21.1 ROVEL SUMMATY TEPOTT ...eeuvreeiiieeiiieeiieeeiieeeiteeeireeeieeesreeessseeessseesnsseesnne 226



22. Organisational culture and management of change (CULMA)........cccccocevvinvennennn 228

22.1 CulMa SUMMATY TEPOTL.....eeeruiieeriiieeireeeiieeeireesrreeetreesseeesreeeareeensneesnsneesnnns 228
22.2 Organisational challenges of maintenance work at NPPs..........c..cccceeveinne. 235
23. Disseminating tacit knowledge in organisations — preproject (TIMANTTI) .......... 243
23.1 The role of tacit knowledge and the challenges and methods in sharing it at the
FINNish NPPS ..ot 243
24. Potential of fire spread (POTFIS) .....c.ooiiiiiiiiieeeee e 251
24.1 POTFIS SUMMATY TEPOTT ..eeeevieeiiieeiieeeiieeeireeeieeeeieeesieeesereeenareeesneessneesnnns 251
24.2 Experiments and modelling on vertical flame spread .............cccceeveeriienens 257
25. Principles and practices of risk-informed safety management (PPRISMA) ........... 266
25.1 PPRISMA SUMMATY TEPOTL ..veeeiiieeiiieeiieeeiieeeiteeeieeeeieeesseeesereeennseesnnseesnnne 266
25.2 Risk-informed cate@oriSation ...........cceeevieriieriieniienieeiee e eiee et eree e 273
Appendices

Appendix A: Publications of the projects
Appendix B: International co-operation connections
Appendix C: Academic degrees awarded in the projects 1.1.2004-8.12.2004

Appendix D: The steering group, the reference groups and the scientific staff of the
projects






1. Introduction

Nuclear safety research in Finland consists of three components: regulatory research,
utility research and public research. Regulatory research and utility research whose total
annual volume exceeds the volume of public research is strictly separated from the
public research programme.

Public nuclear safety research provides the necessary conditions for retaining the
knowledge needed for ensuring the continuance of safe and economic use of nuclear
power, for development of new know-how and for participation in international
cooperation. The role of the public safety research is illustrated in Figure 1.
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Finnish national research programme
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Figure 1. The roles of public, regulatory and utility research in the Finnish research
field.

Planning of the new research programme was carried out by a special ad hoc committee.
The work of the committee has been presented in the framework plan [1]. The plan has
been made for the period 2003—-2006, but it is based on safety challenges identified for a
longer time span as well. It was recognized that the safety challenges set by the existing
plants and the new plant unit, as well as the ensuing research needs do converge to a
great extent.

The framework plan [1] defines the important research needs related to the safety
challenges, such as the ageing of the existing plants, technical reforms in the various
areas of technology and organisational changes. The research into these needs is the
programme’s main techno-scientific task. In addition, the programme has to ensure the



maintenance of know-how in those areas where no significant changes occur but in
which dynamic research activities are the absolute precondition for safe use of nuclear
power. The current research programme take advantage of the results obtained and
lessons learned in the former national research programme FINNUS [2, 3], as well as all
the preceeding programmes since 1989.

SAFIR 2003-2006 is the present Finnish public research programme on nuclear power
plant safety. The programme is administrated by the steering group that has been
nominated by the Ministry of Trade and Industry (KTM). The steering group of SAFIR
consists of representatives from Radiation and Nuclear Safety Authority (STUK),
Ministry of Trade and Industry (KTM), Technical Research Centre of Finland (VTT),
Teollisuuden Voima Oy (TVO), Fortum Oyj (Fortum), National Technology Agency of
Finland (Tekes), Helsinki University of Technology and Lappeenranta University of
Technology. The major partners of SAFIR are shown in Figure 2.

4 'n‘:m MINISTRY OF
T TRADE AND
™ INDUSTRY

Figure 2. All the key players of the Finnish nuclear field are represented in the SAFIR
Steering group.

The six key research areas of SAFIR are 1) reactor fuel and core, 2) reactor circuit and
structural safety, 3) containment and process safety functions, 4) automation, control
room and IT, 5) organisations and safety management and 6) risk-informed safety
management.
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Reactor fuel and core area covers reactor physics, reactor dynamics and fuel behaviour
analysis. The research is done solely with the help of calculational tools, partly with
sophisticated tools developed at VIT and partly using tools developed elsewhere. The
projects in this area have active contacts with international theoretical and experimental
work, such as the OECD Halden Reactor Project, the OECD-IRSN CABRI Project and
several other international research projects and working groups.

One of the main goals of the SAFIR programme is the education of the new generation. In
this most ‘nuclear-specific’ research area of SAFIR, this task is particularly pronounced.
All SAFIR research areas have links both between the various projects in the area and to
neighbouring research areas. The most vital connections of the reactor fuel and core area
are with the reactor circuit and structural safety area and with the containment and process
safety functions area.

In 2004 there have been two research projects in reactor fuel and core area, the Enhanced
methods for reactor analysis (EMERALD) project dealing with reactor physics and
dynamics and the High-burnup upgrades in fuel behaviour modelling (KORU) project
dealing with the fuel research. Both of these projects continue from the year 2003.

Reactor circuit and structural safety area covers the studies on the integrity and life
time of the entire reactor circuit and the studies of containment building construction,
inspection, ageing and repairing. In this area the projects include both experimental and
theoretical studies. The projects in this are have also active contacts with international
research work, both in EU and elsewhere.

In 2004 there were four research projects in this area. The Integrity and life time of
reactor circuits (INTELI) project is a very large one. The main objective is to assure the
structural integrity of the main components of the reactor circuit of the nuclear power
plant and to study the typical ageing mechanisms affecting the integrity of main
components during the life-time of the reactor. The main components included in the
scope of the project are reactor pressure vessel with nozzles and internals, piping of
reactor circuit and other components (steam generators, pumps, valves, pressurizer, heat-
exchangers). Oxide modelling is studied in the LWR oxide model for improved
understanding of activity build-up and corrosion phenomena (LWROXI) project and the
containment is studied in two separate projects, Ageing of the function of the containment
building (AGCONT) project and Concrete technological studies related to the
construction, inspection and reparation of the nuclear power plant structures (CONTECH)
project. The INTELI, AGCONT and CONTECH project continue from the year 2003
with the small CONAGE project of 2003 being connected to the AGCONT project.

11



Containment and process safety functions area covers simulation of nuclear power
plant processes, calculational thermal hydraulics and multiphysics approaches using
several codes, experimental thermal hydraulics at Lappeenranta University of Technology
(LUT) and various severe accidents projects, where both experimental and theoretical
work is included.

Multiphysical approaches, strong coupling of experimental and theoretical work and
active follow-up and participation in international research programmes are characteristic
to the projects in this research area. In this field, with several very ‘nuclear-specific’
projects, fostering of a new generation of experts has a vital role, too.

This by far the largest research area of SAFIR hosted in 2004 altogether 11 research
projects. They were the Wall response to soft impact (WARSI), Impact Tests (IMPACT),
The integration of thermal-hydraulics (CFD) and finite element (FEM) computer codes in
liquid and solid mechanics (MULTIPHYSICS), APROS modelling of containment
pressure suppression systems (TIFANY), Thermal hydraulic analysis of nuclear reactors
(THEA), Severe accidents and nuclear containment integrity (SANCY), Fission product
gas and aerosol particle control (FIKSU), Development of aerosol models for NPP
applications (AMY), Archiving experiment data (KOETAR), Condensation pool
experiments (POOLEX) and PACTEL OECD project planning (PACO). The WARSI,
TIFANY, THEA, SANCY, FIKSU, AMY, KOETAR and POOLEX projects continue
from the year 2003. In 2003 the area included also a relative small OTUS project on
emergency preparedness planning.

The research in SAFIR in the areas automation, control room and IT, organisations
and safety management and risk informed safety management concentrates on the
nuclear-specific problems. A typical feature of all these research areas is that the majority
of total research activities both in Finland and abroad are directed to non-nuclear
applications and that same tools and methods can be used quite extensively both in
nuclear and in non-nuclear research problems.

The focus of research in Automation, control room and IT is on the new technologies
that are emerging at nuclear power plants both via new plants and via renewal of
automation and control rooms in the existing plants.

Two research projects were included in 2004: Interaction approach to development of
control rooms (IDEC) project aimed at formulating a scientifically founded method for
the evaluation of human-system interfaces of complex industrial systems and a pre-
project study on Influence of RoHS -directive to reliability of electronics (ROVEL) was
performed. The IDEC project continued from the year 2003. In 2003 the area included
also the APSREM project on requirements management. Additionally, the research area is
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an important forum of information exchange on the work done beyond SAFIR in Finland
and in some international projects.

In Organisations and safety management area the research focuses on the
organisational culture and management of change and on the tacit knowledge involved.
The expertise of this research area is used also in the neighbouring areas in questions
related to control rooms and automation and in research related too fires at NPPs.

In 2004 the work in SAFIR in this area was performed in the project Organisational
culture and management of change (CULMA) and pre-project Disseminating tacit
knowledge in organisations (TIMANTTTI). The CULMA project continued from the year
2003. As well as in other research areas, the projects involved also participation in
international research projects and working groups.

Risk-informed safety management means use of information from probabilistic safety
assessment (PSA) to support decision making in various contexts. The expertise on risk-
informed safety assessment methods are used also in some projects in other research areas
in SAFIR.

The research area included in 2004 two projects: Potential of Fire Spread (POTFIS)
project, where the goal is to develop deterministic and stochastic sub-models to the same
level as other branches of PSA. The major strategic problem in SAFIR is the ability to
predict potential of fire spread in given scenarios. The Principles and Practices of Risk-
Informed Safety Management (PPRISMA) project deals with the whole scope of risk-
informed methods and application areas related to safety of nuclear power plants. Both
projects continued from the year 2003.

The research performed in the projects is supervised by six reference groups. The
programme is managed by the coordination unit VTT Processes, the programme
director, the project co-ordinator and the project managers of the individual research
projects.

There were 20 research projects and the administration project going on during the year
2003 in SAFIR. The AMY-project joined in the programme after the publication of the
annual plan [4]. The projects and their division into the six research areas have been
illustrated in Table 1. The extent of the projects varied from a few person months into
several person years. Most of the projects have been planned to continue throughout the
entire four-year span of the SAFIR programme. Four of the projects were under the
‘umbrella’ of SAFIR without KTM-funding. CONTECH was funded by STUK and
several other partners, OTUS by STUK and VTT, and TIFANY and AMY by Tekes and
the utilities.
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Table 1. The research projects of SAFIR in 2003.

Group

Project and principal research
organisation

Acronym

Funding k€

plan

realised

Volume person

plan

years

realised

Enhanced methods for reactor analysis
VTT Processes

EMERALD

525

487

4,48

4,36

High-burnup upgrades in fuel behaviour
modelling
VTT Processes

KORU

210

220

1,95

2,11

Integrity and life time of reactor circuits
VTT Industrial Systems

INTELI

1057

1019

7,5

Ageing of the function of the
containment building

VTT Building and Transport

AGCONT

13

0,1

0,1

Participation in the OECD NEA task
group concrete ageing

VTT Building and Transport

CONAGE

9,48

9,5

0,07

0,07

Concrete technological studies related to
the construction, inspection and
reparation of the nuclear power plant
structures

VTT Building and Transport

CONTECH

100,5

100,5

0,7

0,7

Wall response to soft impact
VTT Industrial Systems

WARSI

137,7

138,4

1,2

1,2

The integral code for design basis
accident analyses

Fortum Nuclear Services

TIFANY

206,4

203,3

1,55

1,53

Thermal hydraulic analysis of nuclear
reactors

VTT Processes

THEA

187

165,8

Severe accidents and nuclear
containment integrity

VTT Processes

SANCY

315,6

314

1,62

1,56

Fission product gas and aerosol particle
control

VTT Processes

FIKSU

102

112

Development of aerosol models for
nuclear applications

Fortum Nuclear Services

AMY

191

150

1,4

1,9

Emergency preparedness supporting
studies

VTT Processes

OTUS

50

50

0,43

0,41

Archiving experiment data
Lappeenranta University of Technology

KOETAR

60

60

0,5

0,6

Condensation pool experiments
Lappeenranta University of Technology

POOLEX

152,5

163,9
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Interaction approach to development of | |pEC 140 140 1,1 1,1
control rooms
VTT Industrial Systems

Application possibilities of systematic APSREM 50 50 0.28 0.44
requirements management in the ’ ’

improvement of nuclear safety in Finland
RAMSE Consulting

Organisational culture and management | cULMA 205,7 201 1,5 1,45
of change

VTT Industrial Systems

Potential of fire spread POTFIS 158 158,5 0,9 0,7
VTT Building and Transport

Principles and practices of risk-informed | pprISMA 258,55 |245 2,08 2,07
safety management

VTT Industrial Systems

SAFIR Administration and information SAHA 116,7 107,9 0,86 0,81
(2002-2003)

VTT Processes

Total 4246,15 | 4108,76 | 31,62 32,11

SAFIR research programme consisted at the end of the year 2004 of 23 research
projects in the six research areas. The planned volume of the programme was 35 person
years and 4.9 million €. The volume of the projects varied from some person months up
to several person years. Most of the projects have been planned to continue throughout
the entire four-year span of the SAFIR programme [4]. The projects and their division
into the six research areas have been illustrated in Table 2.

Distribution of funding in the SAFIR research areas in 2003-2004 is shown in Figure 3,
and distribution of person years in Figure 4, respectively. It can be seen that the total
volume of the programme increased in 2004 from the previous year by some 0,8 million
euros and 2,4 person years. The increase was directed into the research areas 1-3.
Distribution of funding and person years in the six research areas of SAFIR have been
illustrated in Figures 5 and 6, respectively.
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Table 2. The research projects of SAFIR in 2004 (funding and volumes according to
updated plans).

Group | Project Acronym Funding | Volume
person
k€ years
1.
Enhanced methods for reactor analysis EMERALD 570 4,81
High-burnup upgrades in fuel behaviour modelling KORU 281 2,57
2.
Integrity and life time of reactor circuits INTELI 1082 6,57
LWR oxide model for improved understanding of activity LWROXI 86 0,62
build-up and corrosion phenomena
Ageing of the function of the containment building AGCONT 34 0,24
Concrete technological studies related to the construction, | CONTECH 107,5 0,85
inspection and reparation of the nuclear power plant
structures
3.
Wall response to soft impact WARSI 140,5 1,14
Impact tests IMPACT 202 0,95
The integration of thermal hydraulics (CFD) and finite MULTIPHYSICS | 116 0,69
element (FEM) computer codes in liquid and solid mechanics
APROS modelling of containment pressure suppression TIFANY 1924 1,38
systems
Thermal hydraulic analysis of nuclear reactors THEA 158 0,95
Severe accidents and nuclear containment integrity SANCY 305 1,19
Fission product gas and aerosol particle control FIKSU 55,5 0,43
Development of aerosol models for NPP applications AMY 212 1,90
Archiving experiment data KOETAR 60 0,57
Condensation pool experiments POOLEX 256 2,24
PACTEL OECD project planning PACO 60 0,19
4.
Interaction approach to development of control rooms IDEC 196 1,34
Influence of RoHS-directive to reliability of electronics — ROVEL 20 1,11
preproject
5.
Organisational culture and management of change CULMA 210 1,52
Disseminating tacit knowledge in organisations — preproject | TIMANTTI 27 0,43
6.
Potential of fire spread POTFIS 158 0,95
Principles and practices of risk-informed safety management | PPRISMA 248,5 2,05
0. SAFIR Administration and information SAHA 130,16 0,81
Total 4907,56 | 34,71
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Figure 3. Distribution of funding in the SAFIR research areas in 2003—2004.
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Figure 4. Distribution of person years in the SAFIR research areas in 2003—-2004.
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Figure 6. Distribution of person years in the SAFIR research areas in 2004.
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The programme has produced 256 publications in 2003-2004. Major part of the
publications consisted of conference papers and extensive research institute reports. The
number of scientific publications as well as the total number of publications varied greatly
between the projects, as indicated in Table 3. The average number of publications is 3.8
per person year, and the average number of scientific publications is 0,34 per person year.
The number of scientific publications is low due to the fact that part of the projects have
deliberately aimed at publication of the results as research institute reports.

Table 3. Publications in the SAFIR projects in 2003—2004.

Project Scientific Conference Res. inst. Others Total Volume
papers reports pers. year
EMERALD 2 20 8 3 33 9,17
KORU 0 2 1 1 4 4,68
INTELI 8 16 12 19 55 13,57
LWROXI 0 1 1 0 2 0,62
AGCONT 0 0 1 0 1 0,34
CONAGE 0 0 0 0 0 0,07
CONTECH 0 0 4 0 4 1,55
WARSI 0 0 2 1 3 2,34
IMPACT 0 0 0 0 0 0,95
MULTIP 0 0 3 3 6 0,69
TIFANY 0 0 13 0 13 2,91
THEA 0 3 1 0 4 1,95
SANCY 1 0 8 1 10 2,85
FIKSU 0 2 5 0 7 1,43
AMY 0 2 4 2 8 3,8
OTUS 0 0 2 0 2 0,41
KOETAR 0 0 2 0 2 1,17
POOLEX 0 0 2 5 7 4,24
PACO 0 0 0 0 0 0,19
IDEC 2 7 4 0 13 2,44
ROVEL 0 0 0 0 0 0,11
APSREM 0 0 1 0 1 0,44
CULMA 2 5 3 5 15 2,97
TIMANTTI 0 3 0 0 3 0,43
POTFIS 7 9 1 12 29 1,65
PPRISMA 1 6 15 8 30 4,12
SAHA 0 0 3 1 4 1,66
Total 23 76 96 61 256 66,8
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The programme has produced so far 4 Doctoral degrees, 1 Licentiate degrees and 6
Master’s degrees, as indicated in Table 4.

Table 4. Academic degrees awarded in the projects.

Project Doctor Licentiate Master Total
(DTech, PhD) (LicTech, LicPhil) | (MScTech, MSc, MA)
EMERALD - 1 1 2
INTELI 2 - - 2
AMY - - 1 1
POOLEX - - 2 2
IDEC - - 1 1
POTFIS 1 1
PPRISMA 1 - 1 2
Total 4 1 6 1

The programme management bodies, the steering group and the six reference groups,
have met on regular basis 3—4 times annually. The ad hoc groups that have a vital role in
some areas with many projects have carried out successfully their tasks. The ad hoc
groups have met upon the needs of the specific project. All these groups will be regularly
informed using standard progress reports. Figure 7 illustrates the structure of the SAFIR
programme with the research projects forming the hot red core of the programme, the six
reference groups and the various ad hoc groups having the principal responsibility of
scientific guidance and surveillance of the various research projects, as depicted with the
yellow layer encircling the red core. The steering group, depicted as the blue layer,
administrates the entire research programme thus keeping the SAFIR ‘jewel’ together.

Figure 7. The three-layer structure of SAFIR programme with projects (red), reference
and ad hoc groups (vellow) and steering group (blue).

The information on the research performed in SAFIR has been communicated formally
via the quarterly progress reports, the annual plans [4, 6] and annual reports [5] of the
programme and the www-pages of the programme. Additional information has been
given in seminars organised by various research projects. The detailed scientific results
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have been published as articles in scientific journals, conference papers, and separate
reports. During the year 2004 a brochure on the SAFIR programme was published, too.

In addition to conducting the actual research according to the yearly plans, SAFIR has
functioned as an efficient conveyor of information to all organisations operating in the
nuclear energy sector and as an open discussion forum for participation in international
projects, allocation of resources and in planning of new projects.

The report contains presentation of the main scientific achievements of the projects in
Chapters 2-24 both in the format of project overviews and special technical reports. The
Appendices give further statistical information on the programme. Appendix A contains the
publications of the projects, Appendix B lists the international co-operation connections,
Appendix C contains the list of academic degrees awarded and Appendix D list the
members of the steering group, the reference groups and the scientific staff of the projects.
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2. Enhanced methods for reactor analysis
(EMERALD)

2.1 EMERALD summary report

Randolph Hoglund
VTT Processes

Abstract

The purpose of the EMERALD project is to achieve a reliable computer code system for
all necessary steady-state and transient reactor analyses. Development of models and
codes as well as validation of the latter have included neutron cross section studies,
nodal, Monte Carlo and deterministic transport methods, criticality safety calculations
and the improvement of the dynamics codes to allow coolant flow reversal. Several
international meetings have been arranged and the results of the codes have been tested
through benchmark calculations and other comparisons.

Introduction

VTT Processes has created a comprehensive computer code system and striven to maintain
competence for carrying out all reactor physics calculations needed in Finland including the
necessary safety analyses. New fuel and reactor designs, new loading strategies, and the
continuing trend towards higher fuel burnups make it necessary to further improve as well
as validate the code system to be able to cope with the new challenges.

Main objectives

The main objective is to accomplish a unified, complete, up-to-date, easy-to-use, and
flexible entirety consisting of both programs acquired from elsewhere and programs that
are the result of own development. The code system should cover the whole range of
calculations, from handling of basic nuclear data, i.e. cross section libraries, over fuel
and core analyses in normal operating conditions to transient and accident studies using
coherent models and methods. It should be possible to follow the whole life cycle of the
nuclear fuel from a reactor physics point of view until its final disposal. The same or
similar models can often be used in both the static and the dynamic calculations.

Additionally, it is of special importance in today’s situation, when the use of nuclear

power is increased at the same time as the present generation of nuclear experts are
gradually retiring from work, to maintain competence and train new personnel. Co-
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operation with the technical and other universities is necessary to make new students
interested in this branch of science and thus ensure that the nuclear plants in Finland
will be in the hands of competent people in the future, too. The tasks of the project have
provided and will continue to provide excellent possibilities for university students to
perform work for their academic degrees.

Reactor physics

The work on reactor physics has been divided into four subprojects, which deal with
nuclear cross sections, nodal methods, transport methods, and criticality safety &
isotope concentrations.

The results obtained in any reactor analysis is very much dependent on the quality of the
cross section data that describe the interaction of the neutrons with the surrounding
medium. Cross sections are often modified for different programs and different
problems, but nevertheless originally based upon one of the existing basic cross section
libraries. Comparisons between recent versions of the American ENDF/B, NEA Data
Bank’s (originally European) JEF/JEFF and the Japanese JENDL libraries have been
performed [5, 6]. These studies are reported in a separate article below.

A new BWR core simulator code was developed at VIT Processes during SAFIR’s
predecessor FINNUS. Its name ARES was derived from the words AFEN Reactor
Simulator, where AFEN stands for the neutronics solution method used in the program,
which is based upon the Analytic Function Expansion Nodal model [8]. The simulator
has been further improved and tested during the initial phase of the EMERALD project
and has now also been used for EPR calculations. ARES is useful when reference
calculations for foreign commercial codes are needed, i.e. for finding and evaluating
problem areas and safety margins. It can produce burnup distributions for transient
calculations in independent safety studies and also makes it possible to test new models
and ideas in reactor core analysis.

With the continuous development of more efficient computers, it has become possible to
use highly accurate, but also very time-consuming Monte Carlo methods in many reactor
physics problems. At VIT Processes, the MCNP code has been frequently utilized.

A deterministic 3D radiation transport code MultiTrans has been created at VTT. It is
based upon the so-called tree multigrid technique for improving the mesh used in the
calculation for solving a certain problem. It has been used for BNCT dose planning and
photon-electron dose calculations in more traditional radiotherapy. In benchmark
studies, MultiTrans has now also been successfully applied to reactor fuel and core
criticality calculations [4].
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Except for the main reactor analysis codes themselves, there are many auxiliary codes
necessary to be able to use the main codes efficiently. Several such codes have been
installed and utilized during the EMERALD project, e.g. a new NJOY version and
JANIS for the manipulation of cross section data, and BOT3P for neutron transport code
input and output treatment (Figure 8).

Nuclear criticality safety is a term meaning all actions aimed at the prevention of a
criticality accident. Originally, fresh fuel was assumed in the criticality safety analyses
for the storage and transport of spent fuel assemblies also. Nowadays, the increased use
of burnable absorbers and the trend towards higher enrichments and burnups call for a
more realistic approach that pays attention to the changes in assembly composition
during irradiation. Taking the burnup related changes in isotopic concentrations into
account is referred to as burnup credit (BUC), the use of which can reduce the
conservatism in the design of spent fuel storage and transport equipment, thus leading to
considerable savings in the costs.

A number of comparisons with experimental results, as well as results obtained by
calculation elsewhere, have been made using the CASMO-4 and Monteburns 1.0 codes
[10]. CASMO, Studsvik Scandpower’s code for generation of cross section data, is
widely used all over the world for ICFM studies on both BWR and PWR reactors as
well as for other applications.
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Figure 8. Modelling of the Olkiluoto BWR core by BOT3P for transport calculations
using the TORT code.
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Reactor dynamics

With the reactor dynamics codes developed at VTT, i.e. TRAB, TRAB-3D, and
HEXTRAN, it is possible to perform transient analyses for cores with square or
hexagonal fuel bundle geometry for boiling water as well as pressurized water reactors.
An important limitation of the present codes, however, has been their inability to handle
coolant flow reversal in a flow channel, a phenomenon that can be encountered in e.g.
BWR ATWS cases or at natural circulation conditions in connection with VVER power
excursions.

As a fast solution to this problem, two existing computer codes, the TRAB-3D reactor
dynamics code and the SMABRE thermal hydraulics code [2, 7], have been coupled
together using an internal coupling scheme. This means that TRAB-3D performs only
the neutronics and heat transfer calculation, whereas SMABRE takes care of the
hydraulics calculation of the whole cooling circuit including the reactor core. The
solution will be somewhat less accurate than with the standard TRAB-3D version, but
the coupled code TRAB-3D/SMABRE should be able to calculate transients with flow
reversal in the reactor core or the core by-pass with reasonable accuracy. Also, the new
internal coupling will make the future modelling of in-core cross-flows in PWR (such as
EPR) open core geometry possible.

The coupling of TRAB-3D and SMABRE is described in more detail in a special article
below.

As a future solution to various reactor dynamics problems, the highly accurate PLIM
thermal hydraulics solver has been developed during earlier research programs already.
It will for instance be able to track moving fronts, like boron fronts, accurately and also
to deal with flow reversals. It has previously been successfully applied to several limited
problems, but its use in full BWR circuit dynamics calculations, where the hydraulics
solution is strongly coupled to other phenomena, i.e. neutronics and heat transfer, has
proved difficult and sensitive to small disturbances.

In order to make the solver more robust, and to enhance its modelling capabilities, a
new basic solution method has been created. The theoretical work on this model has
been completed during the first phase of the EMERALD project. The work will
continue with a reprogramming of the CFDPLIM computer code. The new solver
combines the PLIM method with more traditional-type hydraulics methods, with the
former taking care of the convection phenomena and the latter making the coupling
between the hydraulics equations stronger. A new accurate way of forming the matrices
used in the model has also been implemented and these new features are expected to
improve the program's robustness, make the treatment of flow channel boundary
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conditions easier and reduce the importance of numerical parameters given in the input,
thus facilitating the practical use of the solver.

International research co-operation

Because the resources of a single country are limited, research in reactor physics and
dynamics is very much dependent on international co-operation, where the results of the
work are presented e.g. in the form of benchmark studies and other comparisons of
measurements and computational results [11], at conferences and in international
publications. Finnish participation in for instance the work of NEA, IAEA, AER, NKS,
and other Nordic co-operation is also included in the project.

During the first two years of the SAFIR programme, two international conferences and
one seminar have been arranged within the EMERALD project. The 11th meeting on
"Reactor physics calculations in the Nordic countries" was held in April 2003 and the
14th "Symposium of AER on VVER Reactor Physics and Reactor Safety" in September
2004. The former gathered 46 participants representing 6 organizations in 6 countries,
the latter 73 participants from 11 countries (Figure 9). Somewhat smaller-sized was the
seminar on "NKS-R 3D Transient Methodology for the Safety Analysis of BWRs" just
before the Nordic reactor physics meeting. Naturally, the results of the project were
quite extensively presented at these three occasions on its own home ground and the
proceedings have been published by VTT [3], NKS in Denmark [1], and KFKI in
Hungary [9], respectively.

Applications

As the code system that is the objective of the project will cover the whole range of
calculations, from handling of basic nuclear data, i.e. cross section libraries, over fuel
and core analyses in normal operating conditions to transient and accident studies, it is
to be used for research as well as the needs of the safety authorities and power utilities
in order to ensure safe and economic use of the nuclear power plants. Correct evaluation
of neutron cross section data is the basis of everything else, static core calculations are
needed for in-core fuel management, but also to provide starting-points for transient
analyses, and the dynamics calculations aim at identifying and avoiding situations that
could jeopardize the safety of the nuclear installations.
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Figure 9. More than 70 people from 11 countries participated in the 14th Symposium on
VVER reactor physics and safety at VTT.

Conclusions

During the first two years of the EMERALD project, VIT Processes” computer code
system for both steady-state and transient reactor analysis has been further developed
and validated through international benchmarks and other comparisons. Cross section
libraries and methods for criticality safety calculations have been investigated. Monte
Carlo methods have been utilized for different purposes and necessary tools have been
acquired to make the calculations and the handling of input and output more efficient.
Code development has been focused on nodal and deterministic transport methods. In
reactor dynamics, efforts have been made to develop program versions that can cope
with problems that the previous codes are not equipped for, especially coolant flow
reversal in flow channels.

As its predecessors, the project has continuously contributed to increasing and
maintaining nuclear know-how in Finland by educating new experts and transferring
information through international organizations and co-operation. The reactor physics
work within EMERALD has resulted in a Master’s (criticality safety) and a Licentiate’s
(cross sections) thesis. A Doctor’s thesis on the development and validation of
MultiTrans is also being prepared.
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2.2 A systematic study of cross section library based
discrepancies in LWR criticality calculations

Jaakko Leppénen
VTT Processes

Abstract

Discrepancies in fundamental nuclear data pose a potential source of uncertainty in
neutron transport calculation. These discrepancies are often overlooked in reactor
physics calculations. There is evidence that differences in the order of 1% in the
multiplication factor are encountered when criticality calculations are carried out using
different neutron cross section libraries. Monte Carlo transport calculation codes are
especially prone to such discrepancies, since the base evaluated data can be used
without modifications.

This paper presents some results of a study, in which cross section library-based
discrepancies in light water reactor criticality calculations were investigated in a
systematic manner. Point-wise cross section libraries were generated from the ENDF/B-
VL.8, JEFF-3.0, JENDL-3.3, JEF-2.2 and JENDL-3.2 evaluated nuclear data files using
the NJOY-99 nuclear data processing system. The comparison calculations were carried
out using the MCNP4C Monte Carlo transport calculation code. A systematic method
based on the neutron balance of the system was developed in order to study the origin of
the reactivity discrepancies. The energy dependence of the cross section data was taken
into account by dividing the neutron flux spectrum into four energy groups. The
comparison calculations cover the most typical LWR operating conditions. The basic
geometry is an infinite pin-cell lattice. The main free parameter in the system is the fuel-
to-moderator ratio. Several variations of the basic geometry were studied, including
lattices with burnable absorber and control pins, a finite lattice with leakage and lattices
with low- and high-burnup fuel pins.

Introduction

All calculations in reactor physics require some information on the fundamental
interactions between neutrons and target nuclei. These interactions are described by the
simple conservation laws of classical kinematics together with complex nuclear physics
based on quantum mechanics. The microscopic cross sections describing the interaction
probabilities are complex functions of the energy of the incident neutron. A large
number of experimental measurements together with theoretical nuclear models are
needed to resolve the data. This process, known as cross section evaluation, is an
enormous task requiring large capital and human resources.
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Currently there are three major evaluation projects in the world: the American ENDF/B,
the Japanese JENDL and the JEFF project co-ordinated by the OECD/NEA Data Bank'.
The evaluated data is publicly distributed in the shared ENDF file format [1]. The major
data files are not entirely independent. Knowledge and both measured and evaluated
data are shared between the projects. An example of the shared efforts is the Working
Party on International Evaluation Co-operation (WPEC) [2], which was established to
develop the quality, completeness and consistency of the data.

Despite the international efforts, there are still differences between the evaluated data
files. The inconsistencies result from the fact that there are always uncertainties in
experimental measurements and free parameters in theoretical nuclear models. The
discrepancies in the data are inevitably reflected to all reactor physics calculations. This
problem concerns especially Monte Carlo transport calculation codes, which are able to
use the data directly, i.e. in a point-wise form without major modifications.
Deterministic codes, on the other hand, use very problem-specific group-wise data,
which is typically calibrated to give good results in the application environment.

Various comparison calculations have shown that discrepancies in the base nuclear data
may result in differences up to 1% in the multiplication factor. Such differences can be over
10 times larger than the statistical error of the Monte Carlo calculation method and almost
comparable to the safety margins in criticality safety studies. Cross section libraries based
on the different releases of ENDF/B-VI tend to under-predict the multiplication factor in
typical LWR systems [3, 4], while libraries based on JEF-2.2 and JENDL-3.2 usually give
slightly higher values. It has also been shown that the discrepancies between the libraries
are significantly larger in under-moderated systems [5]. Although most of the comparison
calculations have been carried out using the MCNP code, similar differences have been
encountered using other Monte Carlo codes as well [6].

The impacts of nuclear data discrepancies on the results of basic reactor physics
calculations have been systematically studied at the Technical Research Centre of
Finland (VTT). This paper presents some of the results of the recent studies, which have
been published in full as a VTT Processes project report [7].

MCNP criticality calculations on simplified LWR core models were carried out using
different cross section libraries. The comparison of results reveals large variation in the
multiplication factor. The differences are systematic and strongly dependent on the level
of neutron moderation. An analytic method based on the neutron balance of the system

" The JEFF data file is mainly built on two previous European projects, the Joint Evaluated File (JEF) and
the European Fusion File (EFF).
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was developed in order to study the origin of the reactivity discrepancies. The neutron
spectrum is divided into separate energy groups, so that the discrepancies in the
different energy regions of the data can be revealed.

Tools and methods

The comparison calculations were carried out using the MCNP4C particle transport
code developed at Los Alamos National Laboratory [8]. The cross section data for
MCNP were generated using the NJOY-99 nuclear data processing system [9]. Five
evaluated nuclear data files were used in the calculations. Most of the publicly available
cross section libraries for MCNP are based on data from ENDF/B-VI. For this reason,
the latest version of this data file, ENDF/B-VIL.8 [10] released in 2001, was taken as the
reference case. Results based on two recently released data files, JEFF-3.0 [11] (April
2002) and JENDL-3.3 [12] (May 2002), were compared to the reference results. Two
older but still widely used evaluations, JEF-2.2 [13] (1993) and JENDL-3.2 [14] (1994),
were also included.

The geometry of the system consists of uranium oxide fuel pins in light water
moderator. The pins are arranged in an infinite square lattice. The fuel is enriched to
4.0 at-% U-235. The cladding is made of pure natural zirconium. All minority isotopes
in the fuel, cladding and moderator are omitted. The main free parameter in the system
is the fuel-to-moderator ratio (FMR), which was varied by changing the moderator void
fraction. All materials are at room temperature (300 K). The pin-cell geometry is
illustrated in Figure 10.

| Fuel diameter: 1.0 cm

. Cladding thickness: 0.7 mm

i Fuel pitch: 1.8 cm

i Fuel density: 10.970 g/cm?

i Cladding density: 5.8 gfcm?

i Moderator density (zero void): 1.0 g/cm?
i Fuel-to—moderator ratio: 0.13 ... 4.0

1.8 cm i

Figure 10. Description of the pin-cell model.

The results presented here include only calculations carried out using the regular pin-
cell lattice described above. The calculations in the study also included various
modified lattices. Discrepancies in finite lattices with leakage, lattices with burnable and
control absorber pins and lattices with burned fuel were investigated. The detailed
results can be found in Reference [7].
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The fuel-to-moderator ratio was varied from 0.13 to 4.0, which covers most of the
typical LWR operating conditions. When the moderator density is reduced, fewer
neutrons are scattered into the thermal energies. Depending on the shape of the flux
spectrum, differences in the various energy regions of the cross section data are
pronounced.

A direct comparison of multiplication factors given by the MCNP criticality calculation
shows the order of magnitude of the difference between the libraries. In order to trace
back the origins of the observed discrepancies, an analytical method based on the
detailed neutron balance of the system was developed. The infinite multiplication factor
can be written as the ratio of simple source and sink terms:

e (1)
Sy +S.+8,,

where F'is sum of the fission source and the (n,2n) scattering source and Sr, S¢ and Sy,

are the absorption terms in the fuel, cladding and moderator, respectively. Each source

and sink term consists of the corresponding reaction rates, which may be divided into

separate energy groups. The source and sink terms in the fuel region, for example, can

be written as:

FoS [VFCD§Z(‘7§Z§M +38 )}
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m

and
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The inner summations run over all materials in the fuel® and the outer summation over
four energy groups. The key idea of this representation is that all the reaction rates can
be calculated very easily using the standard cell flux tallies of MCNP.

The sensitivity of k., against small changes in individual reaction rates can be estimated
by linearising Equation (1) with respect to the corresponding parameter. If reaction rate x
is deviated from its reference value by Ax, the estimated change in k., can be written as:

2 Some of the terms, such as the fission and the (n,2n) cross sections of fuel oxygen, are zero or
practically negligible.
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Ak = Axak“’ (2)
ox

ref

The partial derivative is calculated in the reference spectrum, i.e. using the results given
by the reference calculation.

Once the reaction rates are calculated for each library, Equation (2) gives a simple
means to estimate how particular differences in the cross section data might affect the
total differences in the multiplication factor. Since the absolute value of k., varies over a
wide range as the fuel-to-moderator ratio is changed, it is more convenient to make the
comparisons for reactivities:

This does not significantly complicate the related equations. The formulation of the
partial derivatives is a matter of simple calculus.

Results

The results of the criticality calculations are plotted in Figure 11. It is clear that there are
large discrepancies between the libraries and that the differences grow as the level of
neutron moderation is reduced. In typical light water reactors, the local FMR varies
from about 0.2 to 1.7, depending on the reactor type and the local thermohydraulic
conditions. It can be seen that both older libraries, JEF-2.2 and JENDL-3.2, give
approximately 500-1000 pcm higher values in this region, when compared to the
reference results. The more recently published JEFF-3.0 and JENDL-3.3 are more
consistent. Very similar results have been obtained in various comparison studies using
realistic geometry models of actual criticality experiments [3, 4, 5, 6].

It can be seen in Figure 11 that the reactivity discrepancies are systematic and strongly
dependent on the neutron spectrum. As the level of neutron moderation is reduced,
reactions in the thermal energy region become less significant. The thermal fission of U-235
is replaced by U-235 fission in the resonance region (energy group 3) and by the fast
fission of U-238. Parasitic neutron absorption increases in the third and the second
energy group. The cross section curves become more complex at higher energies. It is
clear that there are more differences in the data as well.
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Figure 11. Library-based differences in reactivity as function of fuel-to-moderator
ratio. Comparison to ENDF/B-VLS.

The contributions of individual reaction rates can be evaluated using Equation (2). For
the older libraries (JEF-2.2 and JENDL-3.2), there are several terms with significant
contributions in the overall result. The differences for JEFF-3.0 and JENDL-3.3, on the
other hand, originate predominantly from two reactions: the fast fission and the
resonance capture of U-238. Some of the differences result from small discrepancies in
dominating terms, while others result from large differences in less significant reaction
rates. The overall consistency between two libraries mainly depends on how well the
individual factors cancel each other out.

It is not surprising that the reactivity discrepancies mainly originate from the uranium
isotopes. There are very large differences in the absorption rate of fuel oxygen, but the
reactivity contribution of this reaction is rather minute. This is also the case for many
isotopes in the burnt fuel calculations [7]. There are several actinide and fission product
isotopes in the fuel, but the main reactivity contributors are the uranium isotopes
together with Pu-239. Neutron leakage, burnable absorbers (Gd) or boron carbide
control pins had no significant impact on the results compared to the base case. Some
additional reactivity discrepancies were, however, discovered using control pins
containing AIC absorber.

Conclusions
The role of cross section data as a source of uncertainty in LWR criticality calculations
was investigated in a systematic manner. The NJOY-99 nuclear data processing system

was used to generate point-wise cross section libraries from the ENDF/B-VI.8, JEFF-3.0,
JENDL-3.3, JEF-2-2 and JENDL-3.2 evaluated nuclear data files. Comparison
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calculations using simplified LWR pin-cell lattices were carried out using the MCNP4C
Monte Carlo transport calculation code. An analytical method based on the detailed
neutron balance of the system was developed in order to study the sources of the
observed reactivity discrepancies.

The main free parameter in the calculations was the fuel-to-moderator ratio, which was
varied by changing the moderator density. It turned out that this parameter has a very
significant impact on the results. The differences between the libraries are large and
systematic. In typical LWR operating conditions, the discrepancies between the older
libraries (JEF-2.2 and JENDL-3.2) and the reference ENDF/B-VIL.8 results are in the
order of 500-1000 pcm. The more recently released JEFF-3.0 and JENDL-3.3 give
more consistent results. The differences grow significantly as the level of neutron
moderation is reduced.

The differences in reactivity result mainly from the fission and the radiative capture
cross sections of U-235 and U-238, especially in the resonance region. These isotopes
are the main sources of uncertainty also in calculations involving burnt fuel or modified
lattices with absorber materials. A common feature to all cases is that the overall
reactivity discrepancies mainly depend on how well the individual contributing factors
cancel each other out.

Sensitivity studies performed on the main parameters [7] showed that the results are not
significantly affected by small changes in fuel and moderator temperature, fuel
enrichment, moderator boron concentration or the level of heterogeneity of the
geometry model. Nevertheless, the results of this study should not be directly
generalised to more complex cases, in which there are various additional factors
contributing to the neutron balance of the system. Instead, the results should be
reviewed as a simplified example of the uncertainties that may lie hidden within the
cross section data. The discrepancies in the data should be treated as any other potential
source of error in reactor physics calculations.
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2.3 The coupled code TRAB-3D-SMABRE for 3D transient
and accident analyses

Jaakko Miettinen and Hanna Réty
VTT Processes

Abstract

The three-dimensional TRAB-3D core dynamics code is being internally coupled to the
thermal hydraulics system code SMABRE. The codes have previously been coupled
with a parallel coupling scheme. VTT's reactor dynamics codes have performed well in
all the situations that they have originally been designed for. The most important
limitation of the present code models is their inability to handle coolant flow reversal in
the core channel, a phenomenon that can be encountered in e.g. BWR ATWS cases or
VVER power excursions. The new coupling of the two codes is realized on the level of
each node of each channel in the core, with each fuel bundle described with its own
channel. Necessary interfaces have been created, an improved version of SMABRE's
thermal hydraulics solution method developed, and a steady state procedure developed.
A satisfactorily working steady state solution has been achieved. The next step in the
development will be testing of the transient calculation. Besides solving the flow
reversal limitation of the present dynamics models, a successful coupling will allow
expanding into more realistic modelling of an open core.

Introduction

TRAB-3D [1] is a reactor dynamics code with three-dimensional neutronics coupled to
core and circuit thermal hydraulics. The code can be used for transient and accident
analyses of boiling (BWR) and pressurized water (PWR) reactors. The system code
SMABRE [2] models the thermohydraulics of light water reactors. Both codes have
been entirely developed at VTT.

TRAB-3D includes the BWR circuit model containing one-dimensional descriptions for
the main circulation system inside the reactor vessel including the steam dome with
related systems, steam lines, recirculation pumps, incoming and outgoing flows and
control and protection systems. For PWR applications the TRAB-3D and SMABRE
codes have been coupled earlier by using the parallel coupling principle: the full core
TRAB-3D hydraulics coupled to neutronics and heat transfer, and the coarse SMABRE
core hydraulics with fewer channels are solved in parallel. The rest of the circulation
system is solved with SMABRE. The solution method of the SMABRE circuit model is
non-iterative and only a loose coupling with no iterations exists between the two codes.
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In dynamics applications the coupling of neutron-physical phenomena with thermal
hydraulics of the whole reactor cooling circuit is of vital importance. It has therefore
been a built-in property of the Finnish reactor analysis codes from the first applications
to the present day 3D models.

VTT's dynamics codes have performed well in all the situations that they have
originally been designed for. The most important limitation of the present code models
is their inability to handle coolant flow reversal in the core channel, a phenomenon that
can be encountered in e.g. BWR ATWS cases or VVER power excursions. To remove
this limitation, the TRAB-3D neutronics and the SMABRE thermal hydraulics code are
being coupled together using an internal coupling scheme. In the new concept TRAB-
3D will perform only the neutronics and fuel pellet heat conduction and SMABRE will
take care of the hydraulics calculation of the whole cooling circuit including the reactor
core, and heat transfer on the cladding surface.

The TRAB-3D code

TRAB-3D is an independent BWR dynamics code with rectangular core geometry and
with 3D neutronics coupled to parallel 1D channel hydraulics. In the core the parallel
1D components are applied for all individual fuel elements, and the rest of the BWR
thermohydraulics is described by using 1D components. The code uses a fast,
sophisticated, two-level iteration nodal method. The implicit time discretization allows
flexible time step choices. The BWR circuit model originates from the TRAB-1D
models [3]. The core can be modelled using the 1/1, 1/2 and 1/4 core symmetries.

The core model can be used separately for PWR or BWR calculations. These features
enable coupling of the code with an external thermohydraulic model.

The one-dimensional TRAB-1D code has been extensively used for the plant analyses of
the Finnish TVO reactors of BWR type. The three-dimensional TRAB-3D has been
validated against OECD LWR core transient benchmarks, and real plant transients for the
Olkiluoto 1 plant, including pump trip, pressurization transient, instability incident and load
rejection test including partial asymmetric scram. Validation of the code is summarized in
[4]. TRAB-3D is now in production use for plant transient and accident analyses.

The SMABRE code

The thermohydraulic model of SMABRE describes the physics of the two-phase
mixture of liquid and gas. The code is based on a node-junction hydraulic circuit model.
The five equation formulation with the drift flux phase separation is modelling the two-
phase behaviour. Conservation equations are solved for the phase mass, mixture
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momentum and phase energy. Additional equations are for the noncondensables in gas
and boron in liquid.

The transient is controlled by boundary conditions defining the mass, momentum or
energy sources. SMABRE simulates the main sections of the primary and secondary
circuit. The pressurizer valves, primary letdown, steam line relief valves and turbine
valves are the boundary conditions as outflows. The charging flow, emergency core
cooling, accumulator, main feedwater and auxiliary feedwater are the boundary
conditions as inflows. The boundary conditions, originally aimed for the LOCA
simulation, are in principle enough for many transients, but in other transients more
sophisticated models may be needed for the recirculation pump speed, feedwater
injection and turbine valve opening control.

The validation of SMABRE includes mainly calculations related to tests in integral
facilities, which were often arranged as international standard problems by the
OECD/CSNI. Validation cases of SMABRE are listed in e.g. [5].

As compared to large system codes, like the RELAPS5, CATHARE, and the ATHLET,
SMABRE has a limited simulation capability, but by concentrating on the most
important modeling aspects around the LWR safety the code can be considered as a
rather versatile analysis tool. By using SMABRE in the combined products in the form
of simulators and integral codes, the analysis of many such transients and accidents is
possible, which are outside the applicability range of the traditional system codes.

Neutronic-thermohydraulic coupling

Three different modes for coupling dynamic core models and system codes are utilised
worldwide, called external, internal and parallel coupling. With external coupling the
whole core calculation is carried out by the dynamics code, and the system code is used
for the rest of the circuit. This approach has not been applied at VTT.

The first realized coupling concept at VTT is parallel coupling, the principles of which
are illustrated in Figure 12. In this mode the two coupled codes are running
independently with minimum amount of data transfer between the modules. Thermal-
hydraulics of the core is calculated with both codes in parallel, but rest of the circulation
system is solved with SMABRE. The connection is carried out by data exchange once
in a time-step for core inlet flow and outlet pressure into the TRAB direction and core
power distribution into the SMABRE direction. The first application realised with this
principle was for the 1-D neutronics in 1988 and for the 3-D neutronics in 1991-1992.
VTT has more than a decade of experience in carrying out safety analyses with coupled
three-dimensional codes. The TRAB-3D / SMABRE parallel coupling was validated
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against the OECD benchmark calculation of main steam line break transient in the TMI-
1 PWR plant [6].
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Figure 12. The parallel core coupling principle.
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In Figure 13 the internal coupling principle has been illustrated. The interface between
modules is realized inside the neutronic solution itself, and update is done inside the
TRAB iteration procedure. The coupling is rather complex, and required a lot of
modifications into the internal solution procedures of both codes. Finally it was found
as the best solution that TRAB delivers for SMABRE the cladding temperature on each
time step and direct heat absorption into the coolant. Based on this information
SMABRE calculates the heat flux on the cladding surface and based on the entire loop
model the reactivity parameters, coolant density and boron concentration for the

41



neutronics. They are applied in the new TRAB iteration until the iteration converges.
TRAB itself calculates the Doppler effect of fuel.

The SMABRE thermohydraulics is used for all core channels. Testing and adaptation of
the matrix solver of SMABRE for modelling with a large number of core channels
produced three alternative approaches, which result in shorter calculation time than the
original solution. Each core channel is solved with the band matrix solution and the
subchannels solutions are coupled iteratively together at the ends of the core channels.
The solution has been tested with 500 parallel channels and 25 axial nodes,
corresponding to a reference BWR core. For the PWR plants the method is used as well
by simulating the core by one-dimensional parallel channels.

1

to circuit
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coupled
core

TECECEEET

CEEEEEEEEL
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from circuit

Figure 14. The coupling of the vessel subdivision with the core model.

The principles of connecting the circuit model with the core model are illustrated in
Figure 14. The reactor vessel may be divided into the sectors for the asymmetric flow
calculation. In the core inlet several rings and sectors may exist, and each section is
connected with individual fuel and flow channels. This allows taking into account some
transverse features in the thermal hydraulics calculation. New development is needed
later for the fully open core calculation with cross-flow flow connections, e.g. to couple
core neutronics to a thermal hydraulics porosity type model.

Presently the codes have been coupled and the necessary modifications implemented.
The hydraulics solution of TRAB-3D has been separated from the rest of the calculation.
TRAB-3D heat transfer calculation has been modified so that the calculation of heat
transfer from cladding to coolant has been transferred to SMABRE. The subroutine
interface connecting TRAB-3D and SMABRE has been created, with connection data
exchanged in every channel and in every node of the core. A procedure for creating the
core geometry for SMABRE from the existing TRAB-3D input has been completed.
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Following originally developed TRAB-3D principles, the core calculation contains the
outer and inner iteration level. During the outer iteration the converged solution is
searched for the core thermohydraulics and neutronics. In the initial solution both of
these were iterative. In the new solution the iterative neutronic solution has been
maintained, but the thermohydraulics results from the repeated SMABRE integration
over the timestep. Filtering coefficients are used for the core inlet conditions, but the
channel itself is solved by the band matrix inversion. Inside the outer iteration
SMABRE time integration is repeated until the neutron flux distribution has been
converged. During each outer iteration the new neutron flux corresponding to the core
void, fluid temperature and fuel temperature distribution is searched. The heat
conduction equation is integrated with new heat transfer and power generation during
the iteration step, and as a consequence the core heat flux distribution will be changed.

The rather sophisticated TRAB features for describing PWR and BWR bundle geometry
and fuel compositions are maintained. Each bundle is related to an individual flow
channel, flow channels may have axial subdivisions, and each fuel element may have an
individual fuel rod composition. The SMABRE nodalization enables multidimensional
subdivision in the lower and upper plenums through circumferential sectors and radial
rings.

Testing of the coupled code

Recent work has been mostly concentrated on creating a stable solution for the initial
steady state. The physical processes in the core are inherently coupled. Therefore it has
been necessary to realize the coupling inside the TRAB solution procedures, including
SMABRE's thermohydraulic solution inside the iterations as well. TRAB solutions were
designed for coupled iterations, and were not originally well adjusted to externally
calculated thermohydraulics. This is why in parallel with getting a stable numerical
solution, large efforts were needed simply for coupling the different solution
philosophies of the two codes together. This is especially true in searching of the steady
state, which in TRAB is done iteratively, while SMABRE has proceeded to a desired
state by calculating forward in time until it is achieved.

In the finalized version TRAB can be run in three possible modes: TRAB alone,
parallelly coupled and internally coupled. This possibility has been important for
comparison of steady state conditions. At present the stationary solution is functioning
satisfactorily, and SMABRE calculates the core pressure distribution as the original
TRAB. The next step is calculation of transient cases, first by introducing isolated
disturbances, comparing TRAB-3D and TRAB-SMABRE, and proceeding to complex
transients comparing against plant data.
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Sophisticated plant specific models exist for the recirculation pumps, steam separator,
feedwater dynamics, turbine controller valve dynamics, and pressure pulse propagation
in the steam line. The comparison of the similarity of these features between the original
models of the two codes is in progress. Some additional data transfer for transient
calculations with the coupled code is also needed (e.g. trip data from TRAB to
SMABRE).

After these adjustments the behaviour in the flow reversal will be examined. The
applications leading to these conditions will be searched after finalisation of the first
testing phase. At least RIA, ATWS, and abrupt MSIV closure are considered for BWR
plants and RIA and ATWS for PWR plants.

Conclusions

The three-dimensional TRAB-3D core dynamics code has been successfully coupled to
the thermal hydraulics system code SMABRE, and a satisfactorily working steady state
solution has been achieved. The coupling has been more laborious than could be
foreseen, due to the inherently coupled nature of the physical processes and the different
solution philosophies of the two codes. The next step into testing of the transient
calculation is expected to be less complicated after the steady state procedures have
been found to function well enough.

Besides solving the flow reversal limitation of the present dynamics models, a
successful coupling will allow more realistic modelling of an open core. It will open up
new options to couple the core model to other thermal hydraulic system codes, and
enable further work to couple core neutronics to a thermal hydraulics porosity type
model.
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3. High-burnup upgrades in fuel behaviour
modelling (KORU)

3.1 KORU summary report

Seppo Kelppe
VTT Processes

Abstract

The modelling in fuel behaviour codes that are in use at VIT are being upgraded to
meet the requirements from evolving fuel design and operational data — most notably
higher burnup goals — and from revised guidelines for applying the licensing
procedures. Work is being carried out to partially renew the descriptions of fission
product swelling and release, and detailed mechanical response. As effective
probabilistic methods will be favoured even in fuel accident behaviour codes, bases for
such studies are being founded. Emphatic education and training of a new generation of
experts is showing good progress.

Introduction

Two separate lines of fuel behaviour codes are operative and vividly used for
applications at VTT. Within both, however, descriptions of fuel behaviour phenomena
do not meet requirements in all respects when markedly higher burnup ranges need to
be covered.

In steady-state codes, details of fission gas release models are being reviewed and
elaborated to better reproduce the experience from high-burnup operation and testing.
Detailed knowledge of high-burnup fuel behaviour in Loss-of-Coolant and Reactivity
Initiated Accident conditions is not sufficient. The Finnish utilities, STUK, and VTT are
jointly well placed in internationally managed efforts such as the OECD-IRSN CABRI
Water Loop Project, the experiments in the OECD Halden Reactor Project, and the
work in the US National Laboratories ANL and PNNL. Model development and
validation will proceed along with accumulating representative data. Earlier VIT
development resulted in introducing a combined model — FRAPTRAN-GENFLO — in
which a detailed fuel transient model has been interactively coupled with an advanced
flow model for handling complicated thermal hydraulic conditions. Applications and
further validation continue.
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Related working groups and programmes within international organisations are
attended.

Efforts for more efficient fuel utilization will continue both in the existing Finnish
plants and with the fifth reactor being now under construction. These undertakings
particularly accentuate the importance of having up-to-date independent modelling tools
timely available.

Main objectives
Objectives over the whole programme period include:

e Elaboration and validation of FRAPTRAN-GENFLO - a code with advanced
thermal hydraulics combined with detailed fuel description — for versatile
applications

e Introduction of a mechanistically based fission gas release model for the ENIGMA
code. More generally, extension of the modelling of the codes to be valid for 55 to
65 MWd/kgU rod burnups. Probabilistic methods will be increasingly favoured

e Acquiring data from international experiments on Loss-of-Coolant and Reactivity
Initiated Accidents and on emerging new materials to upgrade the performance
models

e Establishing improved models for mechanical behaviour and failure modes

e Supporting education and training of a new generation of experts in the field.

Main results

The combined FRAPTRAN-GENFLO code has been adapted to describe the Halden

Project LOCA test rig. The first two preliminary tests have been successfully analysed.

The planning has included studies to estimate the effects of several test parameters
(Figure 15). Comparison with observed behaviour is convincing (Figure 16.)
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Figure 16. Comparing LOCA test temperature measurements with calculated GENFLO
code results.

Further support has been provided for the planning of the first test to be run with an
actual high-burnup rod.

The fission gas release model in the ENIGMA code has been tested and re-evaluated.
Use has been made of the data base and test cases of the IAEA FUMEX II Co-ordinated
Research Programme and comparison with other codes (Figure 17). The high-burnup
low-temperature part of the description needs improvement. A collaboration work
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involving an outside consultant has been established to acquire an optional mechanistic
fission gas release model. Implementation of the code is under way.

Reviewing probabilistic methods has continued to introduce core-wide mapping of fuel
performance in transient and accident conditions. Such a procedure will be instrumental
in verifying license requirements of estimating the number of failing rods in an accident.

An extensive effort was carried through to attach a finite-element based model in fuel
performance codes. This involves options to proceed to two and three dimensional
descriptions and to allow handling pellet and cladding creep, pellet-to-clad frictional
slip, and high cladding deformations such as ballooning (Figure 18). Most of the basic
module up to a two-dimensional description has been completed with encouraging
examples of the advantages of the new approach. The introduction of the new solution
was made into the USNRC FRAPCON-3 and FRAPTRAN codes. The addition is,
however, modular and readily applicable in other codes.
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Figure 17. Comparison of ENIGMA and FRAPCON-3 fission gas release results in a
standard test case.

A VTT scientist has worked at the PNNL laboratory in the US for one year (see
FRAPCON-3 and FRAPTRAN code development above and in a special article), with a
draft for a licentiate thesis as a further result. VIT undergraduate trainees have attended
several short courses of fuel performance related contents.
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Figure 18. Large cladding deformations as described with the newly-developed FEM
based formulation.

In 2004, Finnish participation in the OECD-NEA Studsvik Cladding Integrity Project
was prepared. Funding will be from the Finnish utilities, with VTT serving as a
coordinator of participation and applications.

Conclusions

Fuel performance modelling remains a challenging field in reactor technology. Evolving
effectiveness and regulatory requirements in one hand, and novel materials and
operational practices on the other, prompt continuing research efforts in the area.

The progress suggests that the goal of preserving an independent up-to-date domestic
capability for all the fuel performance studies that may be required in the near future is
approached. Coordinating the public research among VTT, STUK and the utilities, and
well placed international collaboration facilitate effective distribution of the limited
financial and human resources.
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3.2 Improvements on FRAPCON3/FRAPTRAN
mechanical modelling

Arttu Knuutila
VTT Processes

Abstract

Work is described that has been done to modernise the mechanical modelling of
FRAPCON and FRAPTRAN codes. FRAPCON and FRAPTRAN are nuclear fuel
performance codes for steady-state and transient analyses, respectively. A new stress
and strain analysis approach with a finite element model has been implemented in the
codes. The finite element model is capable of handling material nonlinearities such as
elastic, thermal, plastic and creep deformations, and geometric nonlinearities like large
localised cladding deformations, e.g. ballooning of the cladding under loss-of-coolant
accident conditions.

Introduction

FRAPCON and FRAPTRAN are fuel performance codes for steady-state and accident
analyses. FRAPCON is a steady-state code, which simulates the thermal mechanical
behaviour of a single fuel rod in normal reactor operation. FRAPTRAN is a transient
code for light water reactor (LWR) fuel rods and it can be used to simulate the fuel rod
performance in design basis accidents, e.g. in loss-of-coolant accident or LOCA and in
reactivity initiated accident or RIA. The codes have been developed by the US Nuclear
Regulatory Commission (USNRC), and currently the development and maintenance of
the codes are done at the Pacific Northwest National Laboratory (PNNL) under USNRC
funding. The codes are used for licensing and safety analyses of LWR fuel rods. The
codes are property of the USNRC. The USNRC has organised users’ groups through
which the codes have been made available and they are used in many safety and
research organisations around the world. The codes are applied to safety-related fuel
performance analyses also at the Technical Research Centre of Finland (VTT). Over
several years VTT has participated in the development work of these codes. One of the
results of this previous development work a VTT is the coupling of an advanced thermal
hydraulic model GENFLO with FRAPTRAN. [1, 2, 3]

Both FRAPCON and FRAPTRAN have long development histories, which originate
from work started in the 1970's. The codes employed a rather simple 1D thin-shell
mechanical model for the stress-strain analysis for the fuel rod cladding. However, there
have been significant developments in both solid mechanics and computer hardware
since that time. The wide research into numerical techniques such as finite element
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methods and increased computer power have made it possible to use large scale
numerical models, which take into account both material and geometric nonlinearities.
In fact, the use of the nonlinear finite element methods is currently the standard method
for the stress and strain analysis of structures.

The goal of this work was to implement a state-of-the-art mechanical model in
FRAPCON and FRAPTRAN, which would be able to handle deformation mechanisms
at normal operation and under postulated accident scenarios. Much of the code is based
on the finite element solver that has been implemented earlier at VTT. [4] The
implemented mechanical model uses finite element formulation to solve the stresses and
strains in the cladding of a fuel rod. Currently the codes do not have stress-strain
analysis in the fuel pellet stack. However, the new finite element model is designed to
be flexible and stress-strain analysis also in the fuel pellet stack may be implemented
later with little additional effort. The finite element implementation is also designed to
be flexible to merge simple 1'2-dimensional modelling with full 2D and 3D modelling
for better numerical efficiency. For example, in a general LOCA case the cladding of a
fuel rod may experience a localised ballooning in a short axial part whereas the
deformations in the rest of the rod remain fairly axisymmetric. The goal of this work is
to use simple, computationally economical, 1'2-dimensional modelling for the most of
the fuel rod and use a 2D or a 3D mesh only where truly needed.

Finite element model

Finite element method is a numerical technique that can be used to solve partial
differential equations or PDEs. Typically there is no analytical solution for the problem
because of the complexity of the physical problems excluding few very simple special
cases. For example, in case of solid mechanics, a complex relation between
deformations and stresses and complexities of geometry of analysed structures make the
use of numerical methods necessary. Probably the most powerful and at least the most
used numerical method is the finite element method. The finite element method
approximates the solution field of the PDE with a set of discrete values at nodal points.
The field between the nodal points is approximated by simple polynomials or shape
functions, which approach can be quite easily suited to describe even complex
geometries. Nevertheless, in the case of large deformations, suitable formulation of the
appropriate PDE and formulation of the relations between the stresses and deformations
are challenging tasks.

An updated Lagrangian formulation is employed in the implemented FE model, i.e. FE
equations are formulated in reference to the deformed configuration. The model uses
logarithmic strains and Cauchy stresses (natural strains and true stresses) in its material
models. The finite element model is capable of modelling material nonlinearities such
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as elastic, thermal, plastic and creep deformations and geometric nonlinearities or large
strains. Such large localised deformations can occur e.g. under loss-of-coolant accident
conditions (ballooning).

The model employs multiplicative decomposition of the elastic and inelastic
deformations, i.e. the total deformation gradient tensor F can be factored to elastic and
inelastic parts

F=F.F,.

The implemented models are also capable of handling a frictional contact between fuel
pellets and cladding. The finite element implementation can mix 172D, 2D and 3D
elements in a single model of a fuel rod. In this way, 2D or 3D elements can be used to
describe the stress and strain state at the localised region that is undergoing ballooning
while a computationally more efficient 12D mesh is sufficient for the rest of the fuel
rod. The FE mesh can be also modified during the calculation. An example of a remesh
in the hottest axial zone, where the ballooning is expected, in FRAPTRAN calculation
is shown in Figure 19. 12D mesh is replaced by a real 2D mesh, which is capable of
describing the ballooning region.

a) b)

Figure 19. 17D mesh in (a) is replaced by finer bilinear 2D element mesh (b) in the
hottest slice when the ballooning is anticipated.

Linear, bilinear, and trilinear elements are used for 1/2D, 2D and 3D cases, respectively.
These lower-order elements were chosen because of their robustness in large
deformations and distorted element meshes. The shear and volumetric locking problems
that are typical of the lower-order 2D and 3D elements were solved by separating the
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deviatoric and dilational stress and strain tensors and using mean dilation procedure to
integrate the dilational parts of the finite element equations.

The chosen nonlinear FE model employs a Newton-Raphson type iterative solution
method, with which a nonlinear system is solved by a series of linearisations. The
efficiency of this type of solution methods depends on the efficiency of the linear system
solver. The implemented linear equation solver uses direct methods (LU and LDL"
decomposition) to solve the symmetric or nonsymmetric linear system. The linear system
solver takes into account the sparsity of the system, i.e. zero terms of the linear system
matrix are not stored in the computer memory. For example, the solver reorders the linear
system in a way that the need for the computer memory is minimized, see Figure 20.
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Figure 20. The nonzero structure of sparse matrix before and after reordering.
Reordering reduces the needed memory space to store the sparse matrix and its factors
by 75% in this case.

The finite element implementation is designed to be flexible for any further
improvements. For example, the elements are separate modules, which allows one to
create new element modules with minimal changes in the main driver program of the FE
model. Attempts have been made to keep the usage of the new models as simple as
possible. Using the new stress strain modelling does not require special knowledge on
finite element methods or solid mechanics. For example, the meshing is generated
automatically and there are only few additional input parameters for the codes that are
specific to the new finite element analysis. In addition to numerical aspects of the finite
element analysis, also a graphical tool for post-processing the analysis results was created.
Although this tool is fairly simple, it allows producing high quality figures from the finite
element analysis results. The figures in this report are plotted with the new graphical tool.
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Examples of the verification and validation cases

To verify the numerical correctness and robustness of the numerical implementation, a
series of verification cases were analysed. FRAPCON/FRAPTRAN implementation
does not allow the user to set material properties or define other geometries than the fuel
rod geometry itself. However, these simple verification cases are necessary to exclude
any obvious flaws in the current implementation.

The modular design of the FRAPCON/FRAPTRAN allows the new models to be tested
in a general-purpose finite element solver, NLFEMP, that has been implemented at VTT
earlier. [4] The modular design allows for exchange of e.g. elements between NLFEMP
and FRAPCON/FRAPTRAN without any changes in the element modules. The element
implementation was tested with simple patch tests. Also series of large-deformation
elastic-plastic cases were run to verify the robustness of the models in severe test cases.
An example of the used large-strain test case, a well documented case by Taylor et al.
[5] for elastic-plastic upsetting of an axisymmetric billet is shown in Figure 21.
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Figure 21. a) Undeformed and deformed mesh of the axisymmetric billet. b) Force-
displacement curve.

Following the numerical verification, the performance of the models were tested against
actual experimental data to show that the mathematical models can correctly describe the
actual physical behaviour of a fuel rod. These validation cases were run with FRAPCON
and FRAPTRAN now applied with the created finite element models. An example of one of
the FRAPCON validation cases, an inpile creep experiment IFA-585 conducted in Halden
[6], is shown in Figure 22. Figure 23 shows a ballooned region in a FRAPTRAN analysis.
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Figure 23. Hoop strains in ballooned region in the cladding.
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Conclusions

A flexible, modern stress-strain analysis tool has been created for the fuel performance
codes FRAPCON and FRAPTRAN. The FE model can be extended quite easily, for
example the stress-strain analysis also in the fuel pellet stack is foreseen as a future
development. Another interesting aspect would then be the modelling of the relocating
fuel pellet fragments in the ballooned region of the fuel rod.

Although the implemented FE model is quite extensive, it has some limitations. For
example, the model assumes isotropic material behaviour and the extension of
modelling to the large strain anisotropy is not at all trivial matter. The mechanical
behaviour of unirradiated Zirconium alloy cladding is anisotropic. However, irradiation
tends to decrease anisotropy and the anisotropy effect in the mechanical properties of
high burnup cladding is not significant. Even with its current-time limitations the
implemented new approach of mechanical modelling means an extensive elaboration
and a significant improvement over the old simple thin shell modelling.
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4. Integrity and life time of reactor circuits
(INTELI)

4.1 INTELI summary report

Pentti Kauppinen, Otso Cronvall, Matti Sarkimo, Timo Péttikangas®, Martin Bojinov,
Petri Kinnunen and Timo Saario
VTT Industrial Systems, *VTT Processes

Abstract

The research in four new technological areas aiming to the improvement of structural
safety of mechanical components and pipings is presented. These are primarily applied to
primary piping but the same approach can be applied to other components as well. Risk
informed inservice inspection is a new concept that can be applied to all safety relevant
systems of the plant. Similarily the computer simulation of ultrasonic inspection can be
applied to all components where ultrasonic inspection is used to evaluate the structural
integrity and high reliability of inspection is expected. Besides these two practical
approaches the research on corrosion — water chemistry interaction and fluid — structure
interaction is summarised.

Introduction

The integrity of the reactor circuit is of outmost importance both in the reactors being
currently in operation and in the possible new reactors. The experience gained in
operation of existing plants has revealed many loading mechanisms and ageing
phenomena that have not been taken into account in the design of the plant. In order to be
able to simulate reliably the behaviour of the piping during operation the loading
conditions, material and geometrical data as well as the environmental factors have to be
known and modelled with sufficient accuracy. In a pressurized component the possibility
of fracture has to be considered in the design and it has to be verified that a crack in the
wall can be detected in time and the necessary corrective actions can be started.

In INTELI-project several new approaches and technologies to improve the structural
safety of mechanical components and pipings are studied. From these four selected
areas of research are presented here and the main results achieved in these areas during
the first two years of SAFIR Programme are summarized. The selected areas are

o risk informed inservice inspection

e computer simulation of ultrasonic testing

e fluid-structure interaction analysis

e corrosion — water chemistry interaction.
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Risk informed inservice inspection

Risk-informed in-service inspection (RI-ISI) applications have become increasingly
attractive due to the possibility to re-direct the inspection efforts in an optimal way,
leading to both an increase in safety and a decrease in inspection costs. In RI-ISI
approach, the aim is to redefine the inspection programme taking into account the
results of the probabilistic safety assessment, PSA. The basic idea is to reduce
inspection activities in locations with low risks and identify the riskier locations where
the inspection efforts should be concentrated. The main inputs for the decision making
are the estimates of the consequences derived from the probabilistic safety assessments
(PSA) and piping leakage and rupture potential.

In a quantitative RI-ISI approach, the degradation potential of piping should be
quantified in probabilistic terms. This means that the frequency of leaks and breaks
should be estimated. However, there are several degradation mechanisms that are not
covered with the available tools, and also the structural reliability models may result to
quite different results. Operating experience is scarce, which limits the use of statistical
approaches.

There are basically the following possibilities to estimate the leak and rupture
frequencies of piping:

e use of probabilistic fracture mechanics / structural reliability models

e statistical estimation from experience data, e.g. large databases

e use of formal expert judgement based on e.g. deterministic structural models.

The different possibilities were tested with a numerical example that was based on data
representing a BWR weld with IGSCC as the expected degradation mechanism. In this
specific case the numerical results varied between 1E-05-4E-04 for yearly leak
frequency and 1E-08—-6E-07 for yearly rupture frequency. It should be noted that
inspections have an important effect on the leak and break estimates.

It is strongly recommended to use structured expert judgement especially in cases where
there are no validated structural reliability models available. For RI-ISI purposes, it
should be sufficient to assign an order of magnitude for leak and break frequencies. As
the rupture frequencies to be evaluated are very small, the assignment of a probability is
very difficult. This could be helped by using quantitative results of some other cases and
ask experts their opinion in relation to these [1].

The amount of needed input data for probabilistic piping degradation analyses is
considerable, and it is important that the data is reliable and up-to-date. In order to
facilitate the piping reliability analyses for e.g. RI-ISI applications, the accessibility of
plant specific data should be improved.
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Computer simulation of ultrasonic testing

The applicability of a computer program developed for simulation and modelling of
ultrasonic testing has been studied. The aim of the current work is to assess the
possibilities to apply computer program to simulate the real inspection to be performed
at site. By applying simulation at least a part of experimental measurements necessary
for the qualification of the inspection system could be avoided. Normally, the inspection
qualification is made by using several test blocks representing the real inspection object
and the possible defects in it. In case of inspection objects having difficult geometry the
production of test blocks containing intended defects is very expensive and remarkable
savings could be achieved by applying computer simulation. The performance of
different inspection systems can be assessed by varying the inspection approach and the
defect parameters, locations, orientations etc. in computer modelling.

The versatile program modules of CIVA can be applied to model sound field produced
by an ultrasonic transducer and to simulate the response and indications expected during
the ultrasonic inspection.

By the CIVA_US -program the ultrasonic sound field created in the material when the
transducer is moving along the surface can be simulated. Figure 24 is showing
simulations of sound fields when the transducer is moving along a rough surface. The
irregularities of the surface cause remarkable changes in the shape of the sound field
and in the distribution of sound pressure within the beam.

Figure 24. Simulation of sound field of the ultrasonic transducer moving along a rough
surface. Sound pressure distribution presented in colour.

Another example of simulation is shown in Figure 25. In this case the ultrasonic
inspection of a 40 mm thick plate containing a weld and two reference reflectors (side
drilled hole @2 mm and planar defect 10 x 10 mm at weld root) has been simulated. In
simulation the real geometry of the weld (weld root, counterbore) have been taken into
account [2].
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Figure 25. Simulation of the ultrasonic testing of a plate containing a weld. The
transducer simulated is a shear wave transducer 45°, 2 MHz. Both the signals measured
from the reference reflectors (hole and planar defect) and from the geometry of the back
wall have been simulated.

The simulations shown in Figures 24 and 25 demonstrate the basic capabilities of the
CIVA-software. From these relatively simple simulations the work continues in 2005—
2006 to more challenging simulations where the geometry of the inspection object is
more difficult, e.g. a nozzle-to-pipe weld and the position of the postulated defect more
difficult from the inspection point of view.

Fluid-structure interaction analysis

Fluid-structure interactions are investigated for the POOLEX tests, where air and steam
is injected into a water pool. The work consists of three subtasks. First, a program using
method of images has been implemented and used in first test calculations of
condensation induced water hammer. Second, first version of homogeneous two-phase
model for water and steam has been implemented in the CFD code for modelling the
pool experiments. Third, the coupling of the CFD and structural analysis codes is being
improved by taking into use bi-directional fluid-structure interaction package ES-FSI,
which is suitable for modelling linear elastic deformations of structures.

Method of images

The primary goal of the subtask was to find analytical or numerical methods easier than
direct three-dimensional fluid flow calculation to estimate pressure loads onto a BWR
suppression pool during discharge of steam or air or during chugging phenomenon. The
Method Of Images (MOI) was chosen because of its relative simplicity and robustness.
MOI is a technique for solving the Poisson equation for incompressible potential flow:

47S(x,y,2)

, Where
r(x,y,z)

Vzp(xayaz):_

1/2
r=(x"+y"+27)
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The boundary conditions are disappearing pressure gradient in the normal direction on
the walls and zero pressure at water surface.

A Fortran program has been implemented for solving the pressure and first test runs
have been performed for the POOLEX pool. An important task in this method is
choosing the source terms for the Poisson equation, which should be investigated in
more detail.

Homogeneous two-phase fluid model for Star-CD

In order to simulate evaporation/condensation phenomena, a homogeneous two-phase
fluid model has been implemented in the commercial Star-CD computational fluid
dynamics code. In the model, all material properties, such as void fraction, density,
temperature, viscosity etc., are defined as functions of fluid pressure and enthalpy.
There is no transport equation for the void fraction because it is determined by pressure
and enthalpy. This way all two-phase problematic matters have been included in the
material property functions. In consequence, Star-CD has to solve just a single-phase
fluid flow problem. The fluid-wall heat transfer has been modelled using standard
models found in the literature.

The homogeneous two-phase fluid model has two difficult properties. Firstly, the
temperature — enthalpy relation cannot be inverted in the two-phase region. This causes
problems when standard energy equation is in use because the energy equation relies on
the h = ¢, T relation. The problem has been circumvented by defining a new energy
equation where the energy flux is determined in terms of energy gradient. Secondly, the
fluid density can vary from pure steam (1 kg/m’) to pure water (1000 kg/m’) in the flow
domain. This variation depends on pressure. This means that the momentum, continuity
and energy equations depend strongly on pressure via density.

As a test case a system where superheated steam in steel pipe enters a vessel filled with
cold water was simulated. The system represents the POOLEX test facility and the
experiments carried out there. Figure 26 shows temperature and void fraction obtained
in a steady-state simulation. Here, the pressure and temperature fields agree quite well
with measurements. Also the water level in the pipe agrees well with the measurements.

63



1623 1000
. 1523 059235
1433 0.asm
1337 o.FasT
1242 o743
n4r oEd2s
1251 o574
F5E1 0.5000
asaT o.4235
e 0.35n
[=pel] Q2257
74T 02143
4754 01425
2341 0. 743Em
- 2887 - QL0000 EHID

Figure 26. Calculated temperature (left) and void fraction (vight) in the POOLEX test
facility during blowdown of steam.

Corrosion — water chemistry interaction

The subproject “Corrosion-water chemistry interaction” of the INTELI/INPUT-project
has three main focuses: 1) the modification of the high temperature titration equipment
developed in earlier FINNUS-program to reach relevant temperature (288°C) and to
maintain constant solution composition in studying the adsorption and surface
complexation of species at the oxide film/coolant -interface, 2) to study the effect of strain
and strain rate on the behaviour of oxide film and on the initiation of stress corrosion
cracking on AISI 316L NG, 3) the development of the channel flow electrode technique
to study the effect of hydrodynamics on the dissolution of species and the protective
properties of oxide films at different temperatures, pressures and surfaces.

Modification of the high temperature titration equipment

The construction materials used in coolant systems in nuclear power plants become
covered with oxide films as a result of exposure to the aqueous coolant. As a result of
the contact between the material surface and the coolant containing highly energetic
long-lived active particles, radiation field build-up occurs in the out-of-core components
and systems. In order to evaluate the rate of the incorporation of active particles into
oxide films on material surfaces adsorption studies are needed both at ambient and at
high temperatures. To be able to calculate the rates of adsorption of different ions (e.g.
Zn, Ni, Co) to the material surfaces, experimental data gained at the relevant conditions
are needed for reliable estimation of the surface reaction rates and equilibrium
constants. The development of experimental measurement techniques to evaluate the
surface kinetics and incorporation of detrimental cationic species to material surfaces
was started in former FINNUS-programme and it has been further continued in
INTELI-project.
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The experimental approach has been modified so that the actual process temperature
(288°C in Boiling Water Reactors (BWR)) and pressure can now be obtained. No
extrapolation of low-temperature data concerning the equilibrium constants of the
reactions is needed. The high temperature pH electrodes with NiO/Ni reference pair
developed at VTT since 1980's have been modified so that the activation of the
electrode configuration becomes better. Better activation has been obtained mainly by
pre-oxidation of the NiO/Ni powder in oven or by using Cu,O/Cu reference pair in
electrodes [3].

Effect of strain and strain rate on the behaviour of oxide film and on the initiation
of stress corrosion cracking on AISI 316L NG

Environmentally-assisted cracking (EAC) can be understood as a localized deformation
process accelerated by local corrosion in addition to mechanical stresses or strains. The
cracking of structural materials in nuclear power plants may proceed along grain
boundaries, i.e. intergranularly (IGSCC), underlining the role of dissolution, or through
the grains, i.e. transgranularly (TGSCC), underlining the role of mechanical loading. As
a possible approach to 