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ERMSAR 2005 
 
Monday, November 14 
 
8:00 Registration 

  

8:30 Welcome 
M. Schwarz (Director IRSN/DPAM)  
B.R. Sehgal (Chairman of SARNET Governing Board, KTH) 
M. Hugon (EC)  

 
    SESSION 1.  Opening and Overview 

Chairmen: M. Hugon (EC), B.R. Sehgal (KTH) 
  
  8:45 Overview of SARNET deployment and progress J.C. Micaelli (IRSN) 

  9:15 Research needs in the domain of SA K. Trambauer (GRS) 

9:45 Coffee break 

   SESSION 2. Corium topics   
Chairmen: M. Fischer (FRA-ANP) – J.M. Bonnet (CEA)    

      

  10:15 Invited Paper: CORPHAD and METCOR ISTC 
projects S. Bechta (NITI) et al.   

  10:45 Overview of progress in the Corium Area J.M. Bonnet (CEA)   

  11:15 Core reflooding: synthesis of the QUENCH 
program and its impact on code modelling 

M. Steinbrueck (FZK) 
et al.   

  11:45 
European experimental activities on the coolability 
of molten corium and on its interaction with 
concrete and ceramic material 

M. Fischer (FRA-
ANP) et al.   

  12:15 
Thermodynamic modeling: coupling with 
thermalhydraulic approaches and consequences for 
in-vessel and ex-vessel corium behavior 

B. Spindler (CEA)    

  12:45-14:15 Lunch   

  14:15 In vessel retention: on going activity on in-vessel 
core and debris coolability  I. Lindholm (VTT) et al. 

  14:45 Vessel rupture: Synthesis of FOREVER 
interpretation activity E. Altstadt (FZR) 

SESSION 3. Containment topics   
Chairmen: H. Wilkening (JRC-Petten) – L. Meyer (FZK)   

      

  15:15 Invited paper: Results of the International OECD-
SERENA on Fuel-Coolant Interaction 

D. Magallon (CEA) et 
al. 

  15:45 Overview of Containment issues and major 
experimental activities L. Meyer (FZK) et al. 

  16:15 Coffee break 

Revised version 18 October 2005 



  16:30 Comparative review of the FCI computer models 
used in SARNET R. Meignen (IRSN)  

   

  17:00 The challenge of simplifying DCH modelling D. Wilhelm (FZK) 

    End of the first day 

  
  
                   

     
                    

Tuesday, November 15 
 

  SESSION 4. Containment topics (follow-up)  
Chairmen: H. Wilkening (JRC-Petten) – L. Meyer (FZK) 

    

  8:45 
Experimental and numerical study of flame 
propagation with hydrogen gradient in a Vertical 
Facility: ENACCEF 

A. Bentaib (IRSN) et 
al. 

  9:15 

 
Modelling of sprays in containment applications: 
results of the TOSQAN spray benchmark (Test 101) 
 

J. Malet (IRSN) et al. 

  9:45 

Air-Steam tests in the MISTRA facility: experimental 
results and validation of the Lumped-parameter/CFD 
TONUS code 
 

H. Simon (CEA) et al. 

  10:15 Coffee break 
    
 SESSION 5. Source Term topics  

Chairmen: S. Dickinson (AEA-T) – T. Haste (PSI) 

  10:45 
 
Invited paper: Radioiodine Chemistry: The unfinished 
story 

C. Wren (W Ontario 
U) et al. 

  11:15 
 
Overview of SARNET Activities in the Source term 
area 

T. Haste (PSI) et al. 

  11:45 Aerosol Behavior in SGTR accidents S. Güntay (PSI) et al. 

  12:15 Radiolytic Oxidation of Iodine in the Containment: 
Current Status 

L. Cantrel (IRSN) et 
al. 

  12:15-14:00 Lunch   

  14:00 Progress in modeling silver-indium-cadmium control 
rod degradation and release 

B. Maliverney (EDF) 
et al. 

  14:30 
 
Ongoing investigations in Ruthenium release and 
transport 

 
A. Auvinen (VTT) et 
al. 

             
  15:00 Coffee break 
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    SESSION 6. Knowledge management  
Chairmen: G. Van Goethem (EC) – D. Beraha (GRS) 

 

 15:30 
Invited paper: Towards a nuclear 
"European Higher Education Area" 
 

G. Van Goethem (EC) 

 16:00 Information management and collaboration support 
within SARNET D. Beraha (GRS) 

 16:30 Data preservation and dissemination in SARNET: a 
scientific and professional obligation A. Annunziato (JRC) 

 17:00 Education and training activities in SARNET B.R. Sehgal (KTH) 
 

    End of the first day 

    Dinner hosted by IRSN 
 
Wednesday, November 16 
 
    SESSION 7. Code application and PSA methodologies  

 Chairmen: E. Grindon (NNC) – J.P. Van Dorsselaere (IRSN) 
    

  8:45 Invited paper: ASTEC Code Validation and 
Application to Safety of NPPs with VVER Yu. Zvonarev (KI) 

  9:15 Overview of ASTEC topic after 19 months  J.P. Van Dorsselaere 
(IRSN) 

  9:45 ASTEC applications to VVER 440/V213 design 
nuclear power plants M. Barnak (IVS) et al. 

  10:15 ASTEC V1 reactor applications: French PWR 900 
MWe sequences and  TMI-2 accident 

A. Caillaux (FANP-
SAS) et al. 

  10:45 Coffee break 

  11:15 Overview of SARNET progress of PSA2 topic B. Chaumont (IRSN) 

  11:45 Comparison of the partner's approaches for physical 
phenomena assessment in level 2 PSA 

J. Eyink (FRA-ANP) 
et al. 

  12:15 Accident sequence simulation methods based on 
dynamic reliability concepts P.E. Labeau (ULB) 

  12:45-14:20 Lunch   
             

 
    SESSION 8. General discussion - Conclusions and recommendations   

Chairman: K. Trambauer (GRS)  
  14:20 Discussions led by the chairmen Input from chairs, co-chairs and the floor 

  16:00 Closure of the Meeting 
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Research Needs in the Domain of Severe Accidents 
 

Klaus Trambauer 
Gesellschaft für Anlagen- und Reaktorsicherheit (GRS), Garching, (DE) 

 
 
Abstract 
 
The objectives of SARNET are to define common research programmes and to develop 
common computer tools and methodologies for safety assessment. To reach these objectives 
several elements or work programmes (WP) are established. One of them is the WP ‘Severe 
Accident Research Priorities’ (SARP) with the aims to harmonize and to re-orient research 
programmes, to define new ones, and to close a resolved issue on a common basis. This 
action will make use notably of (1) the outcome of the EURSAFE action, i.e., the results of 
the Phenomena Identification and Ranking Tables (PIRT) on severe accidents, (2) the results 
of the qualification and benchmarking activities on ASTEC, (3) the results of reactor calcula-
tions carried out in the other activities, and (4) the outcome of the research performed in the 
three thematic sub domains of SARNET (corium, containment, source term). 
The main outcome of EURSAFE was a list of 21 topics which includes precise recommenda-
tions for experimental programmes and code developments and forms the basis of the work of 
the SARP. Also the methodology applied in EURSAFE to consider both risk potential and the 
severe accident issues where large uncertainties still subsist will be adopted. The analyses of 
the progress of research and developmental activities will be in close cooperation with the 
management team and the coordinators of the WPs. These analyses will consider whether (1) 
any research issue is resolved due to reduction of uncertainties or gain of scientific insights, 
(2) any new issue has to be added to the list of needed research, (3) any new process or 
phenomena have to be included in the general PIRT list taking into account the safety 
relevance and lack of knowledge, and (4) a new accident management programme has to be 
developed to cope with unresolved problems. Furthermore a strategy plan will be elaborated 
to ensure a wide consensus with the end users requirements and the objectives of SARNET 
research activities. 



ERMSAR-05 : Session 1. Paper1 

Overview of SARNET deployment and progress 
 

SARNET management team 
Represented by J.C. Micaelli  

 
 

This presentation summarises the objectives and the development plan of the network and the 
results obtained after the first 18 months. 
 
Integrating activities have been performed through different vectors: the ASTEC integral 
computer code for severe accident transient modelling, through development of PSA2 
methodologies, through the setting of a structure for definition of evolving R&D priorities and 
through the development of a web-network of data bases (DATANET) that hosts experimental 
data. Such activities have been facilitated by the development and deployment of an Advanced 
Communication Tool (ACT). 
 
Jointly executed research activities have concerned key issues grouped in the Corium, 
Containment and Source Term areas. For all three jointly executed research activities the main 
tasks involve selection of available and relevant experiments, synthesis of analyses and 
interpretation of data from these experiments, and model synthesis and proposals of models for 
ASTEC. 
 
An online database has been set up within ACT that includes summaries of facilities and data 
obtained, along with interpretation of results. Similarly, summaries of existing models in the 
areas concerned have been accumulated. Based on these, a schedule for uploading the data into 
DATANET (databank) has been established, and a timetable for producing new and improved 
models for ASTEC. 
 
Concerning spreading of excellence, educational courses covering Severe Accident Analysis 
Methodology and Level 2 PSA have been set up and will be given in early 2006. A detailed text 
book on Severe Accident Phenomenology has been designed and agreed amongst SARNET 
members. A mobility programme for students and young researchers is being developed, some 
detachments are already completed or are in progress, and examples are quoted. 
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OVERVIEW OF SARNET DEPLOYMENT AND PROGRESS 

 
 

J.C. Micaelli1, T. Haste2, J.-P. Van Dorsselaere1, 
J.-M. Bonnet3, L. Meyer4, B. Chaumont1, D. Beraha5, A. Annunziato6,  

B.R. Sehgal7, K. Trambauer5, B. Adroguer1 

 
1) Institut de Radioprotection et de Sûreté Nucléaire (IRSN, France) 
2) Paul Scherrer Institute (PSI, Suisse) 
3) Commissariat à l’Energie Atomique (CEA, France) 
4) Forschungzentrum Karlsruhe (FZK, Germany) 
5) Gesellschaft für Anlagen- und Reaktorsicherheit  (GRS , Germany) 
6) EC- Joint Research Center (EC-JRC, Italy)  
7) Royal Institute of Technology (KTH, Sweden)       

 
 

Since April 2004, 49 European organisations network in SARNET (Severe Accident Research 
and management NETwork) their capacities of research in order to resolve the most important 
remaining uncertainties and safety issues for enhancing, in regard of Severe Accidents (SA), 
the safety of existing and future Nuclear Power Plants (NPPs). This project has been defined 
bearing in mind the necessity to optimise the use of the available means and to constitute 
sustainable research groups.  
 
The SARNET project in one of the projects supported by the EURATOM part of the 6th 
Frame Work Programme of the European Commission. It tackles the fragmentation that exists 
between the different R&D national programmes, notably in defining common research 
programmes and developing common computer tools and methodologies for safety 
assessment. SARNET comprises most of the actors involved in SA research in Europe.  
 
To reach these objectives, all the organizations networked in SARNET contribute to a so-
called Joint Programme of Activities (JPA), which can be broken in several elements: 

• Implementing an advanced communication tool for fostering exchange of information; 
• Harmonizing and re-orienting the research programmes, and defining commonly new 

ones; 
• Analysing commonly the experimental results provided by research programmes in 

order to elaborate a common understanding of concerned phenomena; 
• Developing ASTEC code (integral computer code used to predict the NPP behaviour 

during a postulated SA), which capitalizes in terms of physical models the knowledge 
produced within SARNET;  

• Developing Scientific Databases, in which all the results of research programmes are 
stored; 

• Developing a common methodology for Probabilistic Safety Assessment (PSA) of 
NNPs; 

• Developing educational courses and text (source) books; 
• Promoting personnel mobility between the various European organisations. 

A few organizations are covering a wide range of competences though not complete, whereas 
others are specialized in very specific areas and thus complementarities are developing. The 
critical mass of competence for performing experiments needed in the SA domain, analysing 

The first European Review Meeting on Severe Accident Research (ERMSAR-2005) 
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them, developing models and integrating them into ASTEC is achieved for most types of 
NPPs in Europe.  
 
 
INTRODUCTION 
 
The current Nuclear Power Plants (NPPs) existing in Europe are designed with the principles 
of defence in depth. In particular, they incorporate a strong containment and engineering 
systems to protect the public against radioactivity release for a series of postulated accidents. 
In some low probability circumstances, some severe accident sequences may result in core 
melting and plant damage leading to dispersal of radioactive material into the environment 
and thus constituting a health hazard to the public well beyond the borders of the State where 
the damaged plant is located. 
 
Remarkable achievements have been obtained in the field 
of Water Reactor SA, thanks in particular to the numerous 
European actions undertaken within the 4th and 5th 
Framework Programmes (FP) of European Commission. 
In spite of the accomplishments reached, a limited number 
of specific issues remain where research activities are still 
necessary in order to reduce further uncertainties that are 
considered of importance and to consolidate severe 
accident management plans: core reflooding, iodine 
chemistry, ex-vessel melt coolability, timing of base-mat 
failure are examples of remaining issues underlined by the 
Phenomena Identification and Ranking Table (PIRT) 
action conducted within the EURSAFE thematic network 
of the 5th FP  [1].  
 
It is therefore crucial that the best state of knowledge on severe accident phenomenology, 
qualified computer tools and appropriate methodology should be used uniformly throughout 
Europe, in order to evaluate the corresponding risks and update former evaluations, taking 
into account notably the inevitable evolutions in reactor operations (e.g. new type of fuel, 
higher burn-up, extension of plant life). Additional appropriate engineering devices and/or 
accident management measures may have then to be developed and implemented in order to 
reduce the risks to an acceptably low level. 
 
Up to now, research programmes on Severe Accidents are usually decided first at national 
levels, though co-operation agreements are often concluded around these national 
programmes, but on a case by case basis. Facing the inevitable reduction of the national 
budgets in this field, it is now necessary to coordinate better the national efforts to optimise 
the use of the available expertise and experimental facilities in order to resolve the remaining 
issues. This coordination will take benefits of, and strengthen, the existing complementarities 
between the different laboratories throughout Europe (corium/fission product chemistry 
experts, small scale/large scale testing, simulants/real materials, experimentalists/model 
developers/code developers). 
 
Therefore, a number of European R&D organizations, including technical supports of safety 
authorities, industry, utilities and universities, have decided to seize the opportunity offered 

The first European Review Meeting on Severe Accident Research (ERMSAR-2005) 
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by the European Commission in the framework of FP6 to network in SARNET (Severe 
Accident Research and management NETwork) their capacities of research in the severe 
accident area in a durable way in order to resolve outstanding severe accident safety issues for 
enhancing the safety of existing and future NPPs.  
 

19 Countries 
49 organisations 
   18 Research Organizations 
   10 Universities 
   11 Industry Organizations 
    6 Safety Authorities or Technical Support 
200 researchers 
20 PhD students 

        
    
The general objectives of SARNET are to: 

• Tackle the fragmentation that exists between the different R&D organizations, notably 
in defining research programmes and developing/qualifying computer tools; 

• Harmonize the methodologies applied for assessing risk and improve Level 2 PSA 
tools; 

• Diffuse the knowledge to Associated Candidate Countries more efficiently and 
associate them to the definition and the conduct of our research programmes more 
closely; 

• Bring together top scientists in severe accident to be a world leader in advanced 
computer tools for severe accident risk assessment. 

 
In overall 49 organizations decided to join the project, coming from 16 Member States 
(Austria, Belgium, Czech Republic, Finland, France, Germany, Greece, Hungary, Italy, 
Lithuania, the Netherlands, Slovakia, Slovenia, Spain, Sweden, United Kingdom), 2 
Candidate States (Bulgaria, Romania), Switzerland and the Joint Research Centre of the 
European Community. The network started its activity on April 1st , 2004 for a four-year 
period (duration of the contract with the European Commission) and is coordinated by IRSN 
[2]. 
 
 
THE JOINT PROGRAMME OF ACTIVITIES 
 
To achieve the objective of SARNET a Joint Programme of Activities (JPA) has been 
defined. All the organizations networked in SARNET contribute to the JPA, which can be, 
beyond management activities, broken down in 3 elements: 

• Integrating activities to strengthen links between organisations; 
• Joint research activities to resolve remaining outstanding issues; 
• Spreading excellence activities; 

The first European Review Meeting on Severe Accident Research (ERMSAR-2005) 
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The integral code ASTEC [3], commonly developed by IRSN and GRS, is the main 
integrating component and contributes efficiently to the diffusion of the knowledge. Activities 
linked to ASTEC thus appear as “Integrating activities”, whereas some of them contribute 
also to the range of “Spreading excellence activities”. Furthermore, most of the “Joint 
research activities” have links with ASTEC as it is one of their ultimate goals to provide 
physical models to be integrated in ASTEC. The exchange of information on the detailed 
models developed by the various experts through interpretation of experiments will lead at 
medium and long term to generic common models used in the different detailed codes 
(example of ICARE/CATHARE and ATHLET-CD for core degradation). Besides, adequate 
models will be derived from these detailed models and will be included in the common 
reference ASTEC code. 
 
The R&D needs are periodically updated and the objectives of future experiments are defined 
taking into account the outcome of the collaborative work on risk studies. A consensus could 
be reached on closure of some issues and would allow to redistribute competence and 
manpower on open ones in concert with other international projects (e.g. ISTCs, OECD 
projects…). 
 
The programme, which is described below, may be revised, depending on the results of the 
negotiation with the European Commission. The integrating elements of the programme are 
considered of highest importance and will remain the key elements of the JPA. 
 
 
MAIN ACHIEVEMENTS 
 
Integrating Activities 
One integrating activity is the implementation of an Advanced Communication Tool (ACT) 
for aiding information exchange. ACT is a key concept to achieve SARNET goals; it provides 
unified support for efficient communication within the network, concerning: 

• Access, search, publication of documents and codes (concept of knowledge storage), 
• Contact and communicating with partners (interactive and collaborative services), 
• Joint co-ordination of actions/programmes (co-operative management of the network), 
• List of links to satellite community projects (R&D projects, related sites). 

A platform has been thus developed and deployed. Access is given by Web Browsers, 
enabling access from any Internet connection. After one year, around 200 users of SARNET 
have been granted access to this tool and the ACT is now used intensively. 
 
Construction of DATANET, the SARNET experimental database network, has started. The 
objective is to develop and maintain an instrument that insures preservation, exchange and 
processing of SA experimental data, including all related documentation.  The data of concern 
are both existing experimental data that SARNET partners are willing to share within the 
network and all new data produced within SARNET. It is based on the STRESA tool 
developed by JRC Ispra and consists of a network database with several local databases (or 
nodes). From the central database, it is possible to get connections with other local databases; 
direct connections to the local databases are also possible, which increases the potential and 
the power of this type of system. After 18 months, five nodes already exist (the central one at 
JRC Ispra, and local ones at FZK, IRSN, AEKI and CEA); three are under preparation (KTH, 
FORTUM and CIEMAT). Training weeks have been organized at JRC Ispra. The results of 
about 50 experiments have been implemented so far. 
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DATANET Status 
- 4 nodes are open (JRC, FzK, IRSN, CEA) 
- 3 are under works (FORTUM, AEKI, KTH) 
- 2 are foreseen (CIEMAT, VTT) 
  
- Implementation of 10 experimental programmes is underway 
- More than 50 tests results already implemented 

FZK 
Database 

A WEB portal supplies SARNET partners with an access 
(reading and or writing) to: 
- networking tool (document management, meeting 
org., forum, questionnaire, …) 
- experimental data bases, 
- ASTEC code, 
- links 
… 
 

DATANET

CEA 
Database 

IRSN 
Database 

ACTACT Status 
- 200 users 
- 1500 accesses in February 2005 
- More than 200 documents 
- 10 Topical sites 

JRC-ISPRA
Database 

Main Portal 

AEKI 
Database 

FORTUM 
Database 

KTH 
Database 
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Another integrating activity is the development, qualification and the maintenance of the SA 
integral analysis code ASTEC. Twenty-nine organisations collaborate on the adaptation and 
qualification of this code. Developed by IRSN and GRS, it describes the behaviour of a whole 
NPP under SA conditions, including Severe Accident Management (SAM) engineering 
systems and procedures. It is extensively used by IRSN for Level 2 PSAs for 900 MWe 
PWRs. It is the main integrator of knowledge in SARNET. 
 

DATABASE 
ASTEC 

 
 Integral numerical

simulation of reactor
accident with core melt-
down (Severe Accidents) 

 IRSN-GRS property: ~
10 m-y/y in charge of
software development and
user support 
 
 

 Has been distributed to
29 SARNET organizations

 SARNET scientists
support for model
improvement and physical
assessment: 
- ASTEC capitalizes in
terms of models all the
knowledge produced in the
frame of the Network 
- 40 trained users
contribute to joint
validation programme
(mobilizes around 20 m-
y/year) 
- Major version  delivered
in July 2005, next one mid-
06  
 

 Size: ~ 350 000
instructions  

 Speed: ~ 3-10 hours to
compute 24 h of transients
 

Iodine in containment 

Molten core ejection 
and Direct Containment 

Heating

Thermal hydraulics, aerosols 
and FP 

in containment 

CPA 

Circuit 
Thermalhydraulics

CESAR

Core degradation 

DIVA

FP release

ELSA 

Radioactivity in 
containment

Molten corium concrete 
interaction 

IODE

Safety system 
management

Aerosols and FP 
in the reactor circuits 

SOPHAEROS

ISODOP

SYSINT

RUPUICUV
MEDICIS (WEX) 
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A close and efficient collaboration between ASTEC users and developers has been set up 
using ACT and the MARCUS tool for code maintenance. A 1-week training course was held 
in June 04. Two code versions were released to the SARNET partners: V1.1 mid-04 and V1.2 
mid-05. The 1st ASTEC Users’ Club, held in February 05, was very fruitful for direct 
discussion with developers. Model developments are under way by CEA/DEN, in close 
collaboration with IRSN, on in-vessel late-phase (DIVA module) and on vessel external 
cooling. Concerning other reactor types, specifications are under way for VVER-440 and 
VVER-1000, and are planned for BWR. 
 
Validation progress has also been good. The code has been applied to more than 20 
experiments (analytical and integral). Results were good on core degradation and MCCI. 
Partners independent from the developers confirmed IRSN-GRS results on several ISPs (44, 
45, 46, 47) and on the PHEBUS FPT0/1 tests. FZK adopts from now the code to prepare and 
analyse its experiments (QUENCH, DISCO and later on LIVE). Code results compared to 
containment data of an Ignalina RBMK transient gave preliminary acceptable results. Several 
plant applications are also under way on various NPP (PWR, VVER-440, VVER-1000, 
CANDU), including benchmarks with other codes (MELCOR, MAAP, …).  
 
Harmonization of Level 2 PSA methodology and development of advanced tools is also an 
integrating activity. Level 2 PSA is a powerful tool to assess plant-specific vulnerability 
regarding NPP SA. It evaluates possible SA scenarios in terms of frequency, loss of 
containment integrity and radioactive release into the environment and quantifies the 
contribution of prevention and mitigation measures in terms of risk reduction. Different 
approaches are used in Europe, derived from what has been implemented in the USA. A 
description and comparison of the main elements of methods used by the different partners to 
develop their PSA has been written. A State on the Art Report on Dynamic Reliability 
methods has been produced and the limitations of classical methods, which could be 
exceeded, were identified. Examination of the benefit of one of the possible methods (Monte 
Carlo Dynamic Event Tree –MCDET- method,) is ongoing on a specific example. The 
description in “engineer language” of a second potential method achieved (Stimuli Driven 
Theory of Probabilistic Dynamic -SDTPD) was achieved. The follow-up will include testing 
the applicability of these 2 dynamic reliability methods. 
 
Research priority assessment is also an integrating activity. It identifies research priorities and 
intends to re-orientate progressively the existing national programmes, to contribute to launch 
new ones in a coordinated way, eliminating duplications and developing complementarities. 
This activity has been be initiated during the second year, and in close collaboration amongst 
participants (those mainly involved in EURSAFE [3]), representing Technical Support 
Organizations (TSO), industry and utilities, including organisations of Associated Candidate 
Countries. Two types of action have been initiated: 

• Assessment of progress within the joint programme of activity and in the related 
national programmes 

• Re-evaluation of EURSAFE listing and results 
A revision of EURSAFE conclusions should be ready by the end of 2005.   
 
Spreading of Excellence Activities 
The second major type of activity concerns spreading of excellence. The more experienced 
organisations have started to contribute diffusing the excellence by preparing an educational 
course on SA phenomenology, addressing PhD students and researchers. The first course will 
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be given at Cadarache from January 9 to 16 2006. The emphasis in this course will be on 
teaching and providing insights rather than information transfer. This course will include 3 
hours of teaching on the topic of Safety Assessment with a short description of the PSA 
methodology. A PSA Level 2 short course will be developed later in 2006. The teachers for 
the various subjects in the course have been identified. 
 
Besides this, the content of a text book on SA phenomenology has been set up. This book 
covers historical aspects of Light Water Reactor (LWR) safety and principles, phenomena 
concerning in-vessel accident progression, both early and late containment failure, fission 
products (FP) release and transport; it contains a description of analysis tools or codes, of 
management and termination of SA, as well as environmental management. It also gives 
elements on Generation 3 LWRs. Preliminary text for the book will be developed by the 
contributors as they participate as teachers in the course. Serious writing will be done in 2006. 
Prof. Sehgal will be the Editor of the book.  The partners who have agreed to work together in 
preparing the first course and writing this book are universities, TSOs, national laboratories 
and industrial organizations that share their great talent and experience within SARNET. 
 
These spreading of excellence activities are complemented by a mobility programme under 
which students and researchers can go into different laboratories of SARNET for training. 
The Mobility Program accelerated starting with summer of 2005, when seven researchers 
headed for trainings of different durations ranging from few weeks to almost 1 year. The 
sending organizations have been CIEMAT (Spain), LEI (Lithuania), INR (Romania), ULB 
(Belgium), Demokritos (Greece) and TUS (Bulgaria) and the host organizations have been 
PSI (Switzerland), ULB (Belgium), IRSN (France), VTT (Finland), EDF (France), GRS 
(Germany) and FZK (Germany). The delegates have been notably trained to specific 
computer codes, to use them to interpret experimental results available in SARNET or to 
perform reactor scenario calculations to provide boundary conditions for future experiments. 
Several other delegations should be initiated soon. 
 
Jointly Executed Research Activities 
These activities constitute the basis of the network. In spite of the accomplishments reached in 
SA research, some issues remain where research activities are still needed to reduce 
uncertainties considered important and to consolidate SA management plans. These remaining 
issues were identified by the PIRT in the EURSAFE FP5 thematic network [1]. The PIRT 
addressed the whole spectrum of SA situations, extending from core uncovery to long term 
corium stabilization, long term containment integrity, and FP retention or release to the 
environment. Joint research activities in SARNET are executed to help resolve these 
remaining issues. They are split into three areas: containment integrity, corium behaviour 
and source term. In all three areas, the same method has been adopted: review and selection 
of available relevant experiments, synthesis of analyses and interpretation of data from these 
experiments, and model review, synthesis and proposals of models for ASTEC. To day more 
than 20 expert have been constituted, each one is dedicated to a specific aspect of severe 
accident phenomenology. More than 50 recent or underway experimental programmes from 
18 SARNET organisations produce the necessary inputs. Significant progress have been 
achieved in the different domains, details are developed in companion papers, only some 
elements are illustrated below. 
 
The research efforts on energetic phenomena that could potentially threaten containment 
integrity concern hydrogen behaviour and fast interactions in the containment. For the former, 
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the hydrogen combustion and associated risk mitigation is studied, concentrating on the 
formation of combustible gas mixtures, local gas composition and potential combustion 
modes, including reaction kinetics inside catalytic recombiners. Hydrogen distribution within 
the containment is studied to assess the risk of high concentrations. Experimental programmes 
on combustion with gradients (ENACCEF) and recombiner kinetics (REKO-3) have started. 
The PROCO combustion model, improved using the first experimental results, will be 
transferred to ASTEC. In ISP-47, data from the TOSQAN, MISTRA and ThAI facilities were 
used for further validation of lumped-parameter and CFD codes. Limitations of CFD codes 
(especially commercial codes) were identified with respect to wall condensation modelling 
and saturation conditions. Specific topics such as mitigation system modelling, sprays and 
recombiners have been identified as future tasks. 
Concerning fast interactions, fuel coolant interaction is studied to increase the knowledge of 
parameters affecting steam explosion energetics during corium relocation into water, and 
determine the risk of vessel or containment failure by investigation of specific processes like 
premixing, melt fragmentation and particle heat transfer mode. The last test in the ECO 
facility was performed, while the KROTOS facility is being constructed and X-ray imaging 
for pre-mixing visualisation has been developed. In the OECD programme SERENA, reactor 
case calculations were performed and progress towards synthesis of experiment 
interpretations achieved. Direct Containment Heating (DCH) processes are studied, including 
melt dispersion into various reactor compartments, heat transfer and chemical processes such 
as production and combustion of hydrogen. A DISCO experiment with the geometry of a 
French reactor was performed in the EC-LACOMERA programme, which will be used as a 
benchmark for lumped parameter code calculations. A joint technical report on DCH is in 
progress. 
Corium behaviour is a large topic dealing with more than half of the issues selected in the 
EURSAFE PIRT. The corium area ranges from early phase of core degradation to late phase 
core degradation and ex-vessel corium recovery, and a major effort is also being aimed at 
developing the thermodynamic and material databases. Joint activities have been deployed, 
such as the contribution to the definition and the interpretation of OECD-CCI tests around the 
MCCI programme, with a contribution to the benchmark exercise and the associated model 
improvement, and a contribution to the definition and interpretation of PLINIUS and 
LACOMERA tests: QUENCH-10 on air ingress in bundle geometry, COMET-L1 and L2 to 
study MCCI in 2D geometry, LIVE or VULCANO-COMET tests in preparation. Similar 
activities have been carried out for ongoing and new ISTC programmes: ISTC PARAMETER 
and core top flooding models, ISTC METCOR and impact on thermo-mechanical vessel 
behaviour, ISTC CORPHAD and NUCLEA data base qualification. In the International 
Source Term Programme (see below), FZK and IRSN have started to harmonize their test 
matrices on Zircaloy oxidation by air/steam mixtures and on B4C oxidation and degradation. 
In Source Term area, the main safety-related issues addressed are the effect of air ingress, i.e. 
the influence of an oxidising environment on release and circuit source term phenomena, 
iodine volatility in the primary circuit, particularly for silver-indium-cadmium release (as 
these absorber elements play a significant role in iodine chemistry), containment by-pass in 
the case of steam generator tube rupture, aerosol retention in containment cracks, aerosol 
remobilization, and aerosol and iodine behaviour in the containment.  These are dealt with in 
several work packages where technical discussion ’circles’ clustering participants around 
specific issues are highlighted, bringing experimentalists and modellers closer together. The 
main achievements have been detailed in [4]. A large part of the activity is devoted to the 
definition/preparation of the so-called International Source Term Programme launched by 
IRSN, CEA and EDF with the support of the European Commission [5]. Concerning Fission 
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Products (notably Ruthenium) release from irradiated fuel under very oxidising conditions, a 
large effort has been devoted to the interpretation of available AECL data and of RUSET 
(AEKI). It has been drawn that Ruthenium release occurs in oxide form after an incubation 
period during which full oxidation of fuel and cladding occurs. From RUSET and VTT tests,  
it has been noticed that oxide forms can stay volatile enough  in lower temperature regions to 
be transported to the reactor containment.  It has been emphasized that water vapour likely 
suppresses decomposition of RuO4 on stainless steel. This result is of major importance for 
source term as it shows that depending on conditions, some ruthenium may reach the 
containment in a stable volatile form. Further data are required (RUSET, VTT tests & 
VERDON).The conditions in future tests VERDON [5] are being defined by pre-test 
calculations.  
Concerning iodine chemistry in the circuit IRSN has provided an overall interpretation of 
iodine chemistry in the circuit. Under reducing conditions, and without absorber material, 
iodine chemistry seems relatively straightforward, the iodine being transported predominantly 
as caesium (and rubidium) iodide. In oxidizing conditions the picture is more complicated 
since Cs take up in forms other than CsI affects iodine chemistry. Hence, iodine can either 
still be principally CsI or tends to form other metal iodides such as with control rod materials 
or, if these are not present, conditions become conducive to HI formation. These statements 
still need to be confirmed : future CHIP tests will provide useful data for a full understanding. 
The CHIP programme [5] will provide kinetic and thermodynamic data on iodine transport to 
primary circuit (RCS) breaks under reactor accident conditions. Two complementary sets of 
tests are planned, analytical and phenomenological. 
Regarding radio-active Aerosols Issues, three scenarios are being addressed: steam generator 
tube rupture (SGTR) sequences, remobilisation from RCS deposits and transport of aerosols 
through containment cracks.  
Several facilities have investigated aspects of the aerosol retention within the steam generator 
under SGTR conditions: PSAERO/HORIZON, PECA/SGTR and ARTIST. 
PSAERO/HORIZON tests have shown that resuspension is important in aerosol retention 
within horizontal tubes and that sudden velocity changes enhance resuspension. The 
PECA/SGTR tests showed that in the break stage, under all conditions tested, the mass 
retained was less than 20% of that injected. For flow rates above 100 kg/h, the higher the gas 
velocity, the lower the total mass depleted on tube surfaces, but at lower flow rates this trend 
is not maintained. These results were consistent with the small decontamination factors (DFs) 
measured under similar conditions (dry secondary side) in ARTIST.  
Revolatilisation tests are being performed in the small-scale REVAP facility where samples 
from PHEBUS are being tested under different conditions. These tests show that the extent of 
Cs revaporisation is very high (~95%) on flat metallic substrates.  During slow temperature 
ramping under flowing steam, it starts at 550°C and is rapid until 750°C; it continues to 
1000°C but it is practically finished by then. Radiotracer testing confirms that CsOH deposits 
on stainless steel have the same behaviour as that of the PHEBUS sample deposits. Further 
tests are needed to achieve a correlation of results. 
Retention of aerosols in containment cracks can be effective, particularly in the presence of 
steam (SIMIBE tests). More data are needed to support the theoretical developments 
underway. 
The experimental facilities involved in Containment Chemistry are: PHEBUS FP, CAIMAN, 
SISYPHE, the Chalmers facility, PARIS [5] and EPICUR [5]. 
AEA Technology has started the compilation of an Iodine Data Book which aims to provide a 
critical review of the data used in the development and validation of iodine chemistry models. 
The first part, covering aqueous inorganic iodine radiation chemistry, was produced in the 
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first year of the project. Particular attention is being given to the interpretation of some 
PHEBUS observations. The CAIMAN programme gave also some interesting results: in the 
presence of paints, irradiation and high temperature, organic iodide can be the dominant form 
of volatile iodine; in alkaline conditions, gaseous iodine concentrations decrease by several 
orders of magnitude. The nature of mass transfer regime between sump and gas has been 
specifically addressed in SISYPHE . The two main effects of evaporating conditions are to 
increase the kinetics of transfer from the liquid to the gaseous phase and to change the steady 
state iodine concentrations, the sump iodine concentration being reduced. The well-known 
two-film model has been modified to extend it to this type of conditions.  
The effect of radiation on the nature of containment atmosphere and the effect of metallic 
impurities in the sump have been investigated in the PARIS [5] and Chalmers experimental 
programmes, respectively. The organic iodine formation models are based on a simultaneous 
consideration of thermal and radiolytic mechanisms both in gas and liquid phases. There are 
however discrepancies in the aqueous modelling, essentially concerning the organic sources. 
Data from the EPICUR [5] programme will be suitable for validation of these models. 
 
 
CONCLUSION 
 
The four-year SARNET Network of Excellence started in April 2004 with the ambitious but 
highly important objective to provide an appropriate frame for achieving within a couple of 
years a sustainable integration of the European severe accident research capacities. 
By capitalizing the acquired knowledge in ASTEC code and in Databases (DATANET), 
SARNET has started to produce conditions necessary for preserving the knowledge produced 
by thousands of person-years of research, and diffusing it to a large number of end-users. The 
ASTEC code is being actively used and DATANET being used to store experimental data. 
By fostering collaborative work in the PSA2 domain, SARNET has started to create the 
necessary conditions for harmonizing the approaches and making Europe a leader in SA 
computer code and risk assessment methodology. 
Through an education and training programme, concretised by a first 5-days educational 
course and a text book foreseen in the beginning of 2006, addressing young scientists, 
SARNET has started to develop synergies with educational institutions to keep attractive this 
domain of activity for students. Through detachments of young researchers in the first year, 
the mobility process has been initiated and expansion is expected. 
By fostering collaborative work in the technical domains of containment integrity, corium 
behaviour and source term, SARNET has started to progress to solve remaining outstanding 
issues and to provide ASTEC with modelling recommendations. Proposals have been 
elaborated for the modelling of ruthenium release under oxidizing conditions, for the 
modelling of retention of aerosols in containment wall cracks. Several recommendations are 
expected in the coming years from the different specialized collaborative groups. 
Finally, SARNET is developing a methodology to periodically assess progress and identify 
remaining needs in term of research, SARNET should thus become a reference, in terms of 
research priorities in the field of SA, having impact on national programmes and associated 
budgets.  
 
 

The first European Review Meeting on Severe Accident Research (ERMSAR-2005) 
Aix-en-Provence, France, 14-16 November 2005 



12/12 
 

SESSION 1 Paper N° 1 
 

The first European Review Meeting on Severe Accident Research (ERMSAR-2005) 
Aix-en-Provence, France, 14-16 November 2005 

REFERENCES 
[1] D. Magallon et al., European Expert Network for the Reduction of Uncertainties in Severe 
Accident Safety Issues (EURSAFE), Nuclear Engineering and Design, vol. 235, 2005, pp. 
309-346. 
[2] J.C. Micaelli et al., SARNET : Sustainable Integration of EU Research on Severe 
Accident Phenomenology and Management , Proc. EUROSAFE Forum 2003, Paris, France, 
October 2003. 
[3] J.-P. Van Dorsselaere, H.-J. Allelein, ASTEC and SARNET – Integrating Severe Accident 
Research in Europe, Proc. EUROSAFE Forum 2004, Berlin, Germany, November 2004. 
[4] T. Haste et al., SARNET : Severe accident research network, key issues in the area of 
source term, Proc. Nuclear Energy for New Europe 2005, Bled, Slovenia, September 5-8, 
2005. 
[5] B. Clément, R. Zeyen, The Phébus FP and International Source Term Programmes, Proc. 
Nuclear Energy for New Europe 2005, Bled, Slovenia, September 5-8, 2005 
 



1/12 
 

Session 1. Opening and overview – Paper n°2 

 
 

Research Needs in the Domain of Severe Accidents 
 

Klaus Trambauer 
Gesellschaft fuer Anlagen- und Reaktorsicherheit (GRS), Garching (DE) 

 
EC-SARNET: FI6O-CT-2004-509065 

 
 
 
Abstract 
 

The objectives of SARNET are to define common research programmes and to develop 
common computer tools and methodologies for safety assessment. To reach these objectives 
several elements or work programmes (WP) are established. One of them is the WP ‘Severe 
Accident Research Priorities’ (SARP) with the aims to harmonize and to re-orient research 
programmes, to define new ones, and to close a resolved issue on a common basis. This ac-
tion will make use notably of (1) the outcome of the EURSAFE action, i.e., the results of the 
Phenomena Identification and Ranking Tables (PIRT) on severe accidents, (2) the results of 
the qualification and benchmarking activities on ASTEC, (3) the results of reactor calcula-
tions carried out in the other activities, and (4) the outcome of the research performed in the 
three thematic sub domains of SARNET (corium, containment, source term). 

 
The main outcome of EURSAFE was a list of 21 topics which includes precise recom-

mendations for experimental programmes and code developments and forms the basis of the 
work of the SARP. Also the methodology applied in EURSAFE to consider both risk poten-
tial and the severe accident issues where large uncertainties still subsist will be adopted. The 
analyses of the progress of research and developmental activities will be in close cooperation 
with the management team and the coordinators of the WPs. These analyses will consider 
whether (1) any research issue is resolved due to reduction of uncertainties or gain of scien-
tific insights, (2) any new issue has to be added to the list of needed research, (3) any new 
process or phenomena have to be included in the general PIRT list taking into account the 
safety relevance and lack of knowledge, and (4) a new accident management programme has 
to be developed to cope with unresolved problems. Furthermore a strategy plan will be elabo-
rated to ensure a wide consensus with the end users requirements and the objectives of 
SARNET research activities. 

 
 

A Introduction 
 
The objectives and work scope of SARNET have been comprehensively described in 

the previous presentation “Overview of SARNET deployment and progress”. The SARNET 
work program is based on the result of EURSAFE, which was a thematic network with a du-
ration of two years starting 1st December 2001 and finishing 30th November 2003. The main 
outcome of EURSAFE was a list of 21 areas of needed research in the domain of severe acci-
dents, which includes precise recommendations for experimental programmes and code de-
velopment. To further develop this list as a living document the work package “Severe Acci-
dent Research Priorities (SARP)” has been established. 
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This presentation describes 
− The objectives and the work scope of the work package SARP. 
− The methodology applied in EURSAFE to establish an internationally agreed list of 

needed research items. 
− Main results of work performed.  
− The strategy to fulfil the objectives of the work package. 
 
This first ERMSAR should be focused on the main results of SARNET, the identifica-

tion of items where the knowledge has been considerably improved and further experimental 
research or model development (R&D) is not necessary, taking into account the limited re-
sources available. Furthermore it should identify research areas which need reorientation to 
fulfill the objectives of the work package and last but not least the identification of needed re-
search not being covered by the SARNET work program. 

 
The final panel discussion of ERSAR should highlight these issues to support the opti-

mal use of national and international effort for research in the domain of severe accident. 
 
 

B Objectives and work scope of the work package SARP 
 
The objectives of SARP are defined as: 
 
Prioritise the research to be performed in the field of severe accident phenomena and 

management, notably using the results of EURSAFE, ASTEC work packages, and Level 2 
PSA work packages.  

 
The working scope as outlined in the “Description of Work” is: 

− Agree on methodology. 

− Review issues resulting from EURSAFE not appropriately covered by SARNET. 

− Analyse research and development progress and results from Level 2 PSA studies. 

− Review issues ranking. 

− Review potential experimental and theoretical programmes to address these issues. 

− Make recommendations for research and development programme revision 
 
The following chapters will illustrate the working methods studied to find an effective 

way how to fulfil the requirements and the work being performed by the SARP team. 
 
 

C EURSAFE methodology and results  
 
The objectives of the EURSAFE thematic network (Ref. [1]) were to establish a large 

consensus on the Severe Accident issues where large uncertainties still subsist, and to propose 
a structure to address these uncertainties by appropriate R&D programmes making the best 
use of the European resources. It incorporated issues related to existing plants (PWR, BWR 
and VVER), lifetime extension of these plants, evolutionary concepts (higher burn-up and 
MOX fuels), and safety and efficiency of future systems. 
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20 partners representing R&D governmental institutions, regulatory bodies, nuclear in-
dustry, utilities and universities from 9 European countries (Finland, France, Germany, Spain, 
Sweden, United Kingdom, Czech Republic, Hungary, Switzerland) and the USA were 
brought to work together in a network structure, which was supposed to be the embryo of 
SARNET. 

 
To achieve the objectives, sufficient convergence on issues and phenomena and on their 

importance in terms of safety and knowledge was required among all the major European ac-
tors in Nuclear Safety. The final objective was a consensual approach to resolve the remaining 
uncertainties. Establishing Phenomena Identification and Ranking Tables (PIRT) has been 
proved in other areas (e.g. Loss-of-coolant accidents, LOCA) to be an efficient and unbiased 
way to reach such a consensus (Ref. [2]).  

 
In EURSAFE the first PIRT was realised for severe accidents as an initial step towards 

the objectives. It integrated all the severe accident issues from core degradation up to release 
of fission products in the containment, taking into account any possible counter-measures and 
the evolution of fuel management.  

 
As a basis for the PIRT, a comprehensive list of 916 severe accident phenomena was es-

tablished. The phenomena were classified in five groups: 

− In-vessel (162 phenomena),  

− Ex-vessel (149 phenomena),  

− Dynamic loading (461 phenomena),  

− Long term loading (116 phenomena),  

− Fission products (128 phenomena).  
 
Three safety-oriented groups of experts scrutinized these phenomena of the five lists 

and ranked them in accordance to their safety importance for  

− primary circuit,  

− containment and  

− source term.  
 
The rationale for voting on safety importance was as follows: 

− Vote level 3: High priority; the phenomenon (or the aspect) is highly important for 
safety and the probability of occurrence is high, medium or unknown. The uncer-
tainties on this phenomenon should be reduced to the minimum possible. 

− Vote level 3L: High priority but low probability; the phenomenon (or the aspect) 
has important consequences and the probability of occurrence is low.  

− Vote level 2: Medium priority; the phenomenon (or the aspect) is important for 
safety and the probability of occurrence is medium or unknown.  

− Vote level 1: Low priority; the phenomenon (or the aspect) has low importance for 
safety, or has medium importance for safety and its probability of occurrence is low. 

− Vote NO: No Opinion. 
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− Vote NA: Not Applicable; phenomenon not relevant for the considered safety ori-
ented situation. 

− "-": No participation. 
 
According to the number of High, Medium and Low priority votes assigned to a phe-

nomenon, an Importance Ratio (IR) was deduced from: 
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A classification based on vote averages was established as follows: 

− IR ≥ 2.33   means HIGH Importance ranking 

− 1.66 < IR < 2.33  means MEDIUM Importance ranking 

− IR ≤ 1.66   means LOW Importance ranking 
 
Any phenomena for which the number of votes was less than five, whatever was the av-

erage value of the votes, was disregarded. On the other hand, phenomena having more than 
five votes “3” were selected as highly important anyway. A few bi-modal cases (phenomena 
having an equal number of votes 1 and 3) could not be resolved and remained in the list. 

 
After this evaluation a reduced list of 229 severe accident phenomena with high impor-

tance for reactor safety was established: 

− 44 phenomena for In-vessel,  

− 48 phenomena for Ex-vessel,  

− 71 phenomena for Dynamic loading,  

− 36 phenomena for Long term loading,  

− 30 phenomena for Fission products.  
 
Then, the five previously mentioned phenomena-oriented groups ranked the phenomena 

selected as important for safety in terms of knowledge. Rationale for voting on phenomena 
knowledge was as follows: 

− Vote level 3: The phenomenon/aspect is only partly understood. The models are ru-
dimentary. The model verification is insufficient due to a significant lack of experi-
mental data. Needs significant R&D effort.  

− Vote level 2: The phenomenon/aspect is on the whole understood, uncertainties re-
main for unexplored parameter ranges or extrapolation to reactor scale. The main 
processes are described by adequate models but the verification is not complete due 
to a limited understanding and to limited number of data.  

− Vote level 1: The phenomenon/aspect is well understood. The processes are ade-
quately modelled and well verified in general on an extended experimental basis. 
Needs little or no R&D. 

− Vote NF: None of the suggested votes fits; provide explanation in the comments. 
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− Vote NE: Problem unknown (no expertise)  

− "–": no participation 
 
The vote averaging for the Knowledge Ratio (KR) was performed as described above 

for the Importance Ratio (IR). The classification based on vote averages was established as 
follows: 

− KR ≥ 2.3: selected as most significant lack of knowledge; put into List 1.  

− 2.1 < KR < 2.3 and bi-modals: To be re-discussed on the basis of the rationales 
summarised by the chairpersons of the various groups and either not considered or 
put into List 2 as still lacking knowledge for some aspects. 

 
After completion of the two ranking phases, this procedure clearly emphasized the phe-

nomena being simultaneously highly important for safety and significantly lacking of knowl-
edge. The remaining 106 phenomena are obviously candidates for further R&D work, which 
will be specified in the PIRT’s implications work package. The allocation of these phenomena 
to the specified domains was the following: 

− 24 phenomena for In-vessel,  

− 28 phenomena for Ex-vessel,  

− 26 phenomena for Dynamic loading,  

− 10 phenomena for Long term loading,  

− 18 phenomena for Fission products.  
 
Starting with 916 identified phenomena, the list was reduced to 229 important for 

safety, of which 106 were found with significant lack of knowledge. The list was in turn di-
vided into two categories: phenomena with most significant lack of knowledge (57 phenom-
ena) and those with a significant lack of knowledge for some aspects (49 phenomena).  

 
After that the PIRT implications were deduced taking into account existing and planned 

European facilities, codes and programmes. The work package included:  

− Defining R&D needs in terms of objectives and priorities; 

− Identifying the required R&D tasks in terms of experimental programmes and 
codes;  

− Reviewing the European facilities and codes which could be used for these tasks, 
taking into account the existing and planned programmes. 
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Table 1: EURSAFE items for needed research and rationale for selection  

No Items for needed Research Rationale for selection 

1,1 Hydrogen generation during reflood or melt 
relocation into water  

Rapid generation of hydrogen which may not be accommodated by re-
combiners and the risk of early containment failure. Improve knowledge 
about the magnitude of hydrogen generation. 

1,2 Core coolability during reflood and thermal-
hydraulics within particulate debris 

Termination of the accident by re-flooding of the core while maintaining 
RCS integrity. Increase predictability of core cooling during re-flood. 

1,3 Corium coolability in lower head and exter-
nal corium catcher device 

Improve predictability of the thermal loading on RPV lower head or corium 
catcher devices to maintain their integrity.  

1,4 Integrity of RPV due to external vessel cool-
ing 

Improve data base for critical heat flux and  external cooling conditions to 
evaluate and design AM strategies of external vessel cooling for in-vessel 
melt retention. 

1,5 Integrity of RCS Improve predictability of heat distribution in the RCS to quantify the risk of 
RCS failure and possible containment bypass. 

1,6 Corium release following vessel failure   Improve predictability of mode and location of RPV failure to characterise 
the corium release into the containment. 

2,1 MCCI: molten pool configuration and con-
crete ablation  

Improve predictability of axial versus radial ablation up to late phase MCCI 
to determine basemat failure time and loss of containment integrity. 

2,2 Ex-Vessel corium coolability, top flooding Increase the knowledge of cooling mechanisms by top flooding the corium 
pool to demonstrate termination of accident progression and maintenance of 
containment integrity. 

2,3 Ex-Vessel corium catcher: corium ceramics 
interaction and properties 

Demonstrate the efficiency of specific corium catcher designs by improving 
the predictability of the corium interaction with corium catcher materials. 

2,4 Ex-Vessel corium catcher: coolability and 
water bottom injection 

Demonstrate the efficiency of water bottom injection to cool corium pool 
and its impact on containment pressurisation. 

3,1 Melt relocation into water and particulate 
formation 

Determine characteristics of jet fragmentation, debris bed formation and 
debris coolability towards maintenance of vessel and respectively contain-
ment integrity. 

3,2 FCI incl. steam explosion: melt into water, 
in-vessel and ex-vessel 

Increase the knowledge of parameters affecting steam explosion energetics 
during corium relocation into water and determine the risk of vessel or con-
tainment failure. 

3,3 FCI incl. steam explosion in stratified situa-
tion 

Investigate the risk of weakened vessel failure during reflooding of a molten 
pool in the lower head.  

3,4 Containment atmosphere mixing and hydro-
gen combustion / detonation 

Identify the risk of early containment failure due to hydrogen accumulation 
leading to deflagration / detonation and to identify counter-measures. 

3,5 Dynamic and static behaviour of contain-
ment, crack formation and leakage at pene-
trations 

Estimate the leakage of fission products to the environment. 

4,1 Direct containment heating Increase the knowledge of parameters affecting the pressure build-up due to 
DCH and determine the risk of containment failure. 

5,1 Oxidising environment impact on source 
term 

Quantify the source term, in particular for Ru, under oxidation conditions / 
air ingress for HBU and MOX. 

5,2 RCS high temperature chemistry impact on 
source term 

Improve predictability of iodine species exiting RCS to provide the best es-
timate of the source into the containment. 

5,3 Aerosol behaviour impact on source term Quantify the source term for aerosol retention  in the secondary side of 
steam generator and leakage through cracks in the containment wall as well 
as  the source into the containment due to revolatilasation  in RCS. 

5,4 Containment chemistry impact on source 
term 

Improve the predictability of iodine chemistry in the containment to reduce 
the uncertainty in iodine source term. 

5,5 Core re-flooding impact on source term Characterise and quantify the FP release during core re-flooding. 
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As a further step, the research needs to address each selected phenomena of the PIRT 
list were identified. First, the objectives of research and the description of programmes and 
codes needed (including existing capabilities) to address each selected phenomena of the 
PIRT list were reviewed. A list was established assigning to each selected phenomena the 
relative research needs and programmes. In the column "Objectives of needed research" (See 
Table I of Ref. [3]), the key is as follows: 

− A: perform experimental work to produce the missing information, 

− B: perform analytical work to integrate the existing data in best estimate codes,  

− C: develop a conservative approach, 

− D: perform R&D work for the development of new accident management proce-
dures, 

− 1, 2, 3… indicate a chronological order for performing the research. 
 
Next, the phenomena were regrouped into a limited number of research items according 

to their similarities in terms of research needs/physical processes, with the scope of being able 
to set up a limited number of coherent R&D programmes. A rationale for these research needs 
was established based on safety relevance and lack of knowledge. The outcome of this proc-
ess is summarised in Table 1, which gives the 21 items of needed research and relative ration-
ales drawn from the 106 phenomena selected in the PIRT. 

 
 

D Summary of results of the work package SARP 
 
The methodology applied in EURSAFE to establish an internationally agreed list of 

needed research items has been proven as adequate. It started with a comprehensive list of 
phenomena and finished by using a bottom-up approach with 21 items of needed research ar-
eas. Investigations have shown that a well balanced top-down approach gives very similar re-
sults. Therefore the EURSAFE methodology will be applied in SARNET to.  

 
By comparing the research performed in SARNET with the needed research areas indi-

cated by EURSAFE, three out of 21 items have been recognized as not being covered at all: 

− Integrity of RCS, distribution of decay heat, containment bypass (ERI 1.5.). 

− Dynamic and static behaviour of containment, crack formation (ERI 3.5.). 

− Characterisation and quantification of fission product release during core reflooding. 
There are virtually no data available on real irradiated fuel (ERI 5.5.). 

And three more items are not appropriately covered: 

− Coolability of particulate debris bed in case of reflooding. The validation of existing 
models remains insufficient do to the lack of multi-D experimental data (ERI 1.2). 

− Ex vessel corium coolability. The size of existing experiments does not adequately 
address scale effects (ERI 2.2 & 2.4). 

 
Up to know three possible new research items have been identified. The assessment of 

these items is underway. In the following a preliminary evaluation will be given. 
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The objective of WP15 (Aerosol Behaviour Impact on Source Term AEROB) is to 
quantify the effect of uncertain key aerosol phenomena on the source term. The main empha-
sis is placed on aerosol retention in the secondary side of the steam generator during steam 
generator tube rupture sequences and in cracks of containment walls. Attention is also being 
paid to the late in-containment source term from re-volatilisation of previously deposited 
aerosols in the RCS. The re-volatilisation is caused by re-evaporation due to changes in tem-
perature and partial pressure or mechanical re-suspension due to higher velocities. In 
EURSAFE the maximum value of safety oriented votes for the mechanical re-suspension was 
2.20 (= 3x1 + 6x2 + 6x3) and thus below the cut off value of 2.33. Therefore the phenomenon 
oriented votes have not been elected. On the other hand, the code models to predict mechani-
cal re-suspension are weak and must be improved to adequately determine deposition accom-
panied by this process and to allow a well balanced estimation of re-volatilisation due to 
thermal/chemical and mechanical/physical effects. It will be assessed whether mechanical re-
suspension will be investigated in SARNET. 

 

Also the re-volatilisation of iodides is located in the responsibility of WP15. One impor-
tant source could be the volatilisation and decomposition of airborne iodides due to violent 
heat-up induced by hydrogen burning or by recombiner. This phenomenon was rated with 
medium priority regarding the safety relevance (Safety oriented vote 2.08 = 4x1 + 3x2 + 5x3) 
and therefore not further evaluated. On the other hand the voting has two extreme values. One 
for low safety relevance (4 voices) and one for high safety relevance (5 voices) and is with 
this “bimodal”. Such cases should be investigated carefully and re-evaluated in case of more 
detailed information of the consequences of the process or phenomenon. This will be done by 
a new evaluation in the SARP with special attention of iodine volatilisation due to heat-up in-
duced by hydrogen recombiner. 

 
The objective of WP16 (Containment Chemistry Impact on Source Term CONTCHEM) 

is to improve the predictability of the iodine chemistry in the containment, to reduce the un-
certainty in the iodine source term. In other words the objectives are restricted to Iodine only. 
The containment chemistry is determined by the source from the reactor cooling system 
(RCS) with lies in the responsibility of WP14 (Fission Product Release and Transport FPRT), 
sub-group 1 (OXIDEN). The objectives of WP 14-1 are the quantification of the source term, 
in particular for Ruthenium, under oxidizing conditions/air ingress for HBU and MOX fuel. 
This phenomenon was rated with high priority (Safety oriented vote 2.36) und significant lack 
of knowledge (Phenomenon oriented vote 2.69). It was recognized, that there are some incon-
sistencies regarding the role of Ruthenium in the RCS and the containment. To clarify this, it 
should be assessed whether Ruthenium should be considered in the containment chemistry or 
not. 

 
The discussed three cases should be re-evaluated within the work package SARP. The 

procedure to be applied for the re-evaluation is described in the following chapter.  
 
 

D Strategy followed through in the work package SARP 
 
The strategy planned to be applied in the work package SARP is outlined in the follow-

ing and should be discussed during ERMSAR and the next weeks to develop an agreed pro-
cedure. It should be mentioned, that this work requires a strong cooperation between SARP 
team, technical leaders of the work package, topical coordinators and the Management Team. 

The first European Review Meeting on Severe Accident Research (ERMSAR-2005) 
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One requirement is that all steps of the decision process must be documented to allow a 
well funded judgment for the SARNET community and for the end users of SARNET prod-
ucts. For this reason a template (see Table 2) has been constructed, which will be described in 
the following. The structure of the template reflects the strategy of the decision process. 

 
The template is used for the three possible “Decisions”: 

1. The issue is closed by sufficiently improved knowledge (To be closed). 

2. The work should be reoriented to fulfil the objectives (Reorientation). 

3. A new research item should be set up (New Item). 
 
The corresponding indication is the first entry in the head line. The head line is repeated 

on the top of a new page. It includes with the “Topical Research Area”, the “Work Package 
Number” as well as the corresponding “EURSAFE Research Item” and “EURSAFE Refer-
ence Number” the main indicators. The following line is a “Short description of the action” 
given by the technical leader who requested the decision. 

 
After this descriptive part, the template includes 10 “Actions” named “A” to “J” with a 

clear indication of responsibility and the time of execution “Date”.  
 
The first action “A” is to reflect the situation described by EURSAFE. It is filled in by 

the technical leaders of the work package and the SARP. It comprises  

− the description of the corresponding  “Items for needed Research”, “Rationale for 
selection” and the “Description of phenomena” 

− the Safety oriented Votes (SoV) regarding the Primary Circuit (PC), Containment 
(Cont) and Source Term (ST) as well as the Phenomenon oriented Vote (PoV) and 
the selection of priority list (1 = highest, 2 = second, 0 = not selected) 

− the “Objectives of needed research” and “Description of experimental program and 
code development”.  

 
The second action “B” is a comprehensive description of the “Rationale for the decision 

to be taken, written by the technical leader of the work package”. If the decision process is 
launched by the SARP, its technical leader takes this action. 

 
The following step “C” is the “Evaluation of rationale by the topical coordinator”. With 

this the rationale written by the technical leader is revised and the state of knowledge, the cor-
responding test facilities and computer programmes, modules or models are described and 
listed. 

 
After this the SARP team has to asses in step “D” the rationale and justifications of the 

leaders of the work package. Furthermore it has, in accordance to the methodology developed 
in EURSAFE, to vote regarding the safety relevance and risk potential (SoV \ PC, Cont, ST) 
as well as to estimate the state of knowledge (PoV). 
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Table 2: Template for decision process 
 

Ac-
tion 

Decision 

New Item 

Topical Research Area  
Source Term 

Work Package Number  
WP16 

EURSAFE Research Item 
ERI 5,1 & 5,4 

EURSAFE Ref.  Number  
ERN 5,1,026 & 
5,5,000 

YY/MM/DD

Date 

 Short description of the action: 
Investigate the volatility and behaviour of Ruthenium in the containment. 

05/06/23

A Items for needed Research ERI 5,1 
Oxidising environment impact on source 
term. 

Rationale for selection ERI 5,1 
Quantify the source term, in particular 
for Ru, under oxidation conditions / air 
ingress for HBU and MOX. 

05/10/23

 Items for needed Research ERI 5,4 
Containment chemistry impact on source 
term. 

Rationale for selection ERI 5,4 
Improve the predictability of iodine 
chemistry in the containment to reduce 
the uncertainty in iodine source term. 

 

 Description of phenomena:  Fission Products \ Invessel Release \  
Release mechanisms for FPs and actinides from solid fuel \ ERN 5,1,026: 
Important increase of the volatility of certain elements due to a high state of oxida-
tion, e.g. in the situation of air ingress in the core. 
Containment filtered pressure relief is a likely measure to achieve severe accident fi-
nal safe state. The issue is important for assessing containment by-pass scenarios. 
Knowledge base during refuelling outages, when the reactor vessel is open, should be 
increased. Chemistry in the containment is an important issue for long-term accident 
management.   

 

 SoV \ PC: 1.67 
2x1 + 0x2 + 1x3 

SoV \ Cont: 1.00 
3x1 + 0x2 + 0x3 

SoV \ ST: 2.36 
3x1 + 3x2 + 8x3 

PoV: 2.69 
1x1 + 2x2 + 10x3 

Selected List: 1  

 Objectives of needed research: 
B1: Review of existing data  
 
B2: analysis of reactor scenarios to define the test 
conditions 
 
A3: Small scale exp. to examine the speciation and 
aerosol behaviour of Ru under different oxidising 
environments, temperatures etc. with simulants and 
real FPs and other materials 
 
 
 
 
 
 
 
 
 
 
B4: modelling improvement for FP release induced 
by  fuel oxidation 
 
B5: modelling effort for Ru transport including nec-
essary kinetic effects 
A6: integral exp. to complement existing data from 
separate effect tests - coupling between fuel degrada-
tion and FP release 

Description of Experimental Program / Codes: 
 
 
ATHLET-CD, ASTEC 
 
 
Transport (thermal gradient tube etc.) and speciation 
(mass spectrometry, UV/vis spectroscopy etc.) ex-
periments would be conducted under a range of con-
ditions relevant to severe reactor accidents with in-
volve identification of the dominant vapour-phase 
and condensed-phase (aerosol) species of ruthenium 
and simulant FPs. 
RUSET, (AEKI): separate effect  tests on the oxida-
tion and release of Ru and other simulant FPs  
(1 rod segment) 
VERDON, MADRAGUE, real FP materials 
CODEX-RU bundle (7-9 rods) tests with fission 
product simulant materials. 
 
ICARE/ELSA, DIVA/ELSA (ASTEC) 
 
 
SOPHAEROS (ASTEC) 
 
PHEBUS 2K planned mid 2007 

 

 Description of phenomena:  Fission Products \ Iodine Chemistry \ ERN 5,5,000: 
There is no specific element besides Iodine included in this chapter. 

 

B Rationale for the decision to be taken, written by technical leader of the work package: 
(to be completed) 
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Ac-
tion 

Decision 

New Item 

Topical Research Area  
Source Term 

Work Package Number  
WP16 

EURSAFE Research Item 
ERI 5,1 & 5,4 

EURSAFE Ref.  Number  
ERN 5,1,026 & 
5,5,000 

YY/MM/DD

Date 

C Evaluation of rationale by the topical coordinator (State of knowledge, test facility, model development): 
(to be completed) 

 

D Assessment of rationale by the SARP team (Safety and risk significance, review evaluation by TC):  
(to be completed) 

 

 SoV \ PC: 0.00 
0x1 + 0x2 + 0x3 

SoV \ Cont: 0.00 
0x1 + 0x2 + 0x3 

SoV \ ST: 0.00 
0x1 + 0x2 + 0x3 

PoV: 0.00 
0x1 + 0x2 + 0x3 

Selected List: 0  

E Review of SARP evaluation by MT: 
(to be completed) 

 

F Statement of decision to be published on the ACT and to be given to end users for comment: 
(to be completed) 

 

G Comments from the SARNET community and end user:  
(to be completed) 

 

H Summary of comments from the end user compiled by SARP team:  
(to be completed) 

 

I Revised statement of decision to be published on the ACT: 
(to be completed) 

 

J Objectives of needed research for the new item: 
(to be completed) 

Description of Experimental Program / Codes: 
(to be completed) 

 

 

 
In the next step “E” the management team (MT) reviews the evaluation of the SARP 

and informs all previous actors about its assessment to allow them to clarify or to improve the 
arguments documented in the template.  

 
After this, in step “F” the preliminary decision is published in the ACT and distributed 

to the end users by the MT with reference to the template and a clear dead line for comments 
(usually 4 weeks, in vacation time 8 weeks). 

 
Under step “G” all comments of the SARNET community and the end users are col-

lected. 
 
After crossing the dead line for comments, the SARP team compiles in step “H” the 

comments collected in the previous step and briefly summarize them. 
 
In cooperation of SARP and MT the summary of the comments (step “H”) is used to as-

sess the decision published in step “F”.  In step “I” the revised (or original) decision is pub-
lished as final decision in the ACT.  

 
In case of new or new oriented research item, the “Objectives of needed research for the 

new item” and the “Description of experimental program or code development” are docu-
mented in step “J” by applying the same methodology as utilised in EURSAFE. In case of the 
decision to close the issue, this article is not applicable. 

 
This strategy is an attempt to come in a reasonable time under consideration of all use-

ful co-determination to an agreed decision considering all aspects of innovation and economic 
efficiency. The next weeks should allow an assessment of this procedure. 
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SUMMARY
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GENERAL FRAME

EURATOM 6th Framework Programme (FP-6) 2002-2006

Main objective
– Contribute to the creation of the European Research Area (ERA) in the 

field of nuclear energy by improving integration and co-ordination on 
nuclear research in EU

Close partnership with the EU Member states and different European 
organizations

Networking the excellence

Overcoming the fragmentation of European research
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REACTOR SEVERE ACCIDENTS
Hypothetical scenario (very low probability)

– Accidental event (Ex: break in the cooling system)

– And failure of Safety Systems

Might have serious consequences
– Release of radioactive elements out of the containment

Large R&D efforts for more than 20 years (TMI2 : 1979)

Large progress has been made and (logically) allocated budgets are 
decreasing

Risk
– To leave unsolved some issues still open and important in terms of reactor safety 

(i.e.: Ruthenium release, corium retention, …);

– To lose competence and knowledge
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Severe
Accident
Research
NETwork of excellence

– 18 Countries

– 49 organizations
18 Research Organizations

10 Universities

11 Industry Organizations

4 Utilities

6 Safety Authorities or 
Technical Supports
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SARNET MAIN OBJECTIVES

Resolution of still pending questions that are 
important for reactor safety 

Optimised use of available resources and 
competences throughout Europe 

Knowledge transfer for safety application

Perpetuate the competence (capitalize the 
knowledge)
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Structure of the network

Bricks = National R&D Programmes

JPA

B

Go beyond the existing collaborative frames that are generally:

– limited to a small number of organisations (Ex: bi or trilateral collaboration agreements)

– or limited to a small scientific domain (Ex: multiparty share cost action on a given experimental 
programme)

Integrate in a common structure all the European Research and Development devoted to Severe 
Accidents

A
Cement = 

a « Joint Programme of Activities » (JPA)

aiming at making the best use of available resources  
to create, capitalize and disseminate knowledge

=> base of the  contract with the European 
Commission (2004-2008)

D C
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SARNET « joint programme of activities »

Development of 4 common references: basement of the network 
– A common Information System :

Advanced Communication Tool for networking

Experimental data base system

– Common Research axes:
A reference plan defining research priorities (periodically updated)  

– A common computation tool:
ASTEC, a scientific software dedicated to the numerical simulation of Severe Accident
transients and that will continuously capitalize the knowledge produced within SARNET 
and become the European reference tool for SA reactor safety studies

– A common reference in terms of PSA methodology

Joint research activities (strongly linked to national programmes)
– Recommendations/proposals for underway/future experimental programmes

– Common interpretation of experimental results, and model development

Education, training and mobility programme (knowledge dissemination)
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SARNET Status and Achievements

Partnership

Research Priorities (Klaus Trambauer)

Information system (David Beraha & Alessandro Annunziato)

Knowledge dissemination (Raj Sehgal)

Joint research activities (Jean-Michel Bonnet, Leonhard Meyer, Tim Haste)

Assessment tools, simulation and PSA (Jean-Pierre Van Dorsselaere, 
Bernard Chaumont)
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Encouraging progress indicators

Larger and larger use of common tools (ACT, DATANET, ASTEC)

Collaboration fostering:
– Several examples of Knowledge Transfer

Experimental data

Tools and methods

Know-how

– Interactions with national programmes
Programme modifications

Common recommendations

Large success of the mobility programme 

High motivation of young researchers
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ERMSAR 2005 
Main objectives, expected outputs

Information transfer
– Transverse exchange beyond interpretation circles and WPs boarders

– With end users not directly involved in SARNET

– With other R&D partners (OECD projects, ISTC,…)

Discussion and definition of orientations for SARNET future activities
– R&D priorities

– Improvement of the general process
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PARTNERS
18 countries

49 organisations

around 200 researchers

around 20 PhD students

Other links:

ISTP

ISTC projects

GAMA, WGRISK (OECD)

…..

2 candidate organisations

GERMANYIKE

SLOVAKIAVUJEGERMANYGRS

FINLANDVTTGERMANYFZR

HUNGARYVEIKIGERMANYFZK

SPAINUPMGERMANYFZJ

BELGIUMULBGERMANYFRA ANP Gmbh

CZECH REPUBLICUJVFRANCEFRA ANP SAS

SLOVAKIAUJDFINLANDFORTUM

BELGIUMUCLITALYENEA

BULGARIATUSFRANCEEDF

BELGIUMTRACTEBELSPAINEA

FRANCETHERMODATAITALYDIMNP (Pisa U)

FRANCETECHNICATOMEGREECEDEMOKRITOS

SWEDENSWEDPOWERSPAINCSN

GERMANYRUBSPAINCIEMAT

SWITZERLANDPSISWEDENChalmers

NETHERLANDSNRGITALYCESI

UNITED KINGDOMNNCFRANCECEA

LITHUANIALEIHUNGARYBUTE

SWEDENKTHGERMANYB Tech

SLOVENIAJSIBELGIUMAVN

EECJRC (Ispra, ITU, Petten)AUSTRIAARC-S

SLOVAKIAIVSHUNGARYAEKI

BULGARIAINRNEUNITED KINGDOMAEA-T

ROMANIAINRFRANCEIRSN
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Research priorities

To day based on EURSAFE conclusions,

Some difficulties to initiate the process of periodic revision,

Now, in position to elaborate research priorities and 
recommendations in terms of future programmes.

Topics of major importance for SARNET: it is expected from 
SARNET clear indications on what should be done.

Recommendations expected by the EC that foresees to reserve 
some funds for SA topics in FP7.
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KTH
DatabaseFORTUM

DatabaseAEKI
Database

JRC-ISPRA
Database

Main Portal

ACT

CEA
DatabaseIRSN

Database

DATANET

A WEB portal supplies SARNET partners with an access 
(reading and or writing) to:
- networking tool (document management, meeting org., 
forum, questionnaire, …)
- experimental data bases,
- ASTEC code,
- links
…

ACT Status
- 200 users
- around 500 accesses / month
- More than 200 major documents
- 10 Topical sites

FZK
Database

DATANET Status
- 5 nodes are open (JRC, FzK, IRSN, CEA, AEKI)
- 2 are under works (FORTUM, KTH)
- 2 are foreseen (CIEMAT, VTT)

- Implementation of 10 experimental programmes is underway
- More than 60 tests results already implemented
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Knowledge dissemination

2 Courses, one book under preparation
– On severe accident phenomenology (Cadarache, January 2006)

– 2nd session in 2007 (Probabilistic Safety Assessment methodology ?) 

Mobility programme plan
– Half a dozen delegations under way or achieved
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Common interpretation of experimental 
programmes supporting SARNET activities

22 expert circles jointly 
analyse experimental data 
and elaborate physical 
models

The inputs are provided by:
– more than 50 recent or 

underway experimental 
programmes

– Coming from 18 SARNET 
organisations

Model improvements are 
already proposed for 
ASTEC
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Numerical Simulation / ASTEC software

DATABASE

MEDICIS/WEX RUPUICUV

SYSINT

ISODOP

SOPHAEROS

Aerosols and FP
In the reactor circuits

SYSINT

ISODOP

IODE

CPA-AFP

CPA-THY

MEDICIS/WEX

RUPUICUV

SOPHAEROS

CESAR

ELSA

DIVA

δt

δt

δt

δt

δt

δt

δt

δt

δt

∆t

Safety system
management

IODE

Molten core concrete
interaction

Radioactivity in
Containment

ELSA
FP relaese

DIVA
Core degradation

CESAR
Circuit

Thermalhydraulics

CPA-THY
Containment

Thermal hydraulics

CPA-AFP
Aerosols and FP in

containment

Molten core ejection
And direct heating

Of containment

Integral numerical simulation of reactor accident with core 
melting (Severe Accidents)

IRSN-GRS property : ~ 10 m-y/y in charge of software development 
and user support

Has been distributed to 25 SARNET organizations

SARNET scientists support for model improvement and  
physical assessment:

ASTEC capitalizes in terms of models all the knowledge 
produced in the frame of the Network

40 trained users contribute to joint validation programme 
(mobilizes around 20 m-y/year)

Major version (V1.2) has been delivered in August 2005 

Size: ~ 350 000 instructions 

Speed: ~ 3-10 hours to compute 24 h of transients
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Appendices 
Examples of experimental programmes supporting 
the joint activities

EPICUR (IRSN, France)

PECA (CIEMAT, Spain)

RUSET (AEKI, Hungary)

VULCANO (CEA, France)

QUENCH (FZK, Germany)
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EPICUR (IRSN, France)
Iodine behaviour in containment

• Quantification of the production of volatile Iodine species, which are not 
trapped by aspersion systems nor by filters of venting devices
• Containment thermochemical and radiative conditions are simulated in a 
small vessel which is irradiated by a Cobalt 60 source (10kGy/h)
• Results will be used to assess/improve IODE models (ASTEC)
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PECA (CIEMAT, Spain)
Aerosol retention in the Steam Generators

• Investigates situations where Steam Generator tubes are broken
•The Steam Generator is simulated by a bundle of 117 tubes (1.5 
m), in which a gas flow entraining aerosols is injected
•Detailed measurements of aerosols speed and depositions of the 
tube bundles (complementary results / large scale facility ARTIST, 
PSI, Switzerland)
• Results will be used to improve SOPHAEROS models (ASTEC)
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RUSET (AEKI, Hungary)
Ruthenium release from degraded core

• Address the question of Ruthenium release that could become 
significant in case of air penetration in the core  
• Mixtures that are representative of core materials are heated for 
different oxydizing conditions
• Gaseous and aerosol forms of released Ruthenium caught 
respectively by filters and by liquid solutions
• Results will be used to assess ELSA models (ASTEC)
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VULCANO (CEA, France)
Corium progression out of the reactor vessel

 

• Up to 70kg of material representative of a core melt are heated up to 
3200°C and poured in a concrete crucible or on a concrete surface.
• Kinetics of concrete floor ablation
• Retention performance of core catcher systems
• Results are used to assess/improve  MEDICIS models (ASTEC)
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QUENCH (FZK, Germany)
Core degradation and Hydrogen production

A bundle of 21 rods (simulant material) are heated up to 
degradation and quenched by steam or water injection.

Post mortem examinations and on line measurements of 
temperature and of hydrogen production are used to 
assess core degradation models of DIVA (ASTEC)
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Objectives of Work Package on 
Severe Accident Research Priorities (SARP)

Reassess the research priorities in the domain of SA

Provide the GB with guidelines for joint research activities

Correctly address the safety significance and risk potential

Make use of
– EURSAFE results

– Application and qualification of ASTEC

– Results of Level 2 PSA 

– Work progress in the topics Corium, Containment, Source Term
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Work scope of SARP

Agree on methodology

Review EURSAFE issues not appropriately covered by SARNET

Reassess the issue ranking

Review potential experimental and theoretical programmes to 
address these issues

Make recommendations for research and development (R&D) 
programme revision
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SARP Organisation reflecting EURSAFE Structure
Team with 12 members from
– Universities: 

Kungl Tekniska Högskolan (KTH)
Technical University of Sofia (TUS) 

– Regulatory Bodies and Technical Support Organizations (TSOs)
Gesellschaft für Anlagen- und Reaktorsicherheit mbH (GRS)
Institut de Radioprotection et de Sûreté Nucléaire (IRSN) 

– National Laboratories
Commissariat à l'Energie Atomique (CEA) 
Forschungszentrum Karlsruhe (FZK) 
Technical Research Centre of Finland (VTT)

– Industrial Organizations
Electricité de France (EDF) 
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EURSAFE 
European expert network for the reduction of uncertainties 
in severe accident safety issues
Objectives
– Establish a large consensus on the severe accident issues

where large uncertainties still subsist
– Propose a structure to address these uncertainties by appropriate 

R&D programmes making the best use of European resources
– Issues incorporated

Existing plants: PWR, BWR, VVER
Lifetime extension, higher burn-up, MOX fuels
Safety and efficiency of future systems

20 partners from 10 countries representing regulatory bodies, 
governmental institutions, universities, nuclear industry, utilities 
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PIRT: Phenomena Identification and Ranking Table  

First step: Phenomena identification for 5 domains ( ~1000)
– In-vessel processes (160)
– Ex-vessel processes (150)
– Dynamic loading of RCS and containment (460)
– Long term loading of containment (120)
– Fission product and aerosol behaviour (130)

Classification and description of
– Physical situation
– Issue
– Reference number and  identification of phenomenon 
– Brief description of phenomenon and specific features
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Phenomena identification 
Physical 
Situation Issue Ref. N. Phenomenon Phenomena Description others specific Features 

In-Vessel 1,0,000    

Corium Behaviour in Bottom Head 1,3,000    

Corium 
relocation to 
lower head 

Initial conditions 1,3,011 Characteristics of 
corium arrival in 
lower plenum 

The characteristics of 
corium arrival into the 
lower head are the 
chronology of successive 
slumps, the temperatures, 
masses and composition 
of corium flows, etc.. 

The timing and mode of 
the corium relocation 
process will modify the 
further behaviour of corium 
in the lower head. It will 
also affect the risk of 
steam explosion. 

Fission Products 5,0,000    

Transport in Primary and Secondary 
System 

5,2,000    

Aerosol 
phenomena 

Resuspension 5,2,042 Re-volatilisation Vaporisation of a 
deposited species, due to 
changes in temperature 
(including the effect of 
decay heat), vapour 
concentration or gas 
composition 

 

 .. 
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Voting for safety importance
Relevance of the phenomena of 5 domains for 3 essentials
– Integrity of reactor coolant system 
– Integrity of containment
– Potential for release into environment (Source term)

Rationale for voting: Vote level as function of 
– Probability: low, medium, high
– Consequences: low, medium, high

Importance Ratio
– High: IR ≥ 2.33
– Low: IR ≤ 1.66 

1 3 3
1 2 3
1 2 3L

Vote level
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321 32
nnn
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Rationale for voting on phenomena knowledge 
Voting restricted to 239 phenomena with 
– High importance ratio (IR ≥ 2.33)
– Bi-modal distribution of votes (n3 ~ n1 and n2 < min(n1,n3))
– Number of votes > 5 (out of 20 votes maximum)

Ranking rationale: Vote level
– 3: The phenomenon/aspect is only partly understood. The models are rudimentary. 

The model verification is insufficient due to a significant lack of experimental data. 
Needs significant R&D effort.

– 2: The phenomenon / aspect is on the whole understood, uncertainties remain for 
unexplored parameter ranges or extrapolation to reactor scale. The main processes 
are described by adequate models but the verification is not complete due to a limited 
understanding and to limited number of data.

– 1: The phenomenon/aspect is well understood. The processes are adequately 
modelled and well verified in general on an extended experimental basis. 
Needs little or no R&D
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PIRT implication 
Further evaluation restricted to 106 phenomena with high importance ratio 
and significant lack of knowledge (57 with first priority, 49 with 2nd) 

The PIRT implication included
– Defining R&D needs in terms of objectives and priorities 
– Identifying required R&D tasks in terms of experimental programmes & codes
– Reviewing the European facilities and codes which could be used for 

these tasks, taking into account the existing and planned programmes

Select objectives of needed research with timely succession
– A: perform experimental work to produce the missing information
– B: perform analytical work to integrate the existing data in best estimate codes
– C: develop a conservative approach
– D: perform R&D work for the development of new AM procedures

Integrate individual phenomena to items with same R&D orientation
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PIRT implication table (extract for EURSAFE Research Item “ERI” 5.3)
Physical 
Situation Issue Phenomenon Phenomena Description 

others Specific Features Ref. N. Item
n. R.

Objectives of Needed 
Research 

Description of Experimental 
Program or Computer Code 

Aerosol 
phenomena 

Resuspension Re-
volatilisation 

Vaporisation of a deposited species, 
due to changes in temperature 
(including the effect of decay heat), 
vapour concentration or gas 
composition as well as abrupt 
pressure changes 

5,2,042 5,3 A1 Integral tests with 
representative real materials 
 
A2 analytical experiments with 
simulants and/or samples from 
integral experiments.  
 
B3 improvement of existing 
codes 
 
see also 5,1,026, 5,1,050 

PHEBUS 2K planned – air 
ingress and quench tests 
 
 
 
 
 
IMPAIR, SOPHAEROS 

Retention in 
complex 
structures 

Retention in 
complex 
structures 

Secondary 
side of steam 
generator 

Aerosol retention by various 
mechanisms in the secondary side of 
a steam generator in case of steam 
generator tube rupture and possible 
containment bypass.  
No prototypical data exists under 
realistic boundary conditions and 
obtained using the real components. 
Available models for retention as a 
result of obstacles cannot be used 
under steam generator secondary 
side conditions and geometry. 

5,2,050 5,3 B1: analyses of reactor 
conditions 
 
A2: Integral and separate effect 
test 
 
B3: Model development and 
implementation based on 
SGTR and ARTIST data 
 
B4: Achieve realistic 
estimations of the source term 

ATHLET-CD, 
ICARE/CATHARE 
 
ARTIST (PSI) program 
 
SOPHAEROS 

Aerosol 
behaviour in 
containment 

Retention in 
complex 
structure 

Retention in 
containment 
leakage flow 
paths 

Aerosol retention as they pass 
through various containment leakages 
( wall cracks, equipment hatch) 
 
Impact of water condensation is not 
well known, as tortuosities in cracks 

5,4,060 5,3 B1: evaluate existing data 
(MAEVA) 
 
A2: Small scale exp. to 
estimate degree of aerosol 
leakage 
 
 
see 3,5,044 

 
 
Exp. with well-defined cracks in 
representative concrete and 
standard aerosol sources and 
with on-line detection (AEA and 
DRAGON-PSI) 

Transfer out of 
containment 

Transfer by 
leaks 

Retention in 
leakage paths 

Fractions of molecular and Organic 
iodine retained in the leakage paths of 
the containment 

5,5,080 5,3 C1: conservative approach, 
especially. for organic iodine 
 
see also 3,5,044, 5,4,060 
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EURSAFE bottom up approach: 
from more than 1000 phenomena to 21 items for needed research

 

Number of entries In-vessel Ex-vessel Dynamic 
loading 

Long term 
loading 

Fission  
products Sum 

Phenomenon identification 162 149 460 116 128 1014 
Selected due to high 
importance for safety 43 48 82 36 30 239 
Selected due to significant 
lack of knowledge 24 28 26 10 18 106 
Integrated items for needed 
research 6 4 5 1 5 21 

 

 
 

No Items for needed 
Research 

Rationale for selection 

5,3 Aerosol behaviour 
impact on source term

Quantify the source term for aerosol retention  in the 
secondary side of steam generator and leakage through 
cracks in the containment wall as well as the source into 
the containment due to revolatilasation in RCS. 

 
 



ERMSAR_needed-research_GRS 14. November 2005 14 / 24

Review of Work 1/3

EURSAFE methodology has been proven as adequate

Check of research performed in SARNET 
– EURSAFE Research Items not covered at all

Integrity of RCS, distribution of decay heat, containment bypass

Dynamic and static behaviour of containment, crack formation 

Characterisation and quantification of fission product release during 
core re-flooding

– EURSAFE Research Items not appropriately covered
Coolability of particulate debris bed in case of reflooding, 2/3-D effects

Ex-vessel corium coolability, scale effects not adequately addressed
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Review of Work 2/3
New research items or items with reoriented objectives 1/2
– Physical resuspension in the circuit (should be evaluated)

EURSAFE Reference Number 5,2,042: Quantify the source term for 
aerosol retention in the secondary side of steam generator and 
leakage through cracks in the containment wall as well as the source 
into the containment due to revolatilasation in RCS

Safety oriented Votes for Source Term = 2.20 (PoV not evaluated)

New consolidated findings for safety and risk relevance

– Ruthenium behaviour in the containment (should be evaluated)
EURSAFE Reference number 5,1,26: Important increase of the 
volatility of certain elements due to a high state of oxidation, e.g. in the 
situation of air ingress in the core 

Safety oriented Votes for Source Term = 2.36 (PoV = 2.68)

Selected for In-vessel release but not for containment behaviour
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Review of Work 3/3
New research items or items with reoriented objectives 2/2
– Interaction of PARS with iodine (should be evaluated)

EURSAFE Reference number 5,5,26: Volatilisation and 
decomposition of airborne iodides due to violent heat-up induced by 
hydrogen burning or recombiner

Safety oriented Votes for Source Term = 2.08 (PoV not evaluated)

New consolidated findings for safety and risk relevance

Up to now no resolved issue has been recognized

Development of strategy to 
– Close the issue
– Initiate reorientation of research items 

– Launch new research items
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Justification of Research Priorities

Collect demand from working groups

Assess work progress presented and documented by the 
working groups 

Evaluate safety and risk relevance of the selected items

Check for lack of knowledge

Make decisions traceable

Make use of already available information

Develop a strategy based on EURSAFE experience
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Structure of Strategy Template
Possible actions to be performed and documented:
a. Recall descriptions and evaluation from EURSAFE

b. Rationale for the decision to be taken

c. Evaluation by means of knowledge, test facility, model development

d. Review and  assessment by means of safety and risk significance

e. Review of decision, inform GB

f. Publication on ACT and ask SARNET and End User for comment

g. Comments from SARNET community and End User

h. Compile comments and reassess PoV and SoV

i. Review of decision, ask GB for endorsement 

j. Final description of objectives, experimental programme, and codes



ERMSAR_needed-research_GRS 14. November 2005 19 / 24

Actors in the decision process: 
Member of Working Groups and its organisations

Decisions in 
cooperation with 
Governing Board 

Safety oriented 
Votes  Scientific coordination,  

Phenomenon oriented Votes End 
User 

Management Team SARP Team Topic Topical Coordinator Task Leader 

TS
O

, I
nd

us
try

, U
til

iti
es

, e
tc

 

Adroguer, B  IRSN
Annunziato, A  JRC
Beraha, D  GRS
Bonnet, JM  CEA
Chaumont, B  IRSN
Haste, T  PSI
Meyer, L  FZK
Micaelli, JM  IRSN
Sehgal, BR  KTH
Trambauer, K  GRS
V.-Dorsselaere  IRSN

Clement, B  IRSN
Dinh, Nam  KTH
Ducros G CEA
Dutheillet, Y EDF
Ivanov, I TUS
Lindholm, I VTT
Picherau, F IRSN
Ranval, W EDF
Scholtyssek,W FZK
Sehgal, BR  KTH
Seiler, JM  CEA
Trambauer, K  GRS

ASTEC 
 
PSA 
Corium 
 
 
Containment 
 
 
 
Source term 
 

V.-Dorsselaere  IRSN
 
 
Bonnet, JM CEA
 
 
Meyer, L FZK
 
 
 
Haste, T PSI
 

V.-Dorsselaere IRSN
Allelein, HJ GRS
Chaumont, B IRSN
 FZK; IRSN; IRSN
 KTH; IRSN
 IKE; CEA; CEA
Wilkening, H JRC
Paillere, H CEA
Jacobs, H FZK
Meyer, L FZK
Giordano,P IRSN
Herranz, L CIEMAT

WP_9: Steinbrueck, M; Seiler, N; Repetto, G.     WP10: Park, SH; Koundy, V.     WP11: Buerger, M; Spindler, B; Journeau, C.
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Strategy plan of decision process: Issue is resolved

Work
Package

Topical
Coordin. SARP MT

GB
SARNET
End User

a,b c d e f

gih

Initiate action Evaluation Assessment Review Publ. on ACT
Write Rationale Phenomenon o. Vote Safety o. Vote Inform GB Sent to End User

Compile summary Review, ask GB Comments on
reassess PoV & SoV for endorsement Decision process
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Strategy plan of decision process: Reorientation of item

Work
Package

Topical
Coordin. SARP MT

GB
SARNET
End User

a,b c d e f

gihj

Initiate action Evaluation Assessment Review Publ. on ACT
Write Rationale Phenomenon o. Vote Safety o. Vote Inform GB Sent to End User

Finalise objectives & Compile summary Review, ask GB Comments on
description of work reassess PoV & SoV for endorsement Decision process



ERMSAR_needed-research_GRS 14. November 2005 22 / 24

Strategy plan of decision process: Launch new R&D item

Work
Package

Topical
Coordin. SARP MT

GB
SARNET
End User

b c* d* e f

gihj

Initiate action Evaluation Evaluation Review Publ. on ACT
Write Rationale Phenomenon o. Vote Safety o. Vote Inform GB Sent to End User

Finalise objectives & Compile summary Review, ask GB Comments on
description of work reassess PoV & SoV for endorsement Decision processc* + d* = anew
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Link of ERMSAR with SARP

Review European severe accident research
– Identify progress made by means of increase of knowledge

– Identify research areas which need reorientation

– Identify research needs not being covered by SARNET

Session 8: 
– General discussions

– Conclusions and recommendations

Provide input for SARP
– ERMSAR presentations should consider these main tasks
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Overview of progress in the Corium area 
 

Jean-Michel  Bonnet CEA DEN/DTN 
 
 

 
Within SARNET, Corium topic covers all the behavior of corium from early phase of core degradation 
up to in or ex-vessel corium recovery issues with the exception of corium interaction with water, the 
direct containment heating and the fission products release. During EURSAFE European PIRT 
exercise, 311 phenomena have been identified for corium area and 54 were selected for additional 
needed research according to their importance from safety point of view. 
 
The Corium topic regroups in three work packages the critical mass of competence to improve 
significantly the corium behaviour knowledge. The spirit of the SARNET networking is to share the 
knowledge, the facilities and the simulation tools to reach a better efficiency and to rationalise the 
R&D effort at European level. At mid term, all the knowledge will be accumulate in ASTEC safety 
code through physical model improvements and extension of validation database. 
 
This paper summarizes the progresses that have been achieved in the frame of the networking 
activities and underlines also the orientation of the corium work packages tasks for the next period. 
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SUMMARY 

  
The International Science and Technology Center (ISTC) currently manages about 40 nuclear 
projects in the framework of the Science Project Program. 
 
The ongoing CORPHAD Project (Phase Diagrams for Multicomponent Systems Containing 
Corium and Products of its Interaction with NPP Materials) was started in August 2001. The 
main aim of the project is to experimentally determine the relevant experimental data on 
phase diagrams of binary, ternary, quaternary and prototypic multi-component systems,which 
are important for analysis and modelling of a severe accident (SA) and efficient planning of 
severe accident management (SAM) measures. The data should be directly used for the 
European NUCLEA database development and validation. The following systems are in the 
focus of the project: (1) UO2 – FeO, (2) ZrO2 – FeO, (3) SiO2– Fe2O3, (4) UO2 – SiO2, (5) 
UO2 – ZrO2-FeO, (6) UO2 – ZrO2-FeOy, (7) U-O-Fe, (8) Zr-O-Fe, (9) U-O-Zr, (10) U-Zr-Fe-
O, (11) complex corium mixtures.  
The experimentally determined data of the listed diagrams include: coordinates of 
characteristic points (eutectics, peritectics and others); liquidus and solidus concentration 
curves; component solubility limits in the solid phase; tie line coordinates and temperature-
concentration regions of the miscibility gap. Different methodologies are used for the diagram 
study. Classical methods of thermal analysis, like DTA and DSC are combined with methods 
specifically developed for corium studies. 
 
The METCOR project (Investigation of Corium Melt Interaction with NPP Reactor Vessel 
Steel) started in April 1999. The objectives of the project are to qualify and to quantify 
physico-chemical phenomena of corium melt interaction with reactor vessel steel cooled from 
the outside. The variable parameters of the interaction tests are: oxygen potential in the 
system, corium composition, interaction interface temperature and heat flux from corium to 
steel. The medium scale tests with corium mass of about 2 kg are carried out by using high 
frequency induction heating of the corium melt in a cold crucible.  
 
 The METCOR&CORPHAD work-packages are performed by Russian partners in close 
collaboration with leading European scientific institutes in the area of corium research as well 
as with the European nuclear industry. 
 
 This paper briefly describes the first results obtained in both projects and their possible 
application for SA analysis and SAM. The paper concludes with recommendations for future 
research activities in the frame of METCOR and CORPHAD projects. 
 

The first European Review Meeting on Severe Accident Research (ERMSAR-2005) 
Aix-en-Provence, France, 14-16 November 2005 
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SUMMARY 

 The ongoing CORPHAD Project (Phase Diagrams for Multicomponent Systems 
Containing Corium and Products of its Interaction with NPP Materials) started in August 
2001. The main aim of the project is to experimentally determine the relevant 
physicochemical data on phase diagrams of binary, ternary, quaternary and prototypic multi-
component systems, which are important for analysis and modelling of a severe accident (SA) 
and efficient planning of severe accident management (SAM) measures. The data should be 
directly used for the European NUCLEA database development and validation. The following 
systems are in the focus of the project: (1) UO2 – FeO, (2) ZrO2 – FeO, (3) SiO2– Fe2O3, (4) 
UO2 – SiO2, (5) UO2 – ZrO2-FeO, (6) UO2 – ZrO2-FeOy, (7) U-O-Fe, (8) Zr-O-Fe, (9) U-O-
Zr, (10) U-Zr-Fe-O, (11) complex corium mixtures.  
The experimentally determined data of the listed diagrams include: coordinates of 
characteristic points (eutectics, peritectics and others); liquidus and solidus concentration 
curves; component solubility limits in the solid phase; tie line coordinates and temperature-
concentration regions of the miscibility gap. Different methodologies are used for the phase 
diagram study. Classical methods of thermal analysis, like DTA and DSC are combined with 
methods specifically developed for corium studies. 
 
 The METCOR project (Investigation of Corium Melt Interaction with NPP Reactor 
Vessel Steel) started in April 1999. The objectives of the project are to qualify and to quantify 
physico-chemical phenomena of corium melt interaction with reactor vessel steel cooled from 
the outside. The variable parameters of the interaction tests are: oxygen potential in the 
system, corium composition, interaction interface temperature and heat flux from corium to 
steel. The medium scale tests with corium mass of about 2 kg are carried out by using high-
frequency induction heating of the corium melt in a cold crucible.  
 
 The METCOR & CORPHAD work-packages are performed by Russian partners in 
close collaboration with leading European scientific institutes in the area of corium research 
as well as with the European nuclear industry. 
 
 This paper briefly describes the results obtained in both projects and their possible 
application for SA analysis and SAM. The paper concludes with recommendations for future 
research activities in the framework of METCOR and CORPHAD projects. 
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A. INTRODUCTION 

 The integrated approach, which is currently in use for SA analysis and SAM is 
generally based on the coupling of thermal hydraulics and physical chemistry (Ref. [1]). This 
requires a better knowledge of physicochemical phenomena playing an important role in an 
accident scenario and in determining in/ex-vessel corium behaviour. The starting point for 
physicochemical modeling are phase diagrams of corium and its mixture with structural 
materials. For in-vessel conditions such a mixture generally corresponds to U-Zr-Fe (Cr, Ni, 
Mn…)-O system. For ex-vessel corium the chemical system is even more complicated and 
additionally contains different elements of surrounding structures, e.g. Si, Al, Ca, Mg and 
others from reactor pit concrete or sacrificial material of a core catcher (Ref.[2], [3]). 
 
 The intensive development of theoretical methods of phase diagram calculation and 
their application in modeling of severe accident phenomena are currently underway. These 
efforts have resulted in various numerical codes (Ref. [4]), such as GEMINI (Ref. [5]), 
MULTICOM (Ref. [6]) and code-oriented databases like IVTANTHERMO (Ref. [7]) and 
NUCLEA (Ref. [8]). The validation of phase diagram databases requires experimental support 
focused on studying the still unexamined high-temperature systems or domains and refining 
the available data. Owing to the EU support, in recent years the work on NPP safety, and 
phase diagram investigations in particular, has been integrated in large international projects 
like CIT (Corium Interaction and Thermochemistry), THMO (Thermochemical Modeling and 
Data), ENTHALPY (Constitution of a European Nuclear Thermodynamic Database Validated 
and Applicable in Severe Accidents, NUCLEA), SARNET (Severe Accident Research 
NETwork of excellence) and several ISTC (International Science and Technology Center) 
projects. The ISTC CORPHAD project is focused on the European NUCLEA database 
improvement and validation. 
 
 Knowledge of the phase diagrams enables modeling of equilibrium conditions. For 
corium/material interaction and for in-vessel retention (IVR) in particular these conditions can 
be reached after several hours. Modeling of transients is based on the kinetic data of 
corium/material interaction, e.g. interaction of corium melt with reactor vessel steel cooled 
from outside. The ISTC METCOR project deals with experimental studies of such 
interactions.  
 

B.  CORPHAD PROJECT 

The objective of the CORPHAD project is the experimental determination of phase diagram 
data important for reactor application, phase diagram modeling and NUCLEA database 
optimization. 
 

The list of phase diagrams and current status of separate diagram research are 
presented in the test matrix (Table 1). According to the matrix, the step by step study of more 
and more complicated system starts from quasi binary oxide systems, continues to ternary oxide, 
or metal/oxide systems with miscibility gap and then a quadruple system, which is basic system 
considered for IVR, and concludes by a complex prototypic ex-vessel corium. 
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Table 1: CORPHAD test matrix 
Task System Atmosphere Status 

UO2 – FeO 
ZrO2 – FeO 

Argon 

SiO2– Fe2O3 Air/ oxigen 

Completed 
1 

UO2 – SiO2 Argon /Air In 
preparation 

UO2 – ZrO2-FeO 
(only eutectic point measurements) Argon 

UO2 – ZrO2-FeOy 
(only eutectic point measurements) Air 

Completed 

U-O-Fe 

Zr-O-Fe 

2 

U-O-Zr 

In progress 

3 U-Zr-Fe-O 

Argon 

4 Complex corium mixture 
(only eutectic point measurements) Air 

In 
preparation 

 
B.1  Methodology 
 

The specimens were prepared from oxide powders and metal charges of high purity. 
Controlled gas atmospheres (Ar/H2, Ar, air and oxygen) and small quantities of metal getter 
(Fe) were used for maintenance of the specific system stoichiometry. The chemical 
composition of the specimens was determined by X-ray fluorescence (XRF), 
spectrophotometry and gas-volumetry using methodologies described in Ref. [9-11]. The 
phases of the specimens were identified by X-ray diffraction (XRD). The microstructure, 
elemental composition of the specimens and the composition of different phases were 
determined by scanning electron microscopy (SEM) and energy-dispersion micro analysis 
(EDX) using two scanning electron microscopes; either the CamScan MV2300 or the AVT-
55 equipped with Oxford Link micro-analysis devices. 

 

It should be stressed that the surface and chemical activity of melts in the studied 
systems restrict the possibilities of using classical methods of thermal analysis because of the 
melt interaction with crucible materials (Al2O3, ZrO2, W, W/Re, Ir, etc.). DTA/DSC and other 
crucible-based methods can be used only in very limited composition and temperature ranges 
(in most cases for solidus temperature determination only). That is why we also used specially 
adapted methods, which have been originally elaborated and developed at NITI (Academician 
Alexandrov Research Institute of Technology) and ISC RAS (Institute of Silicate Chemistry 
of Russian Academy of Sciences). Just an overview of methods used and certain details of 
their application will be given here. The original experimental facilities and methodologies 
are described in details in [Ref. 12]. 

 

Specimens were produced by the method of induction melting in a cold crucible 
(IMCC) at the RASPLAV-2 and RASPLAV-3 test facilities. Determination of solidus (Tsol) 
and liquidus (Tliq) temperatures for the majority of compositions was carried out by the 
method of visual polythermal analysis (VPA) also using RASPLAV facilities (VPA IMCC, 
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Fig. 1(a), Ref.[13]) and VPA in the Galakhov microfurnace (Fig. 1(b), Ref. [14]). 

 
Fig. 1 (a, b): Schematics of Visual Polythermal Analysis facilities: a) – Induction 

Melt in Cold Crucible facility “Rasplav 3”: 1- inductor, 2 – pyrometer shaft, 3 – movable 
water-cooled electromagnetic screen, 4 – crucible vertical shift drive, 5 – pyrometer coupled 
with a videocamera, 6 – control and registration system, 7 – melt, 8 – cooled molten pool 
surface in the sighting spot; b) – Galakhov microfurnace: 1 – water-cooled sealed body, 2 – 
steel electrodes, 3 – tungsten heating coil, 4 – molybdenum protective screens, 5 – specimen 
holder (iridium or molybdenum), 6 – pumping-out system, 7 – gas flooding system, 8 – 
specimen quenching device, 9 – quartz viewing port, 10 – regulated power sources, 11 – 
videocamera, 12 – observation and control system, 13 – view of a specimen in the holder 
during heating. 

 
For the Tliq determination by VPA IMCC, the molten pool surface temperature was 

measured by the spectral ratio pyrometer at the instant of the solid phase appearance in the 
pyrometer sighting spot (Fig. 1a, 8 – middle frame). The appearance of the solid phase nuclei 
on the locally cooled surface of the volumetrically superheated molten pool was recorded with 
a high speed digital video camera and the images were subjected to a frame-by-frame 
analysis. The maximum error of Tliq measurement by this method for the compositions with a 
big Tsol-Tliq difference is not more than 50-75°С, but usually the error is significantly smaller. 
It should be noted that regardless of the compositions and temperatures, the VPA IMCC 
application ensures the absence of interaction between the crucible materials and the melt and 
of contamination of the melt by corrosion products. 

 
For VPA in the Galakhov microfurnace, fragments of the ingot prepared by IMCC, 

weighing 7 to 8 mg each, were taken and fixed between the coils of the holder located in the 
isothermal microfurnace zone (Fig. 1b). The effective range of temperature measurements in 
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the microfurnace is between 900-2500°C with an error of around ±30°C [Ref. 14]. The 
measurements were made in a neutral atmosphere (high-purity helium under 0.25·105 Pa (0.25 
bar) for the low-temperature domains, an argon-hydrogen mixture, 96 vol. % Ar – 4 vol. % 
H2, under 1.25·105 Pa (1.25 bar) for the high-temperature domains). To avoid active 
interaction between the specimen and the holder, the latter was produced from iridium wire. 
Moreover the possible effect of the heating rate on the error of visual determination of the 
melting initiation temperature and the complete melting was checked and the optimal rate of 
5°C/s was chosen near the critical points. The process of specimen melting was recorded with 
a digital video camera and the images subjected to a frame-by-frame analysis. Tsol was 
defined as the temperature at which sharp edges of the specimen started degrading during 
heating. Tliq was defined as the temperature of the specimen’s complete melting and spreading 
across the holder (Fig. 1b, 13 – last frame). The microfurnace design allows quenching of 
specimens by dropping them together with the holder into the cold zone of the furnace. After 
quenching, the microstructure and elemental composition of the specimen’s phases were 
analyzed. 

 
VPA in conditions of high oxygen potential (e.g. in air, pO2≈0.21⋅105 Pa, or in 

oxygen, pO2≈1.0⋅105 Pa for SiO2–Fe2O3 system study) was made also by using high 
temperature (HT) microscope (Fig. 1(c)). Powder samples of less than 1.0 mg were taken. The 
error of both Tsol and Tliq determination by this technique usually falls within the range ±25-
30 °C but may be more significant for highly viscous SiO2-containing melts. Besides, the 
measured temperature may be overestimated due to the high heating rate available on HT 
microscope. To avoid this, heating was made in stages, increasing at 5°C.s-1 for 500°C with 
about 10 s hold time in between every 500 °C ramp. Tsol was determined at the very beginning 
of the visible shifting of the specimen mass towards the loop top or one of its sides as a 
consequence of the first liquid formation. The liquidus temperature was defined either as the 
temperature of melt drop spreading across the loop-like holder (7 in Fig. 1(b)), or, in cases of 
high silica content (i.e. high melt viscosity), as the temperature at which the melt became 
transparent. 

 
 
 
 
 
 
 
 

1 – long-focus microscope, 2 – sealed heating 
chamber with quartz widows and sample holder 
cartridge, 3 – lighting system, 4 – gas tubes,  
5 – silver electrodes, 6 – iridium loop heater 
(specimen holder), 7 – specimen (powder),  
8 – power supply; 

 
 
 

 
 
Fig. 1(b): Schematics of high-temperature microscope 
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As already mentioned, the solidus thermal effects and a limited number of liquidus 

effects at relatively low temperatures were studied by differential thermal analysis (DTA) 
using the SETARAM TAG-24 and NETZSCH STA 429 thermal analyzers. The temperatures 
of thermal effects were indicated by peaks in DTA curves and were determined by the 
tangential intercept of the 'thermal effect' curve and the baseline. The DTA tests were carried 
out with specimens weighing about 30 mg, typically heated at a rate of 10°C/min. All the 
specimens for DTA were prepared by quenching of the melt produced by the IMCC. 
 

For the eutectic composition determination, slow melt crystallizations were performed 
in the IMCC, which ensured the displacement of a eutectic liquid by the crystallization front. 
As the more refractory materials crystallized out, the composition of the remaining liquid 
became closer and closer to that of the eutectic. The eutectic crystallization zone was 
recognized by its characteristic microstructure in the ingot. In order to determine the final 
solubility of components in the solid solutions additional experiments were performed in 
which the solid solution was kept in long-term contact with a melt having a near-eutectic 
composition.  

 
The IMCC method enables the study of metal/oxide systems with miscibility gap, in 

particular U-O-Fe, Zr-O-Fe and U-O-Zr. Such melts can not be prepared neither in refractory 
metal nor in ceramic crucibles. In the performed tests the density difference between the two 
coexisting liquids was big enough and the molten pools in the cold crucible stratified with the 
less dense liquid on the top. The compositions of the top liquids were measured by melt 
sampling, quenching and post test analysis of the sample. Thus, the tie lines in the miscibility 
gap were determined. The critical points for these measurements are high precision of oxygen 
measurements in the metal and preparation of molten pool with a uniform temperature. 
 
 
 
B.2  Results  
 
 The most important data obtained in CORPHAD for the systems, which have been 
studied (Table 1), are listed bellow. 
 

UO2 – FeO 
 
For UO2–FeO system phase diagram, the experimental data were scarce up to now. 

Some data have been obtained in the CIT project [22] in the FeO rich part of the system In 
particular the eutectic composition and temperature have been approximately determined at 
3.3% mole UO2 and 1340°C. In CORPHAD, the phase diagram of the UO2–FeO system has 
been constructed in details (Fig.2, Ref. [15]). The experimental investigation has confirmed 
that it is a diagram with an eutectic point. The eutectic temperature and composition of the 
system have been specified to be 1335±5°С and 3.9±0.5 mole %UO2. This is in agreement 
with the previous data. A region of limited solid solutions of FeO in UO2 has been shown. 
The final solubility of FeO in UO2 at the eutectic temperature is evaluated as 17.0±1.0 
mole %. The solidus and liquidus temperatures and specimen compositions determined by 
different methods are in good agreement to within the measurement errors. This consistency 
demonstrates the reliability of the presented values. 
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Fig. 2: Phase diagram of the UO2-FeO system 
 
ZrO2 – FeO 
 
For this phase diagram the experimental data were also scarce and uncertain. Fischer 

performed liquidus determination [23] yielding a eutectic point at 5% mole ZrO2 and 1330°C 
and showing the existence of a domain of ZrO2-based solid solution within 4% wt. FeO at 
1450°C. More recently measurements were performed by Hellmann [24] in the CIT Project 
leading to lower liquidus temperatures than Fischer data. In CORPHAD the pseudobinary 
phase diagram of the ZrO2–FeO system in inert atmosphere (Ar) has been precisely 
constructed (Fig. 3, Ref. [12]). The diagram has an eutectic point and a phase region of solid 
solution of FeO in ZrO2. The eutectic composition and the eutectic temperature in the system 
have been specified. They correspond to (10.3±0.6) mol % ZrO2 and (1332±5)°С. The 
parameters of the solid solution of FeO in ZrO2 have been determined as follows: 

- t-ZrO2(FeO) exists in the temperature range from 1172 to 2347°С, the ultimate FeO 
solubility in t-ZrO2 is (2.2±0.3) mol % at 1332°С;  

- c-ZrO2(FeO) exists in the temperature range from 1800 to 2710°С, the solubility 
limit of FeO in ZrO2 at 1800°C is about 13 mol % FeO.  

 
 

 
Fig. 3: Phase diagram of the ZrO2−FeO system 
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SiO2– Fe2O3 (Fe3O4) 
 
Very few data were available for the modelling of these systems. In the different published 
assessments, the SiO2-Fe2O3 phase diagram is always represented with a miscibility gap in the 
liquid state but the characteristic points were not determined and strongly differed from one 
author to another one. The combination of the VPA (Galakhov microfurnace), DTA and 
SEM/EDX data allowed the phase diagram of the quasi-binary Fe3O4–SiO2 system at 
pO2≈1.0⋅10-1 Pa to be constructed (Fig. 4, Ref. [16]). This is a diagram with one eutectic point 
at 1424 °C and 75±1 mol % FeO1.33. The miscibility gap is found to occur within the 
concentration range approximately from 64 to 27 mol % FeO1.33 at the monotectic 
temperature 1550 °C. In the diagram the temperature of 1424 °C according to DTA/TG 
results is related to Fe3O4 dissociation accompanied with oxygen loss (1.1 %), FeO and first 
portions of liquid formation according to the Darken & Gurry’s diagram (Ref. [17]). The X-
ray pattern of the sample containing 96.2 mol % FeO1.33 indicates not only reflections of 
Fe3O4 but also of FeO and Fe2SiO4 formed during FeO and SiO2 interaction. This confirms 
Fe3O4 dissociation process with FeO formation. At the same time this temperature (1424°C) is 
related to the solidus of the quasi-binary Fe3O4–SiO2 system.  
 
 
 
 

 – VPA results;  – quenching;  
 – SEM/EDX analysis of two 

liquids in miscibility gap region; 
  – SEM/EDX analysis of 
eutectic composition;  

 - Muan’s data6.  
 
 
 
Fig. 4 : Phase diagram of the quasi-binary SiO2–Fe3O4 system in neutral atmosphere 
(Galakhov microfurnace; pO2≈1.0⋅10-1 Pa)  
 
 The combination of the VPA (HT microscope) and DTA results allowed construction 
of the phase diagrams of the quasi-binary SiO2–Fe2O3 system at pO2≈0.21⋅105 Pa (Fig. 5(a), 
Ref. [16]) and pO2≈1.0⋅105 Pa (Fig. 5(b), Ref. [16]). These are the diagrams with the same 
eutectic point corresponding to 1473±3 °C and 84.4±1 mol % FeO1.5. The eutectic 
temperature determined by VPA (1470±25°C) was defined on the basis of the DTA results. 
The miscibility gap determined according to the liquidus line kink and the monotectic position 
was found in both diagrams to be within the concentration range from approximately 82.3 to 
14.8 mol % FeO1.5 at 1535 °C. It should be pointed out that the Tsol and Tliq values obtained 
by the HT microscope in air and in oxygen were identical (Fig. 5).  
 
The oxygen partial pressure affects the temperature of Fe2O3 decomposition at 1388°C into 
Fe3O4+x, which is characterized by reversible oxygen loss (Ref. [18]). Besides, the Fe3O4 
phase should be nonstoichiometric (Fe3O4+x) under the experiment’s conditions as is shown in 
Darken & Garry’s diagram (Ref. [18]). 
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(a) (b) 

Fig. 5: Phase diagram of the quasibinary SiO2–Fe2O3 system in air (a) and in oxygen (b);  
 – HT microscope;  –DTA results on eutectic temperature;  – DTA results on Fe2O3 

decomposition temperature 

C.  METCOR PROJECT 

The objectives of the tests (see Table 2) were to identify the interaction phenomena and 
to determine the kinetics and final corrosion depth. The interaction of oxidic corium 
UO2/ZrO2/FeO(Fe3O4) with reactor steel in air and neutral (nitrogen) above-melt atmosphere 
was the subject of experimental investigations during the 1st phase of METCOR ISTC project. 
Its results have been published in Ref. [18], [19], and corrosion models developed on the basis 
of their results are given in Ref. [20]. The first results on the interaction of suboxidized and 
oxidized (C 30 and C 100) corium with vessel steel in neutral (argon) atmosphere carried out 
within the 2nd phase of METCOR ISTC project are given in Ref. [21].  
 

Table 2: METCOR test matrix 
Melt Atmosphere Status 
UO2-ZrO2- FeOy nitrogen 
UO2+x-ZrO2- FeOy air 

Completed 

UO2+x-ZrO2,  UO2+x-ZrO2- FeOy steam In progress 
UO2-ZrO2, UO2-ZrO2- Zr 
UO2-ZrO2- Zr-SS 

argon Completed 

 
C.1  Methodology 
 

The studies were performed at the “Rasplav-3” test facility, which uses the technique 
of IMCC for producing the corium melt. A schematic diagram is presented in Fig. 6. The 
furnace air-tightness was ensured by quartz tube (4) and water-cooled cover (2). Argon was 
supplied through a shaft (1) with its own gas flow in order to remove aerosols and thus 
improve the quality of pyrometry and video recording. Steel specimens were fabricated from 
parts of a VVER-1000 reactor vessel made from 15Kh2NMFA steel, with embedded K-type 
thermocouples at different distances from the top and from the axis. An acoustic defect was 
made near the specimen top, it was a circular (∅ 2mm) borehole. The defect was used for 
ultrasonic measurements of specimen ablation kinetics. Top (12) and bottom (13) calorimeters 
(Fig. 6) were provided for cooling the specimen, in particular the zone where it was connected 
to the ultrasonic sensor. The calorimeters were also used for measuring melt – specimen heat 
fluxes. The following in-situ measurements were carried out during the tests: 

- coolant temperature and flow rates; 
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- melt surface temperatures; 
- temperature distribution in the steel specimen; 
- steel specimen corrosion depth; 
- electrical characteristics of the IMCC power supply. 

Main parameters to be varied during the tests (Table 2) were: corium composition and melt 
oxygen potential (or oxidation index C), temperature of corium/steel interaction interface and 
heat flux density from corium to steel. Posttest analysis included numeric modeling of the 
specimen temperature field. To study the vessel steel-corium interaction zone the prepared 
corium-steel templates and the corium samples taken during the test were subjected to posttest 
physicochemical analyses to determine their elemental and phase compositions, 
microstructure and material properties. 

 
 
Fig. 6: Furnace schematics. 
 
The following methods were used: 
1) Analysis of elementary composition: X-ray fluorescence (XRF), Chemical analysis – 
spectrophotometry. 
2) Analysis of phase composition: EDX analysis.  
3) Metallo- and ceramography:  Optical microscopy, Scanning electron microscopy (SEM). 
Corium oxidation degree and content of free zirconium in samples were determined by: 

- A gas-volumometric method for the determination of Zr content from the volume 
of hydrogen release during the reaction with phosphoric acid, 

- Photocolorimetry of uranium (IV) and uranium (VI) with arsenazo III reagent.  
 

C.2  Results  
 

Two basically different mechanisms of vessel steel ablation at a high and low oxygen 
potential of the melt have been identified. At high oxygen potential (C>100) the ablation is 
caused by high temperature surface oxidation (corrosion) of steel and the limiting diffusion 

1 – pyrometer shaft; 2 – lid;  
3 –electromagnetic screen; 4 – quartz  tube;  
5 – crucible sections;  6 – inductor;7 – melt;  
8 – acoustic defect;    9, 10 –  thermal 
insulation;   11 – vessel steel specimen;  
12 – top specimen calorimeter;  
13 – bottom specimen calorimeter;              
14 – kaolin wool insulation; 15 –ultrasonic 
sensor; 16 – thermocouples;  17 – crust,  
18 – electromagnetic screen;  
19 –electromagnetic screen;  
20 – cylindrical support of the specimen 
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barrier is the iron oxide surface layer. In conditions of low melt oxygen potential (С<100), the 
interaction of corium with steel components intensifies as a result of eutectic mechanism with 
formation of a metallic U-Zr-Fe-(O) mushy zone, which dilutes the steel cooled from outside 
upto the isotherm of solidus temperature of the mushy zone composition. For all the tests this 
temperature was in the range 1090-1200 C, which is significantly lower than the steel melting 
point.  

The obtained results enable us to qualitatively estimate the influence of the melt 
oxidation index C (Ref. [21]) on the steel ablation rate. This is depicted in Fig. 7 and shows 
the minimum rate at the point of corium full stoichiometry and increasing corrosion rate with 
deviation from this point. 

 
Fig. 7 Influence of the corium melt oxidation index C on steel ablation rate  
 

Considering the possible application of METCOR results for SA analysis and SAM it 
should be emphasized that, for low and medium capacity reactors, IVR at low circuit pressure 
will not be critically impacted by the identified new phenomena, as the high strength of 
material of the outside “cold” steel layer of the vessel wall is not affected. However, if the 
pressure in the vessel will be high enough, the oxidized/dissolved layer of the steel can be 
critical for the vessel’s mechanical behaviour and the position of maximum material damage. 
In this context it should be noted, that oxidation/corrosion phenomena in its turn can be 
sensitive to strains in the vessel steel.  
 
D.  CONCLUSIONS  
 

Considerable progress has been made in CORPHAD and METCOR projects. 
CORPHAD data for binary oxide systems have been already used for NUCLEA optimization. 
There is still lack of knowledge for several systems, which are of high importance for reactor 
application and NUCLEA improvement, it is therefore reasonable to extend the application of 
the developed methodology and to study in more detail: U-Zr-O, U-Fe-O, Zr-Fe-O, U-Zr-Fe-
O, UO2-SiO2, CaO - UO2, CaO – FeO, UO2 – FeO – SiO2, UO2 – FeO – CaO, ZrO2 - FeO - 
SiO2 and ZrO2 - FeO – CaO systems.  

METCOR project perspectives are related to study of some remaining, but important 
IVR uncertainties, particularly of corium/vessel steel interaction at the vertical orientation of 
the interface, at melt oxidation transients and to application of the testing the vessel steel of 
European PWR reactors.  
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SUMMARY 

 Within SARNET, Corium topic covers all the behaviour of corium from early phase of core 
degradation up to in or ex-vessel corium recovery issues with the exception of corium interaction with 
water, direct containment heating and fission product release. During EURSAFE European PIRT 
exercise, 311 phenomena had been identified for corium area and 54 were selected for additional 
needed research according to their importance from safety point of view. 
 
The Corium topic regroups in three work packages the critical mass of competence to improve 
significantly the corium behaviour knowledge. The spirit of the SARNET networking is to share the 
knowledge, the facilities and the simulation tools to reach a better efficiency and to rationalise the 
R&D effort at European level. At mid term, all the knowledge will be accumulated in ASTEC safety 
code through physical model improvements and extension of validation database. 
 
This paper summarizes the progresses that have been achieved in the frame of the networking 
activities and underlines also the orientation of the corium work packages tasks for the next period. 
 

A. DESCRIPTION OF THE CORIUM TOPIC ORGANIZATION 

 A.1  Corium topic structure 
Due to the extension of corium topic, subdivision in 8 sub-topics regrouped in three work packages 
has been necessary for the coordination around small expert groups sharing the same activity. Sub 
topics have been defined according mainly to the conclusions of EC EURSAFE PIRT project [1] 
where the remaining important safety issues and the main related physical phenomena have been 
identified: 

Early phase of core degradation (WP9 EARLY) 
• WP9-1: Hydrogen generation during Core reflooding 
• WP9-2: Early core degradation and B4C effects 
• WP9-3: Zircaloy oxidation by air and steam-air mixture 
 

Late phase core degradation (WP10 LATVES)  
• WP10-1: Late-phase core degradation and corium behaviour in lower head 
• WP10-2: Vessel failure and corium release into cavity 
 

Ex-vessel corium recovery (WP11 EXCORE)  
• WP11-1: Core and debris coolability during reflooding 
• WP11-2: Molten corium concrete or ceramic interaction 
• WP11-3: Ex-vessel corium coolability 
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A last subtopic devoted to the development of SARNET thermodynamic and material properties 
databases is distributed in the three work packages to promote exchanges with other corium topic 
partners and plays a real transverse role.  

A total of twenty organisations from nine countries are involved in corium topics. 

 A.2  Work-package tasks 
For the three corium topic work-packages, networking activity and exchange with other SARNET 
groups have been arranged around the same four tasks:  

- Task 1: Joint review of experiments which contributes to the synthesis progress report of the 
CORIUM topic on review of experiments whereas available experimental data will be stored 
in the STRESA data base. Experimental results are the input data for the second task.  

- Task 2: Joint interpretation which contributes to the synthesis progress report of the CORIUM 
topic on joint interpretation of experiments. Interpretations of phenomena observed during 
experiment are inputs for  modelling activity and feed the task 3. 

- Task 3: Proposal of models for ASTEC is based on existing models data base and on task 2 
outputs. It contributes to the synthesis progress report of the CORIUM topic on proposals of 
models for ASTEC. 

- Task 4: Synthesis of plant application. This task ,in connection with the Severe Accident 
Research Priority (SARP) work package, contributes to the definition of the next joint R&D 
program of activity for the Corium topic through the evaluation of the progress made faced to 
the remaining uncertainties and their acceptability from the safety point of view. 

B. SUMMARY OF THE TECHNICAL ACTIVITY 

This section resumes the progresses that have been performed from technical point of view after one 
year and a half of SARNET networking corium topic activities. It gives only a general overview. 
More detailed technical presentations are provided in the ERMSAR session 2 papers [2, 3, 4, 5, 6] for 
several experimental, interpretation and modelling activities. 
 

B.1 Status of the early phase of core degradation work-package 
 
The objective of the EARLY work-package is to improve our knowledge of the early phase of core 
degradation. Selected during the EURSAFE PIRT exercise, the research item n°1.1, concerns the 
improvement of the magnitude of hydrogen generation knowledge and more especially during the 
rapid generation of hydrogen which may not be accommodated by re-combiners associated with the 
risk of early containment failure. 
The conclusions of the COLOSS 5th FWP project [7] and the preparation of PHEBUS FPT3 test, have 
also shown the improvement needs  for understanding and  modelling for B4C or fuel burn-up impact 
on core degradation. 
For oxidation and hydrogen production in a damaged core, oxidation by air has been stressed during 
EURSAFE PIRT exercise. Ranked at low level for core degradation, there is nevertheless a strong 
impact of  oxidizing environment on the fuel and on the fission products release, especially for 
Ruthenium. Initially addressed in source term topic, as initial conditions for fuels rods behaviour and 
fission product release, the Zircaloy oxidation by air or by steam-air mixtures issue has been 
identified as a separate subtopic within EARLY work-package. 
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To progress in the understanding of physical phenomena, this work package relies on both small and 
bundle scale facilities. During a technical meeting in January 2005 on oxidation and degradation, 
IRSN and FzK test results were presented and based on interpretation activity the need for models 
improvement on oxidation by air/steam mixture and on B4C degradation were stressed. The decision 
to share jointly test matrixes for oxidation and degradation separate effect tests between IRSN and 
FzK was taken. This effort in term of  rationalization of the use of European experimental facilities 
and existing results, will support modelling activity and contribute also for B4C aspect to the 
interpretation of PHEBUS FPT3 experiment that was successfully performed in November 2004.  
 
FzK has performed in July 2004 the QUENCH-10 experiment to study the impact of air ingress on 
core degradation. The results of this experiment, designed in the frame of EC LACOMERA platform 
access, are open to all SARNET partners. PSI, in close collaboration with FzK, has performed pre-test 
and post-test calculations with MELCOR and SCDAP/RELAP5. Separate effect tests on the oxidation 
of Zircaloy in mixed steam-air atmospheres have been extended to temperatures up to 1500 °C at FZK 
and a diploma thesis work has been started on the sequential oxidation of steam pre- oxidized 
Zircaloy in air and nitrogen (simulating oxygen starvation conditions). Results of the separate effect 
tests are being used by PSI for the development of a new air oxidation model. 
 
Regarding the oxidation of Zircaloy by air ingress, forty fresh Zircaloy-4 oxidation tests under air in 
the range 600/1000°C have been performed by IRSN and analysed. Now pre-oxidizedZircaloy-4 tests 
are starting and pre-hydrided Zircaloy-4 and M5 samples are under preparation. Zircaloy oxidation by 
air or air-steam mixture model has been developed in ICARE/CATHARE code to simulate Zircaloy 
oxidation of intact or degraded geometries and the ZrN layer formation. 
 
The boil-off bundle test QUENCH-11 will be conducted in October (pre-test) and November (main 
test) 2005. This test simulation Station Blackout out the boundary between DBA and BDBA will be 
the second of two QUENCH tests within the EC LACOMERA program. 
 
EDF is developing a  top-flooding model that will be integrated in ASTEC at the horizon end of 2006. 
In the frame of ISTC programs, this  top-flooding model will be qualified by PARAMETER tests at 
the Russian Research Center LUCH. 
 
For JRC-ITU, additional irradiated fuel dissolution experiments, to extend the test matrix performed 
during COLOSS project with medium burn-up level, have been done. First results on melting 
temperature have been reported as the preparation of sample collected from irradiated fuel/cladding 
dissolution experiment. 
IRSN has developed an UZrO (liquid and solid) mixture oxidation model in ICARE/CATHARE code 
and tested it on reactor applications. 
 
Regarding the early phase degradation and B4C effects, the B4C oxidation kinetic is still under 
improvement based on the latest VERDI experiments (May-July 2005). The coupling between 
ICARE/CATHARE and the GEMINI2 codes, taking into account gaseous convective transports has 
been achieved. It allows the computation of the B4C off-gas composition. Unfortunately, numerical 
results are not satisfactory and a further development is foreseen replacing thermal-equilibrium 
reactions by chemical kinetic relations. The calculation with the code ICARE2 of the FPT3 test and 
the interpretation of results,  focusing on the B4C behaviour under oxidizing conditions in bundle 
geometry, have been performed. Concerning oxidation tests of B4C-steel mixtures, a test matrix has 
been published to support FPT3 interpretation. Preliminary tests on Fe-B mixtures have been started 
with encouraging results. These tests together with Fe-B4C mixtures tests will be achieved by the end 
of 2005. The fuel dissolution model of ICARE/CATHARE has been improved and now it must be 
validated. 
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B.2 Status of the late phase core degradation and vessel behaviour work 
package 

The objectives of the LATVES work-package are to improve our knowledge of the late phase of core 
degradation, i.e. the corium behaviour after the core relocation in the lower head, derive from 
EURSAFE PIRT selections. It concerns the research item n°1.3, selected to improve predictability of 
the thermal loadings on RPV lower head (or corium catcher devices) to maintain their integrity but 
also the external vessel cooling and RPV integrity, research item n°1.4, including mode and location 
of RPV failure to characterise the corium release into the containment, research item n°1.6, if in 
vessel recovery is not successful. A part of the research item n°3.1 “Melt relocation into water and 
particulate formation” is considered within this work package whereas fuel coolant interaction aspects 
are addressed within FCI containment topic work package. 
 
Based on EURSAFE individual phenomena investigation and ranking, a more complete understanding 
is needed on the following physical processes. For coolability of a molten corium pool in the lower 
plenum or in an external core-catcher, it concerns, in case of dry cavity, initial corium characteristics 
from the core region when relocating to the lower plenum and behaviour of molten pool in the lower 
plenum (segregation/stratification, heat transfers to boundaries…). In case of external vessel cooling, 
it concerns critical heat flux and external cooling conditions in order to evaluate and design accident 
management strategies for in-vessel melt retention. For vessel integrity and corium release to cavity, it 
concerns, in conditions of dry cavity, vessel mechanical failure (mode, instant, location) due to 
thermal and mechanical loadings, breach opening processes and characteristics of corium release to 
the cavity. 
 
Concerning core degradation, University of Bochum and IKE report calculation and interpretation of 
TMI-2 and PHEBUS FPT4 with ATHLET-CD. Improvement with the use of MESOCO degradation 
module is stressed even if there are still computational difficulties.  
IKE performed also simulation of corium relocation to the lower head with IKEMIX and study 
subsequently the corium debris bed formation, coolability or re-melting with MEWA module. 
 
Several activities have been reported about corium pool behaviour in the lower head. CEA, in the 
frame of EC PLINIUS platform access, achieved the COLIMA post-tested analysis and complete test 
report to document experiment that have been performed in 2003 to study, with a Bulgarian team, 
fission product release from a corium pool for VVER composition. In the frame of EC LACOMERA 
platform access, the first LIVE test in collaboration with a Bulgarian team to study corium pool 
behaviour in 3D geometry have been delayed by FzK by the end of 2005 due to technological 
problems. In order to assess new relocation models, IRSN with the support of CEA defined a second 
LIVE test also through the opportunity offered by FzK in the frame of LACOMERA platform access.  
GRS focussed its contribution to the network on the improvement of AIDA-3D code by adding 
simulation rules to describe in simplified way the upper unstable layer in corium pool induced by top 
cooling (Rayleigh Bénard convection). CEA, taking into account the specific needs for low power 
experimental reactor, improves ASTEC models to describe corium transfer from core to lower head, 
to simulate more realistic pool configurations according to OECD MASCA program feedback and to 
simulate external cooling device. Interpretations of SIMECO 3 layer experiments in connection with 
MASCA issues have been reported by KTH. 
 
Regarding vessel integrity, in order to develop a new failure criterion (which will be used in  
numerical modelling) that can take into account the effect of the steel vessel chemical composition on 
the failure characteristics (brittle or ductile behaviour at high temperature), a joint analysis and 
experimental program between IRSN, CEA and INSA de Lyon has been undertaken. 
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The most recently developed numerical models will be used to study the propagation of vessel failure 
and to estimate its final size.   
Up to now, five 16MND5 steel families have been chosen to reflect different chemical 
compositions (in particular contents of sulphur, aluminium, manganese...) for metallurgical 
studies and for analytical tests. The metallurgical study has been already performed for three of the 
steel families. Initial tests on compact tension (CT) specimens have just been performed and should 
lead to knowledge of tear strength of the five different types of steel. Several tests have been 
performed on plate specimens in order to develop a method to determine rupture propagation velocity 
at high temperature. The method will be adapted for tube geometry experiments. The experimental 
program is envisaged to last until the beginning of 2007. 

  
At FZR an integral axisymmetric finite element model has been developed for simulating the late 
phase of core melt down scenarios in a RPV. The model allows for the calculation of the failure time 
and the failure mode of a vessel with a heated melt pool. In the thermal sub model the transient 
temperature field of the melt and of the vessel wall is evaluated. This can be done either with a CFD 
model or with the Effective Conduction Convection Model (ECCM). Within the mechanical sub 
model the visco-plastic deformation of the vessel wall is simulated. By use of the material damage the 
failure time and position can be determined. An additional mechanical sub model is used to evaluate 
the melt pool deformation. The thermal and the mechanical sub models are recursively and 
sequentially coupled.  

 
The coupled model for vessel failure was for pre- and post-test calculations of the FOREVER 
experiments performed at the KTH Stockholm. In general, a good agreement of the calculation and 
the experimental results could be achieved. The FE model can be considered as validated for medium 
scaled vessel tests. The main results can be summarized as follows. The creeping process is caused by 
the simultaneous presence of high temperature (>600 °C) and pressure (>1 MPa). At low pressure and 
high temperatures only a reversible expansion can be observed since the loads by the weight of vessel 
and melt are negligible. The hot focus region is the most endangered zone exhibiting the highest creep 
strain rates. The creep deformation leads to a wall thickness reduction, which accelerates the creep 
process.  The exact level of temperature and pressure has an influence on the vessel failure time but 
not on the failure position. The failure time can be predicted with an uncertainty of 20 to 25%. This 
uncertainty is caused by the large scatter and the high temperature sensitivity of the visco-plastic 
properties of the RPV steel. The development of a gap between melt crust and vessel wall could not 
be proved. 
First simulations of the prototypic scenario show that it seems to be possible to avoid a vessel failure 
if the reactor cavity is flooded. 
 
EDF has been involved in this WP from the second year onwards. The final objective is to develop a 
mechanical approach of the vessel failure that is simplified enough to be integrated in global SA code 
but has proved its robustness. The use of FEM code (Code_Aster) aims at improving our 
understanding of the phenomenology involved and validates the models and behaviour law that have 
been developed in the past in e.g. Rupther and Revisa programs. This validation will be based on the 
FOREVER tests and the benchmark with Code_Aster will start in the early 2006. Meanwhile EDF has 
looked on the different laws that could be used to simulate the behaviour of the vessel under severe 
accident. The work has consisted in applying a loading directly given by the MAAP code (SA code 
used by EDF) and to determine the stresses and the rupture times. The thermal loading exhibits very 
steep gradient and thus the numerical convergence is not easy to obtain with models such as the 
Chaboche visco-plastic model with coupled damage. 
 
Concerning reactor vessel external cooling, CEA and TECHNICATOME have defined a facility to 
validate the cooling device concept retained for CEA low power reactor. Scale 1:1 test on a 1:10 
angular sector will be operated by CEA in 2006. 
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B.3 Status of the ex-vessel corium recovery work package 

 
The objectives of the EXCORE work-package are to improve predictability of axial versus radial 
ablation up to late phase MCCI to determine basemat failure time and loss of containment integrity 
(EURSAFE research item n°2.1) but also to demonstrate the efficiency of specific corium catcher 
designs by improving the predictability of the corium interaction with corium catcher materials 
(EURSAFE research item n°2.3). 
 
In case of water addition, the objective are to increase knowledge of cooling mechanisms by top 
flooding the ex-vessel corium pool to demonstrate termination of accident progression and 
maintenance of containment integrity (EURSAFE research item n°2.2) but also to demonstrate 
efficiency of water bottom injection to cool corium pool and its impact on containment pressurization 
(EURSAFE research item n°2.4). 
 
Because of similar behaviour, the scope of the work-package is extended also to particulate debris 
coolability for in-vessel situation (EURSAFE research items n°1.2) to study the termination of the 
accident by re-flooding of the core while maintaining RCS integrity.  
 

Based on EURSAFE individual phenomena investigation and ranking, a more complete understanding 
is needed on the following physical processes. For corium behaviour during interaction with concrete 
or ceramic, knowledge has to be improved for pool stratification and layer stability under gas 
sparging, heat transfer mechanism, power distribution and ablation homogeneity, fission product 
remaining in the pool and ceramic dissolution mechanisms. For ex-vessel pool corium coolability, 
knowledge has to be improved for cooling mechanisms with water on top of the melt (bulk cooling, 
water ingression or melt ejection), crust anchorage phenomena in reactor pit and consequence for melt 
ejection mechanism,  porosity formation during cooling by bottom injection of water into the melt and 
consequences for water management and steam production. For core coolability, knowledge has to be 
improved to understand the behaviour of ex-vessel particulate debris beds in water present in the 
cavity, the thermal hydraulics of debris beds, without or with water injection, the coolability of debris 
beds (in- and ex-vessel), the coolability of the molten pool within the core, the fuel rod collapse and 
the molten pool crust failure for in vessel situation. 
 
For debris coolability, VTT provided an experimental contribution with particles bed dry out heat flux 
tests in the STYX facility. Tests with irregular shapes and various diameter particles were done for 
different heights of debris bed. Results have been distributed to WP partners. 
The thematic circle around STYX and DEBRIS (IKE) has been enlarged with POMECO (KTH) and 
SILPHIDE (EDF) to extend the database for model development and WABE (IKE) validation.  
Major joint activities were related to the preparation of a special issue volume of Nuclear Engineering 
and Design (NED) on Particulate and Porous Debris Coolability. This includes exchange in the frame 
of reviewing of the contributions of the European partners about: -scenario evaluations, -formation of 
particulate debris from inflow of corium into water in the lower head or in ex-vessel water pools, -
basic laws determining coolability in a particulate debris bed (friction and heat transfer), -
comparisons of experiments and derived laws respectively model results (e.g. WABE and MC3D 
calculations on SILFIDE experiments), -applications of ATHLET-CD and CATHARE/ICARE 
modules on multidimensional coolability of particulate debris beds under reactor conditions, -ex-
vessel debris coolability and MCCI with emphasis on porosity formation in spread layers under top 
and bottom flooding.  
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In the above frame, and especially the context of SARNET co-operation, editorial overview articles 
are currently written for the NED issue in joint work about the different sub-subjects. Especially, this 
concerns in one overview the different experimental and theoretical approaches on basic laws, the 
determination of dryout heat fluxes and their relevance for evaluating coolability under reactor 
conditions, the necessity of multi-dimensional models with appropriate basic laws and the extended 
coolability under realistic conditions of non-homogeneous particle beds. In another overview, the 
status on ex-vessel melt behaviour and coolability is addressed. Comparison calculations on 
quenching of particulate debris in the lower head have been performed between the ATHLET-CD 
module WABE and CATHARE/ICARE modules. Further comparison calculations with these codes 
demonstrate extended coolability due to 2D effects and cooling of dry regions in the steam flow. 
More detailed comparisons are envisaged in future work. In general, these overview and comparison 
works shall form the basis for more detailed elaborations in SARNET. New calculations on basic 
quenching experiments are e.g. presently performed at IKE on DEBRIS facility for comparison with 
calculations of IRSN.  
 
In term of corium coolability during corium concrete interaction, additional data on water ingression 
mechanism have been obtained in the frame of MCCI-OECD program. The contribution of this 
mechanism to the coolability has been evaluated and SWICCS results have been  analysed with 
CORCON by UPM. The efficiency of this mechanism is limited and decreases when the concrete 
fraction increases in the melt. CEA has  focused its activity on melt ejection modelling with 
implementation of PERCOLA models in TOLBIAC-ICB code. If the efficiency of this second 
mechanism is better and directly related to particulates debris coolability, experimental validation in 
prototypic material stumbles over technological difficulties to avoid crust anchorage. Last separate 
effect melt ejection test in the frame of OECD program was unsuccessful and data about crust 
morphology (number of opening, size and diameter evolution related to freezing…) are still missing.  
With new modelling work, IKE is developing an unified approach to treat both porosity formation by 
water injection from below or porosity formation by effect of sparging gas on melt ejection and debris 
formation in case of top flooding. 
 
The VULCANO COMET experiment proposed by FZK has been selected in the frame of the CEA 
EC PLINIUS Transnational Access to Research Infrastructure FP5 project. The objective is to 
validate with prototypic oxidic corium the COMET-PCA concept that has been developed at FZK and 
previously tested on high temperature simulants (aluminium thermite).  This test was successfully 
performed at CEA in October 2005. After IKE pre test calculations, post test analyses and post test 
calculations with WABE are planned jointly with IKE and FZK. 
 
In the frame of MCCI studies, CEA has performed three VULCANO-CCI experiments (2004-2005) 
two with siliceous concrete and one with limestone concrete. Preliminary analysis of these three tests 
shows a faster radial ablation for both kinds of concrete, nevertheless more important for siliceous 
concrete. This trend seems contradictory with expected bubbling pool thermal hydraulic if boundary 
conditions are uniform. If dissymmetry is confirmed for siliceous concrete by the recent CCI-3 test 
performed in September 2005 by ANL, which reproduces on both sides the fast radial ablation 
behaviour observed during CCI-1 test on one side only, the profile ablation of CCI-2 test performed 
with limestone common sand concrete was homogenous. 
On going material analysis and the continuation of VULCANO, as CCI (ANL), data analysis will 
contribute to explain the physical behaviour at boundaries which is a necessary step to improve 
existing simulation tool models and explain the difference observed. 
 
First results of CEA ARTEMIS 1D program to address in simulant fluid the boundary condition issue 
for an interface releasing gas and the status of facility modifications to run 2D experiments were 
presented by CEA, during a Franco- German meeting in July 2005. From ARTEMIS 1D experiments, 
it is concluded, that for reactor conditions, solid crust is formed at interface with concrete with a 



Page8/10  
SESSION 2, PAPER N°2 

The first European Review Meeting on Severe Accident Research (ERMSAR-2005) 
Aix-en-Provence, France, 14-16 November 2005 

boundary temperature close to the liquidus temperature of the melt. First ARTEMIS experiment in 2D 
has been successfully performed in September 2005. First observations show a faster radial ablation 
for homogeneous gas injection. This trend has to be confirmed by a detail analysis including material 
analyses. 
 
In the frame of EC LACOMERA platform, FzK performed with IRSN a 2D corium concrete 
interaction test in stratified pool configuration, COMET-L1, using both metallic and alumina phases 
produced by thermitic reaction. The test duration was limited to 15 mn due to technological problem 
with sustain heating. The second test, COMET-L2, has been run with success, at the beginning of 
2005, in homogeneous pool configuration (metallic pool). Results have been not fully distributed to 
offer the opportunity to perform a benchmark in blind calculation. A new test, COMET-L3, in 
stratified pool configuration is scheduled by the end of 2005. 
 
Within this work-package, all countries contribute to the MCCI-OECD program. CEA, EDF, IRSN, 
FRA-ANP, GRS, UJV, KTH contribute directly to MCCI-OECD benchmark exercise organised by 
CEA around CCI tests first in blind conditions and then with a common set of parameters defined 
after the distribution of the results. If codes reproduce quite well the CCI-2 homogeneous behaviour, 
they are not able to reproduce the CCI-1 and CCI-3 dissymmetry without direct tuning. According to 
different solidification models used, with some time non consistent heat transfer models, large 
differences appear in pool temperature with nevertheless minor effect on power distribution and 
ablation rates. 
 
Additional analyses and reactor evaluations have been performed by IRSN and CEA with MEDICIS 
and TOLBIAC-ICB codes to evaluate the sensitivity of remaining uncertainties. The most important 
parameters are pool configurations (homogeneous or stratified pool with oxydic and metallic layers) 
and heat transfer between  oxide and metal. For homogenous pool the distribution of heat transfer 
coefficient as the boundary conditions are still important parameters. 
The next step for the VULCANO facility is the preparation of a first stratified pool experiment 
(metal/oxide) scheduled at the beginning of 2006. 
 
 

B.4 Status of the subtopic devoted to the development of SARNET thermodynamic 
and material properties databases 

 
The objective of this subtopic is to maintain and develop the thermodynamic and material properties 
databases that are indispensable tools for reactor application but also for the design and the 
interpretation of experiments. The NUCLEA database (THERMODATA-INPG-CNRS) has been 
retained after the benchmark organised in the EC ENTHALPY Project as the reference for SARNET 
and for the construction of the ASTEC database.  
 
A workshop between CEA, IRSN and THERMODATA for the NUCLEA maintenance is organized 
yearly at the beginning of autumn to define the priorities and the work for the next year. 
 
The analysis of all experiment in prototypic corium and more especially the dedicated analytical 
experience as those  performed by ITU or UJV within SARNET or by NITI in the CORPHAD project 
[8] performed in the frame of ISTC program contribute to the validation of NUCLEA database or to 
the supply of new data. Introduction of new measurements, or new models, in the database is the final 
step of a larger process. For example, during EC ENTHALPY project, some discrepancies were 
identified due to the too simplified modelling of the SiO2-CaO-FeO-Fe2O3 oxide system in NUCLEA. 
The thermo chemical data of the this system has been reviewed and improved in 2005 by 
THERMODATA, with the support of IRSN. Now, the introduction of the Manara’s measurements 
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(ITU) on the fuel at high temperatures in the hyper-stoichiometric region and of the new modelling of 
SiO2-CaO-FeO-Fe2O3 system in the NUCLEA database has been decided. 
 
A key issue, in severe accident understanding and modelling, concerns the coupling between thermal-
hydraulic and physico-chemistry. Several corium topic partners develop different methodology to take 
into account the physico-chemistry within their thermal-hydraulic codes. For MCCI codes, FRA-ANP 
GmbH or CEA developed their own approach based on direct coupling with thermodynamic solver, 
within respectively COSACO and TOLBIAC codes. On a different way, IRSN develops an approach 
for ASTEC modules, or ICARE-CATHARE codes, based usually on tabulation of NUCLEA results 
for dedicated system. 
 
For physical properties a survey will be organised by CEA among SARNET partners to collect 
properties and associated references to perform jointly an evaluation task and formulate additional 
recommendations for the material  database of ASTEC, MDB. 
 

C.  CONCLUSION 

Progresses about technical aspect are presented in section B but they concern also the way that 
networking activities are on going to  rationalize R&D effort, to share the knowledge around corium 
behaviour and to accentuate technical exchanges among SARNET partners.  
 
During the first year, the main objective was to initiate and make visible networking activities within 
a group where most of the partners use to collaborate in the frame of previous European projects or in 
the frame of international projects. In the frame of SARNET, Corium is a large topic dealing with 
more than half of the issues selected during EURSAFE PIRT exercise. 
  
The networking activity has been promoted by the use of several tools available through the Advance 
Communication Tool: templates for facility, model or code description in order to collect comments, 
creation of discussion forums and the organisation of dedicated meeting taking also the opportunity of 
existing international meeting to exchange between European partners. First results are encouraging 
but there is yet some progress to make networking activity more visible: the contribution to discussion 
forums for example as to be emphasized keeping in mind that partners can exchange freely in their 
own name and not systematically in the name of their organisation. The coordination activity is now 
distributed at each subtopic level for a better efficiency and to promote exchange at the good technical 
level. 
 
From technical point of view, the best results in term of jointly activities are observed around data 
that can be available for all corium topic partners or at least for a significant kernel. Joint activities 
have been reported in different fields and we can retain to illustrate this conclusion the following: 
 
- Joint test matrix  definition: in the frame of the definition of International Source Term program 

FzK and IRSN have decided to harmonize their test matrixes to study oxidation by air/Steam 
mixture and to study B4C oxidation and degradation 

- The ongoing joint publication in a special issue of Nuclear Engineering and Design about the 
debris bed coolability. The dissemination of new STYX results available for all partners. 

- The contribution and the joint activities around MCCI-OECD program through test results 
interpretation, benchmarking activity and recommendation for the definition of new tests. First 
significant exchanges through ACT dedicated discussion forum. 

- The existence of experiments performed in the frame of LACOMERA (QUENCH, COMET, 
LIVE) or PLINUS (COLIMA, VULCANO) platform transactional access to share more easily the 
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final results and to enhance the collaboration in the definition of the test parameters or through pre 
and pos-test calculations. By extension, the existence of ISTC programs promote similar activities 
among corium topic partners: top flooding models and ISTC PARAMETER, ISTC METCOR [8] 
and impact of conclusion on thermo-mechanical vessel behaviour, ISTC CORPHAD and 
NUCLEA database qualification and the proposal to perform a benchmark on MCCI phase of 
Tchernobyl accident with the data collected in the frame of ISTC CHESS project.  

- Through technical exchanges between corium partners or between different SARNET topics, we 
can observe for the second period new contributions including specific requests to access 
experimental data or simulation tools: INR contribution to air oxidation experiments, IRSN then 
EDF express interest for FOREVER results, IVS to exchange with CEA on external cooling 
device modelling and simulation within ASTEC, CEA to have access to IKE simulation modules,  
proposal to provide BALI results to validate AIDA-3D simulation rules approach, CEA interest 
for future FRA-ANP GmbH simultaneous concrete and ceramic interaction with corium, joint 
proposal between different topics (corium and source term packages)  to make some modification 
in the VULCANO or COLIMA facilities to study aerosol release through cracks in the concrete if 
appropriate and feasible. 

D.  ACKNOWLEDGEMENTS  

The author gratefully acknowledge all those who contributed to the technical work in the Corium 
topic, and here specifically those who helped in the coordination of subtopics, reported about progress 
within their thematic circle and so contributed to this paper: IKE M. Bürger, FzK M. Steinbrück, 
KTH S. H. Park, IRSN V. Koundy, N. Seiler, G. Repetto and M. Barrachin, and CEA C. Journeau and 
B. Spindler   
 
  
REFERENCES 
 
[1] D. Magallon et al., European expert network for the reduction of uncertainties in severe accident 

safety issues (EURSAFE), Nuclear Engineering and Design 235 (2005) 309-346 
[2] M. Steinbrück, W. Hering, J. Stuckert, J. Birchley, E. Brunet-Thibault, M.K. Koch, N. Seiler, K. 

Trambauer, M.S. Veshchunov, Core reflooding: Synthesis of the QUENCH program and its 
impact on code modelling, First European Review Meeting on Severe Accident Research 
(ERMSAR-2005) 

[3] M. Fisher, S. Hellmann, J-M. Bonnet, C. Journeau, B. Tourniaire, J-M. Seiler, H. Alsmeyer, M. 
Bürger, S. Park, Ongoing and foreseen European experimental activities on the coolability of 
molten corium and on its interaction with concrete and ceramic material, First European Review 
Meeting on Severe Accident Research (ERMSAR-2005) 

[4] K. Froment, Thermodynamic modelling : Coupling with thermalhydraulic approaches and 
consequences for in-vessel and ex-vessel corium behaviour, First European Review Meeting on 
Severe Accident Research (ERMSAR-2005) 

[5] I. Lindholm, K. Athken, M. Bürger, F. Fichot, S.H. Park, In-Vessel retention: on going activity on 
in-vessel core and debris coolability, First European Review Meeting on Severe Accident 
Research (ERMSAR-2005) 

[6] E. Altstadt, H.G. Willschuetz, B.R. Sehgal, F.P. Weis, Vessel rupture : synthesis of the 
FOREVER interpretation activity, First European Review Meeting on Severe Accident Research 
(ERMSAR-2005) 

[7] B. Adroguer et al., Core loss during a severe accident (COLOSS), Nuclear Engineering and 
Design 235 (2005) 173-198 

[8] S.V. Bechta et al., CORPHAD and METCOR ISTC projects, invited paper, First European 
Review Meeting on Severe Accident Research (ERMSAR-2005) 
 
 



Session 2: CORIUM TOPICS, N1

 

 
International Science and Technology Center

A.P. Alexandrov Research Institute of Technology

CORPHAD and METCOR ISTC Projects

Presented by S. Bechta
The first European Review Meeting on Severe Accident Research 
(ERMSAR-2005), Aix-en-Provence, France, 14-16 November 2005



2Session 2: CORIUM TOPICS, N1

CORPHAD project participants and coordination

ISTC
CEG-SAM

ISTC
CEG-SAM

FZK, 
Germany

FZK, 
Germany

IRSN,
France

IRSN,
France

ITU, 
EC

ITU, 
EC

CEA,
France

CEA,
France

CollaboratorsCollaborators

Steering 
committee
Steering 

committee

Operation Agent: A.P. Alexandrov RIT, RussiaOperation Agent: A.P. Alexandrov RIT, Russia

Coordinator Coordinator 

FRAMATOME 
ANP, Germany

FRAMATOME 
ANP, Germany

ISC RAS,
Russia

ISC RAS,
Russia

RRC Kurchatov
Institute, Russia

RRC Kurchatov
Institute, Russia

SPb Electrotechnical
State University, 
Russia

SPb Electrotechnical
State University, 
Russia

ISTC PROJECT #1950 ISTC PROJECT #1950 [08/2001 – 11/2006 ]
Phase Diagrams for Multicomponent Systems Containing Corium 
and Products of its Interaction with NPP Materials



3Session 2: CORIUM TOPICS, N1

CORPHAD Objectives

Experimental determination of phase diagram data important 
for reactor application, phase diagram modeling and NUCLEA 
database optimization:

coordinates of characteristic points (eutectics, peritectics etc) 

liquidus and solidus concentration curves 

component solubility limits in the solid phase 

tie line coordinates and temperature/concentration regions of
the miscibility gap
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Experimental matrix of CORPHAD Project 
Task System Atmosphere Status 

UO2 – FeO 

ZrO2 – FeO 
Argon 

SiO2– Fe2O3 Air/ Oxygen 

Completed
1 

UO2 – SiO2 Argon /Air In 
preparation

UO2–ZrO2-FeO 
(only eutectic point measurements) Argon 

UOx–ZrO2-FeOy 
(only eutectic point measurements) Air 

Completed

U-O-Fe 

Zr-O-Fe 

2 

U-O-Zr 

In progress

3 U-Zr-Fe-O 

Argon 

4 Complex corium mixture 
(only eutectic point measurements) Air 

In 
preparation
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Methodology

Classical methods of thermal analysis: 
DTA 
DSC 
Annealing
High temperature microscope

Methods developed for corium system: 
visual polythermal analysis at induction melting in a cold
crucible (VPA IMCC)
visual polythermal analysis in the Galakhov microfurnace 
(VPA GM)
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Methodology: DTA 

Example of thermogram of UO2-FeO
sample containing 7.0±0.5 mol % UO2

MOM thermoanalyser

Conditions:
Temperature up to 2300°C
Vacuum (up to 10-7 atm) or inert gas medium (He, Ar up to 2 atm)
Crucible material – tungsten, molybdenum, alumina, zirconia and others
Sample weight – 100-300 mg

Two distinct endothermal effects
at 1335 and 1379°С at heating (Tsol and Tliq)
Shift of the effect temperatures at cooling
(sample interaction with crucible)
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Methodology: DTA/DSC/TG
SETSYS Evolution-2400 

Furnace

Crucible with 
inertial mass 

+
-

-

Inert gas 
or air 

current 

- +

Crucible  
with sample 

Thermocouple 

Beam 
scales

Inductance 
coil

Magnet ~

Differential 
transformer 

300°C 
892°C 1315°C 

1262°C

DTA 

TGA

Principle of operation

Conditions:
Temperature up to 2300°C
Vacuum (up to 10-7 atm) or inert gas (He, Ar up to 2 atm) or air (up to 1600 oC)
Crucible material – carbon, tungsten, alumina, zirconia and others
Sample weight – 5-20 mg
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Methodology: High temperature microscope

Conditions:
Temperature up to 2400°C
Air, oxygen, inert gas (He, Ar) 

current or gas medium with 
controlling oxygen fractional 
pressure (pO2=10-18–1 atm) 

Sample holder material – iridium
Sample weight – 10-50 mg

1 – long-focus microscope, 
2 – sealed heating chamber

with quartz windows and
sample holder cartridge, 

3 – lighting system, 
4 – gas tubes, 
5 – silver electrodes, 
6 – iridium loop heater

(specimen holder), 
7 – specimen (powder), 
8 – power supply;
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Methodology: VPA IMCC (a) and VPA GM (b)

VPA GM: 1 – water-cooled vessel, 
2 –electrodes, 3 – tungsten heater, 
4 – protective screens, 5 – specimen 
holder (iridium or molybdenum), 
6 – pumping-out, 7 – gas flooding, 
8 – specimen quenching plate, 
9 –viewing port, 10 – power supply, 
11 – videocamera, 12 –control 
system, 13 – view of a specimen 
during heating.

VPA IMCC:
1- inductor, 2 – pyrometer shaft, 
3 – movable water-cooled 
electromagnetic screen, 4 – crucible 
vertical shift drive, 5 – pyrometer 
coupled with a videocamera, 
6 – control and registration system, 
7 – melt, 8 – cooled molten pool 
surface in the sighting spot
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Methodology: Example of VPA GM
CORD-31 test, UO2-ZrO2-FeO in argon 

Melting start: deformation of 
specimen edges at 1295 oC

Complete melting: spreading 
upon the holder at 1374 oC
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Methodology: Example of VPA IMCC

Cord 33
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Tmelt

CORD-33 test, Zr-Fe-O system in argon

Tliq was measured three times: 2379 oС, 2382 oC, 2385 oC Tliq = 2382 °С
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Results: UO2- FeO phase diagram
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Results: ZrO2- FeO phase diagram
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Results: SiO2– FeOy
SiO2–Fe3O4 system in neutral 
atmosphere 

SiO2–Fe2O3 system in air 

 – VPA results;  – quenching;  
 – SEM/EDX analysis of two

liquids in miscibility gap region; 
  – SEM/EDX analysis of
eutectic composition;  

 - Muan’s data6.  

SiO2–Fe2O3 system in oxygen

 – HT microscope;  –DTA results on eutectic temperature;  – DTA results on Fe2O3 
decomposition temperature 
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Publication of CORPHAD project results

Bechta S.V., Krushinov E.V., Almjashev V.I., Vitol S.A., Mezentseva L.P., Petrov
Yu.B., Lopukh D.B., Khabensky V.B., Barrachin M., Hellmann S., Froment K., 
Fischer M., Tromm W., Bottomley D., Defoort F., Gusarov V.V. Phase diagram of 
the ZrO2–FeO system. // to be published in J. Nucl. Mater. 

Mezentseva L.P., Popova V.F., Almjashev V.I., Lomanova N.A., Ugolkov V.L., 
Bechta S.V., Khabensky V.B., Barrachin M., Hellmann S., Gusarov V.V. Phase 
diagrams of the SiO2–Fe2O3(Fe3O4) systems in different gas atmosphere. // to be 
published in J. Europ. Ceram. Soc. 

Bechta S.V., Krushinov E.V., Almjashev V.I., Vitol S.A., Mezentseva L.P., Petrov
Yu.B., Lopukh D.B., Khabensky V.B., Barrachin M., Hellmann S., Froment K., 
Fisher M., Tromm W., Bottomley D., Gusarov V.V. UO2–FeO phase diagram. // to be 
published in J. Nucl. Mater. 
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CORPHAD project perspectives
The budgeted project extension has been discussed and experimental matrix 

presented to  the 8th CEG-SAM meeting, Podolsk , Russia, September 14-16, 2005

Task System*) Atmosphe-
re Experimental data Priority 

level 
Number 
of points 

1 ZrO2-x Liquidus only 3 3 

2 U-Zr-O, U-Fe-O, Zr-Fe-O 
and U-Zr-Fe-O 

Argon 
Selected points (liquidus, 

solidus, tie-lines in the miscibility 
gap) 

1 4 

UO2-SiO2 
Liquidus, solidus, solubility 

limits, extension of miscibility 
gap 

1 10 

CaO - UO2 1 5 
3 

CaO - FeO 
Liquidus, solidus, solubility 

limits, eutectic point 1 3 

UO2 – FeO – SiO2 
Liquidus, solidus solubility limits, 

tie-lines in the miscibility gap, 
ternary eutectic point 

1 10 

UO2 – FeO – CaO 1 5 
ZrO2 - FeO - SiO2 

Liquidus, solidus, solubility 
limits, ternary eutectic point 1 5 

4 

ZrO2 - FeO - CaO 

Argon 

Ternary eutectic point 2 2 

5 
Realistic complex corium 

mixtures 
 

Argon or Air Eutectic composition and 
temperature 2 3 

 *) - significant for reactor case situations and for modeling needs
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METCOR project objectives

Physicochemical phenomena identification of
corium melt interaction with vessel steel cooled from
outside

Determination of kinetics and final ablation depth

Influence of physicochemical corium-vessel 
steel interaction on IVR
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Experimental matrix of METCOR Project 

Melt Atmosphere Status 

UO2-ZrO2- FeOy nitrogen 

UO2+x-ZrO2- FeOy air 
Completed 

UO2+x-ZrO2,  UO2+x-ZrO2- FeOy steam In progress 

UO2-ZrO2, UO2-ZrO2- Zr 

UO2-ZrO2- Zr-SS 
argon Completed 
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Methodology

Medium scale tests with prototypic corium
Bottom placed specimens of 15Kh2NMFA vessel steel 
equipped by a numbers of K-type thermocouples
Calorimetry of heat fluxes
Sounding method for on-line measurements of the interaction
front position
Variable parameters in the tests:

- corium composition and melt oxygen potential
- temperature of corium/steel interaction interface
- heat flux density from corium to steel
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Methodology: Test schematics

1 – pyrometer shaft; 2 – lid; 
3 –electromagnetic screen; 4 – quartz  tube; 
5 – crucible sections; 6 – inductor; 7 – melt;  
8 – acoustic defect; 9, 10 – thermal insulation;
11 – vessel steel specimen;12 – top specimen 
calorimeter;13 – bottom specimen calorimeter;
14 – kaolin wool insulation; 15 –ultrasonic 
sensor; 16 – thermocouples;  17 – crust, 
18 – electromagnetic screen; 
19 –electromagnetic screen; 
20 – cylindrical support of the specimen
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Specification of METCOR tests
Tests with fully oxidized melts

 

Exp. 
series 
№ 

Experimental series Test 
code 

Melt composition,  
% mass 

Melt 
tempera-
ture, °С 

Temperature 
plateaus on 

the specimen 
surface, °С 

Heat 
flux 

density, 
MW/m2 

Above-
melt 

atmosp-
here 

МС 1 15.6UO2.01-64.1ZrO2-
20.3FeO1.1 

up to 
2700 

~ 950 0.90 1 Interaction between 
molten corium and 
vessel steel in air МС 2 56.1UO2-23.9ZrO2-

20FeO 
up to 
2400 

~ 900 
~ 990 
~ 1050 
~ 720 

0.39 
0.44 
0.47 
0.30 

 
Air 

2 Interaction between 
molten corium and 
vessel steel in the 

neutral atmosphere 

МС 3 (55.3-55.4) UO2-
(22.5-23.8)ZrO2-

(22.2-20.7) 
(FeO+Fe2O3) 

up to 
2300 

~ 920 
~ 1000 
~ 1100 

~ 1200-1220

0.29 
0.28 
0.33 

0.47-0.48

Nitrogen 

~ 2050 Molten pool 
depth, mm 

~ 37 
~ 65 

 3 Investigation of free 
convection in the 

molten pool 

МС 4 56.1UO2-23.9ZrO2-
20FeO 

~ 2200 ~ 37 
~ 65 

 

 
Air 
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Specification of METCOR tests (continued)
Tests with suboxidized melts and tests in steam

 

Experi-
mental 
series 

# 

Experimental 
series 

Test 
code 

Melt 
composition,  

% mass 

Melt 
tempera-
ture, °С 

Temperature 
plateaus on the 

specimen 
surface, °С 

Heat flux 
density, 
MW/m2 

Above-
melt 

atmos-
phere 

Status 

МС 5 ~ C 100 
UO2/ZrO2 

~ 1073 
~ 1180 
~ 1315 
~1434 

0.95 
1.05 
1.20 
1.30 

МС 6 ~ C 30 
UO2/ZrO2/Zr ~ 1400 1.31 

МС 7 ~ C 30 
UO2/ZrO2/Zr ~ 1150 1.10 

1 

Interaction of 
suboxidized/ 

oxidized corium 
melt (oxidic 

phase) with vessel 
steel 

МС 8 ~ C 70 
UO2/ZrO2/Zr ~ 1400 1.35 

2 

Interaction of 
suboxidized melt 

of metal-oxide 
corium  with 
vessel steel 

(oxidic + metallic 
phases) 

МС 9 

~ C 30 
UO2/ZrO2/Zr 

+ 
steel 

Msteel/Mcor=0,1 

up to 2600

~ 1400 

 

 

 

1.10 

Argon

МС 10 UO2+x/ZrO2 

~ 1050 
~ 1180- 1220 

 -  Up to specimen 
melting 

 

1.28 
1.60-1.75 

C
om

pl
et

ed
 

3 
Interaction of 

corium melt and 
vessel steel in the 
steam atmosphere

МС 11 UO2+x/ZrO2/FeOy 

up to 2800

~ 1000; ~ 1100; 
~ 1200;~ 1300 

 

Steam

End of 
the 2005 
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Results: phenomena identification 

Two basically different mechanisms of vessel steel 
ablation :
high temperature surface oxidation (corrosion) at
high oxygen potential
eutectic mechanism with formation of a metallic 
U-Zr-Fe-(O) mushy zone at low oxygen potential
(C<100)
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Results: high temperature surface oxidation
MC-2: Interaction zone Example of kinetic curve at 900 oC
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Results: eutectic melting
МС8 (C-70, 1425°С)

U Zr Fe Cr O Admixtures 
mass.% 

 

SQ1 21.31 6.67 67.93 1.91 0.48 1.7 (U0.06Zr0.05Fe0.86Cr0.03)O0.02 
P1 4.89 25.64 66.55 1.23 - 1.69 U0.01Zr0.19Fe0.79Cr0.02 

 

1-1

1-2

1

.P1

МС6 (C-30, 1400°С )

Final front position corresponds to 
isotherm of 1100 - 1200 oC

1-1(SQ1) 1-2
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Results: examples of kinetics of eutectic melting 
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METCOR publications
Bechta S.V., Khabensky V.B., Vitol S.A. et al., “Experimental studies of oxidic
molten corium – vessel steel interaction”, Nuclear Engineering and Design.
210 (2001) p. 193-224
S.V. Bechta, V.B. Khabensky, S.A. Vitol, E.V. Krushinov, V.S. Granovsky,
D.B. Lopukh , V.V. Gusarov, A.P. Martinov, V.V. Martinov, G. Fieg, 
W. Tromm, D. Bottomley, H. Tuomisto. Corrosion of vessel steel during its
interaction with molten corium - Part 1: Experimental. To be published in
Nuclear Engineering and Design, ref. #BDT025
S.V. Bechta, V.B. Khabensky, S.A. Vitol, E.V. Krushinov, V.S. Granovsky,
D.B. Lopukh , V.V. Gusarov, A.P. Martinov, V.V. Martinov, G. Fieg, 
W. Tromm, D. Bottomley, H. Tuomisto. Corrosion of vessel steel during its
interaction with molten corium - Part 2: Model Development. To be published
in Nuclear Engineering and Design, ref. #BDT026
S.V. Bechta, V.B. Khabensky, V.S. Granovsky et al., “New Experimental
Results on the Interaction of Molten Corium with Reactor Vessel Steel,” Proc.
of ICAPP ’04 congress, June 13-17, 2004, Paper 4114, p.1072-1081,
Pittsburgh, PA USA (2004)
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METCOR project perspectives

Presented to the 7th CEG SAM meeting:

Ablation of vessel steel having vertical orientation of
interaction interface

Ablation of vessel steel in conditions of corium pool
oxidation by steam 

Ablation of the А508, С13 (16MND5) steel of
European reactors 
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Conclusions
So far missing phase diagram data of chemical systems 
important for reactor application have been produced in 
CORPHAD. These data improve severe accident 
analysis and modeling; they are used for qualification 
and extension of the NUCLEA database.
Results of METCOR experiments on the interaction 
between corium melt and an outside-cooled vessel 
steel enable new physico-chemical phenomena to be 
identified and quantified. The oxidized/dissolved layer of 
the steel can be critical for the vessel mechanical 
behavior and position of maximum material damage 
spot for high pressure scenarios.

METCOR and CORPHAD results are a highly relevant 
input for SARNET Projects.
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Overview of progress in the Corium Area

Recall of corium topic organization 

Overview of progress 
– in Early phase of core degradation WP
– in Late phase of core degradation WP
– in Ex-vessel corium recovery WP
– in thermomdynamic and material properties databases

Conclusion in term of networking activity
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Corium topic organization
Corium topic focuses around the corium behavior

– From early phase core degradation  to in or ex vessel corium recovery

Organization based on EURSAFE concerted action conclusion
– Regroups in an ex-vessel domains

311 phenomena have been selected
92 of them are important for safety
52 of them are important for safety and present an important lack of knowledge

– Those 52 phenomena have been merged according to their similarity or their 
interactions in 10 items for a better readability

To progress jointly, by sharing effort, resources and costs
– in the corium behavior understanding, 
– in phenomena modeling and assessment 
– with the final goal to implement models in ASTEC code to capitalize the knowledge

– Keeping in mind EURSAFE spirit, i.e. feedback from regulatory bodies and utilities to 
progress in a consistent way and as far as it is necessary
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Corium topic subdivision
Early phase of core degradation (WP9 EARLY)

– WP9-1: Hydrogen generation during Core reflooding (FzK)
– WP9-2: Early core degradation and B4C effects (IRSN)
– WP9-3: Zircaloy oxidation by air and steam-air mixture (IRSN)

Late phase core degradation (WP10 LATVES)
– WP10-1: Late-phase core degradation and corium behavior in lower head (KTH)
– WP10-2: Vessel failure and corium release into cavity (IRSN)

Ex-vessel corium recovery (WP11 EXCORE)
– WP11-1: Core and debris coolability during reflooding (IKE)
– WP11-2: Molten corium concrete or ceramic interaction (CEA)
– WP11-3: Ex-vessel corium coolability (CEA)

Thermodynamic and material properties databases
– a last subtopic distributed within others WP to promote exchanges among partners

(IRSN)
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Task identification and link with other WPs

-----------------
→WP7 SARP      

---------------D15-------------------
All

Synthesis of 
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applications

4
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-----------------
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-----------------
→WP7 SARP      ----------------D13-------------------AllJoint 

interpretation2

-------------------------------D12----------------AllJoint review of 
experiments1
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Id.

MMMEETINGS
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D11
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Overview of progress in Early phase … WP
Early phase of core degradation objectives

– Hydrogen generation during reflood or melt relocation into water EURSAFE item 
N°1.1 improve knowledge about the magnitude of hydrogen generation, risk 
associated with hydrogen rapid generation

– COLOSS conclusion and preparation of FPT3 needs of improvements of 
understandings and modeling of B4C or fuel burn-up impact on core degradation

– Oxidation by air or air /steam mixture ranked at low level for core degradation but 
strong impact for FP release issue identified as separate subtopic WP9.3

Resources
– 10 partners : EDF, ENEA, FzK, GRS, INR, IRSN, JRC-ITU, PSI, THERMODATA, 

UJV
– Separate effect test and bundle tests : QUENCH, SETs, MAESTRO plat-form, 

PHEBUS, INR experiment
– International collaboration in the frame of ISTC projects : #1648, PARAMETER
– Modeling and interpretation capabilities : ICARE/CATHARE, SCDAP/RELAP5, 

ATHLED-CD, MELCOR, ASTEC
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Overview of progress in Early phase … WP
Overview of progress

– Experimental activities

IRSN/FzK share jointly test matrixes to improve knowledge on oxidation by air/steam 
mixture and on B4C degradation to support modeling activity and PHEBUS FPT3 (IRSN
Nov. 04) interpretation
QUENCH 10 experiment (FzK July 04) to study the impact of air ingress on core 
degradation results open to all partners for interpretation needs for a new oxidation 
model
QUENCH 11 (FzK Nov. 05), boil-off bundle test will be the second test performed in the 
frame of EC LACOMERA transnational access
SETs tests (FzK 05) steam/air mixture – Zry oxidation up to 1500°C
Air-Zry oxidation experiments (600/1000°C) on the MOZART facility (IRSN 05)
VERDI experiments (IRSN May-July 05) on B4C degradation, effect of oxidation kinetic, 
and B4C-steel tests are on going
JRC-ITU (04-05) extend the COLOSS test matrix with additional irradiated fuel dissolution 
experiments
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Overview of progress in Early phase … WP
Overview of progress

– Interpretation activities

PSI performed pre and post Quench 10 test calculations with MELCOR and 
SCDAP/RELAP5 needs to improve oxidation models

Interpretation of PHEBUS FPT3, ICARE2 post test calculation  focused on the B4C 
comportment under oxidizing conditions in bundle geometry have been performed by IRSN
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Overview of progress in Early phase … WP
Overview of progress

– Modeling activities

Edf develop a top flooding model that will be qualified by PARAMETER tests in the frame 
of ISTC project
Diploma thesis has been started at FzK on sequential oxidation by steam and after by 
air/nitrogen
PSI has developed an air oxidation model based on SET’s test results
IRSN, ICARE/CATHARE development :

– Zry/air-steam oxidation model has been developed by IRSN 

– UZrO mixture oxidation model has been developed and tested on reactor 
application

– For B4C degradation calculation, ICARE/CATHARE and GEMINI2 have been 
coupled but additional work is requested to take into account chemical kinetic 
reaction

– The fuel dissolution model has been improved.



10

Overview of progress in Late phase … WP
Late phase of core degradation objectives

– Item N°1,3 “Corium coolability in lower head…” : to improve predictability of the 
thermal loadings on RPV lower head (or corium catcher devices) to maintain their 
integrity.

– Item N°3.1 “Melt relocation into water and particulate formation”: to improve debris 
bed formation (partially). Item N°1.2 on debris coolability addressed with ex-vessel

– Item N°1.4 “External vessel cooling and RPV integrity” for in-vessel melt retention 
strategies : to improve CHF data base to evaluate and design AM strategies.

– Item N°1,6 “Corium release following vessel failure” : to improve predictability of 
mode and location of RPV failure

Resources
– 11 partners : CEA, EDF, FzK, FzR, GRS, IKE, IRSN, IVS, KTH, 

RUB,TECHNICATOME, THERMODATA
– Separate effect test and integral tests : SIMECO, FOREVER, LIVE 
– International collaboration in the frame of OECD or ISTC projects : OLHF, 

MASCA, METCOR
– Modeling and interpretation capabilities : ICARE/CATHARE, ATHLED-CD, AIDA-

3D, IKEMIX, MEWA, ANSYS, ASTER, ASTEC
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Overview of progress in Late phase … WP
Overview of progress

– Experimental activities

COLIMA facility (CEA, 03) corium pool fission product release experiment for VVER 
composition in the frame of EC PLINIUS transnational access plat-form (Bulgarian team). 
Post-test analysis has been completed and documented.
LIVE facility (FzK,05) , first experiment with Bulgarian team in the frame of EC 
LACOMERA to study corium pool behavior in 3D geometry by the end of 2005. Second 
experiments under definition, following IRSN proposal, to study melt relocation process
Metallurgical tests at CEA and INSA(Lyon) with IRSN to study the variability of 16MND5 
properties at high temperature in relation with different chemical compositions
CNU facility : definition of a scale 1:1 facility (1:10 angular sector) to validate the cooling 
device concept retained by CEA and TECHNICATOME for low power reactor.
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Overview of progress in Late phase … WP
Overview of progress

– Interpretation activities

RUB and IKE performed TMI-2 and FPT4 calculations. Improvement with the use of 
MESOCO degradation module (ATLET-CD). Use of IKEMIX and MEWA by IKE to 
simulate corium relocation, debris formation, coolability or re-melting.
In relation with MASCA issues, interpretation of 3 layers SIMECO experiments by KTH
Interpretation of FOREVER (KTH) experiments by FzR through coupled pool convection 
and thermo-mechanical vessel failure calculations. Feedback of ISTC METCOR (NITI) 
for reactor application
EDF joins the thermo-mechanical thematic circle to take part to FOREVER interpretation
with ASTER and to validate the existing models and behavior laws.
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Overview of progress in Late phase … WP
Overview of progress

– Modeling activities

GRS has improved the AIDA-3D code by adding simulation rules to describe in 
simplified way the upper unstable layer in a convective corium pool.
Development of more realistic lower head configurations by CEA taking into account 
the feed back of MASCA miscibility gap knowledge improvement.
Development of external cooling models by  CEA and IVS to perform coupled 
simulations and validate AM strategy based on reactor vessel external flooding
Joint analysis and experimental program between IRSN, CEA and INSA (Lyon) to develop 
a new failure criterion taking into account effect of steel chemical composition on 
failure characteristics
Additional mechanical sub model developed by FzR during FOREVER interpretation
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Overview of progress in Ex-vessel … WP
Ex-Vessel corium recovery objectives

– Items N°2.1 “MCCI: molten pool configuration and concrete ablation" and N°2.3 “Ex-vessel 
corium catcher: corium ceramics interaction and properties” : to improve predictability of axial 
versus radial ablation up to late phase MCCI to determine basemat failure time and loss of 
containment integrity; demonstrate the efficiency of specific corium catcher designs by 
improving the predictability of the corium interaction with corium catcher materials.

– Items N°2.2 and 2.4 “Ex vessel corium coolability…” : to increase knowledge of cooling 
mechanisms by top flooding the ex-vessel corium pool to demonstrate termination of accident 
progression and maintenance of containment integrity; demonstrate efficiency of water bottom 
injection to cool corium pool and its impact on containment pressurization.

– Extension to Item N°1.2 “Core coolability … particulate debris” : to termination of the accident 
by re-flooding of the core while maintaining RCS integrity. Increase predictability of core cooling 
during re-flooding.

Resources
– 12 partners : CEA, EDF, FRA-ANP GmbH, FzK, GRS, IKE, IRSN, KTH, THERMODATA, UJV, 

UPM, VTT
– Separate effect test and integral tests : DEBRIS, STYX, POMECO, DECOBI, COMET, 

VULCANO, COMECO, SICOPS
– International collaboration in the frame of OCDE or ISTC projects : MACE, MCCI, CORPHAD, 

CHESS
– Modeling and interpretation capabilities : ICARE/CATHARE, KESS and ATLET-CD, WABE, 

MC3D, COSACO, MEDICIS (ASTEC), TOLBIAC-ICB, WEX
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Overview of progress in Ex-vessel … WP
Overview of progress

– Experimental activities

STYX experiments by VTT (2004) with irregular shapes and various diameter particles
New dedicated DEBRIS experiments by IKE (2005) for comparison with ICARE/CATARE 
IRSN calculations : 2D effects and cooling of dry region by the steam flow.
COMET L1 2D MCCI experiment performed by FzK (July 04) in the frame of EC 
LACOMERA with IRSN. COMET-L2 experiment in homogeneous pool configuration (Feb. 
05) candidate for blind benchmarking activity. COMET-L3 test in stratified configuration
scheduled by the end of 2005
ARTEMIS 1D experiments performed by in simulant fluid CEA (03-05) to study boundary 
conditions in MCCI conditions for reactor conditions interface close to liquidus
temperature. First ARTEMIS 2D test performed (Sept. 05), faster radial ablation reported
Three VULCANO-CCI 2D experiments performed by CEA (04-05) for prototypic oxidic
pool faster radial ablation observed for siliceous concrete, first test in stratified pool 
configuration under preparation
VULCANO-COMET, validation of  COMET-PCA core catcher concept in prototypic 
material at CEA (Oct. 05)  with FzK in the frame of EC PLINIUS plat-form
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Overview of progress in Ex-vessel … WP
Overview of progress

– Interpretation activities

STYX, DEBRIS, POMECO, SILPHIDE joint interpretation with WABE, MC3D, 
CATHARE/ICARE, ATHLET-CD by IKE, IRSN, EDF, CEA, KTH, VTT contribution to a 
special issue volume of NED on Particulate and Porous Debris Coolability

Interpretation of SWICCS and CCI experiments in the frame of MCCI-OECD program

– CCI benchmark exercise behavior for siliceous concrete, faster radial ablation, 
still not understand. Benchmark around CCI-2 LCS test, power distribution and 
ablation rate well reproduced but large differences appear in pool temperature
according to solidification models and heat transfer correlations.

– Separate effect coolability experiments : water ingression mechanism quantified 
but effect limited for reactor application. Ejection test stumbles over technological 
difficulties to avoid crust anchorage.

Pre test and post test VULCANO-COMET calculations have been and will be performed 
by IKE with WABE jointly with CEA and FzK.
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Overview of progress in Ex-vessel … WP
Overview of progress

– Modeling activities

Special issue of NED on debris coolability presents also an overview of theoretical 
approaches on basic laws. Extended coolability linked to 2D effects predicted.
IKE is developing a unified approach to treat both porosity formation by water injection 
from below or porosity formation by effect of sparging gas and melt ejection in case of 
top flooding
CEA focused its activity on melt ejection modeling with implementation of PERCOLA 
models in TOLBIAC-ICB code
Explanation of different behaviors between LCS and siliceous concrete request 
additional modeling activity and material analysis to understand boundary conditions in 
prototypic conditions
IRSN and CEA performed analysis and reactor applications to evaluate the sensitivity of 
remaining uncertainties. The most important parameters are pool configuration and heat 
transfer between oxidic and metallic layers.
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Overview of progress in databases development
SARNET thermodynamic and material properties databases objectives

– Maintain and develop the thermodynamic and material properties databases that are 
indispensable tools for reactor application but also for the design and the interpretation of 
experiments.

– Consolidation of the ASTEC database MDB.

Resources
– 5 partners : CEA, IRSN, JRC-ITU, THERMODATA, UJV
– Dedicated experiments : JRC-ITU and UJV experiments
– International collaboration in the frame of ISTC projects : CORPHAD (NITI)
– Modeling and interpretation capabilities : NUCLEA database selected after ENTHALPY 

project, GEMINI or other solvers

Overview of progress
– NUCLEA maintenance : yearly workshop to define the priorities and the future work to take into 

account new data or new models obtained from dedicated experiments or after analysis of 
prototypic material experiments.

– Several coupling approaches between thermo-hydraulic and physico-chemistry codes have 
been performed : COSACO, TOLBIAC-ICB, ICARE-CATHARE

– For physical properties a survey will be organized by CEA among SARNET partners to collect 
properties and associates references to perform jointly an evaluation task and formulate 
additional recommendations for MDB
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Conclusion in term of networking activities
First objective : initiate and make visible networking activities within a group where most 
of the partners use to collaborate in the frame of previous Europeans or other 
international projects.

– Promotion of networking with several tools available through the ACT (templates, forum,
meeting organization, document sharing…) : first results are encouraging but we can do more,
keeping in mind that partners can exchange freely in ACT restricted area if it is necessary.

– Identification of thematic coordinators at sub-topic level for a better efficiency and to promote 
exchanges at good technical level

Best results in term of jointly activity are observed around data that can be available 
for a significant kernel : OECD, ISTC, LACOMERA, PLINIUS, STYX… promotion of 
European program funded by partners on the OECD model ?

– Joint test matrix between FzK and IRSN in term of rationalization of European resources
– Joint interpretation activity around OECDD CCI tests
– Joint publication in a special issue of NED on debris formation and coolability

New contributors for the second period and specific request to access experimental data or 
simulations tools :INR (Zry/air oxidation tests), IVS (external cooling development), EDF 
(contribution to FOREVER interpretation), CEA (interest for SICOPS experiments) …

Exchanges between topics : discussion with source term topic to study aerosol release 
through cracks in the concrete taking the opportunity of ongoing prototypic experiments.



ERMSAR Session 3 : Containment. Paper 1 

 
RESULTS OF OECD PROGRAMME SERENA  

ON FUEL-COOLANT INTERACTION 
 

D. Magallon1, Commissariat à l'Énergie Atomique, France, daniel.magallon@cea.fr 
K-H Bang, Korea Maritime University, Korea, khbang@hanara.kmaritime.ac.kr 

S. Basu, Nuclear Regulatory Commission, USA, sxb2@nrc.gov 
G. Berthoud, Commissariat à l'Énergie Atomique, France, georges.berthoud@cea.fr 

M. Bürger, Institute für Kernenergetik und Energiesysteme, Germany, buerger@ike.uni-stuttgart.de 
M.L. Corradini, University of Wisconsin, Madison, USA, corradin@cae.wisc.edu 
H. Jacobs, Forschungszentrum Karlsruhe, Germany, helmut.jacobs@iket.fzk.de 

R. Meignen, Institut de Radioprotection et de Sûreté Nucléaire, France, renaud.meignen@irsn.fr 
O. Melikhov, Electrogorsk Research and Engineering Centre, Russia, oleg.melikhov@erec.ru 

K. Moriyama, Japan Atomic Energy Research Institute, Japan, mori@sarl.tokai.jaeri.go.jp  
M. Naitoh, Nuclear Power Engineering Corporation, Japan, ms-naito@nupec.or.jp 

J-H. Song, Korea Atomic Energy Research Institute, Korea, dosa@kaeri.re.kr 
N. Suh, Korea Institute of Nuclear Safety, Korea, k220snd@kins.re.kr 

T.G. Theofanous, University of California, Santa Barbara, USA, theo@engineering.ucsb.edu 
 

ABSTRACT 

The overall objective of OECD programme SERENA (Steam Explosion Resolution for Nuclear 
Applications) is to consolidate understanding on FCI phenomenology and assess method(s) for reliable 
estimate of the magnitude of loadings for realistic reactor conditions, in order to bring understanding 
and predictability of FCI energetics to desirable levels for risk management. The programme is 
divided into two phases. Phase 1, purely analytical, has the scope of identifying those areas where 
large uncertainties/discrepancies still subsist and are important for predicting loads in reactors with a 
sufficient level of confidence. If required, a second phase may be undertaken, with the scope of 
carrying out the confirmatory analytical and experimental research possibly needed to reach the 
objective. Phase 1 consisted of comparative calculations by available tools of selected existing 
experiments and reactor cases. Calculations have been performed by using ESPROSE-m, IDEMO, 
IFCI, IKEMIX, JASMINE, MATTINA, MC3D, PM-ALPHA, TEXAS-V, TRACER and VESUVIUS 
codes. The paper presents and discusses the results of Phase 1. 
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In the CONTAINMENT area three issues of severe accident phenomenology are treated which 
endanger the containment integrity by pressure increase due to fast heat transfer: hydrogen 
combustion, explosive melt water reaction, and direct containment heating. Although research on 
these issues started already shortly after the incident at TMI-2 in the 1980ies, a number of 
phenomena have been identified during the EURSAFE project in 2002 and 2003, which need more 
research effort to be resolved. At the start of the SARNET program tasks for the first year were 
defined, taking into account existing and planned experimental facilities and codes available in the 
participating European organizations. This paper gives an overview of  the work performed in the 
first year: the performed experiments and the modeling efforts and achievements using available 
data.  

The work within the hydrogen issue was subdivided into two subtopics. The first  deals with the 
hydrogen combustion (HC) and the recombiner technique, while the second treats the problem of 
containment atmosphere mixing (CAM).  Experiments were performed in the ENACCEF and 
REKO-3 facilities concerning the HC issue, and in the MISTRA and TOSQAN facilities concerning 
the CAM issue. Models in various CFD codes (TONUS-3D, COM-3D and REACFLOW for 
hydrogen combustion and GASFLOW for hydrogen recombination as well as TONUS-3D, 
FLUENT, GASFLOW, CFX and STAR-CD for hydrogen dispersion modeling) were validated using 
new and available data. The difficult task to transfer models from CFD codes into the lumped 
parameter modules of the ASTEC code has only started for parts of the combustion modeling 
(PROCO model). 

Within the fuel-coolant-interaction (FCI) group experiments were performed in the ECO and 
MISTEE facilities. The KROTOS test facility is being re-installed at CEA, Cadarache, and a first test 
is expected for December 2005. For the FCI issue only specialized codes such as MATTINA, 
MC3D, COMETA and  IKEMIX/IDEMO are available, which were further developed using 
experimental data. At present, there are no modules in ASTEC dealing with FCI, nor are there any 
plans to include such modules in the short term.  

The direct containment heating issue (DCH) has been extensively studied for US-reactor plants in the 
past, and a large database is available for these geometries. For European reactors the only test 
facility still in operation is the DISCO facility. Several experiments have been performed and data are 
made available to the partners for the most part. Modeling of these experiments was done with the 
CFD codes AFDM and MC3D, and with the 1-D codes CONTAIN and RUPUICUV, which is a 
module of ASTEC. A number of model deficiencies has been identified, and it is planned to develop 
new models on the basis of the CFD code modeling achievements.  
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ABSTRACT 
 

The overall objective of OECD programme SERENA (Steam Explosion Resolution for Nuclear 
Applications) is to consolidate understanding on FCI phenomenology and assess method(s) for reliable 
estimate of the magnitude of loadings for realistic reactor conditions, in order to bring understanding 
and predictability of FCI energetics to desirable levels for risk management. The programme is 
divided into two phases. Phase 1, purely analytical, made a status of the predictive capabilities of the 
FCI codes through comparative calculations of most relevant existing experiments and reactor cases, 
with the scope of identifying those areas where large uncertainties/discrepancies still subsist and are 
important for predicting loads in reactors. Calculations were performed by using ESPROSE-m, 
IDEMO, IFCI, IKEMIX, JASMINE, MATTINA, MC3D, PM-ALPHA, TEXAS-V, TRACER and 
VESUVIUS codes. If required, a second phase may be undertaken, with the scope of carrying out the 
confirmatory analytical and experimental research possibly needed to reach the objective. Phase 1 
showed that all the codes were able to calculate reactors situations. The way they have been used, the 
calculated in-vessel loads were found far below the capacity of a typical intact vessel and above the 
capacity of a typical cavity. Confidence in these conclusions are challenged by the large scatter of the 
results, and by the uncertainties related to the description of the flow patterns in the pre-mixing phase, 
in particular void fraction evolution, and to the missing physical justification of the reduced energetics 
observed with corium melts. Addressing these issues is required to confirm these conclusions for in-
vessel steam explosion and quantify the safety margins for ex-vessel steam explosion. This is proposed 
as a Phase 2 of SERENA with the support of KROTOS and TROI experimental facilities. 

A. INTRODUCTION 

SERENA is an OECD programme on fuel-coolant interaction (FCI), which has the scope of 
making a status of the code capabilities to predict FCI induced dynamic loading of the reactor 
structures (Phase 1), and performing the complementary research possibly needed to increase the level 
of confidence of the predictions (Phase 2). Phase 1 has been completed. It consisted of comparative 
calculations by available tools of selected existing experiments and reactor cases, in order to identify 
those areas where lack of understanding induced large uncertainties in the predictions of the loads in 
reactors (Magallon et al., 2003). Phase 2 will have the scope of carrying out the confirmatory 
analytical and experimental research needed to reduce these uncertainties to acceptable level for risk 
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assessment. Phase 1 was the first comparative exercise undertaken since ISP-39, which however 
concerned premixing only (Annunziato et al., 1997). 

 
Organisations participating in Phase 1 were Commissariat à l'Énergie Atomique (CEA) jointly 

with Institut de Radioprotection et de Sûreté Nucléaire (IRSN), France, Korea Atomic Energy 
Research Institute (KAERI) jointly with Korea Maritime University (KMU), Nuclear Regulatory 
Commission (NRC), USA, University of Wisconsin (UW) and University of California Santa Barbara 
(UCSB) sponsored by NRC, Institute für Kernenergetik und Energiesysteme (IKE) sponsored by 
Gesellschaft fuer Anlagen und Reaktorsicherheit (GRS), Germany, Forschungszentrum Karlsruhe 
(FZK), Germany, Electrogorsk Research and Engineering Centre (EREC), Russian Federation, Japan 
Atomic Energy Research Institute (JAERI), Japan and Nuclear Power Engineering Corporation 
(NUPEC), Japan. 

 
The FCI codes used were ESPROSE-m (UCSB), IDEMO (IKE), IFCI (KINS), IKEMIX (IKE), 

JASMINE (JAERI), MATTINA (FZK),  MC3D (CEA-IRSN, IKE), PM-ALPHA (UCSB), TEXAS-V 
(UW, KAERI), TRACER (KMU) and VESUVIUS (NUPEC), respectively.  

 
As being a status of the code capabilities to calculate FCI in reactor situations, it was not within 

the scope of SERENA to establish whether or not a specific code was qualified to be in. It was let to 
the responsibility of each partner to judge whether his code or the code he is using had the required 
degree of qualification and verification to participate. Most data used for code validation and 
verification last decade came from the FARO and KROTOS programmes performed under 
international sponsorship at the Joint Research Centre of the European Commission, Ispra site (Italy). 
However, about half of the partners in SERENA were not involved in these programmes and had not 
full access to the detailed data prior to SERENA.  

 
Consequently, calculating typical experiments prior to reactor application had the twofold 

objective of establishing a "setting to zero" of the codes and each participant starting with verification 
of their tools on a similar basis. It allowed partners to verify in which conditions of parameters and 
model options the codes were able to capture the essential features of experiments performed in so-
called "realistic conditions", and set up model options and parameters for calculating the reactor 
situations. Integrating information coming from this variety of backgrounds allowed identifying the 
common areas where uncertainties are consequential to the estimate of the loads. 

 
The scope of the paper is to give a general picture of the present FCI code capabilities to 

reproduce existing data, to summarise the conclusions that have been reached to tentatively explain the 
observed differences, and to deduce the consequences for reactor application. It is not intended to draw 
conclusions on which code performs better than another, or the best, if any. For these reasons, 
calculation results are presented without any reference to the codes. A comparative review of the codes 
and models has been performed in the frame of SERENA (Meignen et al., 2005).  

B. METHODOLOGY 

First, generic situations corresponding to plausible melt relocation scenarios and capable to 
produce potentially damaging steam explosion were identified. For ex-vessel, large pour equivalent to 
some tens of centimetres in diameter of UO2-ZrO2-Zr-Steel melt into a cavity flooded with subcooled 
water was selected as a situation matching the above criteria. For in-vessel, multi-jets arriving off-
centre in the lower head was considered the most challenging for the vessel. Then, existing 
experiments as far as possible in relation with these reactor situations were selected. Noting that no 
relevant multi-pour experiment exists, the best we could extract today from experimental database in 
relation to the SERENA Phase 1 objectives was found in the FARO, KROTOS and TROI programmes. 

 
Participants were given same sets of initial conditions and reference data. They translated these 

initial conditions into adequate inputs for their codes. Participants were let free to set model options 
and parameters as they used to. However, they were asked to provide at least one calculation with 
using standard parameters, to document their choices and possibly make sensitivity calculations. 
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Explosion phases of the experiments were calculated both for imposed and calculated pre-mixing 
whenever required. Comparison was made on a set of pre-established quantities, either for codes-to-
data comparison or code-to-code comparison. These quantities included nodalisation, pressure and 
impulse, vaporization/condensation rates, energy release, component fraction, debris characteristics. 

 
The calculation work was divided into 3 tasks, namely, calculation of pre-mixing experiments, 

calculation of explosion experiments, reactor applications. In SERENA, phenomena were considered 
important as far as they induce large uncertainties on the loads calculated for reactor configurations. 
For this reason, conclusions drawn from code application to experiments about the importance of a 
given phenomena were considered as provisional until reactor application were performed.  

C. CALCULATION OF PREMIXING EXPERIMENTS 

C.1. Calculation conditions 

The comparison exercise for the premixing phase was performed essentially for two FARO 
experiments, namely, FARO L-28 (Magallon et al. , 2000), which investigated the premixing 
phenomena only, and FARO L-33 (Magallon and Huhtiniemi, 2001), which was an integral 
experiment covering both premixing and explosion. In these experiments quantities up to 175 kg of 80 
wt% UO2 -20 wt% ZrO2 molten corium were poured into water at different pressures and subcooling 
levels. Table 1 summarises the specific conditions of L-28 and L-33 tests. Note that FARO L-28 was 
performed with saturated water typical of in-vessel conditions, and FARO L-33 with sub-cooled water 
typical of ex-vessel conditions. Participants were given two sets of initial and boundary conditions, 
one each for L-28 and L-33, respectively.  

 
Table 1:  Conditions of experiments for premixing calculations 

 
Experiment FARO L-28 

(Premixing test) 
FARO L-33 
(Integral test) 

Melt and composition  80 wt% UO2  
20 wt% ZrO2 

80 wt% UO2 

20 wt% ZrO2 
Melt mass released  175 kg 100 kg (40 kg at trigger) 
Melt temperature  3053 K 3070 K 
Melt superheat  203 K 220 K 
System pressure  0.51 MPa 0.41 MPa 
Water temperature 424 K 294 K 
Water subcooling 0 K 124 K 
Release diameter  0.05 m 0.05 m 
∆p melt delivery Gravity Gravity  
Free fall in gas space 0.89 m 0.77 m 
Water depth 1.44 m 1.62 m 
Water pool diameter 0.71m 0.71 m 
Free-board  Closed volume (3.5 m3) Closed volume (3.5 m3) 
Trigger No Yes (applied at bottom at 

melt-bottom contact)  
 

C.2. Pre-mixing calculation results  

Figures 1 and 2 compare the various predictions for pressure and energy release with the 
experimental records for FARO L-28 and FARO L-33, respectively. Actually, experimental energy 
data were calculated by using the pressure and temperature records. Time zero corresponds to start of 
melt delivery to the water. In FARO L-28 melt delivery duration is approximately 6 s, and the melt 
front reaches the bottom of the test section after about 1 s. In FARO L-33, pre-mixing ceases at about 
1.1 s when the explosion is triggered, corresponding approximately to melt-bottom contact. Figure 3 
shows the global void fractions at 1s and 4s, respectively. Experimental values in Figure 3 have been 
calculated by using the level swell records. 
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L-28. Total energy release

0.0

20.0

40.0

60.0

80.0

100.0

120.0

140.0

160.0

180.0

200.0

0 1 2 3 4 5 6 7 8

Time (s)

E
n

er
g

y 
(M

J)

 
Figure 1: Comparison of calculated vessel pressure and energy release with data (bold curves) for FARO L-28 
(pre-mixing of 175 kg of corium melt in 1.5-m-deep saturated water pool; melt-bottom contact at ~1 s) 
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L-33. Total energy release
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Figure 2: Comparison of calculated vessel pressure and energy release with data (bold curves) for FARO L-33 
(1.5-m-deep subcooled water pool; triggering at 1.1 s, i.e., approximately at melt bottom contact with 25 kg of 
corium melt in pre-mixing). 
 

L-28. Void fraction radially averaged at time 1.0 s
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L-28. Void fraction radially averaged at time 4.0 s
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Figure 3: Comparison of radially-averaged void fraction calculated by the codes with global value calculated 
from experimental level swell (bold lines) for FARO L-28 at time 1.0 s and time 4.0 s, respectively. 
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Figure 1 shows that the codes have difficulties to reproduce the pressure data both for the initial 
phase of the pressurisation up to melt-bottom contact and for the linear increase of the pressure, which 
roughly corresponds to a steady state phase. They tend to underestimate heat transfer (Figure 3) and 
overestimate void (Figure 4) when compared to data. Void distribution in pre-premixing is a key issue 
as void is considered having a key limiting effect on explosion strength.  Highly water depleted pre-
mixtures (void fraction > 50%) are considered to be an obstacle to strong steam explosions. Therefore, 
the discussions in SERENA focused on finding the major processes impacting the level of void. 

 
Sensitivity calculations showed that reducing significantly interfacial steam/water friction, or 

changing the transition range between water and steam continuous regimes allowed reducing void to 
values comparable to the data. Reducing the initial particle diameter or forcing heat exchange in 
continuous steam flow regime improved the pressurisation curve. However, no physical basis exists, 
which could justify one or another modification. In addition, large uncertainties affect experimental 
data in the absence of detailed information of the pre-mixing zone internals: experimental void 
fraction is global value retrieved form water level swell measurements, which does not allow to 
identify where the void is located actually. The reasons for the initial strong pressure increase in L-28 
and the contribution of the debris cooling to the overall void level are not well understood. 

 
Large differences exist also on modeling (Meignen et al., 2005), in particular concerning jet and 

jet/particle break-up description, and the importance of far-field radiation effects. The scatter of the 
predictions, their distance to the data and the uncertainties of the data in the pre-mixing region makes 
not possible to establish whether a model is more appropriate than another to describe a given 
phenomena. 

 
C.3. Conclusion on pre-mixing calculations 

Concluding, one can say that the major uncertainty on pre-mixing as can be deduced form 
application to the selected experiments stands in void (prediction and data). The major question in 
relation to the scope of SERENA is whether the differences in modelling and the scatter of the 
predictions are relevant for reactor applications. This question will be answered after analysis of 
reactor calculations. One can simply say for now that most codes overestimate void fraction with 
respect to that calculated from the integral experimental data, especially in saturated conditions. 
Confirmation that voiding is calculated properly and finding the same trends for the reactor cases 
would practically exclude steam explosion as an in-vessel issue with respect to dynamic loading. 

D. CALCULATION OF EXPLOSION EXPERIMENTS 

D.1. Calculation conditions 

In addition to FARO L-33, two other experiments were selected for testing the code performance 
for the explosion phase, namely, KROTOS-44 with alumina melt (Huhtiniemi et al., 1999) and TROI-
13 with 70 wt% UO2-30 wt% ZrO2 melt (Song et al., 2003). Table 2 summarises the main conditions 
of these tests. An experiment with alumina melt was chosen because it was a well-characterised 1-D 
steam explosion with well defined external trigger, producing a very energetic interaction and thus 
well appropriate to test the explosion models. Then, TROI-13 dealing with a similar quantity of 
corium and 2-D geometry, represented an extension to more realistic conditions. Finally FARO L-33 
with 25 kg of corium melt in water at the time of the trigger and 2-D geometry represented a step 
further in scale. 

 
Calculations were performed either for a given pre-mixture (K-44), or for both a given and a 

calculated pre-mixture (TROI-13, L-33). Note that a blind exercise was done also on a TROI test, 
subsequently performed as TROI-34. Results do not significantly differ from TROI-13. 
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Table 2:  Conditions of KROTOS and TROI experiments used for explosion calculations 
 

Experiment TROI-13 KROTOS-44 
Melt and composition  70 wt% UO2-30 wt% 

ZrO2 
100 % Al2O3 

Melt mass released  7.7 kg  1.5 kg 
Interacting melt mass 1.14 kg 1.44 kg 
Melt temperature  ~3300 K 2673 K 
Melt superheat  ~500 K 359 K 
System pressure  0.1 MPa  0.1 MPa 
Water temperature 292 K 363 K 
Water subcooling 81 K 10 K 
Release diameter  0.02 m 0.03 
∆p melt delivery Gravity  Gravity after crucible impact  
Free fall in gas space 3.9 m 0.43 m 
Water depth 0.69 m  1.115 m 
Water pool diameter 0.60 m 0.20 m 
Free-board  Closed volume (8.03 m3) Closed volume (0.23 m3) 
Trigger No Yes (at bottom) 

 
  

D.2. Explosion calculation results 

Figure 4 shows the explosion pressure and corresponding impulse for KROTOS K-44. It can be 
seen that most of the models applied to the same initial and boundary conditions were able to globally 
reproduce the strong event observed in the experiment even with differences in modelling of the key 
effects of fragmentation, and non-homogenous heat transfer to the coolant. Comparison with the other 
pressure records at different levels in the water shows a common interpretation of the experimental 
results as a propagating-escalating event. This is somehow not surprising since KROTOS data has 
been used as a basis to validate the models. In general, standard values of the parameters were used for 
the simulations. Note however that some predictions noticeably underestimate the loads. 
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Figure 4: Comparison of dynamic pressure and corresponding impulse calculated by the codes with experimental 
value (bold lines) at mid-height in the water pool for KROTOS-44.  

 
For TROI-13 (Figure 5) and FAROL-33 (Figure 6 and 7) tests, the agreement seems of the same 

order than for KROTOS, despite the events in these experiments were significantly less energetic than 
in KROTOS K-44, with however a larger overestimate of the loads for TROI-13 than for L-33. 
Actually, these loads have been obtained with reducing more or less arbitrarily key effects such as heat 
transfer and fragmentation. Possible physical explanations for the observed reduced explosion 
energetics are melt freezing and hydrogen production during pre-mixing. But differences in test and/or 
pre-mixing geometry (radially 2-D in FARO and TROI instead of 1-D in KROTOS alumina) may also 
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have a reducing effect because they allow venting during the explosion. Visualisation performed in 
KROTOS has shown that such differences in pre-mixing lateral extension exist between alumina and 
corium [6]. It should be noted that the data concern two similar types of oxidic corium only, namely, 
70 wt% UO2-30 wt% ZrO2 and 80 wt% UO2-20 wt% ZrO2. Therefore, it would be hazardous to extend 
the conclusion of “low explosivity” to other corium melt compositions before understanding the very 
reasons that led to mild explosions in the FARO, KROTOS and TROI corium experiments.  
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Figure 5: Comparison of dynamic pressure and corresponding impulse calculated by the codes with experimental 
value (bold lines) for TROI-13.  
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Figure 6: Comparison of dynamic pressure and corresponding impulse calculated by the codes with experimental 
value (bold lines) at level 1390 mm in the water pool for FARO L-33 (highest value measured). Full calculations 
premixing+explosion. 
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Figure 7: Comparison of dynamic pressure and corresponding impulse calculated by the codes with experimental 
value (bold lines) at level 1390 mm in the water pool for FARO L-33 (highest value measured). Common pre-
mixing conditions. 
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It should be noted also that for the two basic descriptions of the explosion used in the codes, 
namely the micro interaction and the non-equilibrium heat transfer models, a number of parameters 
have to be given for the fragmentation, heat release and partition between steam and water. Playing 
with these parameters allows in general finding back the order of magnitude of the data, but basic 
physical explanation is missing. 

 
For FARO L-33, when comparing full calculations (pre-mixing and explosion calculated both) 

and explosions calculations performed with common pre-mixing conditions (Figures 6 and 7, 
respectively), no significant differences are observed on the level of the loads, except in two cases. 
Actually, in sub-cooled water pre-mixing void differences that may exist between codes and data are 
such that the flow regime does not change in the calculations, and thus, impact on the overall 
explosion behaviour is less significant than for saturated water. 

 
D.3. Conclusions on explosion calculations 

Concluding, one can say that the major uncertainties on explosion as can be deduced form 
application to the selected experiments stands in pre-mixing geometry and material behaviour during 
propagation of the explosion as a function if its state in pre-mixing at the time the explosion triggers 
(material effect). Again this is important relatively to the objective of SERENA as far as it is relevant 
for reactor estimates. This question is addressed in the next section. 

E. CALCULATION OF REACTOR CASES 

E.1. Calculation conditions 

Figures 8 summarises the initial and boundary conditions used for in- and ex-vessel cases, 
respectively, according to the “generic situations of most interest” established at the beginning of the 
programme (Magallon et al., 2003). When looking at these conditions, one has to keep in mind that the 
scope was not to calculate a specific scenario in a reactor specific geometry and draw conclusions 
about the FCI risk for that geometry. The scope was to verify whether the codes used by the partners as 
their tools for FCI analysis are able to calculate plausible reactor situations, and to compare the results 
in order to identify the differences and the actions required to understand and reduce them. 

 
In both cases, a gravity pour was considered. For in-vessel, the multi-jet configuration is 

obviously fully 3-D, while most codes have to be run 2-D axi-symmetric even when applied to reactor 
situations. This was made deliberately in order to include in the simulation all the aspects related to 
code application to reactor cases, and, in particular, the simplifications that have to be made to reduce 
to 2-D the actual 3-D situations. Note that for the ex-vessel case, oxidic melt was also chosen not to 
introduce metal oxidation process that most codes are not modelling at present stage. 

 
The calculations were made for both the pre-mixing and the explosion phases. The choice of the 

parameters for explosion was not made consistently with respect to Task 3. Some partners used the 
reduced parameters. Some used the standard ones, as they were considered to be conservative. A 
trigger was applied when the melt front reached the bottom of the vessel or cavity. For the in-vessel 
case, this occurs approximately after 1 s. It was planned to perform a calculation with a trigger applied 
after 4 s. However, it was found that this case had little interest as practically no liquid water was 
present in the mixing zone at that time, and in any case negligible loads were calculated. 

   
E.2. Reactor application results 

Figures 9 shows the dynamic pressure histories calculated at the wall for both the in-vessel and 
ex-vessel cases. For each code, it corresponds to the pressure history at the location where the 
maximum value was obtained at a time during the explosion. Figure 10 shows the corresponding 
impulses. In general those impulses were also the maximum obtained. In a few cases, the impulse was 
slightly higher at another location, but not such as to bias the conclusions that can be drawn from the 
exercise. 
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In-vesselIn-vessel  Ex-vesselEx-vessel  
Figure 8: Calculated reactor situations  

   
The in-vessel results show noticeable differences in predicting the peak pressure at the RPV 

bottom (ranging from ~10 MPa to ~120 MPa) and a rather reduced prediction range for the impulse 
(from some tens of kPa.s to ~200 kPa.s). These loads are far below the capacity of the defined-model 
intact vessel and, therefore, the safety margin for in-vessel steam explosion may be considered as 
sufficient. This conclusion is challenged by the large scatter of the results and the uncertainties on the 
void predictions revealed by experiment calculations. Figure 11 shows that the level of the averaged 
void is high for both in- and ex-vessel cases. In addition, only one in-vessel case has been calculated 
that might not be the worst possible (This is somehow in contradiction with the choice of a multi-jet 
configuration which was supposed a priori to give the largest mass in pre-mixing, but which is 
compensated in part by the large voiding of the pre-mixing region as calculated). 

 
The ex-vessel results show noticeable differences in the predictions for both the explosion 

pressure and the impulse. The calculated maximum pressure loads at the cavity lateral wall vary from 
a few MPa to ~40 MPa and the impulses from a few kPa.s to ~100 kPa.s (except one case where the 
impulse is significantly higher due to the fact that the pressure level remains high for a long time). 
These loads, even low, are above the capacity of cavity walls. The question of the safety margin for ex-
vessel steam explosion already raises here prior to any further consideration related to the scatter of 
the results, the level of void (very high here too, see Figure 11), or the melt relocation scenario. 
Therefore, besides reducing the uncertainties on void, it is important to increase the knowledge level 
of steam explosion behaviour of corium melts to be able to quantify the safety margin for ex-vessel 
steam explosion. This would certainly minimize the scatter of computer code predictions as well. 

 
E.3. Conclusions from reactor applications 

Despite the variety of the approaches and parameter setting philosophy, all codes calculate loads 
that are rather low, which might be due to relatively limited melt mass in pre-mixture, high voids and 
venting possibilities existing in large geometry. It is not clear which effect is dominant in the codes. 
Answering this question would have required more sensitivity calculations, which could not be 
performed within the time frame of SERENA Phase 1. But the reactor calculations confirm that these 
effects have to be accounted for together with the material effects (not modelled in the codes) to 
analyse the reasons for the reduced energetics observed in corium experiments. 
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In-vessel. Maximum pressure at RPV bottom
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Ex-vessel. Maximum pressure at cavity wall
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Figure 9: Calculated pressures for reactor 
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Ex-vessel. Maximum impulse at wall
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Figure 10: Calculated impulses for reactor 
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Figure 11: Global component fractions at melt-bottom contact averaged over a cylinder of height the water depth, 
and diameter 1 m. Ordinate: component fraction in %; Abscissa: codes. Left: In- vessel case; Right: Ex-vessel 
case.  
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F. CONCLUDING REMARKS  

Phase 1 of SERENA is the most accomplished international comparison exercise ever undertaken 
on steam explosion. The scope was to verify the predictive capability of the FCI codes when applied to 
reactor situations, to identify the major overall uncertainties which limit the confidences in those 
predictions and to propose confirmatory research to reduce these uncertainties to acceptable levels for 
risk assessment. SERENA Phase 1 was also a state-of-the-art on the way people are using the codes 
for FCI induced load assessment. 

 
One positive outcome of Phase 1 is that whatever the modelling and numerical approaches all the 

codes were able to calculate the reactor situations of concern, which was far from being evident at the 
start of the programme. Another positive outcome is that, despite the different choices for setting the 
code parameters for the reactor applications, all the calculated loads were relatively low. Concerning 
in-vessel steam explosion all the calculated loads are far below the capacity of a typical vessel, which 
allows thinking that the safety margin for in-vessel FCI might be sufficient. For ex-vessel steam 
explosion all the calculated loads, even low, are above the capacity of a typical cavity walls. The 
scatter of the results raises the problem of the quantification of the safety margin for ex-vessel FCI.  

 
These rather attractive conclusions have to be balanced by the following considerations: 
 

- Only one case has been calculated for in-vessel and ex-vessel, respectively. 
- These cases might not be the worst possible. 
- Only a few parameter variations were performed. 
- There is a tendency to predict large void in premixing, which was judged to be an 

overestimation of voiding according to pre-mixing experiment analysis, 
- Some partners have used “reduced” parameters to model the explosion without firm physical 

reasoning. 
 
The first three items require analytical work to be performed in continuation of what performed in 

Phase 1. Uncertainties on the pre-mixing flow patterns, especially on void distribution, and on material 
influence on steam explosion energetics have to be addressed experimentally. This is proposed as a 
Phase 2 of SERENA with the support of KROTOS and TROI experimental facilities. 

G. INSIGHT INTO THE PROPOSAL FOR PHASE 2 

Phase 1 results clearly indicated that the role of void and material properties are the most crucial 
areas to be investigated further to improve understanding the risk of steam explosion in reactor 
situation, and thereby increase the level of confidence in the computer code predictions. Therefore,  
Phase 2 is formulated to resolve these issues by performing a limited number of well-designed tests 
using corium melts with advanced instrumentation.  The objectives are threefold: 

 
• Provide experimental data to clarify the generic nature of prototypic material having mild steam 

explosion characteristic.  
• Provide innovative experimental data for computer code validation, including spatial distribution 

of fuel and void during the premixing and at the time of explosion, and explosion dynamics for the 
validation of explosion models. This would certainly minimize the scatter of computer code 
predictions. 

• Provide experimental data for the steam explosion in more reactor-like situations to verify the 
geometrical extrapolation capabilities of the codes. 
 
These goals can be achieved by a KROTOS-TROI complementary test programme, KROTOS 

being more suited for investigating the intrinsic FCI characteristics of accident-scenario-related 
prototypical corium melts in a one-dimensional geometry, TROI being more suited for testing the FCI 
behaviour of these materials in reactor-like conditions by having more mass and multi-dimensional 
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melt water interaction geometry (Figure 12). Once the analytical models of the computer codes 
addressing the void issue and corium fragmentation are validated against the KROTOS data, the 
capability of the computer codes to handle more reactor-like situation can be validated against the 
TROI test data. A series of 5-6 tests in each facility combining various corium types and geometries is 
thought will give the required data to reduce the uncertainties on the above issues sufficiently to bring 
understanding and predictability of steam explosion to acceptable levels for risk management, thus 
fulfilling the objective of the SERENA programme.  
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Figure 12: Schematic view and main characteristics of the KROTOS and TROI facilities 
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SUMMARY 

 In the CONTAINMENT area of SARNET three issues of severe accident phenomenol-
ogy are treated which endanger the containment integrity by pressure increase due to fast heat 
release or transfer: hydrogen combustion, explosive melt water interaction, and direct con-
tainment heating. They occur late in severe accidents as consequences of severe core damage. 
So, their probability of occurrence is extremely small but they involve the risk of a failure of 
the containment, the final safety enclosure. The pressure load can be quasi-static, i.e. several 
seconds during direct containment heating (DCH), or highly dynamic as in hydrogen detona-
tion or fuel-coolant interaction (FCI). The related phenomena identified by the EURSAFE 
project [1] as both important for safety and still lacking sufficient knowledge are investigated 
experimentally and analytically in a integrated effort by seventeen partner organizations. The 
paper presents some of the main experimental facilities and results. Concerning the analysis a 
large number of CFD codes and lumped parameter codes are developed, verified and used, 
which can only be introduced in brief.  
 

A. INTRODUCTION 

  The main safety related issues addressed in the CONTAINMENT area are: investiga-
tion of Hydrogen Behavior in the Containment (HBC), and investigation of Fast Interactions 
in the Containment (FIC). They are dealt with in two work packages. Each topic is again sub-
divided into two subtopics. The general objective of our work is to resolve outstanding issues 
important for the safety of the containment as identified in the EURSAFE project [1], and to 
provide ASTEC with appropriate physical modeling. Seventeen partners were involved in the 
first year of the SARNET Containment topic. 
 

B.  WORK PROGRAMME 

In WP12-1 the hydrogen combustion and associated risk mitigation is studied, concentrating 
on potential combustion modes; slow deflagrations, fast accelerating flames, deflagration to 
detonation transition (DDT) and detonation. The studies include the reaction kinetics inside 
catalytic recombiners. 
In WP12-2 the hydrogen distribution in the different parts of the containment is studied, with 
the objective of assessing the formation of combustible gas mixtures, taking into account the 
effect of mitigation systems such as sprays or recombiners.  
In WP13-1 the fuel coolant interaction is studied with the objective to increase the knowledge 
of parameters affecting steam explosion energetics during corium relocation into water, and to 
develop the tools for determining the risk of vessel or containment failure. This requires e.g. 
investigation of specific processes like premixing, melt fragmentation and particle heat trans-
fer mode.  
In WP13-2 the processes summarized under the name Direct Containment Heating are stud-
ied, which include the dispersion of melt into the various compartments of a reactor, the heat 
transfer and chemical processes, such as production and combustion of hydrogen. 
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All work-packages are arranged around the same tasks: 
Task 1. Review and selection of available experiments and models for interpretation and 
modeling activities. Discussion of experimental activities and recommendations for the speci-
fication of experiments and programs. Delineate the necessary data to be measured.  
Task 2. Synthesis of analyses and interpretations of experiments with existing models or 
codes. Define important phenomena for which models have to be improved or developed on 
the basis of the EURSAFE tables.  
Task 3. Model synthesis and common proposal of models to be implemented into ASTEC. 
 

C.  MAIN ACHIEVEMENTS 

C.1  Hydrogen Combustion   
 During a severe nuclear accident with a possible core melt down large quantities of hy-
drogen might be produced and released to the reactor containment. As the hydrogen mixes 
with the containment air the mixture could explode in a violent deflagration event or even 
detonation depending a large number of factors. Quasi-static and dynamic pressure loadings 
due to such an explosion could seriously threaten the containment integrity and therefore 
cause the release of radioactivity into the environment. The possibility of generating missiles 
is another issue related to hydrogen explosions. 
 
 The Hydrogen Combustion work package (HC) deals with still open issues identified in 
the EURSAFE PIRT tables, which are flame acceleration, quenching, deflagration to detona-
tion transition and igniters / catalytic recombiners for mitigation [1]. The experimental as well 
as the modeling part of this work package is addressing these open issues. Experimental data 
are obtained from previous experiments as well as from newly performed experiments within 
SARNET. 
 
 The ENACCEF experimental facility operated by IRSN allows studying the influence 
of hydrogen gradients on flame acceleration and deceleration. The facility is a vertical 
stainless steel setup, which totalizes a length of 4.9m. It is constituted of two main parts: the 
acceleration tube (length 3.2 m, inner diameter 154mm), and the dome (length 1.7 m, inner 
diameter 750 mm). The acceleration tube contains the steam generator mock up and annular 
obstacles of different sizes dedicated to the flame acceleration. The corresponding blockage 
ratio varies between 0 and 0.63. Due to the vertical setup it is possible to create defined hy-
drogen gradients inside the test facility before ignition. 
 
 Nine pressure transducers and 16 photomultiplier tubes are placed along the tube. They 
are used to measure pressure and flame time-of-arrival. Gas velocity ahead of the flame front 
can be measured with LDV and PIV through viewing windows located in the acceleration 
tube. More details on the experiments performed in the ENACCEF facility can be found in 
detail in another contribution to this conference [2]. 
 
 The second new test facility operated within the SARNET deals with hydrogen mitiga-
tion techniques by catalytic recombiners and is operated at Forschungszentrum-Juelich (FZJ). 
The REKO-3 experimental facility (Figure 1) allows the investigation of catalyst samples in-
side a vertical flow channel under well-defined conditions such as gas mixture, flow rate and 
inlet temperature. This is important for model development as separate effects can be studied. 
The catalyst sheets (stainless steel coated with washcoat/platinum catalyst material) are ar-
ranged in parallel forming vertical rectangular flow channels. Such a setup represents a box-
type recombiner section, e.g. of Framatome-ANP design. Inside this configuration the distri-
bution of the catalyst temperatures are measured. As new feature it is now for the first time 
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possible to measure the gas concentrations inside the flow channel along the catalyst sheets. 
The probe head can be introduced at 14 different positions allowing measurement of the hy-
drogen depletion in flow direction. Several tests have been performed during the reporting pe-
riod varying initial hydrogen concentrations and flow rates. Some exemplary measurement 
results are given in Fig. 2.  
 

These steady-state distributions of the hydrogen concentration were obtained at 2 vol.% 
and 4 vol.% inlet hydrogen concentration, the inlet gas temperature of 25°C and a flow rate of 
0.8 m/s. The symbols represent measuring values while the lines are added for the sake of 
clearness. The measured values are plotted on the horizontal axis in order to illustrate the ver-
tical arrangement of the catalyst plates. Experimental results obtained have been described in 
more detail in [3]. For recombiner modeling the code REKO-DIREKT (FZJ) is developed and 
is validated against experimental data. 
 
 Beside experimental work also some modeling is done in HC WP with the purpose of 
developing new combustion models for the integral ASTEC code when ever possible. In this 
scope the new PROCO model has been developed and implemented into the ASTEC code by 
GRS and IRSN. Within the PROCO model two different combustion regimes are modelled: 
laminar flames and turbulent flames. For the laminar regime a laminar burning velocity is cal-
culated based on an Arrhenius type approach. After the transition to a turbulent flame, the 
turbulent flame speed is calculated based on the turbulent burning velocity and the isobaric 
expansion ratio between burned and unburned gases. The expansion ratio is calculated from 
the gas properties (concentration, heat capacities and heat of release) while turbulent burning 
velocity is calculated from empirical laws validated against large-scale experiments. The 
other lumped parameter code been in the HC WP is the GRS code COCOSYS. 
 
 Three CFD (Computational Fluid Dynamics) codes are used for hydrogen combustion 
modeling, which are TONUS-3D (CEA/IRSN), COM-3D (FZK) and REACFLOW (JRC). In 
comparison to the lumped parameter codes CFD codes model the conservation equation in a 
transported form. Therefore in addition to the mass and energy equations also three momen-
tum equations (3 space directions) are solved. The benefit of solving the full compressible 
conservation equations is that dynamic loads due to the multi-dimensional propagation of 
shock waves generated by the combustion can be assessed much more accurately than in any 
lumped-parameter formulation. The drawback is that fine grid spacing is needed for CFD. 
This contributes very much to the much larger calculation time required by CFD codes in 
comparison to lumped parameter codes. In addition when modelling turbulent flow additional 
transport equation for turbulent kinetic energy and turbulent kinetic energy dissipation (k and 
epsilon) have to be solved, which adds to the computational cost. 

             

Fig. 1. Sketch of the FZJ REKO-3 test 
facility for investigation of  recombiner 
sections under well defined conditions 

Fig. 2. Transient catalyst temperature profiles 
(inlet conditions: gas temperature 25 °C, H2 
concentration 2 and 4 vol.%, flow rate 0.8 m/s 
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Fig. 3. Hydrogen explosion modeling with the adaptive grid CFD-code REACFLOW. The 
left picture indicates the flame front. Shown is the H2O concentration field, where the grid in 
the flame front is refined. The right picture shows the pressure filed, where the grid is also re-
fined in the pressure wave ahead of the flame. 

 
 To address the issue of the computational cost due to the use of fine meshes, adaptive 
grid refinement (and de-refinement) can be used. This has been done for the REACFLOW 
code, where an adaptive mesh refining method has been developed to refine the grid resolu-
tion when needed and reduce the grid resolution when ever possible. Figure 3 shows a detail 
of a REACFLOW simulation of an explosion modeling in the large-scale RUT test facility. 
As a new feature, it is now possible to adapt against multiple fields at the same time such as 
the flame front (see the left picture) and the pressure wave (see right picture). Such decoup-
ling of flame front and pressure wave is very typical for fast turbulent flames, which can 
threaten the containment integrity almost as severely as a detonation. 
 
 Besides developing new combustion models for the ASTEC integral containment code 
full-scale reactor simulations should be done within SARNET. First results have been pub-
lished e.g. in [4].   
  

C.2  Containment Atmosphere Mixing 
In order to assess the risk of an explosion, hydrogen and steam release and mixing 

within the reactor containment has to be analyzed and modeled. This release and distribution 
process is very essential for a possible following combustion event, as they define its initial 
conditions. Hydrogen distribution issues are addressed in the Containment Atmospheric Mix-
ing work package (CAM). 
 

Hydrogen mixing in a reactor containment involves various physical processes. Some 
of these phenomena are: jet and plumes, steam release and condensation/evaporation on 
walls, heat transfer to structures, water films and water flow, sump behavior, spray, heat re-
lease due to recombiners and effects of volumetric heating by aerosols and fission products.  

 
Two large-scale experimental test facilities are used within SARNET to address open 

issues in CAM. These facilities are the small scale TOSQAN facility operated by IRSN and 
the large scale MISTRA facility [5] operated by CEA.  Both were recently used to generate 
data for the OECD/CSNI International Standard Problem No. 47 [6, 7]. 
 

adaptation on the flame front adaptation on the pressure wave 
ahead of the flame front

adaptation on the flame front adaptation on the pressure wave 
ahead of the flame front
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Fig. 4. The CEA MISTRA 
test facility. 

Fig. 5. Steady-state temperature field (experimental, left 
and numerically simulated, right) corresponding to the 
air/steam M3 test (off-centered injection, condensation on 
three condensers) 

 
The TOSQAN test facility is a 7 m3 (5 m high, 1.5 m diameter) stainless vessel. Wall 

temperatures can be controlled between 20 and 160 °C, allowing careful studying of all types 
of condensation effects. Steam and helium (simulates hydrogen) can be released from an in-
jection system with a diameter of 41 mm. The release rates can vary between 0 and 30 g/s for 
steam and 0 and 3 g/s for helium. An additional spray system allows releasing water at a 
flowrate between 1 and 40 g/s. An advanced online measurement system with thermocouples, 
pressure gauges, flow meters, LDV, PIV and RAMAN spectrometry allows recording of all 
relevant experimental parameters such as temperature, velocity and concentration fields as 
well as spray size distribution. So fare tests on wall condensation and sprays have been per-
formed. 

 
The second facility used within CAM is the large scale MISTRA test facility operated 

by CEA. Its vessel (7 m high, 4 m diameter) has a volume of nearly 100m3, and it is equipped 
with three independent condenser circuits (positioned against the walls and which can operate 
over a large range of temperatures) which allow to simulate a large range of Grashof numbers 
– and therefore to study scaling effects, including comparisons with data from the TOSQAN 
facility. The release rates can vary between 15 and 140 g/s for steam and 1 and 50 g/s for he-
lium with temperatures up to 200 °C. The facility is well-equipped with thermocouples, con-
centration gauges, flow meters and LDV and PIV for measuring velocities. The MISTRA test 
vessel can be seen from outside in Figure 4. 
 

In 2004 the M3 experiment (sponsored by IRSN) has been performed in the CEA 
MISTRA facility where steam was injected at an off-center location. Figure 5 (left side) 
shows steady state experimental temperature distribution within the MISTRA test facility. 
The figure indicates clearly the hot temperatures within the release jet and cold temperature 
close to the walls where condensation occurs. In the right picture the temperature distribution 
simulated by the TONUS CFD code is plotted for comparison. Overall pictures show good 
correspondence between experiment and simulation. More details can be found in a paper 
presented at this conference [8]. 
 

As reactor-scale experiments for nuclear accident analysis of CAM is not feasible, 
numerical modeling is also part of the CAM WP. Both CFD codes as well as lumped parame-

  



6/12 
 

Session 3: CONTAINMENT TOPICS   Paper N° 2 

The first European Review Meeting on Severe Accident Research (ERMSAR-2005) 
Aix-en-Provence, France, 14-16 November 2005 

ter codes are used and validated within the SARNET project. The CFD codes used are 
TONUS (IRSN and CEA), FLUENT (DIMNP), GASFLOW (FZK, NRG and VEIKI), CFX 
(JSI  [9, 10, 12], KTH, NRG, RUB-LEE and UPM) and STAR-CD (NRG). The lumped pa-
rameter codes in use are ASTEC (IRSN), TONUS (IRSN and CEA), MELCOR (DIMNP, JSI, 
NRG and UPM), FUMO (DIMNP [11]), COCOSYS (GRS, RUB-LEE, VEIKI), CONTAIN 
(JSI and LEI), SPECTRA (NRG) and MAAP4 (NRG). With these modeling tools the follow-
ing physical aspects are addressed: turbulence, wall condensation, superheated steam and 
mist, droplet behavior and sprays, sump and heat transfer to and inside structures. Next steps 
towards full reactor modeling are the development and integration of recombiner models. In 
particular, the interaction of recombiners with the containment atmosphere and its effect on 
the hydrogen distribution are being assessed during the 2nd year of the SARNET project. 
 
 
C.3  Fuel-Coolant Interaction  
 
 Fuel-coolant interactions (FCI) and especially their most violent form that is called 
‘steam explosions’ are a matter of concern in nuclear reactor safety since long (for more de-
tails see the review papers [13-15]). They might occur during a severe accident when molten 
core materials contact remaining coolant. During recent years, the concern has moved away 
from the early containment failure as a consequence of an in-vessel steam explosion (the α-
mode failure) to other possible consequences of steam explosions, primarily ex-vessel. But, 
with other concerns than α-mode failure, in-vessel explosions are still considered as well.  
 
 The evaluation of possible hazards during severe reactor accidents is largely based on 
still incomplete and partly contradictory experimental information. One shortcoming of all 
experiments, one that cannot be overcome, is that experiments can only be performed on a 
scale that is much smaller than the reactor scale. For extrapolating to the reactor scale and es-
timating the possible loads on reactor structures, fluid-dynamic codes are developed in sev-
eral places in the world (see e.g. Ref. [16]). Validation of these codes requires relevant ex-
perimental data.  
 
 Phenomena identification and ranking performed during the EU-sponsored EURSAFE 
project has led to selecting ‘FCI incl. steam explosion: melt into water, in-vessel and ex-
vessel’ as an item for needed research with the aim of increasing the knowledge of parameters 
affecting steam explosion energetics during corium relocation into water and determining the 
risk of vessel or containment failure [1]. As a first consequence, the SERENA research pro-
gram has been endorsed by the CSNI of OECD/NEA following the proposal of FCI experts 
from several countries. Phase 1 of this program is essentially finished. Its purpose was to 
evaluate the available FCI codes with respect to their applicability to reactor accident condi-
tions and to determine whether the available experimental data were sufficient for validating 
these codes so that they are ‘fit for the purpose’. The results of this work are described in an-
other contribution to this conference [16]. 
 
 The following FCI codes are being developed by SARNET partners: 

Forschungszentrum Karlsruhe :  MATTINA  (essentially for premixing) 
IKE (University of Stuttgart): IKEMIX  (for premixing) 
     IDEMO  (for explosion) 
IRSN-CEA:   MC3D  (two versions for premixing  
         and explosion, respectively) 
JSI (University of Ljubljana) ESE-2 

More about these codes is described in another contribution to this conference [17]. The pre-
sent paper is more concerned with experiments. 
 
 The only FCI experiment that has been performed until now within the SARNET FCI 
programme has been the ECO-09, the last of the ECO experiments [18]. These experiments 
were aimed at really measuring the energy conversion in a steam explosion. To this end, ex-
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plosions have been triggered externally in a test vessel that was contained in a system of cyl-
inder and piston in which the piston could move only by compressing crushing material with 
known forces. (Compressing the crushing material requires a known and constant force.) In 
these experiments, the corium melt was simulated by molten alumina (Al2O3), so that, from 
an energetic point of view, the melt masses correspond to threefold masses of corium. The 
initial temperature was about 2600 K. Figure 6 shows the facility with the stationary cylinder 
that is fixed to the bottom plate by steel columns and closed on the top by the melt generator 
in which the molten alumina is produced by a thermite reaction (keeping back the molten 
iron). The piston which contains the water pool can move downward by compressing the 
crushing material which is arranged in layers with increasing cross sections (from top to bot-
tom) so that increasing forces are required to compress them (actually the honeycomb struc-
ture of the crushing material is oriented vertically). The whole facility is about 4 m high and 
its mass is about 104 kg (10 t). 
 
 During the initial tests, melt release started with the melt-through of a steel foil and was 
terminated (just prior to triggering, to protect the melt generator) by a fast sliding valve. 
Later, a similar slide valve was used to release the melt (in a more defined way), as shown in 
Figure 6. The test vessel was equipped with a large number of pressure transducers (most of 
them flush mounted in the vessel wall) and measuring lances which carry each 8 void probes 
(conductivity probes) and, close to the vessel center, a thermocouple. These lances were ar-
ranged in one plane across the center line and 8 of them formed an array of 8 times 8 void 
probes on one side of the center while 4 were on the other side. These instruments give useful 
time resolved information about the extension of the mixing zone during melt release. In 
some later tests, a steel tube was used inside the test vessel to reduce the amount of water that 
could interact directly with the melt (c.f. Figure 6). 
 
 In the more successful tests 05, 06 and 09, 15…18 kg of alumina were released into the 
test vessel. During premixing, the pressure in the test vessel rose from the initial 0.25 MPa to 
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Fig. 6. The ECO test facility. The water 
pool has a diameter of  0.59 m. 

Fig. 7. Test ECO-09: Dynamic pressures after 
triggering (the numbers give the height of the 
pressure transducers in millimeters). 
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1.3…1.9 MPa. In all cases the explosion pressures that developed after triggering (at the bot-
tom) well exceeded the measuring ranges (45 MPa in ECO-05 and 95 MPa in ECO-06 and 
09), see e.g. Fig. 7. Here, the transducers PK16…18 are mounted in the bottom of the test 
vessel facing upwards and PK19 and 20 are mounted in the roof facing downwards. Why the 
latter stay at pressures beyond about 100 MPa for such long times (more than 3 ms) is not yet 
clear. In other locations the peaks exceeding 90…100 MPa are much shorter. In view of the 
extremely high pressures and their destructive effects on the facility, the work done by the 
steam explosions on the crushing material is comparatively low so that energy conversion fac-
tors of only 0.6 % (ECO-09), 0.8 % (ECO-06) and 2.4 % (ECO-05) have been found. As, on 
the other hand, the initial conditions for the explosions were not too different, there is no ob-
vious reason for the large variation of these results and we observe (again) that steam explo-
sions are subject to large statistical (or not understood) variations. A report describing these 
experiments in full detail will appear soon [19]. The data are analyzed by FZK and IRSN. 
 
 A new experiment series, KROTOS/Cadarache, is going to start this year. This is a re-
installation of the KROTOS facility from JRC Ispra at CEA Cadarache with several im-
provements, notably a powerful X-ray facility to visualize the melt jet during premixing and a 
slide valve to initialize the melt release. One of the first experiments will be a test suggested 
by JSI Lubljana within the PLINIUS programme of the EU. This test aims at studying the ef-
fect of fission products that are present in the molten corium. This test may provide important 
new data: 
 
1. For the very first time, burn-up effects are studied in an FCI test. 
2. An important effect of the added material will be a reduction of the solidus temperature of 

the corium. If the test can be performed with an initial temperature similar to those 
achieved at Ispra, this test will have a larger difference between initial and solidus tem-
peratures and may thus contribute to understanding the famous ‘material effect’. 

 
 The term ‘material effect’ is used for the observation that in the KROTOS test performed 
at JRC Ispra, the corium did never explode spontaneously (in contrast with alumina) and, if an 
explosion was triggered, it was much weaker than those with alumina. Until now, the rea-
son(s) for this behavior are not clear. One hypothesis is that the difference between initial and 
solidus temperatures was so small that most (or all) of the corium was already frozen to such 
an extent that, after premixing (at the time of triggering), it could no longer be fragmented 
finely and thus support an explosion. Another suggestion is that the special way in which the 
melt was released at JRC Ispra caused an important difference in the ways in which the two 
different materials were initially mixed (premixed) with water. This second argument hope-
fully will be removed by the release valve installed in the new facility. 

 
 Finding the explanation(s) for the ‘material effect’ is an important task of the new 
KROTOS facility because, if it could be shown that the effect is caused by conditions that are 
always present in reactor accident situations, evaluations of the risk due to steam explosions 
could take advantage of this fact. Without such proof it would not be conservative to rely on 
the material effect. Therefore an important part of the work done on FCI within SARNET will 
be devoted to analyzing the KROTOS/PLINIUS test and, if available, parallel tests with other 
materials, e.g. the model corium already used at Ispra. 
 
 
 
C.4  Direct Containment Heating 
 
 The direct containment heating issue (DCH) has been extensively studied for US-
reactor plants in the past, and a large database is available for these geometries. However, dif-
ferent designs of European reactors lead to different conditions at vessel failure and to dis-
similar impact of phenomena during blow down. Several phenomena have been identified in 
the EURSAFE PIRT for which the level of knowledge is still not sufficient to be modeled 
with the necessary accuracy. Among them the most important are the generation and trapping 
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of particles, which not only govern the direct heating of the atmosphere but also the produc-
tion and combustion of hydrogen. The pressure rise in the containment is predominantly de-
termined by the concurrence of these two effects.   
 

Only two experimental facilities for the investigation of DCH issues are in operation in 
Europe, both at Forschungszentrum Karlsruhe (FZK). The facility DISCO-C  (Figure 8) is suited 
for the investigation of fluid dynamic phenomena, such as the two-phase jet, liquid fragmenta-
tion, liquid film formation at walls, entrainment and trapping of liquid, and liquid dispersion and 
deposition. At the other facility, DISCO-H, integral tests can be performed including all relevant 
DCH phenomena (Figure 9). This test facility is designed to investigate melt dispersion and Di-
rect Containment Heating (DCH) with steam driven iron-alumina melt (2000 °C), in a scenario 
where the lower head of the pressure vessel fails at moderate system pressure (~ 2 MPa). The po-
sition, size and shape of the failure can be varied. The containment is modeled by a pressure ves-
sel with a volume of 14 m³, rated at 1 MPa. The combined volumes of the reactor pressure vessel 
and reactor cooling system are modeled by a vessel with a volume of 0.08 m³. The geometry of 
the reactor pit and reactor subcompartments is adapted according to the investigated reactor type. 
The atmosphere in the containment is variable and can be inert, air, steam or a mixture, including 
hydrogen. Both facilities can model specific reactor geometries in sufficient detail, to take ac-
count of the geometry dependence of the processes.  

                
 
Fig. 8. Plexiglas cavity of DISCO-C                   Fig. 9. Scheme of DISCO-H 
 

In the framework of the  EC-Program ECOSTAR (5th  Framework Program) a test series 
in EPR geometry (European Pressurized Reactor) was performed in DISCO-C and -H [20-23], 
and data are available on the STRESA databank. In the year 2004 experiments in both facilities 
have been performed with a geometry of the French reactor P’4 within a cooperation between 
IRSN and FZK. One experiment in DISCO-H was conducted in the framework of the 
LACOMERA program [24]; these data are open to all interested partners. 

The experiments have shown the significance of initial conditions, such as size and 
position of the breach in the lower head of the reactor vessel, but also of the geometry of the 
reactor cavity and the flow paths into the subcompartments and the containment dome. The 
contribution of hydrogen combustion to the peak pressure in the containment could be quanti-
fied by comparison of experiments with prototypic conditions, i.e. steam driven oxidic and 
metallic melt into an air-steam atmosphere with preexisting hydrogen, and experiments with 
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inert driving gas and inert atmosphere. While the experiments show the effect of breach size, 
initial pressure, pit geometry and gas on the containment pressure, the complex interrelation-
ship of those parameters can only be revealed by a detailed code analysis.  

Two multi-phase CFD codes are being used for analyzing DCH experiments. The 
most important achievements have been accomplished with the AFDM code, which is used 
for this purpose since 1998. Special DCH models have been incorporated into the code in-
cluding a model for chemical reactions of the metallic melt fraction with oxygen or steam, 
which involves hydrogen production. The added hydrogen combustion model, however, is a 
lumped parameter model, that needs to be adjusted with experimental data. Therefore, for ex-
trapolations to reactor scale the use of a hydrogen combustion code is mandatory. The model-
ing work with AFDM is described in detail in another contribution to this conference [25].  

The other CFD code is MC3D, which is used by IRSN only since about one year for 
the investigation of DCH phenomena. The strength of this code is the complex description of 
the corium flow. There is however no hydrogen combustion model and the oxidation model is 
quite parametric. Due to these limitations, the chemical aspects are currently not investigated 
and the focus is put on dynamical aspects.  
 Two mechanistic containment codes, CONTAIN and COCOSYS, and two integral code 
systems, ASTEC and MAAP-4,  with their specific modules are applied to DCH problems. In the 
past code activities related to DCH were performed with data pertaining to US reactors, Zion 
and Surry. The special issue of Nuclear Engineering and Design, Vol.164 [26] gives a overview 
of these activities. All the numerical tools used were more or less elaborate lumped parameter 
codes. CONTAIN was one of them. The modules used in MAAP-4 and ASTEC are also based 
on the same structures and basic correlations. However, since DCH is highly geometry-
dependent, an assessment for each specific reactor type is necessary.  

COCOSYS, the containment code system developed by GRS for the analysis of severe 
accidents, is being extended for the analysis of DCH-phenomena. As a first step the 
CONTAIN code is used to improve the understanding of relevant phenomena and models. At 
present GRS uses CONTAIN to select and validate DCH models that are available in the code 
for the extension of COCOSYS. First evaluations with CONTAIN are focused on the DISCO 
H02 experiment with EPR geometry. As a result, the important model parameters have been 
identified and some of them had to be modified by several orders of magnitudes (as the en-
trainment rate multiplier) in order to fit the DISCO H02 pressures and final debris distribu-
tions. The relevant phenomena seem to be identified by the preliminary calculations,. After a 
first fitting process, the typical influence of thermodynamic parameters could be observed but 
the approximation achieved is to be improved. Also, the chemistry approach in CONTAIN 
seems to be correct but the definition of a time-dependent end of the Fe-oxidation as used in 
the calculation is still not acceptable. Finally, the model settings for trapping have much in-
fluence on the combined effect of entrainment/trapping.  

MAAP-4 assessment only concerns US reactor plant geometries. No specific interpre-
tation with MAAP-4 of experiments with European-type PWR geometries has been per-
formed up to now.  

In ASTEC, the DCH is evaluated within 3 modules: RUPUICUV, CORIUM, CPA. 
RUPUICUV is the module that calculates all phenomena involved inside the reactor cavity. 
CPA is the module for the calculation of the containment atmosphere. It is also involved in 
other phenomena than DCH. CORIUM is simply an interface module. As for MAAP and 
CONTAIN, the RUPUICUV development was based on experiments with geometries not fit 
for European reactors. Recently, the calculation of the entire DISCO series with French PWR 
geometry has been carried out with varying success with the standard parameters of 
RUPUICUV. In general, the dispersion seems to be overestimated. However, the weaknesses 
of RUPUICUV are quite well identified and it is understood that improvements are necessary.  
 The final objective of the code work is the application to reactor scale. The difficulty is 
the double extrapolation needed to go to the reactor situation: all experiments involve a simulant 
material and a small length scale. The material extrapolation to prototypical corium is particularly 
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difficult because it does not concern only physical properties but also chemical interactions. Be-
fore this can be done for lumped parameter codes it has to be performed with CFD codes, such as 
AFDM in combination with a hydrogen combustion code.  
 
E.  CONCLUSIONS  
 
Several containment issues have been identified as areas of uncertainties by the EURSAFE 
project [1]. They occur late in severe accidents as consequences of severe core damage. So, 
their probability of occurrence is extremely small but they involve the risk of a failure of the 
containment, the final safety enclosure. Therefore a conservative approach is required. On the 
other hand the damage potentials are such that simple bounding considerations are not useful 
and there are large uncertainties connected with the initial and boundary conditions – espe-
cially in the constitution and the release of the molten core materials involved, the corium. 
Similarly uncertain are amount as well as mode of release and release location of the hydro-
gen.  
 
Experiments are being performed and models are developed and refined for the application in 
CFD codes to the reactor case. They are the basis to provide ASTEC with appropriate physi-
cal modeling. 
 
The FCI and DCH studies suffer from the fact that experiments can only be performed on a 
scale that is much smaller than the reactor scale. In addition, many of the experiments have 
been performed with simulant materials in place of ‘real’ corium. This requires a twofold ex-
trapolation in size and material behavior which can be done reasonably with adequate codes 
only. An essential point of the experiments is to understand the origin and the consequences 
of the behavior of different materials. Progress in these areas requires both further experi-
menting and code development and is bound to be slow, given the manpower available. 
 
 
REFERENCES 
 
[1] Magallon D., et al., European Expert Network for the Reduction of Uncertainties in 

Severe Accident Safety Issues (EURSAFE), Nucl. Eng. Des., 235, 309-346, 2005 
[2] Bentaib A., et. al., Experimental and numerical study of flame propagation with hydro-

gen gradient in a Vertical Facility: ENACCEF, this conference, Session 3 
[3] Reinecke, E.-A., et al., Modelling of catalytic recombiners: comparison of REKO-

DIREKT calculations with REKO-3 experiments, Proc. Int. Conf. Nuclear Energy for 
New Europe, Bled, Slovenia, Sept. 5-8, 2005  

[4] Baraldi, D., M. Heitsch, M. and Wilkening, H., Investigation of hydrogen combustion 
in a simplified EPR containment with CFX and REACFLOW, 11th Int. Topical Meet-
ing on Nuclear Reactor Thermal-Hydraulics (NURETH-11), Avignon, 2005 

[5] Tkatschenko, I., Studer E., Paillère, H., Status of the MISTRA programme for the vali-
dation of containment thermal-hydraulic codes, 11th Int. Topical Meeting on Nuclear 
Reactor Thermal-Hydraulics (NURETH-11), Avignon, 2005 

[6] Tkatschenko, I., Studer, E., and Paillère H., MISTRA facility for containment lumped-
parameter and CFD code validation: example of the International Standard Problem 
ISP47, Proc. Int. Conf. Nuclear Energy for New Europe, Bled, Slovenia, Sept 5-8, 2005 

[7] Fischer K., Studer E., Malet, J., Porcheron E., and Vendel, J., Conclusions of the Inter-
national Standard Problem ISP47 on containment thermal-hydraulics, to be published 
by OECD/CSNI. 

[8] Simon H., Blumenfeld L., Tkatschenko, I., Paillère, H., Bentaib, A., Vendel J., Air 
steam tests in the MISTRA facility: experimental results and validation of the lumped-
parameter/CFD TONUS code, this conference 



12/12 
 

Session 3: CONTAINMENT TOPICS   Paper N° 2 

The first European Review Meeting on Severe Accident Research (ERMSAR-2005) 
Aix-en-Provence, France, 14-16 November 2005 

[9] I.Kljenak, M.Babic, B.Mavko, I.Bajsic, Modelling of atmosphere mixing and stratifica-
tion in the TOSQAN experimental facility with the CFX code, 11th Int. Top. Meeting 
Nuclear Reactor Thermal-Hydraulics (NURETH-11), Avignon, France, Oct. 2-6, 2005. 

[10] I.Kljenak, M.Babic, B.Mavko, I.Bajsic, Modelling of containment atmosphere mixing 
and stratification using CFD approach, 13th International Conference on Nuclear Engi-
neering ICONE-13, Beijing, China, May 16-20, 2005. 

[11] N. Forgione, S. Paci, Computational Analysis of Vapour Condensation in Presence of 
Air in the TOSQAN Facility, 11th Int. Topical Meeting on Nuclear Reactor Thermal-
Hydraulics (NURETH-11), Avignon, Oct. 2-6, 2005. 

[12] M.Babic, I.Kljenak, B.Mavko, Simulation of ThAI experiment on atmosphere mixing 
with the CFX code, International Conference "Nuclear Energy for New Europe 2005", 
Bled, Slovenia, Sept. 5-8, 2005. 

[13] Cronenberg, A. W. and Benz, R., Vapor explosion phenomena with respect to nuclear 
reactor safety assessment, in: Lewins, J. and Becker, M. (Eds.), Advances in Nuclear 
Science and Technology, Vol. 12  pp. 247-338, 1980 

[14] Corradini, M. L., Vapor explosions: A review of experiments for accident analysis,  
Nuclear Safety, 32,  337-62, 1991  

[15] Berthoud, G., Vapor Explosions, Annual Rev. Fluid Mech. 2000, pp. 573-611 
[16] Magallon D., et al., Results of the International Program OECD-SERENA on Fuel-

Coolant Interaction, this conference  
[17] Meignen R., et al., Comparative Review of FCI Computer Models Used within 

SARNET, this conference 
[18] Cherdron, W., Jacobs, H., Kaiser, A., Schütz, W., Measurement of steam explosion 

loads: The ECO experiments, 11th Int. Topical Meeting on Nuclear Reactor Thermal-
Hydraulics (NURETH-11), Avignon, Oct. 2-6, 2005. 

[19] Cherdron, W., Huber, F., Kaiser, A., Schütz, W., ECO Steam Explosion Experiments - 
Documentation and Evaluation of Experimental Data, Forschungszentrum Karlsruhe 
Report FZKA-7011, to appear 2005 

[20] L. Meyer, M. Gargallo,  Low Pressure Corium Dispersion Experiments with Simulant 
Fluids in a Scaled Annular Cavity, Nuclear Technology, 141, pp.257-274, 2003. 

[21] L. Meyer et al., Melt dispersion and Direct Containment Heating (DCH) Experiments 
in the DISCO-H Test Facility, Report FZKA 6988, Forschungszentrum Karlsruhe, 
2004.  

[22] L. Meyer, G. Albrecht, D. Wilhelm, Direct Containment Heating Investigations for 
European Pressurized Water Reactors, 6th Int. Conf. On Nuclear Thermal Hydraulics, 
Operations and Safety (NUTHOS-6), Nara, Japan, October 4-8, 2004.  

[23] L. Meyer, G. Albrecht, M. Kirstahler, Corium Dispersion and Direct Containment 
Heating Experiments at Low System Pressure, 10th Int. Topical Meeting on Nuclear 
Reactor Thermal Hydraulics (NURETH-10), Seoul, Korea, October 5-9, 2003 

[24] R. Meignen, D. Plet, C. Caroli, L. Meyer, D. Wilhelm, Direct Containment Heating at 
low primary pressure: Experimental Investigation and multidimensional modeling, 
(NURETH-11), Avignon, France, October 2-6, 2005. 

[25] D. Wilhelm, The challenge of simplifying DCH modeling, this conference, Session 3, 
paper No. 4 

[26] Nucl. Eng. Des., 164, 1996 (Topical Issue on DCH). 



SERENA OECD Research Programme on FCI

ERMSAR 2005 November 14-16, 2005                      Aix-en-Provence, France

Results of Phase-1 of 
OECD Programme SERENA on 
Fuel-Coolant Interaction 

Presented by
D. Magallon*
CEA Cadarache

*On secondment from JRC-Petten



SERENA

DM 2ERMSAR 2005 November 14-16, 2005                 Aix-en-Provence, France

Participants/Co-Authors

K-H Bang, Korea Maritime University, Korea, 
S. Basu, Nuclear Regulatory Commission, USA, 
G. Berthoud, Commissariat à l'Énergie Atomique, France, 
M. Bürger, Institute für Kernenergetik und Energiesysteme, Germany, 
M.L. Corradini, University of Wisconsin, Madison, USA, 
H. Jacobs, Forschungszentrum Karlsruhe, Germany, 
R. Meignen, Institut de Radioprotection et de Sûreté Nucléaire, France,
O. Melikhov, Electrogorsk Research and Engineering Centre, Russia, 
K. Moriyama, Japan Atomic Energy Research Institute, Japan, 
M. Naitoh, Nuclear Power Engineering Corporation, Japan, 
J-H. Song, Korea Atomic Energy Research Institute, Korea, 
N. Suh, Korea Institute of Nuclear Safety, Korea, 
T.G. Theofanous, University of California, Santa Barbara, USA. 



SERENA

DM 3ERMSAR 2005 November 14-16, 2005                 Aix-en-Provence, France

Scope of SERENA

Bring together FCI experts to make a status of code 
capabilities to predict steam explosion induced 
dynamic loading of the reactor structures 

Reach consensus on important FCI phenomena for 
reactor application

Carry out confirmatory research required to reduce 
uncertainties on these phenomena

First joint exercise on steam explosion applied to reactor



SERENA

DM 4ERMSAR 2005 November 14-16, 2005                 Aix-en-Provence, France

Objectives of the programme

Phase 1
– Identify areas where discrepancies of calculation results by 

the different FCI codes induce large uncertainties in the 
prediction of loads in reactors

– Identify additional research needed to increase the level of 
confidence of the predictions

Phase 2
– Reduce the uncertainties identified in Phase 1 to acceptable 

level for risk assessment by carrying out confirmatory 
analytical and/or experimental research
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Organisation and schedule of Phase 1

OECD coordinated action

Started January: 2002

Final meeting: June 2005
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Phase 1 Methodology

Generic situations of interest were identified for 
both in- and ex-vessel

Relevant existing experiments were selected and 
calculated by the different codes with the scope of
– Establishing an initial setting of the codes on a common basis
– Identifying FCI phenomena of importance for (possible) 

discrepancies between codes and data

The codes were applied to reactor situations with the 
scope of identifying key uncertainties impacting 
predictability of steam explosion loads in reactors
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Phase 1 Tasks

Task 1: Identification of relevant conditions for FCI 
in NPP's and selection of relevant experiments

Task 2: Code application to relevant pre-mixing 
experiments

Task 3: Code application to relevant explosion 
experiments

Task 4: Code application to reactor configurations 
Task 5: Synthesis of the findings of Phase 1 and 

proposal to move forward
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Conceptual picture of SE development  

Melt Jet

Pre-mixing

Detonation 
wave

High pressure zone
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Relevant reactor conditions

Ex-vessel large pour of corium melt with metallic 
phases in sub-cooled water at low pressure

In-vessel multi-jets (~10 cm diameter) into lower 
head and saturated water at moderate pressure

Selected as “most relevant generic situations”
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Calculated reactor situations

Ex-vesselIn-vessel



SERENA

DM 11ERMSAR 2005 November 14-16, 2005                 Aix-en-Provence, France

Calculated experiments

Pre-mixing experiments
– FARO L-28: 175 kg of UO2-ZrO2 melt in saturated water
– FARO L-31: 92 kg of UO2-ZrO2 melt in subcooled water 

Explosion experiments
– KROTOS K-44: 1.4 kg of alumina melt in subcooled water
– TROI-13 and TROI-34 (blind exercise): ~2 kg of UO2-ZrO2

melt with and w/o trigger.

Integral experiment: FARO L-33
– Triggered steam explosion involving ~25 kg of UO2-ZrO2 melt 

in subcooled water at 0.4 MPa.
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Codes used in Phase 1
 
 
 
 
 

Partners  Codes  
 CEA/IRSN  MC3D 

 GRS (IKE)  IKEMIX, MC3D/IKEJET, IDEMO 

 FZK  MATTINA 

 KAERI/KMU  TEXAS V, TRACER II  

 NRC (UCSB, UW)  PM-ALPHA, ESPROSE, TEXAS  

 KINS  IFCI 6.2 

 JAERI  JASMINE 

 NUPEC  VESUVIUS 

 EREC  VAPEX 
 



SERENA

DM 13ERMSAR 2005 November 14-16, 2005                 Aix-en-Provence, France

Summary results on pre-mixing

Code application to pre-mixing 
experiments showed:
– Large scatter between code 

predictions and between code 
predictions and data

– Codes tend to underestimate 
heat transfer and overestimate 
void when compared to data

Large uncertainties affect 
experimental data in the absence 
of detailed information of the 
pre-mixing zone internals 

Void is a major issue, as 
considered having a key limiting 
effect on explosion strength

L-28. Void fraction radially averaged at time 1.0 s
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Summary results on explosion (1/2)
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Code application to explosion 
experiments showed:
– Large scatter between code 

predictions and between code 
predictions and data

– In order to get the order of 
magnitude of the data, key 
effects such as heat transfer 
and fragmentation parameters 
had to be (more or less 
arbitrarily) reduced from those 
tuned for alumina

– But basic physical explanation 
is missing



SERENA

DM 15ERMSAR 2005 November 14-16, 2005                 Aix-en-Provence, France

Summary results on explosion (2/2)
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TROI 13Possible physical explanations for 
the experimentally observed 
reduced explosion energetics
are:
– Melt freezing during premixing
– Hydrogen production during 

pre-mixing
– Differences in pre-mixing (2-D 

geometry and void distribution)
Comparison with KROTOS corium 
still to be done
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Examples of pre-mixing in KROTOS

Corium melt mixing in KT-2 (CANON). 
Viewing area 10 by 20 cm 

 Alumina melt mixing in K-57 (CANON). 
Viewing area 10 by 20 cm 

Corium Alumina

Corium melt mixing in KT-2 (CANON). 
Viewing area 10 by 20 cm 

 Alumina melt mixing in K-57 (CANON). 
Viewing area 10 by 20 cm 

Corium Alumina
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Summary results on reactor calculations

Code application the selected reactor situations showed
– Differences between code predictions are large 
– But

Whatever the modelling and numerical approaches, all the codes were 
able to calculate the reactor situations of concern
Despite the variety of the approaches and parameter setting 
philosophy, all codes calculate loads that are rather low

Relatively limited melt mass in pre-mixture, 
High voids
Venting

It is not clear which phenomena is dominant
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In-vessel pressures and impulses

In-vessel. Maximum pressure at RPV bottom
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En-vessel pressures and impulses

Ex-vessel. Maximum pressure at cavity wall
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Ex-vessel. Maximum impulse at wall
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Void and fragmented melt in reactor

Ex-vessel. Fragmented melt mass during 
explosion  
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Concluding remarks (1/3)

Phase 1 of SERENA was the most accomplished 
international exercise ever undertaken on steam 
explosion applied to reactor situations
Despite the differences in modelling and approaches, and 
the large scatter of hypothesis and results for both 
pre-mixing and explosion, the reactor calculations 
indicate clear tendencies
– For the in-vessel case, the calculated loads are far below the 

capacity of the defined-model intact vessel
– For the ex-vessel case, the calculated loads, even low, are above 

the capacity of the defined-model cavity walls
The scatter of the  results raises the question of the containment 
safety margin for ex-vessel steam explosion
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Concluding remarks (2/3) 

These rather attractive results are balanced by the 
following considerations
– Only one case has been calculated for in-vessel and ex-

vessel, respectively.
– These cases might not be the worst possible.
– Only a few parameter variations were performed.
– There is a tendency to predict large void in premixing, which 

was judged to be an overestimation of voiding according to 
pre-mixing experiment analysis,

– In some cases “reduced” parameters have been used to model 
the explosion without firm physical reasoning.
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Concluding remarks (3/3) 

Resolving these issues is required to 
– Verify that the safety margin for in-vessel steam explosion 

are sufficient, actually
– Quantify the containment safety margin for ex-vessel steam 

explosion
The first three require analytical work in continuation 
of Phase 1
The uncertainties on the pre-mixing flow patterns 
(especially on void distribution) and geometry, and on 
material influence on the energetics must be 
addressed experimentally
– They are proposed to be investigated in a second phase of 

SERENA by using KROTOS and TROI facilities



SERENA

DM 24ERMSAR 2005 November 14-16, 2005                 Aix-en-Provence, France

Insight into Phase 2 Proposal (1/2) 

Objectives
– To get more detailed data on pre-mixing flow patterns, in 

particular void distribution, and geometry 
– To determine explosion behaviour of a spectrum of corium 

melt compositions and conditions reflecting accident scenarios
KROTOS and TROI facilities will be used in a 
complementary experimental programme
– One (KROTOS) being more suited for investigating intrinsic 

FCI characteristics of the melts and equipped with high 
energy X-ray radioscopy device to “visualise” pre-mixing,

– The other (TROI) being more suited for testing more 
reactor-like conditions by having more mass and 3-D 
capabilities, and equipped for tomography

Five complementary tests are proposed to be 
performed in each facility



SERENA

DM 25ERMSAR 2005 November 14-16, 2005                 Aix-en-Provence, France

Insight into Phase 2 proposal (2/2)

KROTOS test section TROI test assembly

5 kg of melt
1-D geometry
New release device
X-ray radioscopy
External trigger

20 kg of melt
2-D geometry
Intermediate catcher
Tomography
External trigger

UO2-ZrO2-Steel-Zr-FP

KROTOS test section TROI test assembly

5 kg of melt
1-D geometry
New release device
X-ray radioscopy
External trigger

20 kg of melt
2-D geometry
Intermediate catcher
Tomography
External trigger

UO2-ZrO2-Steel-Zr-FP
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Organization of the CONTAINMENT group
(18 partner organisations)

WP12: Hydrogen Behaviour in Containment  (HBC)
WP 12-1:  Hydrogen Combustion  (HC)

WP 12-2:  Containment Atmosphere Mixing (CAM)

WP13:  Fast Interaction with Corium  (FIC)
WP 13-1: Fuel Coolant Interaction  (FCI)

WP 13-2: Direct Containment Heating  (DCH)
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Organization of the CONTAINMENT group

WP12: Hydrogen Behaviour in Containment  (HBC)
WP 12-1:  Hydrogen Combustion  (HC)

PARTNER (7) FACILITY CODE
IRSN (France) ENACCEF TONUS
FZJ (Germany) REKO-3 REKO-DIREKT
FZK (Germany) COM-3D
GRS (Germany) COCOSYS-DECOR
JRC (EU) REACFLOW
TUS (Bulgaria) ASTEC
VEIKI (Hungary) GASFLOW

*CFD-codes
*Lumped parameter codes
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Hydrogen Combustion

Topics of the EURSAFE PIRT addressed  in WP 12-1: 
Hydrogen Combustion (HC)

Experimental 
Facility addressing 
the issue

Physical effect involved

REKO-3The use of recombiners might 
limit the explosion loads but could 
also cause ignition. 

Hydrogen removal 
/ mitigation

RUTScaling effects in hydrogen 
Combustion

Pressure loads

ENACCEFFlame Acceleration in non-uniform 
hydrogen/air/steam mixtures

Flame 
Propagation 
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Hydrogen Combustion

The ENACCEF test facility        
(Enceinte d’ACCElération de Flamme)

The upper dome part with a total 
volume of 0.66 m3

The lower driver tube with a length of 
3.2 m and a diameter of 0.154 m 
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Hydrogen Combustion

ENACCEF test facility – experimental details

The ENACCEF test facility can be filled 
with any type of hydrogen-air-steam 
mixtures. 

Within the acceleration tube obstacles 
can be installed to increase turbulent 
flame propagation/acceleration.

The facility is equipped with pressure 
transducers and photomultipliers. 

The driver tube has also optical access 
to allow LDV and PIV measurements.
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Hydrogen Combustion / Removal

From the recombiner via the experiment to the model

outlet

catalyst
sheetsinlet

Box-type recombiner REKO-3 REKO-DIREKT
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Hydrogen Combustion / Removal

REKO-3 test facility

inlet

recombiner
unit

catalyst sheets

outlet
gas analysis
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Hydrogen Combustion/Removal

REKO-3 - Measurements

INLET
• flow rate
• gas temperature
• gas composition

OUTLET
• gas temperature
• gas composition CATALYST PLATE

• catalyst temperature
at 10 different locations

REACTION ZONE
• gas composition
at 14 different locations

INLET PARAMETERS OF EXPERIMENTS
- flow rate (0.25..0.80 m/s)
- inlet temperature (ambient..150°C)
- inlet hydrogen concentration

(0..5 vol.%, limited by safety concerns)
- inlet steam concentration

(0..60 vol.%, depending on flow rate)
- inlet oxygen concentration
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Hydrogen Combustion / Removal

REKO-3 experiments: transient measurements
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Hydrogen Combustion / Removal

REKO-3 experiments: stationary behavior
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Hydrogen Combustion

Hydrogen explosion modeling with the CFD-code REACFLOW 
Advances in Grid Adaptation by Multiple Adaptation Variables

adaptation on the flame front
(H2O concentration)

adaptation on the pressure 
wave ahead of the flame front
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Hydrogen Combustion

 

Case 1: single 
point ignition

Case 2: symmetric 
double point 
ignition

Studying different ignition scenarios for hydrogen combustion 
in a reactor using CFX and REACFLOW

With two ignition points the overall burning rate might be larger but flame speeds 
(overpressure) can be reduced due to shorter flame acceleration distances/time. 

TEMPERATURE at    0.5 s 0.68 s 0.98 s
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Hydrogen Combustion

Investigating different venting scenarios using CFX and 
REACFLOW for a simplified nuclear reactor geometry

Modified venting could reduce quite drastically the 
pressure  between neighboring rooms. Such different 
pressures could cause the collapse of the wall and 
trigger a sequence of events within the containment 
with potentially devastating effects. 
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Hydrogen Combustion

ASTEC
Two combustion options are already available : COVI, COMB in CPA

PROCO module is being implemented into CPA:

• All combustion modes from laminar deflagration to stable detonation are     

covered

• Two criteria to decide about Deflagration-to-Detonation Transition:

- Mach number of precursor shock > 1.5 (composition dependent)

- Characteristic length of compartment  > 7 times the detonation cell 
size λ (geometry and composition dependent)



16ERMSAR-2005 Session 3: CONTAINMENT TOPICS

Organization of the CONTAINMENT group

WP12: Hydrogen Behaviour in Containment  (HBC)
WP 12-2:  Containment Atmosphere Mixing (CAM)

PARTNER (12) FACILITY CODE
IRSN (France) TOSQAN TONUS, ASTEC
CEA (France) MISTRA TONUS
DIMNP (Italy) CONAN FLUENT, FUMO, MELCOR
FZK (Germany) GASFLOW
GRS (Germany) COCOSYS
JSI (Slovenia) CFX-4, CONTAIN, MELCOR
KTH (Sweden) CFX-4/5
LEI (Lithuania) COCOSYS, ASTEC, CONTAIN
NRG (Netherlands) CFX-4/5, STAR-CD, SPECTRA, MAAP
RUB-LEE(Germany) COCOSYS
UPM (Spain) CFX-4, MELCOR
VEIKI (Hungary) GASFLOW, COCOSYS
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Containment Atmosphere Mixing

On-going R&D topics are related to identified gaps 
related to the formation of combustible gas mixtures in 
the containment, as identified in the EURSAFE PIRT or 
in recent benchmark exercises such as ISP-47:

Condensation modelling in CFD codes
(UNIPI task leader)

- concerning diffusive models (wall function) or 
correlations (heat & mass transfer)

• review or in-depth analysis of past experiments 
(TOSQAN and MISTRA tests made available to SARNET)

• deficiencies, identification of validation needs

• recommendations on choice of models & best practice 
guidelines

• recommendations for new experiments 
(CONAN, MISTRA)

CONAN 
(UNIPI)

MISTRA 
(CEA)

Injection region (Zone 1) 
acceleration/decceleration and gas 
entrainment by the plume/jetInjection pipe

Non condensing wall

Condensing wall

Thermal free convection zone 
(Zone 4)
thermally induced flow

Recirculation zone (Zone 2) 
recirculated flow induced by the jet

TOSQAN 
(IRSN)
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Containment Atmosphere Mixing

TOSQAN 
(IRSN)

On-going R&D topics are related to identified gaps 
related to the formation of combustible gas mixtures in 
the containment, as identified in the EURSAFE PIRT or 
in recent benchmark exercises such as ISP-47:

Spray modelling (IRSN task leader)

• Organisation of a benchmark 
Experiments performed by IRSN (TOSQAN) and CEA 
(MISTRA) are being provided as basis for benchmarking 
of LP and CFD codes – possibility to look at scaling effect: 
TOSQAN (7m3) MISTRA (100m3)

Effect of spray mitigation system on H2 distribution (risk):

- homogenization?
- local H2 enrichment by steam condensation?

MISTRA 
(CEA)
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Containment Atmosphere Mixing

On-going R&D topics are related to identified gaps 
related to the formation of combustible gas mixtures in 
the containment, as identified in the EURSAFE PIRT or 
in recent benchmark exercises such as ISP-47:

Interaction PAR – atmosphere (CEA task leader)

• Organisation of a (numerical) benchmark on

interaction of Passive Autocatalytic Recombiners with 
containment atmosphere
- issues of modelling (CFD) of thermal plume (burned gases)

- natural convection effects

- effect of positioning of recombiners in a room on global 
efficiency
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Organization of the CONTAINMENT group

WP13:  Fast Interaction with Corium  (FIC)
WP 13-1: Fuel Coolant Interaction  (FCI)

PARTNER (7) FACILITY CODE
IRSN (France) TREPAM MC3D
CEA (France) KROTOS MC3D
FZK (Germany) ECO MATTINA
IKE (Germany) DROPS IKEMIX, IDEMO
JSI (Slovenia) ESE-2
KTH (Sweden) MISTEE COMETA-KTH
TUS (Bulgaria)

*CFD-codes
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Fuel-Coolant Interaction (FCI)

WP 13-1:  Fuel-Coolant Interaction (FCI)

EURSAFE selected: FCI including steam explosion,
in-vessel and ex-vessel.

Aim: - Increase knowledge about steam explosion energetics.
- Develop tools to determine the risk of vessel 
or containment failure.

OECD Research program SERENA:
- Aim: Evaluate capabilities of available codes with respect to

reactor applications.
- Participants from SARNET: IRSN, CEA, FZK, IKE
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Experiment ECO (FZK):
Measurement of Energy Conversion
(mechanical energy release)
Closed system of piston and cylinder
15…18 kg of Al2O3 (in 4 tests)
External trigger applied

• With full water mass, no explosion. 
• With restricted water mass (tube),

3 strong explosions.
• Pressures well beyond 100 MPa.
• Still quite low (and varying) energy 

conversion: 2.4, 0.8 and 0.6 %.
• Possible reasons for low conversion:

- high water subcooling (-> factor 2) 
- overstrong confinement

(piston mass = 2700 kg)
• Facility mothballed

Fuel-Coolant Interaction (FCI)
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Fuel-Coolant Interaction (FCI)

Experiment KROTOS-Cadarache (CEA):

Study the effect of material 
properties on steam explosions.

Up to 5 kg corium of variable 
composition or 4 kg of SS 
(or 1.5 kg Al2O3).

External trigger applied.

Improvements with respect to
KROTOS-Ispra:
- reproducible melt release with 
slide valve;

- high-speed X-ray radioscopy
to observe premixture.

To go in operation end of 2005.
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Organization of the CONTAINMENT group

WP13:  Fast Interaction with Corium  (FIC)
WP 13-2: Direct Containment Heating  (DCH)

PARTNER (7) FACILITY CODE
IRSN (France) MC3D, RUPUICUV (ASTEC)
EDF (France) MAAP-4
FZK (Germany) DISCO-H/C AFDM, SIMMER
GRS (Germany) CONTAIN, COCOSYS
RUB-LEE (Germany)
TUS (Bulgaria) ASTEC
FRA ANP (Germany)

*CFD-codes
*Lumped parameter codes
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Direct Containment Heating (DCH)

HEAT TRANSFER 
CORIUM – STEAM / GAS

CONTAINMENT 
PRESSURIZATION

relocated corium

dispersed corium

steam blowdown

corium jet impact / fragmentation

+

breach in the lower head

H2 - COMBUSTION

metal oxidation and hydrogen production

trapped corium

corium film formation and entrainment

Phenomena occurring during DCH



26ERMSAR-2005 Session 3: CONTAINMENT TOPICS

Direct Containment Heating (DCH)

PAST RESEARCH PROGRAMS (-1998)

Achievements 
• Large database on US reactor type plants.
• Several analytical models were developed.
• Simple models were integrated into codes 

(MAAP, CONTAIN, MELCOR).

Main conclusions 
• Up to 70% dispersion out of pit
• Containment integrity maintained
• No scaling effect for pressure
• Strong effect of geometry

Issue was closed for US plants
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Direct Containment Heating (DCH)

EURSAFE PIRT selected phenomena as most important:
• corium entrainment out of reactor vessel with lateral breaches
• corium oxidation coupled with hydrogen production
• generating and trapping of particles
• particle heat exchange
• hydrogen combustion
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Nozzle

Annular gap
RPV support

16
20

 m
m

RPV+RCS Volume

Filter

Gas Line

Steam Generator

Room

Pump Room

Rupture Disk
Melt Simulant

Cavity

Test Facility DISCO-C (FZK)
(EPR scale 1:18,  P’4 scale 1:16)

Cold tests for fluid dynamic investigations

Simulant Melt: Water and liquid metal alloys 
Driving gas: Nitrogen and Helium
Failures Modes: Central and lateral breaches
Burst pressure:  0.3 – 1.6 MPa

Central holes: Strong influence of initial gas 
pressure and hole size: 

- The maximum dispersion (75%) is reached at 
pressures below 2 MPa

- Pressure < 0.5 MPa limits dispersion to <10%    
Lateral breaches and total circumferential 
breakaway of lower head lead to less 
dispersion than central holes

Direct Containment Heating (DCH)
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Test Facility DISCO-HH (FZK)
(EPR scale 1:18,  P’4 scale 1:16)

Hot tests including all processes, close to 
prototypical conditions:

Simulant Melt:         Iron-alumina melt (2400 K)
Driving gas:            Steam  or Nitrogen
Failures Modes:      central breaches (3 sizes)
Pressure at failure: 0.7 – 2.2 MPA

Containment atmosphere: Air + steam + H2 or N2

With or w/t direct flow path from pit to 
containment

Data available to SARNET partners from:
6 Tests in EPR geometry
1 Test in P’4 geometry (LACOMERA-1)
1 Test in VVER-1000 geometry (LACOMERA-2)

Direct Containment Heating (DCH)
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Test Facility DISCO-HH (FZK)
(EPR scale 1:18,  P’4 scale 1:16)

• Without hydrogen combustion pressure rise in 
containment is low.

• Pre-existing hydrogen content in containment 
can be important for pressure rise.

• Without direct flow path from pit to containment 
less hydrogen is burned and pressure rise is low.

• With small breaches the mixing and combustion 
of produced hydrogen with the containment 
atmosphere is too slow to contribute to peak 
pressure. 

Investigations are necessary for each specific 
reactor design.

Direct Containment Heating (DCH)
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Thank you for your attention
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ABSTRACT 

 
Because of its importance in the source term for postulated nuclear accidents, 

considerable effort has been expanded worldwide to understand the behaviour of 
radioiodine under accident conditions.  This has led to significant progress in our 
understanding of complex and sophisticated radiolysis-driven iodine chemistry and 
transport behaviour under potential reactor accident conditions.  Models that describe, 
with some confidence, the chemistry of radioiodines and, in particular, the chemistry of 
those radioiodine species having a propensity to become airborne under appropriate 
conditions, have been developed and used to establish and prioritize key processes and 
phenomena under conditions of interest.   
 

The focus of research can now shift to address the more challenging roles that 
other chemical species and chemically reactive surfaces can play in influencing 
radioiodine chemistry.  In the real world, we face situations in which many chemicals 
may be present (from paints, solvents, etc) as ‘impurities’ in the environment, and these 
additional chemicals have the potential to strongly influence radioiodine chemistry.  This 
is the most evident through the reactions of organic compounds with water radiolysis 
products and consequential impact of these reactions on radioiodine species in a solution.  
Heterogeneous reactions of radioiodine with metallic surfaces raise the level of 
complexity further:  metallic surfaces may release metal ions which could react 
catalytically with radiolysis products, and, more importantly, such surfaces could act as 
temporary or permanent radioiodine sinks.  This becomes a dominant concern when 
trying to control, monitor, or prevent airborne radioiodine movement.     
 

This paper will briefly summarize the successes that have been achieved by the 
international nuclear radioiodine chemistry community and then explore the challenges 
and opportunities that are now being explored.   
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The SARNET Source Term topic harmonises the efforts of about twenty European organizations in 
the study of eighteen safety-related phenomena which may occur in a light water reactor severe 
accident, as identified in the EURSAFE PIRT.  These are grouped into four areas: 
 

- effect of air ingress: under such conditions, the fuel and its fission products (FPs) may 
oxidise. Some (especially the very radio-toxic ruthenium) may form highly volatile oxide 
species which may be released to the environment; 

- iodine volatility in the Reactor Coolant System (RCS) : the impact of high temperature on 
FP behaviour is investigated to improve the predictability of iodine species exiting the RCS; 

- aerosol behaviour: the main objective is to quantify the source term following steam 
generator tube rupture, which leads to containment by-pass; aerosol leakages through 
containment concrete wall cracks, interaction of deposited aerosols with the RCS substrate 
and revaporization phenomena are also studied. 

- iodine behaviour in-containment: to improve the predictability of the various chemical and 
physical processes which control the iodine behaviour in both the gas and water phases. 

 
All these phenomena are being studied through experimental programmes. Interpretation of these 
experiments is under way, leading to model development and improvement centred on the ASTEC 
code. An overview of these activities is presented. 
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Radioiodine Chemistry:  The Unfinished Story   
 

J.C. Wren 
Department of Chemistry, University of Western Ontario  

London, Ontario, CANADA 
jcwren@uwo.ca 

 
ABSTRACT 

Because of its importance in the source term for postulated nuclear accidents, 
considerable effort has been expanded worldwide to understand the behaviour of radioiodine 
under accident conditions.  This has led to significant progress in our understanding of 
complex and sophisticated radiolysis-driven iodine chemistry and transport behaviour under 
potential reactor accident conditions.  Models that describe, with some confidence, the 
chemistry of radioiodines and, in particular, the chemistry of those radioiodine species having 
a propensity to become airborne under appropriate conditions, have been developed and used 
to establish and prioritize key processes and phenomena under conditions of interest.   

The focus of research can now shift to address the more challenging roles that other 
chemical species and chemically reactive surfaces can play in influencing radioiodine 
chemistry.  In the real world, we face situations in which many chemicals may be present 
(from paints, solvents, etc) as ‘impurities’ in the environment, and these additional chemicals 
have the potential to strongly influence radioiodine chemistry.  This is the most evident 
through the reactions of organic compounds with water radiolysis products and consequential 
impact of these reactions on radioiodine species in a solution.  Heterogeneous reactions of 
radioiodine with metallic surfaces raise the level of complexity further:  metallic surfaces 
may release metal ions that could react catalytically with radiolysis products, and, more 
importantly, such surfaces could act as temporary or permanent radioiodine sinks.  This 
becomes a dominant concern when trying to control, monitor, or prevent airborne radioiodine 
movement.     

This paper will briefly summarize the successes that have been achieved by the 
international nuclear radioiodine chemistry community and then explore the challenges and 
opportunities that are now being explored.   
 
1. INTRODUCTION 

Iodine has been a long-standing concern in safety analysis because of its radiological 
significance, combined with its chemical and physical properties (particularly its volatility at 
low temperatures), its relative abundance in irradiated fuel, and the large fractional releases 
from fuel predicted for it during accidents.  The kinetics of key chemical and transport 
processes influencing iodine behaviour under accident conditions are rather complex, and 
have been the subject of extensive studies by the worldwide nuclear community for more 
than three decades.  In that time, and particularly over the past 10 years, these efforts have 
generated a large body of knowledge in diverse areas and have led to significant progress in our 
understanding of complex and sophisticated radiolysis-driven iodine chemistry and transport 
behaviour under potential reactor accident conditions.   

Much of the knowledge has been summarized in the status report on iodine chemistry 
prepared by a group of expert for the OECD [1], and previously by Klaussmann [2] and by 
Wren et al. [3].   These reports provide an overview of the important facets of iodine 
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chemistry1.  The topic of this paper is limited to a discussion of iodine behaviour in the 
containment building during the ‘chemistry’ phase of an accident scenario.  This is the period 
during which the chemical state of fission product radioiodine and the distribution of 
radioiodine species between the different phases are evolving rapidly towards a steady state 
under the influence of radiation. 

Models that describe, with some confidence, the chemistry of radioiodines and, in 
particular, the chemistry of those radioiodine species having a propensity to become airborne 
under appropriate conditions, have been developed and used to establish and prioritize key 
processes and phenomena under conditions of interest.  However, the international community 
has not yet agreed on a common approach to modeling the chemistry, and the development of an 
associated safety analysis tool with the capability of predicting iodine behaviour, with 
confidence, in a ‘real’ system.  This is evidenced by the spread in the results of exercises on 
iodine modeling sponsored by CSNI (International Standard Problems (ISP) 41 and 46).   

The ISP exercises do not reflect uncertainty in the accuracy or adequacy of the 
fundamental reaction chemistry data for iodine species, particularly in the aqueous phase.  
Rather the different results stem from the more difficult challenge of how to model the influence 
of the ‘real’ environment on the chemical evolution of the iodine.  Real here refers to non-ideal 
aqueous or gaseous chemistry in an actual containment building with minor chemical 
constituents (impurities) and surfaces (either fixed or particulate) that can play a role in the 
iodine chemistry.  Defining the real environment appropriately, and necessarily through some 
level of approximation, is not an easy task.  

As a result of our progress on the basic iodine chemistry, the focus of research can now 
shift to address the more challenging problem of predicting the influence of the minor chemical 
species and chemically reactive surfaces on radioiodine chemistry.  The importance of additional 
chemicals in water is the most evident through the reactions of organic compounds (coming 
from paints, solvents, etc.) with water radiolysis products and consequential impact of these 
reactions on radioiodine species in a solution.  Heterogeneous reactions of radioiodine with 
metallic surfaces raise the level of complexity further: metallic surfaces may release metal ions 
that could react catalytically with radiolysis products, and, more importantly, such surfaces 
could act as temporary or permanent radioiodine sinks.  This becomes a dominant concern when 
trying to control, monitor, or prevent airborne radioiodine movement. 

The challenge of developing our predictive chemistry tools to deal with more appropriate 
representations of the potential accident environment provides us with a mandate for focussing 
the next stage of international work.  A common focus is required because the wide range of 
potential reaction partners influencing iodine chemistry could be overwhelming and multiple, 
parallel attempts to develop simplifying approximations could lead a situation where 
disagreement between predictive tools becomes confused and difficult to disentangle.  A 
common agreement on the best route forward, the most important secondary chemical processes 
and the priority increments to our predictive tools offers the best opportunity to develop 
consistent and convergent predictive capabilities.  However, even within a common approach 
there should still be room for individual exploration of separate effects so that we, as a 
community, do not lose credibility by sustaining a critical approach to safety analysis tool 
development. 

                                                 
1 These reports provide extensive references, which will not be repeated in this paper. 
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Before addressing the particular initiatives that are being carried out to address this 
challenging situation, it is helpful to briefly review the status of the basic iodine chemistry 
knowledge. 

2. THE CURRENT STATE OF IODINE CHEMISTRY  

2.1 Background 

The impetus for developing predictive tools for modelling of radioiodine behaviour 
arose from the events that occurred during the accident at Three Mile Island Unit 2 (TMI-2).  
During that accident, that resulted in severe damage to the fuel in the core, an extremely 
small fraction of the core radioiodine was found airborne (and less released).  This was in 
sharp contrast to the licensing assumptions regarding the behaviour of radioiodine.  Based on 
limited detailed knowledge of accident progressions and limited qualified safety analysis 
tools, ‘conservative’ assumptions were made regarding radioiodine behaviour.  The US NRC 
TID 18444 established a set of licensing basis assumptions for an accident like that which 
occurred at TMI-2 [4].  These included: 

- 50% of the core inventory of iodine is instantaneously released to containment, 
- 50% of the iodine in containment is deposited onto surfaces rapidly, and 
- The distribution of iodine entering containment was considered to be: 91% I2, 

5% aerosol particulates, and 4% volatile organic iodides. 

The actual situation at TMI-2 showed that these early assumptions were incorrect and 
that reliance on them could lead to inappropriate safety design decisions and inappropriate 
emergency management plans and provisions.  The TMI-2 event triggered a large effort to 
understand the progression of beyond design basis accidents, a significant component of 
which was an effort to improve the understanding of iodine behaviour.  One result of that 
effort was the establishment in the United States of a new methodology for predicting source 
terms.  The new treatment was documented in US NUREG-1465 which updated the 
assumption for iodine speciation in containment as:  95% CsI, 5% I2, and 0.15% volatile 
organic iodides [5]. 

The recommendations of NUREG-1465 were based largely on research data available 
in 1990.  This treatment still contains substantial conservatism (e.g., assumption that 5% of 
the iodine is present at I2) and there is considerable opportunity to further improve source 
term predictions with a technically sound basis for treating the behaviour of iodine in an 
accident. 

2.2  Containment Iodine Chemistry and Transport  

 It is generally accepted that, under most accident conditions, iodine would be released 
from fuel and reactor core into the containment atmosphere primarily as water-soluble iodide 
salts such as CsI.  Thus, once released into containment, radioiodine would quickly dissolve 
as non-volatile I− in water originating from the discharged coolant and the operation of any 
spray or dousing systems.  However, in the presence of high radiation fields in a post-
accident containment, I– could be oxidized through radiolytic driven processes to form volatile 
molecular iodine (I2).  Molecular iodine in the aqueous phase would partition into the gas phase, 
be further oxidized to other non-volatile iodine oxides (such as IO3

−), or be reduced back to its 
original non-volatile I– state by thermal or radiolytic processes.  Iodine species in solution could 
also react with organic compounds present to form organic iodides, that could subsequently 
decompose to I– or, like I2, partition into the gas phase.  Finally, the deposition of both gaseous 
and aqueous iodine species on surfaces could alter the concentrations of iodine species or induce 
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surface-catalyzed transformations.  These processes are schematically shown in Figure 1.  The 
relative rates of these processes determine the gaseous iodine concentration, at any particular 
time, in containment following an accident. 

Water Radiolysis
H2O  •OH, eaq

–, H•, HO2•, H2, H2O2, H+

Water Radiolysis
H2O  •OH, eaq

–, H•, HO2•, H2, H2O2, H+

Iodine Released as CsI 
From Fuel / Fuel Channel

Into Containment

Iodine dissolved in waterIodine dissolved in water
+

Non-Volatile Iodine 
↔

++

Non-Volatile Iodine 
↔

Non-Volatile Iodine 
↔

in the gas phasein the gas phase

Public Dose

I−, I3 
−, HOI, IOx

− ↔

IxOy

Volatile IodineVolatile IodineVolatile Iodine

Volatile IodineVolatile Iodine

I2 ↔ RI

I2 ↔ RI

 

Figure 1:  Schematic of Iodine Chemistry and Transport in Containment   

 

The iodine system in the post-accident containment does not reach thermal 
equilibrium because reactive chemicals are continuously produced by radiolysis and the 
temperature in containment would be relatively low (<150oC).  Hence, chemical 
thermodynamic calculations are not sufficient to determine iodine speciation and the kinetics 
of individual reaction paths, not just the final stable chemical state, must be considered in 
predicting the volatile iodine fraction.  However, the dominant reactions may occur fast 
enough so that the system may reach steady state, which can simplify the modelling of iodine 
behaviour.   

Determination of the rates of all the chemical processes under the post-accident 
containment conditions is rather complicated.  The primary factors contributing to this 
complication are (a) the strong coupling between the chemistry in the aqueous and gas phases 
(homogeneous reactions), surface interactions (heterogeneous reactions) and mass transport, and 
(b) the complex chemistry, both in the homogenous phases and on surfaces, in the presence of 
highly ionizing radiation. 

The complex chemistry arises because under the post-accident conditions, iodine 
could exist in various oxidation states, ranging from −1 to +7 (such as I−, RI, I2, HOI, IO2

−, 
IO3

− and IO4
−, where RI represents organic iodide).  The chemical reactivities and transport 

properties of different species vary considerably (several orders of magnitude in rate 
constants), and only some of these iodine species (RI and I2) are volatile.  To determine 
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iodine volatility in containment, iodine speciation and transport as a function of time must be 
considered. 

An ionizing radiation environment in the post-accident containment will cause the 
decomposition of water to produce chemically reactive species: 

H2O → •OH, •H, eaq
−, H2, O2, •O2

−, •HO2, H2O2 (1) 

Because iodine would be present in containment water at a trace level, the conversion 
between non-volatile to volatile iodine species would occur mainly via reactions with water 
radiolysis products.  This complicates the iodine reaction kinetics, because the individual 
reactions of iodine species and radiolysis products, and the concentrations of all the radiolysis 
products as well as iodine species, need to be followed.  Thus, for example, for iodine 
species, (IOD)n:   
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where  is the rate constant for the reaction of iodine species l , (IOD) l  and water 
radiolysis product m, (RADP)

m
nPRODk l −

m to form (IOD)n;  is the decomposition rate constant of 
(IOD)

m
nDECk −

n by (RADP)m.  We must solve the coupled rate equations for all iodine species, and the 
more iodine oxidation states, the more coupled differential equations and, of course, this 
includes the thermal iodine reactions that are fast (e.g., iodine hydrolysis which converts I2 to 
non-volatile iodide and iodate). 

Water radiolysis products not only react with each other, but with other chemicals that 
may be present, in addition to iodine species.  Even in the absence of any impurities, the 
reaction kinetics of water radiolysis products is a complex problem, due to the large number 
of the relevant reactions: 
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where  is the rate constant for the production of water radiolysis product n, 
(RADP)

n
PRODRADk −

nDEC−

n, by absorption of  radiation, DR is the radiation absorption dose rate by water, and 
 is the decomposition rate constant of (RADP)m

RADk − n by other radiolysis product 
(RADP)m.   

Some dissolved impurities, such as organic compounds and trace metal ions will react 
rapidly with the radiolysis products.  This further increases the number of reactions to be 
included in the rate equations in order to keep track of the concentrations of water radiolysis 
products.  As well these radiolytic reactions of impurities can also affect the chemical 
environment (e.g., through changing the water pH).  For example, organic impurities react to 
form organic acids and finally to CO2.  This change in environment could alter the rate 
constant, k of other individual reactions that depend on the pH.  During the radiolytic 
decomposition, organic reaction intermediates may be particularly reactive with iodine 
species (mainly I2) leading to the formation of a range of organic iodides.  Because of the 
importance of the levels of impurities in rate determination, the sources of these impurities 
and their dissolution rates into the bulk water phase are additional factors to consider in 
evaluating iodine volatility under accident conditions.  The key aqueous chemical processes 
are summarized schematically in Figure 2. 
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Steam or water vapour in the gas phase would also absorb radiation and decompose, 
creating radiolysis products that can undergo similar reactions, although at much different 
rates, with each other, gaseous iodine species (I2 and organic iodides) and airborne 
contaminants (e.g., gaseous organic compounds) (Figure 3).  The radiolysis of humid air also 
generates ozone (O3) and NOx.  The formation of O3 could increase the conversion of I2 to 
non-volatile IxOy, whereas the formation of NOx could continuously introduce nitrate and 
nitrite ions into water elsewhere in containment.  The presence of nitrite and nitrate (i.e., as 
nitric acid) would not only lower the pH of this water but also would react with water 
radiolysis products semi-catalytically. 
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Figure 2: Schematics of Key Aqueous Processes 

 

Figure 3: Key Gas Phase Processes 
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T
speciation.  This makes it difficult to separate the effects of individual parameters 

through analysis of the data collected in a limited number of engineering-scale integrated-
effects tests.  Consider, for example, the role of temperature in such tests.  The rates of 
thermal reactions such as hydrolysis of I2 or organic iodides increase with temperature, thu
reducing I2 or RI production in the aqueous phase, but the partitioning of these volatile 
species into the gas phase also increases with temperature.  I , being an oxidizing species, 
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will react more easily with many surfaces than I−.  Their surface interactions also have 
different temperature dependences.  The net effect of temperature on iodine volatility is thu
not straightforward and iodine volatility could either increase or decrease with temperat
dependent not only of the factors considered above but also on other conditions such as the 
water pH and the types of surface present.   

In containment, both homogeneous (in only one phase, e.g. water) processes and 
heterogeneous (water-gas, gas-solid (or gas-

s 
ure, 

surface), and water-solid (or water-surface)) 
interfac

t 
This 

    

ade, particularly over the last 15 years since the 
cale integrated-effects radiation test facilities, such as 

the Rad

multi-

s 
es.  

 net 
me of these processes are 

depend
.  For 

ort of 
 

ine 
, such as LIRIC, INSPECT 

and ME ly 

f 
ars, the 

-

ial processes occur and are inter-dependent.  The homogeneous reactions are 
independent of the containment geometry and the makeup of the containment materials bu
the heterogeneous reactions could be strongly dependent on the containment design.  
makes it difficult to establish a simple scaling factor when considering experimental design. 

2.3 Larger Scale Tests and Models 

Significant progress has been m
results from intermediate engineering-s

ioiodine Test Facility at AECL Canada and the CAIMAN Facility at IRSN 
Cadarache, France, became available.  These facilities, having some control of test conditions 
and on-line measurements, have been used for systematic and parametric studies in 
component environments.  Integrated-effects tests carried out in these facilities have been 
valuable in establishing the relative importance of various chemical and transport processe
and prioritizing the supporting bench-scale R&D activities that examine individual process
They also have been instrumental in the interpretation of a much-larger scale PHEBUS-FP 
experiments.  The integrated-effects tests performed in the intermediate-scale and large-scale 
facilities have been crucial for developing and validating whole system models of iodine 
behaviour under post-accident containment conditions.   

Nevertheless, the results from the intermediate-scale test facilities only give us the
effects of many contributing phenomena or processes.  So

ent on the geometric scale of test facility.  Thus, the results from these tests are often 
difficult to interpret and cannot be directly applied to the real containment conditions
the same reason, the PHEBUS results cannot be directly applied to real containment 
conditions.  Hence, the international iodine community over the last decade or so has 
performed valuable focussed experiments and conducted modelling activities in supp
interpreting the results of the intermediate- and large, engineering-scale studies.  These
research activities at more fundamental levels have made, and will make, possible the 
development of iodine models with better predictive capabilities. 

The iodine models now available in different safety analysis codes describe iod
behaviour in varying degrees of sophistication.  Mechanistic codes

LCOR-I, attempt to model the whole set of radiochemical reactions and are general
used for detailed studies and interpretation of larger-scale tests. Simplified codes, such as 
IODE, IMPAIR, AIM and IMOD, model a reduced set of reactions and are generally 
incorporated in larger system-level codes.  The development and continual improvement o
these models over the last decade has been impressive.  Particularly, over the last 7 ye
international iodine community has collaborated in the improvement of the iodine models 
through OECD/CSNI sponsored ISP-41 and ISP-46 code comparison exercises.  The models 
and codes have been validated at varying degrees against separate-effect tests, intermediate
scale and integral experiments.  However, these benchmark exercises also demonstrated the 
contribution of many user-defined model parameters or input parameters that were not well 
defined in the tests. 
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The results from the relatively recent integrated effects tests have also revealed many
unexpected and syne

 
rgistic effects that were not previously recognized and emphasized the 

comple

oted above, there are a number of different ways in which additional complexity 
ng of iodine chemistry to better interpret large-scale tests 

 dissolved impurities and reactive surfaces is one of 
ey  which lacks quantitative understanding.  The type of 

dissolv

ow 
f these 

redox c 2+ 3+ + 2+ + 2+ n 

      

The rate constants of some of the forward reactions are reasonably well established.  
However, the reverse reactions are not easy to exa e arin

tions of 

heir difference in electrochemical potential.  Hence, the 
+ 2+

em 
s 

xity of underlying phenomena affecting iodine behaviour.  As a result there is a need 
to develop strategies to identify the most important processes and questions that need to be 
addressed. 

3. STEPS FORWARD 
 As n
may be introduced into the modelli
and predict iodine behaviour in practical situations.  The following sections outline areas 
which are judged to be particularly important and worth investigation over the next few 
years.  This includes a brief description of the research program that is planned to be carried 
out at the University of Western Ontario. 

3.1 The Role of Metal Ions  

Water radiolysis in the presence of
the k  areas in iodine modeling

ed impurities that is of particular interest is transition metal ions.  These will be 
present in at least trace quantities in water in contact with metal/metal oxide surfaces. 

The transition metal ions are important because they have redox couples that all
the ions to participate in both oxidizing and reducing reactions.  The most significant o

ouples are Fe /Fe , Cu /Cu , and Ni /Ni  (because of the parent metal presence i
structural materials).  Through regenerative reaction cycles, these couples can allow the metal 
ions to participate catalytically in reactions with important species in the water radiolysis 
system, e.g.,  

Fe2+  (+   •OH, H2O2, O2, etc)    Fe3+  (+  •H, eaq
−, •O2

−, H2, etc) (4) 

min  due to the difficulty in prep g Fe3+ 
solutions.  This makes it challenging to evaluate the ratio of the steady-state concentra
Fe2+ and Fe3+ and, hence, the overall impact of Fe2+/Fe3+ on the decomposition rates of the 
oxidizing and reducing species. 

 Different redox couples can be expected to have different impacts on the overall 
radiolysis chemistry because of t
effect of Cu /Cu  is expected to be greater due to lower redox potential of this couple, 
compared to that of Fe2+/Fe3+.  A program for investigating the effects of different metal 
species is necessary to develop a basis for understanding the behaviour of an aqueous syst
with a mixture of metal ions present, and also provide insight into which metal ion specie
has the greatest impact.  This will allow us to establish a methodology for inclusion of the 
metal ion reactions in our advanced radiolysis models without incurring the penalty of too 
much complexity.  An experimental program is planned to study the impact of the redox 
couples of iron, nickel and copper on water radiolysis behaviour in the presence of gamma-
radiation using controlled experiments in a gamma-irradiation cell and measurement of 
radiolysis products like H2.  The results will be used to establish the basis for inclusion of 
metal ion reactions in the basic water radiolysis model.  
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3.2 The Role of Heterogeneous Reactions with Submerged Metal/Metal Oxide Surfaces 

Submerged metal/metal oxide surfaces affect iodine chemistry through its synergistic 
interactions with water radiolysis products as well as with iodine species.   Metal surfaces 
could provide catalytic sites for heterogeneous reactions such as decomposition of H2O2, one 
of the more important stable water radiolysis products.   Most of metal/metal oxide surfaces 
also react readily with various aqueous iodine species to form metal iodides, that may or may 
be not soluble in water (depending on pH, temperature, etc.).  If they are soluble (e.g., FeI2), 
then the reaction to form an iodide could act catalytically to transfer metal ions into solution 
and thereby affect the dissolution rate.  If the metal iodide is insoluble (e.g., AgI) then the 
surface reaction could reduce iodine volatility by acting as potential iodine getter for the post-
accident management.  The metal/metal oxides of main interest include carbon steel and 
stainless steel (structural materials) and silver (either as a deliberate iodine getter or present 
from control rods (for some reactor designs).  Understanding the influence of steel surfaces 
on iodine behaviour is important not only because they would be present in a containment, 
but also because these surfaces have been used in essentially all the large-scale iodine studies, 
such as in the RTF and PHEBUS FP0 and FP1 tests.   

An important factor influencing the rates of reactions of aqueous iodine species is the 
nature of the oxide layer present on all structural metals.  At the UWO an experimental program 
is planned to study the reaction of carbon steel, stainless steel and Zn with H2O2 in both the 
absence and presence of γ-radiation, and to then further examine the effect of that the additional 
presence of iodine has on the kinetics of the oxidation of metal surfaces the dissolution of the 
corrosion products.  Different oxides with different chemical and physical properties, e.g., 
thickness, composition, crystallinity will be prepared thermally and electrochemically.  The 
changes in surface properties will be studied using various electrochemical and surface 
analytical techniques.  

3.3 The Role of Organic Surfaces 

A second class of heterogeneous reactions can occur on submerged organic surfaces 
(such as paints).  In intermediate- and large scale-tests organic surfaces have been the sources 
of the organic impurities in the aqueous phase and it has been difficult to unequivocally 
separate the role that homogeneous and heterogeneous organic reactions have played in 
generating the organic iodides that have been observed.  Improved prediction of iodine 
volatility depends on understanding the dominant mechanism active in the intermediate- and 
large-scale tests and using this to model the dominant mechanism under post-accident 
containment conditions.  Although there is some data available on the production of organic 
iodides from painted surfaces, a systematic study is warranted to better understand the 
competing processes.  The role of organic surfaces is being addressed in various laboratories, 
including AECL in Canada and through EPICUR program at IRSN in France.    

3.4 Effects of Humid Air Radiolysis 

In the presence of radiation, gaseous I2 could react with the radiolysis products of 
humid air to form solid non-volatile iodine oxides (e.g., I2O5, I4O9 = IxOy), which would 
dissolve in bulk water as non-volatile iodate (IO3

−) and periodate (IO4
−) ions: 

     N2, O2, H2O in air •OH, HO2•, •O, O3, e−, etc    β, γ 
 I2  +  •OH, HO2•, •O, O3, e−, etc   →   IxOy, HIO3, HIO4 in humid air    

→ H+ + IO3
− or IO4

− in water 
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These processes could lower the effective iodine volatility.  This conversion of gaseous 
iodine species by air radiolysis products is reasonably well understood and quantified in the 
absence of other impurities or reactive surfaces.  However, analyses of various intermediate-
scale tests performed in the RTF, CAIMAN and PHEBUS indicate that the level of iodine 
oxide formation would be much lower in containment than those observed in the laboratory-
scale tests performed in clean environments.   

 The challenge in predicting iodine oxide formation under the post-accident 
containment conditions is in determining the concentrations of the air radiolysis products in 
the presence of reactive containment walls and aerosols.  Air radiolysis is responsible for 
both iodine oxide formation, the decomposition of organic iodides in the gas phase and nitric 
acid/nitrate formation.  The latter is an important process to be considered in the aqueous 
iodine behaviour as discussed earlier (Figure 3).  Unsurprisingly nitric acid and ozone 
formation rates in air radiolysis have been observed to decrease considerably in the present of 
reactive surfaces.  However, the quantitative effect of surfaces is not well known.  This 
deficiency will be addressed by the work of the PARIS project.  

3.6 Gaseous Iodine Sorption on Surfaces 

 Molecular iodine, I2, is a notoriously ‘sticky’ molecule with an affinity for surfaces.  
There are many different types of surfaces in containment, including stainless and carbon 
steel, aluminium, organic-based painted surfaces, bare concrete, zinc-primer coated surfaces 
and plastics.  The temperature and relative humidity dependence of the rate of adsorption of 
gaseous iodine varies considerably from surface to surface.  Combined with the difficulty in 
accurately establishing the mass transport conditions in intermediate and large-scale tests, the 
uncertainty in the gaseous iodine adsorption rates on containment surfaces have contributed 
significantly to the spread in the results observed during ISP 41 exercises. 

One aspect of iodine adsorption, that on metal/metal oxide surfaces, will be 
investigated at UWO in collaboration with AECL.  The experiments will involve in-situ 
measurements of adsorption under fast flow conditions using radioiodine as a tracer and non-
tracer studies using the surface analyses techniques (e.g., in-situ XPS, SEM/EDX).  The 
studies will examine the effects of reaction conditions (humidity, temperature, 
concentrations, etc.) and the type of metal/metal oxide (n-type and p-type) on the anion 
incorporation process in the oxide layer and the rate of corrosion (additional oxide 
formation).  The experimental studies will be accompanied by chemical kinetics and mass-
transport model analyses, using FACSIMILE and FEMLAB. 

3.7 Integrated Effects Tests 

The above list of topics for further investigation involves probing the reaction processes 
at fundamental levels in order to better interpret large-scale tests and extend the validity for 
iodine models.  As our understanding of the fundamental processes improves, our ranking of the 
relative importance of various chemical and transport processes may change.  It is thus 
important to maintain the integrated-effects test capability, so that we can continue to develop 
and validate whole system models of iodine behaviour under post-accident containment 
conditions.  From this perspective, intermediate-scale integrated-effects test facilities, such as the 
CAIMAN facility, France and the ThAI facility in Germany, that can examine combinations of 
sub-sets of multi-component environments, but with good control of test conditions and on-line 
measurements for systematic and parametric studies, will be very useful.   
 
4. CONCLUSION 
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We have made great strides from the early days of predicting radioiodine behaviour 
under accident conditions through the concerted research and development efforts of the 
international community.  As a result, we have good basic models for use in predicting iodine 
chemistry under accident conditions.  The focus of research can now shift to addressing the 
greater challenge of adding to the basic models the roles that additional chemical species and 
chemically reactive surfaces can play in influencing radioiodine chemistry.  The development 
of these more sophisticated models will allow us to improve our capabilities to address more 
complex environments and thereby provide assurance that no major chemical process has 
been overlooked that could significantly invalidate the overall predictions of volatile iodine 
releases. 

Several key additions to the current radioiodine models have been identified, 
including the role that metal ion redox couples can play in catalyzing reactions of water 
radiolysis products and the ability of metal surfaces to act as radioiodine ‘sinks’.  
Experimental programs to address these and other areas for model improvement have been 
initiated.  Through these programs and related studies, and the valuable results of future 
large-scale tests we can anticipate success in further enhancing our understanding of 
radioiodine chemistry. 
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SUMMARY 

The SARNET Source Term topic harmonises the efforts of twenty-two European 
organizations in the study of eighteen safety-related phenomena which may occur in a light 
water reactor severe accident, as identified in the EURSAFE PIRT.  These are grouped into 
four areas: 
• effect of air ingress: under such conditions, the fuel and its fission products (FPs) may 

oxidise. Some (especially the very radio-toxic ruthenium) may form highly volatile oxide 
species which may be released to the environment; 

• iodine volatility in the Reactor Coolant System (RCS) : the impact of high temperature on 
FP behaviour is investigated to improve the predictability of iodine species exiting the 
RCS; 

• aerosol behaviour: the main objective is to quantify the source term following steam 
generator tube rupture, which leads to containment by-pass; aerosol leakages through 
containment concrete wall cracks, interaction of deposited aerosols with the RCS 
substrate and revaporisation phenomena are also studied. 

• iodine behaviour in-containment: to improve the predictability of the various chemical 
and physical processes which control the iodine behaviour in both the gas and water 
phases. 

 
All these phenomena are being studied through experimental programmes, assessment 

of the data, and model review/improvements based on the requirements of the ASTEC code. 
An overview of the status of these activities is presented. 

A. INTRODUCTION 

The Source Term area was identified in the EURSAFE project (Ref. [1]), as one of high 
relevance for safety of present nuclear power plants (NPPs). Besides, assessment of the 
source term takes on additional importance for future NPPs, as most European Safety 
authorities require that severe accidents be considered in the design of future power plants.  
The topic has been split into four areas: fission product release under oxidizing environments 
(air ingress scenarios), iodine volatility in the Reactor Coolant System (RCS), aerosol 
behaviour in risk-significant scenarios and iodine chemistry in the containment. Twenty-two 
organisations are involved in the Source Term investigation. 

A.1. Fission product release under oxidizing environment 
The main objective here is a better evaluation of the consequences of air ingress on the 

source term, in particular that associated with Ru under SA oxidising conditions/air ingress 
for High Burn Up (HBU) and MOX fuel.  The impact of oxidising environment on the fuel 
and on FP release is being studied through different experimental programmes, including 
separate-effects experiments to examine the behaviour of fuel rods and especially the release 
and transport of ruthenium (Ru) species under various oxidizing atmospheres (such as 
RUSET, VERDON and VTT speciation tests). On the theoretical side, reactor scenario 
studies help definition of test conditions in separate-effect experiments, and models for fuel 
oxidation and Ru release are being developed. 
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A.2. High temperature chemistry 
The aim is to improve the predictability of iodine species exiting the RCS to provide the 

best estimate of the source into the containment. The impact of high temperature behaviour of 
fission products, especially iodine, in the Reactor Coolant System (RCS), will be addressed. 
Associated programme activities include experimental and theoretical work: separate-effect 
experiments to examine the species formed in the gas phase above the core in the RCS (such 
as VERCORS and the future CHIP facility), analysis of fission products and aerosol transport 
and speciation in the integral test Phébus FPT2, and analysis of control rod material release 
and modelling proposals. 

A.3. Aerosol behaviour in risk-dominant scenarios 
The main objective is to quantify the source term and particularly in the case of steam 

generator tube ruptures (by-pass sequence) and cracked containments.  Experimental work 
consists of separate-effect tests on aerosol trapping in the steam generator secondary side 
(ARTIST, PSAERO, PECA/SGTR, HORIZON, RADSOL …) and of tests on fission product 
reaction with the substrate and revaporisation with simulants and/or samples from integral 
experiments (REVAP). Additionally, models are being developed for aerosol behaviour 
through complex structures and containment cracks, and some experiments (besides previous 
programs like MAEVA and SIMIBE) could be carried out within SARNET to help formulate 
and assess this treatment. 

A.4. Iodine chemistry in the containment 
The main aim here is to improve the predictability of the various chemical and physical 

processes which control the iodine behaviour and speciation both in the gas phase and in the 
water phase inside the containment.  Containment chemistry impact on the source term is still 
an open issue. Various phenomena affecting the iodine chemistry in these phases 
(adsorption/RI formation/radiolytic destruction/effect of containment thermal hydraulics 
(steam condensation or sump evaporation)/effects of paints/AgI formation) have and are 
being experimentally investigated in separate-effect tests (PARIS, EPICUR, SISYPHE…). 
Related interpretation will be carried out, as well as interpretation of iodine behaviour in the 
containment of PHEBUS FPT2. An Iodine Data Manual that aims to provide a critical review 
of the data used in the development and validation of iodine chemistry models is being 
prepared. 

B.  WORK PROGRAMME 

 The work programme is divided into three main areas for each of the four work 
packages mentioned above: review and selection of available experiments, synthesis of 
analysis and interpretation from these experiments, and synthesis of and proposals of models 
for the ASTEC severe accident analysis code (Ref. [2]), which is being developed within 
SARNET and which aims to be the European reference code for such applications. In some 
cases, plant calculations are being used to help define conditions for experiments.  
Cooperation is maintained with the topical area dealing with corium issues (in-core molten 
fuel evolution, ex-vessel corium-concrete interaction, etc.) given the close relationship 
between core degradation and fission product release phenomena. For now, this particularly 
concerns oxidation of Zircaloy in air.  A programme for storing experimental data in the 
DATANET database is being implemented, and an advanced communication tool (ACT) is 
actively used to store summaries of experiments, interpretations of data, and model 
descriptions, as well as a library of technical and administrative reports and minutes of 
meetings, which are available to all members of the work packages concerned.  The formation 
of technical circles in each of the work areas has been a particularly effective way of fostering 
collaboration and bringing experimenters and modellers closer together.  Concerning external 
collaboration, efforts are being made to develop relationships with such programmes as ISTC, 
ISTP and the proposed Iodine Centre of Excellence based in Canada.  For the first of these, 
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the Source Term area will review ISTC proposals that are of technical relevance, while the 
Source Term area will cooperate with the ISTP programme, many of whose experiments are 
already included in its area, and participate in the evolving relationship with the PHEBUS-FP 
programme. 

C.  MAIN ACHIEVEMENTS 

This section summarises the achievements attained during the first year of SARNET 
according to the research areas presented above. The status is presented in Table I and Table 
II for the first two and last two areas listed below, respectively. 

C.1. Fission Product Release under Oxidizing Environment 
Experimental data on FP release from irradiated fuel under very oxidizing conditions 

mainly originate from AECL, but much of this information is not published. A review of 
available material has been prepared. 

 
Three facilities are involved in the ongoing and/or upcoming experimental work: 

RUSET (AEKI), VERDON (CEA) and Ru speciation (VTT). The RUSET programme is 
being run by AEKI to quantify the retention of FPs within the fuel pellet. These tests are 
known to be affected by drawbacks, some of which will be overcome by the experimental 
programme to be carried out in the VERDON facility. In the Ru-VTT series, several tests 
have been executed on speciation and transport of ruthenium oxides in the hypothetical case 
of refuelling accidents, see Figure 1. 
 

 
Figure 1: Schematics of VTT experimental set-up in Ru experiments 

 
The major observed trend in the AECL experiments was that there exists an incubation 

period dependent on temperature after which Ru release starts, and that the release is then fast 
(1%/min at 1400 K; 10%/min at 1800 K). During the incubation period volatile FP release is 
significant. The interpretation is that the clad then the fuel must be fully oxidised, after which 
ruthenium oxides govern the release. This is supported by results obtained with simulants 
from RUSET tests, where it was observed that Ru release was delayed by the oxidation of 
Zircaloy cladding. The latter experiments have also pointed out that RuO4 chemical 
interactions with structural materials could affect the release of Ru in the gas phase. 

 
In the VTT Ruthenium facility under the conditions tested, the transport of ruthenium in 

the circuit was investigated, ruthenium vapours being generated upstream in a furnace and 
then carried away by different carrier gases composition and flows. In the furnace area, it 
seems that ruthenium was released primarily as RuO3 (~95%) and secondarily as RuO4 
(~5%). Most of the released ruthenium (65-88%) was deposited into the piping as RuO2.  
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 PRE-SARNET 
 SAFETY ASPECTS SCIENTIFIC ASPECTS 
FP release under 
highly oxidizing 
conditions 

FP release from the reactor 
vessel under to air ingress 
not considered, neither in 
Probabilistic Safety 
Assessments, nor in Source 
Term Evaluation, nor in 
crisis management tools. 

- Experimental data available, 
but not covering all conditions 
of interest. 
- Confidentiality applies to 
some of those data. 

No model 

Vapour phase 
phenomena 
during circuit 
transport: gas 
phase chemistry 

Huge uncertainties 
associated with the gaseous 
inventory and speciation of 
iodine exiting the RCS to 
the containment, 
particularly for hot leg 
break accidents. 
Consideration in Source 
Term Evaluation and in 
crisis tools only based on 
the few Phebus data.  

- Few experimental data 
available: only Phebus ones. 
- Questions apply to these data. 
- Major needs set out: conduct 
of experiments under carefully 
defined conditions; assessment 
of equilibrium thermodynamic 
data. 

- Gas phase chemistry 
equilibrium model available 
(based on thermodynamic 
data) but not satisfactorily 
assessed. 
- No model for kinetic 
chemistry 

Release of 
structural 
materials from 
silver-indium 
cadmium control 
rods 

No direct safety concern 
but an important indirect 
concern as these absorber 
elements play a significant 
role in iodine chemistry. 
Linked to previous iodine 
items.  

- Experimental data available. 
- Major needs set out: conduct 
of experiments under carefully 
defined conditions; assessment 
of equilibrium thermodynamic 
data. 

Some models available, but 
not satisfactory (poor model 
coupling between 
degradation and release 
processes. 

 PRESENT STATUS 
 SAFETY ASPECTS SCIENTIFIC ASPECTS 
FP release under 
highly oxidizing 
conditions 

No change - Quantitative data being 
obtained with non-irradiated 
samples from RUSET, VTT. 
- Definition of prototypical test 
conditions with irradiated 
sample (VERDON). 

Several model developments 
underway. 

Vapour phase 
phenomena 
during circuit 
transport: gas 
phase chemistry 

No change - Test conditions for new SET 
experiment (CHIP) under 
discussion. 
- Release data on FP deposits 
in controlled TGTs (FPT2 and 
VERCORS HT tests). 

- Analysis of new data: 
VERCORS and recently 
released Phebus data (FPT2 
TGT measurements) and 
discussion on thermodynamic 
data initiated. 
 

Release of 
structural 
materials from 
silver-indium 
cadmium control 
rods 

No change - Data on SIC degradation 
released (EMAIC tests). 
 

- Reporting on model 
improvements in MAAP, 
ATHLET and ASTEC codes. 
 

 
Table I: Summary of status in the Fission Product areas 
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Depending on experimental conditions, 11-35% of the released ruthenium was 
transported through the facility as RuO2 aerosol particles. The fraction of gaseous ruthenium 
reaching the bubbler (i.e. reaching the circuit exit) in dry atmosphere with stainless steel tube 
was 0.1 – 0.2% of the released amount. In an atmosphere containing water vapour or with an 
alumina tube the fraction of gaseous ruthenium in the bubbler was increased to 5% of the 
release. It was concluded that water vapour likely suppresses decomposition of RuO4 on 
stainless steel. This result is of major importance for source term as it shows that depending 
on conditions, some ruthenium may reach the containment under a stable volatile form. 

 
The conditions in future experiments (i.e. VERDON) are being worked out by pre-test 

calculations. Through 3D simulations it has been estimated that the upper limit of air ingress 
following a lower head vessel failure due to core melting is 20 mol/s. ICARE/CATHARE 
calculations have indicated that temperatures as high as 2000 K could persist in the core area 
after the ex-vessel molten core slump and that core degradation could restart due to the 
presence of an air flow. All these studies agree in emphasizing the importance of modelling 
the oxidation of UO2 for a good prediction of Ru release. 

C.2. High Temperature Chemistry 
The main experiments considered are the ongoing PHEBUS-FP series (IRSN), the 

completed VERCORS HT (CEA) and EMAIC (CEA) programmes, and the future CHIP 
programme (IRSN). 

 
PHEBUS-FP is providing FP release data under conditions close to those in a reactor 

severe accident. Data from FPT0, FPT1 and FPT2 give insights into the effect of control rod 
materials (Ag-In-Cd and H3BO3) on fission product release and transport under different 
conditions. In particular, the FPT2 test addressed reducing environments. The three tests 
performed in VERCORS HT as well as the EMAIC experiments (conducted to study PWR 
control rod degradation), completed those data by studying in a small scale set-up various FP 
release conditions (from pure steam to pure hydrogen) in the presence/absence of control rod 
materials.  Ongoing FPT2 interpretation analysis is pointing out the significance of chemical 
speciation of vapours for the in-containment source term. Examples are the high impact of 
Mo on Rb and Cs transport and that of Cd on I. Contrarily, the impact of B appears to be 
minor. If standard (i.e., unmodified) modelling can reproduce the measured global retentions 
for Cs, I, Te and Mo, none of these can reproduce iodine volatile forms which would have 
been discharged from  the FPT1 Phebus circuit into the containment. 

 
IRSN have provided an overall interpretation of iodine chemistry in the circuit. Under 

reducing conditions, and without absorber material, iodine chemistry seems relatively 
straightforward, the iodine being transported predominantly as caesium (and rubidium) 
iodide. In oxidizing conditions the picture is more complicated since Cs take-up in forms 
other than CsI impacts on iodine chemistry. Hence, iodine can either still be principally CsI or 
tends to form other metal iodides such as with control rod materials or, if these are not 
present, conditions become conducive to HI formation. This can be summarised as follows: 
• At hot-leg break temperatures, hydrogen iodide and metal iodides would all be significant 

species whatever the steam-hydrogen mixture or absorber content. 
• At cold-leg break temperatures, the ratio of hydrogen iodide to metal iodides increases for 

steam-rich mixtures if control-metal release is low. In other words, more hydrogen and 
more control rod metals appear to lead to lower-volatility iodine species, viz. metal 
iodides. 

 
These observations have however to be confirmed and more analysis is needed. 
 
The CHIP programme will provide kinetic and thermodynamic data on iodine transport 

to RCS breaks under reactor accident conditions. Two sets of tests are planned (analytical and 
phenomenological), whose conceptual bases are sketched in Figure 2. 



6/12 
 

Session 5. Source Term topics – Paper n°2 

The first European Review Meeting on Severe Accident Research (ERMSAR-2005) 
Aix-en-Provence, France, 14-16 November 2005 

 

Vaporisation cell 
(P1, T1) 

Reactor
(P2, T2) 

Molecular jet
flowLaminar or 

transitory flow

Chemical
quenching

Oven 1: 1900 K Oven 2: T under study

Ionisation and mass
spectrometry analysis

Sampling 
cone

Pumping system
primary secondary
(0,1 mbar)     (10-5 mbar)

Ternary pumping 
system

 
 
 

Oven 1900 K

Nebulisation or
vaporisation of reactants

I, Cs, Rb, Mo, Te, Ag, In, Cd, Mo, Sn, B …

Aerosol filters

Trapping of volatile iodine
species in series of bubble traps 

Sampling zones for post-test 
analyses (AA or ICPMS)

1300-1000K            400K

Carrier gas
H2O/H2/O2

 
Figure 2: Sketch of CHIP programme conceptual bases 

 
Modelling of control rod material release has started and the experimental data base is 

being reviewed. Silver/Indium/Cadmium (SIC) release is a function of: the temperature, the 
control rod degradation state, the oxidation potential of the surrounding fluid, the thermal 
hydraulic conditions, and the relative remaining amount of each element. The dominant 
mechanism is evaporation from a melt pool contained within the control rod stub, following 
gross control rod failure. Low-level release before this may be explained by release of vapour 
through the small hole formed on initial rupture of the cladding at lower temperatures. 
Relocation of control rod material to lower parts of the core limits overall release. Late-phase 
degradation leads to loss of a well-defined geometry and a greater variation of the release. 
Coolant chemistry seems important for In, less so for Cd and especially Ag; the fact that the 
atmosphere near the molten control rod material may be more reducing than the main gas 
stream, due to imperfect mixing, needs to be considered. Modelling improvements are 
generally needed; some specific aspects that should be accounted for are the chemical form of 
species in the release, the effects of the cladding ballooning as well as the formation of oxide 
on the cladding rupture, and the vaporisation of Cd before the cladding rupture. 
Improvements in understanding are expected from the analysis of the upcoming FPT2 
experimental results. 

C.3. Aerosol behaviour in risk-dominant scenarios 
Three different scenarios are being addressed: steam generator tube rupture (SGTR) 

sequences, revolatilisation from RCS deposits and transport of aerosols through containment 
cracks, see Table II. 

 
Several facilities have been involved in investigating aspects of the aerosol retention 

within the steam generator under SGTR conditions: PSAERO/HORIZON (FORTUM), 
PECA/SGTR (CIEMAT) and ARTIST (PSI). The ARTIST facility is the most representative 
one for vertical steam generators, see Figure 3. 

 

Analytical 
Tests 

Phenomenological
Tests
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 PRE-SARNET 
 SAFETY ASPECTS SCIENTIFIC ASPECTS 
Aerosol 
deposition in 
containment 
cracks 

Particles treated as gases 
escaping through cracks (no 
retention at all) in 
Probabilistic Safety Studies.

Few data available, of 
questionable representativity 

No model 

Aerosol retention 
in SGTR 
sequences 

Particle retention given 
little or no credit in 
Probabilistic Safety 
Assessments 

Few data available  
(EU-SGTR project) 

Initial steps in modelling 

Revaporization 
from RCS 

Not considered in 
Probabilistic Safety 
Assessments 

Little quantitative information 
available (PHEBUS-FP 

project) 

No model 

Iodine chemistry 
in the 
containment1 

Huge uncertainties 
associated with the gaseous 
inventory and speciation of 
iodine. 
No consideration in 
Probabilistic Safety Studies 

- Experimental data available. 
- Confidentiality applies to 
some of those data. 
- Major needs set out: analyses 
of existing data; release of 
already existing data; and 
conduction of experiments 
under carefully defined 
conditions. 

Models to be improved 
and/or developed in some 
areas: 
- Mass transfer 
- Organic iodides 
- Silver iodide 
- Adsorption/desorption from 
surfaces 

 PRESENT STATUS 
 SAFETY ASPECTS SCIENTIFIC ASPECTS 
Aerosol 
deposition in 
containment 
cracks 

No change - Survey of suitable facilities 
available. 
- Definition of prototypical test 
conditions. 

Several model developments 
underway 

Aerosol retention 
in SGTR 
sequences 

No change - EU-SGTR data made 
available. 
- Interpretation of available 
data underway by 3D fluid 
dynamic analysis. 
- Qualitative information 
provided on achievements of 
the international ARTIST 
project. 

Reporting on several 
developments ongoing under 

the ARTIST project frame 

Revaporization 
from RCS 

No change - Quantitative data being 
obtained with samples from 
PHEBUS-FP deposits. 

No model 

Iodine chemistry 
in the 
containment1 

No change - Data on mass transfer 
released (SISYPHE tests). 
- Tests conditions for organic 
iodide studies under discussion 
(EPICUR tests). 
- Release data on atmosphere 
irradiation effects (PARIS 
tests) under discussion. 

- Reporting on model 
improvements in IMPAIR 
and IODE codes. 
- Analysis of data and 
discussion on mass transfer 
modelling initiated. 
- Review by AEAT started. 

 
1 This workpackage is expected to be split into specific circles during the second year of the project 
 
Table II: Summary of status in the Aerosol Physics and Containment Chemistry areas 
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Figure 3: Sketch of the ARTIST facility 
 
The revolatilisation experiments are being performed in the small-scale REVAP facility 

(JRC/ITU) where samples from the PHEBUS experiments are being tested under different 
conditions. The REVAP tests show that the extent of Cs revaporisation is very high (approx. 
95%) on flat metallic substrates.  During slow ramping under flowing steam it commences at 
550°C and is rapid until 750°C; it continues to 1000°C but it is practically finished by then. 
Radiotracer testing has confirmed that CsOH deposits on stainless steel have the same 
behaviour as that of the Phebus FPT1 deposits. 

 
Concerning aerosol retention in cracks, the facility involved is MAEVA (IRSN/EdF), 

which investigates crack progression in containment concrete walls. The mock-up is a 
cylinder of 16m diameter and 5m height, with a pre-stressed concrete wall of 1.2m thickness, 
made of the same High Performance Concrete used in the Civeaux containment. A supporting 
small-scale facility is also being operated to get insights into aerosol penetration through 
well-characterised cracks in walls of a few centimetres thickness. The preliminary results 
showed that 4 µm particles were totally retained, whereas partial retention was measured for 1 
µm aerosols. The observed deposition was mainly driven by diffusion, sedimentation and 
impaction at the crack inlet. The enhancing deposition effect of the presence of steam as well 
as the crack retention effectiveness for submicron particles (0.1 µm) are considered major 
issues to be explored experimentally. 

 
The PSAERO/HORIZON tests have shown that resuspension plays an important role in 

aerosol retention within horizontal tubes and that sudden velocity changes enhance 
resuspension. The PECA/SGTR experiments showed that in the break stage, under all the 
conditions tested, the mass retained was less than 20% of that injected. Also, it was found that 
for flow rates above 100 kg/h, the higher the gas velocity, the lower the total mass depleted on 
tube surfaces, but at lower flow rates this trend is not maintained. These results were 
consistent with the small decontamination factors (DFs) measured under similar conditions 
(dry secondary side) in ARTIST. The decontamination capability of flooded bundles was 
even three orders of magnitude higher. 
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Modelling of aerosol retention in the break stage is underway based on the filter 
concept (the ARISG platform), see Figure 4. It is considered that the structure and major 
hypotheses could be kept in upcoming versions. Presently, inertial impaction and turbulent 
deposition are accounted for, but it is foreseen to extend it to other processes such as 
resuspension. Another approach of a more generic scope (complex structures) has been 
implemented in ASTEC (in the SOPHAEROS module) and is presently being tested. It is a 
semi-empirical, global approach that considers the main phenomena occurring in the complex 
structures, and it is based on the notion of enhanced turbulence induced there. 

 

Figure 4: Sketch of the ARISG platform 
 
Concerning aerosol deposition in cracks, several model developments is presently 

underway by different partners. The most advanced tool relies on a Lagrangian particle 
approach and it produces a global decontamination factor. At present, it is being compared 
with the Eulerian approach implemented in the ECART code. 

C.4. Iodine chemistry in the containment 
The experimental facilities involved are: PHEBUS FP (IRSN), CAIMAN (CEA), 

SISYPHE (IRSN), the Chalmers facility (Chalmers University), PARIS (Framatome-ANP) 
and EPICUR (IRSN). In Figure 5 a scheme and a picture of the CAIMAN facility are given. 

 

 
 

Figure 5: Sketch and picture of the CAIMAN facility. 
 
Particular attention is being given to the interpretation of some PHEBUS observations: 
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• Similar amounts of gaseous iodine were measured in the containment during the early 
stages of FPT2 and FPT1. The very different sump conditions rule out radiolytic oxidation 
in the sump as the source. If the gaseous iodine were produced in the circuit, or by rapid 
decomposition of unstable iodide aerosols on entering the containment, this would imply 
that the chemical composition of the iodine passing through the circuit is practically 
identical in both tests, despite the differences in circuit conditions. Another possible 
explanation, the radiolytic oxidation of iodide aerosol dissolved in water droplets on the 
condenser, would be less sensitive to the chemical form of the iodide aerosol, but the 
uncertainties in the boundary conditions make it impossible to conclude on the importance 
of this mechanism.  

• Iodine was present mainly in a soluble form in the FPT2 sump, and not as insoluble AgI 
as in FPT0/1. This behaviour could be explained by thermal or radiolytic reduction of AgI 
in the sump.  Decomposition is favoured under the high pH, high temperature conditions 
of the FPT2 sump. Other possible explanations could be linked to the lower Ag to I ratio 
in this test, or to less favourable conditions for silver oxide formation which would be 
necessary for AgI formation under alkaline conditions. 

• It is interesting to note that, even though the sump chemistry and iodine speciation are 
very different in the tests, iodine is anyway effectively retained in the sump. 

• Iodine was released from the containment walls during the aerosol and chemistry phase in 
FPT2. A suggested mechanism for the wall release is decomposition of iodide aerosols 
such as CdI2 or InI, releasing I2. The stability of these compounds under containment 
conditions depends on the relative rates of various reactions and cannot be assessed by 
thermodynamic calculations.  

 
The CAIMAN programme gave rise several interesting results: in the presence of 

paints, irradiation and high temperature, the organic iodide can be the dominant form of 
volatile iodine; in alkaline conditions, gas concentrations decrease by several orders of 
magnitude; the rate of adsorption of I2 onto paint in the gaseous phase is about 10-3 m/s in 
CAIMAN conditions (and almost irreversible), while it is 100 times less for stainless steel 
(with large desorption) ; a similar rate of adsorption of I2 onto paint in the aqueous phase was 
found, while no iodide ions were trapped; the nature of mass transfer regime between sump 
and gas influences steady-state iodine gas concentrations (evaporation flow rate is a key 
parameter). This last phenomenon has been specifically addressed in SISYPHE. 

 
SISYPHE tests showed that evaporation speeds up mass transfer kinetics from the sump 

to the gas phase and decreases the equilibrium concentrations within the sump. This 
observation has been encapsulated in a two-film modelling that can interpret the mass transfer 
experiments performed in natural convection without evaporation but for evaporating 
conditions it is no longer valid. Correlations have been implemented in ASTEC (the IODE 
module) for the calculation of individual mass transfer coefficients, and a specific model was 
developed for evaporating conditions. 

 
The two-film theory models have been proved to be capable of simulating I2 and CH3I 

mass transfer between sump and atmosphere under no phase change conditions. If 
evaporation takes place, a heat-mass transfer analogy model is proposed. SISYPHE 
experiments are particularly suitable to assess this model. 

 
Most models of I2 adsorption/desorption in codes are based on the Langmuir isotherm. 

The user must supply the adsorption/desorption coefficients in the input deck. A peer review 
of these models indicates that this approach does have substantial drawbacks and they show 
noticeable inconsistencies when compared to data. In short, a model that describes all the 
important phenomena that were identified in I2 deposition and resuspension experiments on 
steel surfaces does not exist at present. This lack impairs the predictability of iodine 
behaviour in the containment. 
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The existing models for interaction of silver and iodine consider the reactions of silver 
with I2 and I- in the sump. All of the models consider that the interaction Ag/I- goes through 
previous oxidation of silver and they all are very sensitive to the amount of oxidised silver 
ready to react. The major weakness is the uncertainty in the initial conditions for the 
reactions, particularly those related to silver (i.e., amount and oxidised fraction). The OrgI 
formation models are based on a simultaneous consideration of thermal and radiolytic 
mechanisms both in gas and liquid phase. There exist, however, discrepancies in the aqueous 
modelling (essentially concerning the organic sources) among different codes. Data from the 
EPICUR programme will be suitable for validation of these models. 

 
The effect of radiation on the nature of containment atmosphere and the effect of 

metallic impurities in the sump have been investigated in the PARIS and Chalmers 
experimental programmes, respectively. 

 
AEA Technology has started the compilation of an Iodine Data Book which aims to 

provide a critical review of the data used in the development and validation of iodine 
chemistry models. The first part, covering aqueous inorganic iodine radiation chemistry, was 
produced in the first year of the project. 

D.  DISSEMINATION AND EXPLOITATION OF THE RESULTS 

The main medium for dissemination of results so far has been publication of papers in 
conferences; in future open publication in journals is foreseen.  A summary of progress in the 
Source Term area has been presented at the Nuclear Energy for New Europe, September 2005 
(Ref. [3]), along with technical papers on ruthenium transport (Ref. [4]) and aerosol retention 
in cracks (Ref. [5]). 

E.  CONCLUSIONS  

The Source Term area has made a successful start, with good cooperation being established 
amongst various partners concerning experimental design, interpretation of results and model 
development proposals.  Particular examples are those concerning VTT, AEKI and IRSN on 
ruthenium release and transport, IRSN and VTT on design of the CHIP facility, IRSN, CEA, 
Demokritos and CESI on aerosol retention in cracks, with more specific clustering on specific 
iodine chemistry issues, for example on mass transfer data and modelling.  On model 
development, most progress has been made on ruthenium release, and aerosol retention in 
containment cracks. On technical issues, a number of conclusions may be generally stated: 
 
• Ruthenium release occurs in oxide form after an incubation period during which full 

oxidation of fuel and cladding occurs (RUSET tests). Oxide forms can stay volatile 
enough at lower temperatures to be transported to the reactor containment (RUSET and 
VTT tests). Further data are required (RUSET, VTT tests & VERDON). 

• Iodine transport through the RCS is dependent on conditions (PHEBUS-FP, VERCORS 
and EMAIC experiments). Under reducing conditions and in the absence of Ag/In/Cd, it 
enters the containment as CsI and/or RbI. However, under oxidising conditions, metal 
iodides other than CsI can be formed (even HI can be formed). This statement needs to be 
confirmed. Future CHIP tests will provide useful data for a full understanding. 

• Caesium deposited in the primary circuit can revaporise to a very high extent from 550 ºC 
(REVAP tests). Further tests needed to achieve a correlation of results. 

• Aerosol can be effectively retained when moving along cracks in the containment wall, 
particularly in the presence of steam (SIMIBE tests). More data are needed to support the 
theoretical developments underway. 

• The secondary side of a steam generator can provide some decontamination, even under 
dry conditions (ARTIST tests, SGTR tests). Such decontamination is greatly enhanced if 
water is present in the secondary side of a steam generator. These statements need 
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quantification and deep understanding to develop an accurate and reliable model. 
Phenomena like resuspension seem to play a key role in the scenario. 

• In-containment iodine behaviour needs to be further explored to find a consistent 
interpretation of latest PHEBUS-FP observations: a fraction of iodine can enter the 
containment in a gaseous form; most iodine is retained in the sump regardless of the 
chemistry; silver amount and nature is of utmost importance for iodine chemistry; some 
iodine can be released from on-wall deposits. The amount in the atmosphere needs to be 
accurately determined but remains uncertain. Aspects closely related to these observations 
will be investigated through data from SISYPHE, EPICUR, PARIS and other 
experimental programmes. 
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Background

• Radioiodine has been a long-standing concern in safety analysis 
– The single most important nuclide for public dose 
– Iodine volatility in containment is a critical parameter in accident analysis
– Inappropriate assumptions lead to inappropriate safety design decisions, and 

emergency management plans and provisions.

• Complex reaction & transport kinetics under accident conditions
– Considerable worldwide effort over the last 15 years

• OECD status report on iodine chemistry 
• Krausemann, E., 2001. EUR 19752 EN
• Wren et al., 2000. Nucl. Tech., 129, 297.

• This presentation
– Limited to a discussion on iodine during the ‘chemistry’ phase of an accident 

scenario  
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Iodine Behaviour in Containment
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Evolution of Licensing Basis Assumptions

• Prior to TMI-2 accident – US NRC TID 18444
– Conservative assumptions, based on limited knowledge of accident progression

• 50% of the core inventory released to containment 
• 50% deposited onto surface
• Initial iodine speciation: 91% I2, 5% aerosols, 4% volatile organic iodides 

• Actual situation at TMI-2
– Severe damage to the fuel in the core 
– But an extremely small fraction of iodine was found airborne (and less released)
– Triggered a large effort to understand the progression of beyond design basis 

accidents, a significant component of the effort on iodine behaviour
• A Newer treatment – US NUREG-1465 

– Still contains substantial conservatism, based on data available prior to 1995 
• Iodine speciation in containment:  95% CsI, 5% I2, 0.15% volatile organic iodides 

– Considerable opportunity to further improve source term predictions with a 
technically sound basis
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Current Status

(1) Significant progress over the last 15 years in our understanding 
of complex radiolysis-driven iodine chemistry and transport

• Integrated-effects tests in intermediate-scale radiation facilities
– RTF at AECL, Canada, CAIMAN at IRSN Cadarache, France
– Some control of test conditions and on-line measurements
– Systematic and parametric studies in multi-component environments 
– Valuable in establishing the relative importance of various processes

DODO

ORP

pHpH

AAIS

Gas Recirculation Loop

H2 Sensor

Aqueous
Recirculation

Loop

Gas Ventilation 
LoopCharcoal Filter

Aqueous
Sampling

Loop

Gas
Sampling

Loop

pH control

pHpH

Online
Gamma pHpH

Online
Gamma Lead Canister

Main Vessel

131I tracer

• Supporting bench-scale tests
– The integrated effects tests are difficult to interpret and not directly applicable to 

real containment conditions  
• Likewise, the PHEBUS results cannot be used directly.  

– The international iodine community has performed valuable experiments at 
more fundamental levels

– Essential for the development of iodine models with better predictive
capabilities.
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(2) Iodine models, with predictive capabilities, now 
available in different safety analysis codes

• Models of varying degrees of sophistication and validation  
– Comprehensive codes, LIRIC, INSPECT and MELCOR-I
– Simplified codes, IODE, IMPAIR, AIM and IMOD, for incorporation in larger 

system-level codes. 
• Used to establish/prioritize key processes 
• Collaboration of the international community to improve the models 

through ISP-41 and 46 
– Considerable spread in the results of exercises on iodine modeling 
– Demonstrated the contribution of many user-defined model parameters, or 

input parameters that were not well defined in the tests.
– Not a reflection of adequacy of the fundamental reaction chemistry data, rather 

the uncertainty in modeling the influence of the ‘real’ environment



7

(3) The focus of research can now shift to address 
the more challenging problem of dealing with 
‘real’ accident environments

• A common focus required to develop consistent and convergent 
predictive capabilities
– Range of potential reaction partners influencing iodine chemistry could be 

overwhelming 
– Multiple, parallel attempts to develop simplifying approximations could lead a 

situation where disagreement between predictive tools becomes difficult to 
disentangle  

• Room for individual exploration of separate effects
– Sustaining a critical approach to safety analysis tool development.
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I−, I3 
−, HOI, IOx

− ↔ I2 ↔ RII−, I3 
−, HOI, IOx

− ↔ I2 ↔ RI

I2 ↔RII2 ↔RI
IxOy

I−, I3 
−, HOI, IOx

− ↔ I2 ↔ RII−, I3 
−, HOI, IOx

− ↔ I2 ↔ RII−, I3 
−, HOI, IOx

− ↔ I2 ↔ RII−, I3 
−, HOI, IOx

− ↔ I2 ↔ RI

I2 ↔RII2 ↔RII2 ↔RII2 ↔RI
IxOy

I−, I3 
−, HOI, IOx

− ↔ I2 ↔ RII−, I3 
−, HOI, IOx

− ↔ I2 ↔ RII−, I3 
−, HOI, IOx

− ↔ I2 ↔ RII−, I3 
−, HOI, IOx

− ↔ I2 ↔ RI

I2 ↔RII2 ↔RII2 ↔RII2 ↔RI
IxOy

I−, I3 
−, HOI, IOx

− ↔ I2 ↔ RII−, I3 
−, HOI, IOx

− ↔ I2 ↔ RII−, I3 
−, HOI, IOx

− ↔ I2 ↔ RII−, I3 
−, HOI, IOx

− ↔ I2 ↔ RI

I2 ↔RII2 ↔RII2 ↔RII2 ↔RI
IxOyIxOy

Multiple Processes

• Strong coupling between scale-dependent 
and scale-independent processes

Mass Transport

Homogeneous Reactions 
in the aqueous phase

Homogeneous Reactions 
in the gas phase

Heterogeneous 
Reactions on surfaces

Independent of the geometry 
and the makeup of materials

Strongly dependent on the 
containment design

– Difficult to separate the effects of individual parameters
– Difficult to establish a simple scaling factor

• Complex chemistry in the presence of ionizing radiation
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Water Radiolysis 
in the presence of impurities

I2

I−, HOI, I3−, IO3 
−, etc
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Gas Phase

Aqueous Phase

RI I−

Water Radiolysis 
in the presence of impurities

Water Radiolysis 
in the presence of impurities

I2

I−, HOI, I3−, IO3 
−, etc

I2

I−, HOI, I3−, IO3 
−, etc
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  / 

co
llo

id
s

I(a
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I(a
d )

Gas Phase

Aqueous Phase

RI I−RI I−

Complex Aqueous 
Chemistry

Iodine in various 
oxidation states

Large # of iodine 
reactions to model  

Wide range of chemical and 
transport behaviour ⇒

Ionizing 
radiation

Kinetics of each 
reaction path to model  

Continuous production 
of reactive species

Water 
radiolysis ⇒

Iodine conversion 
water radiolysis driven

Reactions of water 
radiolysis products 
need to be modeled 

Small 
[I]

Water radiolysis
affected by impurities

⇒
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Homogeneous Reactions 
in the aqueous phase

Mass Transport
Homogeneous Reactions 

in the gas phase

Heterogeneous 
Reactions on surfaces

Water Radiolysis 
in the presence of impurities

Water Radiolysis 
in the presence of impurities

I2

I−, HOI, I3−, IO3 
−, etc

Su
rfa

ce
  / 

co
llo

id
s

I(a
d)

Gas Phase

Aqueous Phase

RI I−RI I−

Fe 2+⁄Fe 3+

Fe 2+⁄Fe 3+

O2, H2

Humid Air Radiolysis

NO3
2−

RH
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Basic Modeling Capabilities

I−, HOI, I3−, IO3 
−, etc I2

Reactions with water radiolysis products
•OH, •H, eaq

−, •O2
−, H2O2, HO2•, etc

Thermal iodine reactions
I2 + H2O = HOI + I− + H+;   I− + I2 = I3−;  etc

Reactions with water radiolysis products
•OH, •H, eaq

−, •O2
−, H2O2, HO2•, etc

Thermal iodine reactions
I2 + H2O = HOI + I− + H+;   I− + I2 = I3−;  etc

Key Oxidations

I– + •OH •I  +  OH–

•I  + •I I2

Key Oxidations

I– + •OH •I  +  OH–

•I  + •I I2

Key Reductions

I2 +  H2O             HOI  +  I– +  H+

I2 + •O2
– •I2– +  O2

I2 + H2O2 2I– +  2 H+ +  O2

Key Reductions

I2 +  H2O             HOI  +  I– +  H+

I2 + •O2
– •I2– +  O2

I2 + H2O2 2I– +  2 H+ +  O2

(a)  Thermal and Radiolytic Iodine Reactions

Water Radiolysis
H2O •OH, •H, eaq

−, H+, H2 , H2O2

HO2 , O2, •O2
−

Water Radiolysis
H2O •OH, •H, eaq

−, H+, H2 , H2O2

HO2 , O2, •O2
−

(b) Radiolysis of Clean Water

•H    + RH  
+ •R,  RH

•H    + RH  
+ •R,  RH

RO2•   →→ RCOOH   →→ RH  + CO2

+ O2
RO2•   →→ RCOOH   →→ RH  + CO2

+ O2

+ •I
+

RI
I2

+ •I
+

RI
I2

: Rxns with 
radiolysis products

: Rxns with 
radiolysis products

RH RH •R•R•R•R

(c) Radiolytic Organic Iodide Formation

The focus of research can 
now shift to address the 
more challenging roles of 
other chemical species and 
reactive surfaces on iodine 
chemistry.  
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Trace metal ions RH H2

NO2
−, NO3

−

Air radiolysis

surface

O2

Water Radiolysis 
in the Presence of Impurities 

Water Radiolysis
H2O •OH, •H, eaq

−, H+, H2 , H2O2

HO2 , O2, •O2
−

Water Radiolysis
H2O •OH, •H, eaq

−, H+, H2 , H2O2

HO2 , O2, •O2
−

(1)  Role of Metal Ions
• Catalytically react with 

water radiolysis products
• Different metals have 

different impacts on 
radiolysis chemistry

Reactions of Fe2+ / Fe3+

Fe2+ + •OH, H2O2, O2

Fe3+ +   •H, eaq
–, •O2

–

Reactions of Fe2+ / Fe3+

Fe2+ + •OH, H2O2, O2

Fe3+ +   •H, eaq
–, •O2

–

Advanced Modeling Capabilities

• A UWO program to investigate the effects of different metal species
– To develop a basis for understanding
– To provide insight into which metal ion species has the greatest impact.  
– To establish a methodology for inclusion of metal ion chemistry into advanced 

radiolysis models
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(2)  Submerged Metal/Metal Oxide Surfaces

Water Radiolysis

H2O  •OH, eaq
–, H•, HO2•, H2, H2O2, H+

Ox
id

es
 (F

eI I /
Fe

I II
ph

as
es

)

Fe

Fe Steel oxidation releases Fe2+

Radiolysis products 
influence corrosion

Surface decomposition 
of H2O2 affects 
radiolysis chemistry

Reactions of Fe2+ / Fe3+ with 
Radiolysis Products

Fe2+ +  •OH, H2O2, O2

↔ Fe3+ + •H, eaq
–, •O2

–

• These surfaces interact synergistically with water radiolysis products 
• React readily with iodine to form metal iodides that may or may be not 

soluble
– If soluble (FeI2), the formation of metal iodide catalytically increases dissolution of 

metal ions, or slows down the iodine conversion   
– If insoluble (e.g., AgI), it could reduce iodine volatility
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(2)  Submerged Metal/Metal Oxide Surfaces

• Nature of the oxide layer on structural metals is an important factor 
influencing the reaction rates of aqueous iodine species
– The nature and the thickness may change with iodine adsorption  

• UWO program on the interaction of the metal/metal oxides
– Carbon steel, stainless steel, Zn and Ag 
– Interaction with H2O2 with and without γ-irradiation
– Effect of iodine on the oxidation of metal surfaces and the dissolution of the 

corrosion products 
• Chemistry of steel surfaces with iodine present is important

– Steel is used in containment buildings 
– Used in the engineering-scale iodine behaviour studies
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(3)  Organic Surfaces

• RH dissolved in water affects iodine volatility
– In large-scale tests, organic surfaces are the source of dissolved organic impurities 
– Difficult to unequivocally separate the homogeneous and heterogeneous reactions 

• Prediction of iodine volatility depends on understanding the dominant 
mechanism active in these tests

– Some data available, however, a systematic study is warranted to better 
understand the competing processes 

• AECL program in Canada, and EPICUR program at IRSN in France

•H    + RH  
+ •R,  RH

•H    + RH  
+ •R,  RH

RO2•   →→ RCOOH   →→ RH  + CO2

+ O2
RO2•   →→ RCOOH   →→ RH  + CO2

+ O2

+ •I
+

RI
I2

+ •I
+

RI
I2

: Rxns with 
radiolysis products

: Rxns with 
radiolysis products

su
rfa

ce

RH RH •R•R

•R•R
RH
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(4)  Effects of Humid Air Radiolysis

NOx, Nitric acid, 
Nitrate Formation

N2, O2, H2O in air •OH, HO2•, •O, O3, •N, eaq
-, etc

Radiolysis of Humid Air
γ, β

I2

IxOy, Iodate
Formation

Organic Iodide 
decomposition

RI

• Air radiolysis responsible for IxOy formation, RI decomposition and nitric 
acid ⁄ nitrate formation

– IxOy and RI reactions lower iodine volatillity
– Nitric acid / nitrate semi-catalytically react with water radiolysis products

• The challenge is to determine the concentrations of the air radiolysis
products in the presence of reactive containment walls and aerosols

– Nitric acid and ozone formation rates decrease in the present of reactive surfaces
• The PARIS project
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(5)  Gaseous Iodine Sorption on Surfaces
 

 

I2 loading in N2

More adsorption
Less corrosion

I2 loading in air
Less adsorption
More corrosion

• Metal surfaces a major iodine “sink”
• Considerable variation in T and RH dependence of the adsorption rates
• The uncertainty in the adsorption rates, combined with the difficulty in 

accurately establishing the mass transport conditions, significantly 
contributed to the spread in ISP 41 results  

• UWO program on gaseous iodine adsorption on metal/metal oxides
– Effects of reaction conditions and the type of metal/metal oxide on the iodine 

incorporation in the oxide layer and corrosion rates.
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(6)  Integrated Effects Tests

• To maintain the integrated-effects test capability to develop and 
validate whole system models of iodine behaviour

– Small-scale tests involve probing the reaction processes at fundamental levels
– As our understanding improves, our ranking of the relative importance of 

various chemical and transport processes may change
• Test capability that can examine combinations of sub-sets of multi-

component environments, but with good control of conditions and on-
line measurements, is most useful

– e.g., CAIMAN facility in France;  ThAI facility in Germany
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Summary

• We have made great strides through the concerted research and 
development efforts of the international community.

• As a result, we have good basic models for use in predicting iodine 
chemistry under accident conditions.

• The challenge for the future is to add to the basic models the effects of 
additional chemical species and chemically reactive surfaces on iodine 
chemistry. 

• The development of more sophisticated models will allow us to improve 
our capabilities to address more complex environments.

• Several key additions have been identified, and experimental programs to 
address them and other areas for model improvement have been initiated. 

• Through these programs and related studies, and the valuable results of 
future large-scale tests we can anticipate success in further enhancing our 
understanding of radioiodine chemistry.
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Thank you !!
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INTRODUCTION 

OVERVIEW
The Source Term area is one of the three topical areas in SARNET, 
along with Containment and Corium 

The area is divided into three main parts:
– fission product release and transport (WP14 - FPRT)
– aerosol behaviour, impact on the source term (WP15 - AEROB)
– containment chemistry, impact on source term (WP16 - CONTCHEM)

The FPRT area is itself split into two parts:
– oxidising environment influence on source term (WP14.1 – OXIDEN)
– RCS high temperature chemistry impact on the source term (WP14.2 –

HITEMP)

This presentation summarises the detailed objectives, the main actors 
and facilities involved, and the results to date
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SOURCE TERM AIMS

OBJECTIVES 

WP14.1 HITEMP: effect of air ingress - under such conditions, the fuel and 
its fission products (FPs) may oxidise. Some (especially the very radio-toxic 
ruthenium) may form highly volatile oxide species which may be released to 
the environment;

WP14.2 OXIDEN: iodine volatility in the Reactor Coolant System (RCS) - the 
impact of high temperature on FP behaviour is investigated to improve the 
predictability of iodine species exiting the RCS; the effect of silver-indium-
cadmium release on the speciation is also considered;

WP15 AEROB: aerosol behaviour – quantification of the source term 
following steam generator tube rupture, which leads to containment by-pass; 
aerosol leakages through containment concrete wall cracks, interaction of 
deposited aerosols with the RCS substrate and revaporisation phenomena 
are also studied;

WP16 CONTCHEM: iodine behaviour in-containment - to improve the 
predictability of the various chemical and physical processes which control 
the iodine behaviour in both the gas and water phases
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SOURCE TERM ORGANISATION 

WORK PROGRAMME

The basic methodology is the same as in the other topical areas
– review and selection of available experiments, synthesis of analysis and 

interpretation from these experiments, synthesis of and proposals of 
models for ASTEC

– in some cases, plant calculations are used to help define conditions for 
experiments

– cooperation has been effectively established through technical circles
– exchanges with WP7 (Research Priorities) on raising new issues and 

discharge of existing ones
– dissemination mainly via conference papers for now
– liaison with international programmes and organisations as appropriate, 

also links in SARNET especially with WP9 (Corium area)
– participation in the Mobility programme

one secondment completed, 4 months, CIEMAT to PSI; aerosol physics
one in progress, 9 months, INR to IRSN; air ingress matters
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1- FP release under highly oxidizing conditions (air ingress)  (WP14-1) : 
Air ingress into the reactor pressure vessel may be induced by buoyancy forces after 
RPV failure due to penetration by corium

1 Residual fuel
Ru->RuOx

- in a very oxidising environment, low-volatile fission
products would be released, especially ruthenium,
possibly increasing the radiological hazard :
rate and kinetics of ruthenium release ?

Coolant 
system 
breach

2

- in a very oxidising environment, previously deposited
fission products would partly be volatilised, possibly
inducing a delayed release to the containment :
revaporisation from RCS deposits (I2, Ru,..)?

x

x

x

x

x

x

x x x x x x x 
x x x 

x x x x x 
x x 

Deposited 
FP … IX

SOURCE TERM: REMAINING ISSUES TO SOLVE

Interrogations (implications for Source 
Term) :
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2- Transport : High temperature gas phase - chemistry in RCS  (WP14-2) :
vapour phase phenomena occur during species transport in circuit

Interrogations (implications for Source Term) : PWR 
900

- depending on conditions, a fraction of iodine species  may exit
the RCS in volatile form : iodine speciation in RCS ?

                              AgI-CdI2- 
                 HI         CsI-I-CdI 
                                 ↓ 
                                 CdI2          

                    HI      AgI-CsI-I          HI 
                                    ↓ 
                                                                  CdI2

- Silver-Indium-Cadmium interact with FPs (similar release 
time windows) : rate and kinetics of SIC release

SOURCE TERM: REMAINING ISSUES TO SOLVE
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3- Aerosol behaviour impact on Source Term (WP15): 

Interrogations (implications for Source Term) :

In the case of a Steam Generator Tube Rupture (SGTR), 
a containment bypass  may occur : quantification of 
aerosol retention in SG would reduce the existing large 
uncertainties on ST evaluation in such accident 
scenarios.

During an accident, some previously-condensed FP 
vapours in RCS may be revaporised : heating of 
deposits, interaction with substrate, chemical reaction in 
condensed phase or with gas,... This delayed release 
would potentially increase the ST : remobilization of 
deposits in the RCS?

In severe accident conditions, the containment building may be 
weakened and leakages may appear. Suspended aerosols may 
escape the reactor building through wall cracks : retention in 
cracks has a direct impact on aerosol ST evaluation. 
quantification of FP retention in wall cracks?

SOURCE TERM: REMAINING ISSUES TO SOLVE
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4- Containment chemistry (WP16): 
numerous chemical processes occur in containment
Interrogations :

I2(l)

PA
IN

TS

RH, R
solvents

paints

H2O-Air

CH3I(g)

CH3I(g)

I2(g)

I-, AgI, IO3-

CH3I

I2 ADSORPTION

Organic iodides, RI, could dominate volatile iodine 
fraction in the long term (conclusion from Phébus FP, 
TMI-2) : these are highly volatile species, barely trapped 
by actual filters; evaluation of their prevalence has a 
direct impact on Source Term evaluation.

Low radiolytic production of gaseous iodine from the 
sump due to the presence of Ag may significantly 
reduce the iodine Source Term.

SOURCE TERM: REMAINING ISSUES TO SOLVE

Adsorption/desorption of iodine on/from surfaces has 
a significant impact on ST as adsorbed I2 influences the 
I2 inventory in the gas phase (e.g. conversion rate to RI).

Depending on conditions, liquid-gas mass transfer 
phenomena may be enhanced, increasing the gas-
phase iodine content.
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Jointly-executed research :

IRSN – CEA –VTT - AEKI 
ENEA  - INR – GRS –

FZK – UPI - UCL

UO2 oxidation kinetics

Ru release kinetics

Model proposals : 

ASTEC, ICARE/CATHARE (IRSN)

SATURNE, MAAP (EDF)

SCDAP/RELAP5, ICARE/CATHARE (INR)

Reactor scenario calculations : 

Experimental means : 
RUSET (AEKI), Ru speciation (VTT)

VERDON (CEA) , analytical tests (UCL)

ST: ACTIVITIES, EXPERIMENTAL MEANS, ACTORS

1- FP release under highly oxidizing conditions (WP14-1) : 
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SIC release kinetics

Iodine speciation in RCS

Model proposals : 

Jointly-executed research :

IRSN – VTT  - EDF - GRS
ENEA  – JRC/Petten

PHEBUS FP FPT2 (IRSN)

CHIP (IRSN)

EMAIC (CEA), VERCORS HT (CEA)

Experimental means : 

HF
Furnace

Delta P

Cold
traps

Dryers

Condenser

Venting

Water

Crucible
Pyrometer

Vacuum pump

Steam
generator

Gas
Capacity

Ge(HP)
detector

Ge(HP)
detector

Ge(HP) detector
Filter and Gas

capacity

TGT

Iodine
trap

Impactor
Ge HP

Bead Bed Filter
Impactor

800 °C

130 °C

Gas inlet

ST: ACTIVITIES, EXPERIMENTAL MEANS, ACTORS

2- Transport : High temperature gas phase chemistry in RCS (WP14-2) : 
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Jointly-executed research :

CIEMAT - PSI - FORTUM  
UCL - JRC/ITU – GRS
CESI  - Demokritos – IRSN

CEA - VTT

Aerosol retention in cracks 

Aerosol retention in SG

Deposit remobilization

Model proposals : 

PHEBUS FP  (IRSN), REVAP (JRC-TUI), RADSOL (UCL), SGTR (CIEMAT)
ARTIST (PSI), PSAERO/HORIZON (FORTUM)

Experimental means : 

Tube Sheet

Exit of Steam Dryer

Turbulence Grid 

Vane Dryer Panels
of Steam Dryer

Swirl Vane 
of Droplet
Separator

Support Plate

Tube Bundle

ST: ACTIVITIES, EXPERIMENTAL MEANS, ACTORS

3- Aerosol behaviour impact on Source Term (WP15): 
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Jointly-executed research :

AEAT - IRSN – TUS–GRS  
FRA-ANP – EDF – BTech
CIEMAT – Chalmers –
JRC/Petten - PSI

Adsorption/desorption

Liq-gas mass transfer

RI formation/destruction

Ag oxidation

Model proposals : 

PARIS (FRA/ANP), SISYPHE (IRSN)

PHEBUS FP (IRSN)

EPICUR (IRSN)

Chalmers tests (Univ.), CAIMAN (CEA) 

Experimental means : 

AEAT 

Iodine data book : 

ST: ACTIVITIES, EXPERIMENTAL MEANS, ACTORS

4- Containment  chemistry (WP16) : 
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PRELIMINARY RESULTS - OXIDEN

SOURCE TERM RESULTS

Ruthenium release occurs in oxide form after an incubation period 
during which full oxidation of fuel and cladding occurs (RUSET 
tests)
Oxide forms can stay volatile enough at lower temperatures to be
transported to the reactor containment (RUSET and VTT tests)
Further data are required

– RUSET (Ru release and transport); VTT (Ru speciation)
– VERDON (FP release from irradiated fuel); MERARG trial experiment (FP 

release in air)

Conditions in future experiments are being determined with the aid 
of reactor calculations, for example:

– 3D simulations, MAAP/SATURNE: upper limit of air ingress following lower 
head failure due to core melt is 20 mol/s

– ICARE/CATHARE: temperatures up to 2000K could persist in the core region 
after ex-vessel core slump, and core degradation could restart after air ingress
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PRELIMINARY RESULTS – HITEMP

SOURCE TERM RESULTS

Iodine transport through the RCS is dependent on conditions (PHEBUS-
FP, VERCORS and EMAIC experiments)
Under reducing conditions and in the absence of Ag/In/Cd, it enters the 
containment as CsI and/or RbI; however, under oxidising conditions  metal 
iodides other than CsI can be formed (even HI can be formed)

– at hot-leg break temperatures, HI and metal iodides would all be significant species whatever the 
steam-hydrogen mixture or absorber content

– at cold-leg break temperatures, the ratio of HI to metal iodides increases for steam-rich mixtures if 
control-metal release is low. In other words, more hydrogen and more control rod metals appear to 
lead to lower-volatility iodine species, viz. metal iodides

These statements need to be confirmed

Future CHIP tests will provide useful data for a full understanding
– kinetic and thermodynamic data on iodine transport to RCS breaks
– collaboration established between IRSN and VTT on design studies

The experimental database on SIC release is being reviewed (EMAIC, Phebus,
Winfrith tests etc.) and current modelling studied (MAAP, ATHLET-CD) as steps 
towards improved treatments
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PRELIMINARY RESULTS  - AEROB

SOURCE TERM RESULTS

The secondary side of a steam generator can provide some 
decontamination, even under dry conditions (ARTIST tests, SGTR 
tests)
Such decontamination is greatly enhanced if water is present in the 
secondary side of a steam generator
These statements need quantification and deep understanding to 
develop an accurate and reliable model. Phenomena like resuspension
seem to play a key role in the scenario
Aerosol can be effectively retained when moving along cracks in the 
containment wall, particularly in the presence of steam (SIMIBE tests). 
More data are needed to support the theoretical developments 
underway
Caesium deposited in the primary circuit can revaporise to a very high 
extent from 550 ºC (REVAP tests on Phebus FP samples). Further 
tests needed to achieve a correlation of results
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PRELIMINARY RESULTS  - CONTCHEM

SOURCE TERM RESULTS

MAAP 4.0, IMPAIR3 and IODE 5.2 models comparison in the 
issues of interest, as well as preliminary comparisons to 
experimental data (PHEBUS-FP), have highlighted the need to 
develop more realistic and accurate models. In addition, 
analytical data are requested. 
Experimental programmes presently ongoing are SISYPHE, 
EPICUR, PARIS. Individual interpretation work has already 
started and progress is being made towards a joint discussion 
among partners in issues like mass transfer.
An Iodine Data Book is being written to summarise current 
knowledge
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DISSEMINATION

DISSEMINATION

Three papers included in Nuclear Energy in New Europe conference, Bled, 
Slovenia, 5th-8th September 2005

– SARNET Severe Accident Research Network: Key Issues in the Area of Source 
Term  by the ST management team plus coordinator, presented

– Investigations on Ruthenium Transport in Highly Oxidising Conditions by A Auvinen
et al., presented

– Investigations on Aerosol Transport in Containment Cracks, by F Parozzi et al., 
poster

Poster and paper at the Spanish Nuclear Society Meeting, Logroño, Spain,19th-
21st October 2005

– Source Term Research within the European Severe Accident Research Network 
(SARNET) by the Source Term Management Team

Seminar at Newcastle University, UK, 15th December 2005
– SARNET: Integrating Severe Accident Safety Research in Europe, by the Source Term 

Management Team
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CONCLUDING REMARKS

CONCLUSIONS

The Source Term area has made a successful start, with substantial technical 
progress being made over a range of planned activities
Good cooperation has been established amongst many partners, covering design 
of experiments, interpretation of results, and development of new models, e.g.

– VTT, AEKI and IRSN on ruthenium release and transport
– IRSN and VTT on design of the CHIP facility
– IRSN, CEA, Demokritos and CESI on aerosol retention in cracks
– more specific clustering on specific iodine chemistry issues, for example on mass 

transfer data and modelling

Secondments have been instigated under the  Mobility programme
Cooperation has also been instigated with other programmes such as  those of 
OECD/CSNI and ISTC
Extension and maintenance of these activities in a sustainable way is foreseen in 
the coming years

The authors thank the many technical contributors within SARNET organisations, too numerous to name, 
and the European Commission for funding SARNET, in the 6th Framework Programme area “Nuclear 

Fission: Safety of Existing Nuclear Installations”, under contract number FI6O-CT-2004-509065.
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Information Management and Collaboration Support within SARNET 

D. Beraha 

Gesellschaft für Anlagen- und Reaktorsicherheit (GRS) 

 

Abstract 

The success of the Sarnet project depends to a high degree on the collaboration of the 

52 partner organizations, with over 200 participants. As the organizations are spread 

throughout Europe, an efficient way had to be provided to enable information to be 

shared between all participants, and to support communication between them. For 

these tasks, a so-called “Advanced Communication Tool (ACT)” had to be developed.  

The design of the technological basis for information management and collaboration 

started from a survey of existing solutions. Today, portal solutions are available for this 

purpose. In general, they combine document management facilities with collaboration 

features. The survey indicated that at this moment in time, a solution based on a 

commercial software was best suited for the purposes of Sarnet. The features of this 

solution, particularly with respect to document management and collaboration, will be 

described in more detail. 

In a next step, the ACT was customized to fulfil the needs information management 

needs in the project. A natural way of considering the ACT consisted in structuring the 

project in topics and work packages as stated in the Description of Work document. 

This led to a design on two levels: a first level covers general information on the project 

and important topics. This level is managed by the project leader and by topical 

coordinators. On a second level, team sites are established for cooperation between 

partners in work packages. This level contains collaboration feature, and is managed 

by the work package leaders. Access to the team sites may be restricted to account for 

possible restrictions on the information handled in the work package. This basic two-

level structure is supported by navigation and user help features. 

A survey on the usability of the ACT was conducted; the results of the survey will be 

discussed. 

D:\Mes documents\6thSARNET\ERMSAR\Abstracts\S6-KnowManag\b-ERMSAR-Abstract-DB.doc 



Session 6 : Knowledge management Paper 1 

Invited paper: 
 

 

Towards a nuclear “European Higher Education Area” 
Georges Van Goethem, European Commission (BE) 

 
 
ABSTRACT 

A European strategy for nuclear knowledge management is discussed, 
based on the “knowledge triangle” (i.e. research, education and innovation), 
proposed by Science and Research Commissioner, Janez Potočnik. The 
emphasis is on the component “education”, which rests actually on 3 principles: 
common qualification (delivery of a quality label), mutual recognition (Bologna 
1999 mechanisms) and mobility of teachers and students (practical instruments 
at European level). Some achievements are presented, such as the degree 
“European Master of Science in Nuclear Engineering”, developed by the legal 
Association ENEN, and similar initiatives related to waste management and 
radiation protection. Finally, conclusions are drawn regarding achievements and 
prospects of Euratom research and training. 

 
Key Words: Euratom, knowledge management, research, education and 
innovation 
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Information Management and Collaboration Support within SARNET 

D. Beraha 
Gesellschaft für Anlagen- und Reaktorsicherheit (GRS) 

 
Abstract 
The success of the Sarnet project depends to a high degree on the collaboration of the 52 
partner organizations, with over 200 participants. As the organizations are spread 
throughout Europe, an efficient way had to be provided to enable information to be 
shared between all participants, and to support communication between them. For these 
tasks, a so-called “Advanced Communication Tool (ACT)” had to be developed.  
The design of the technological basis for information management and collaboration 
started from a survey of existing solutions. Today, portal solutions are available for this 
purpose. In general, they combine document management facilities with collaboration 
features. The survey indicated that at this moment in time, a solution based on a 
commercial software was best suited for the purposes of Sarnet. The features of this 
solution, particularly with respect to document management and collaboration, will be 
described in more detail. 
In a next step, the ACT was customized to fulfil the needs information management 
needs in the project. A natural way of considering the ACT consisted in structuring the 
project in topics and work packages as stated in the Description of Work document. 
This led to a design on two levels: a first level covers general information on the project 
and important topics. This level is managed by the project leader and by topical 
coordinators. On a second level, team sites are established for cooperation between 
partners in work packages. This level contains collaboration feature, and is managed by 
the work package leaders. Access to the team sites may be restricted to account for 
possible restrictions on the information handled in the work package. This basic two-
level structure is supported by navigation and user help features. 
A survey on the usability of the ACT was conducted; the results of the survey will be 
discussed. 
 
 

The first European Review Meeting on Severe Accident Research (ERMSAR-2005) 
Aix-en-Provence, France, 14-16 November 2005 



Session 6 : Knowledge management topics 

  
Data Preservation and Dissemination:  

a Scientific and Professional Obligation 
 

A. Annunziato 
Joint Research Centre  
European Commission 

 
 
 

 
The completion of an experimental research programme should always leave the results 
of the activity in a form that is complete, easily accessible and updatable with new 
information. Although this statement seems quite logical and trivial at the beginning of 
a project, this is very often not the case in many examples.  
 
At the start of the project considerable resources are devoted to the project development 
and the project execution. The storage and maintenance of experimental data and all the 
supporting information is seen as a temporary activity to allow all the interested persons 
to access the newly produced information. When a project is at its completion no more 
resources are available to collect all the produced information in a systematic and 
complete way and the researchers are generally interested in new activities. The 
consequence is that after some years it becomes difficult to retrieve all the information 
which should allow other users to fully benefit of the research results. 
 
The collection and storage of the projects information should be since the beginning 
performed taking in mind the final storage and ease retrieval. The knowledge 
management should be one of the key points of the project and not elaborated and its 
completion.  
 
Today various solutions have been developed which allow to collect and manage 
scientific information. The paper describes the experience of the SARNET network in 
the creation of a scientific network for the storage of experimental data related to severe 
accident research. 
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Education and Training Activities in SARNET 

 
Bal Raj Sehgal 

 
(KTH, Stockholm) 

 
 
 

An important component of the European net work project SARNET are the Education 
and Training Activities. The principal objective of these activities is the spreading of the 
knowledge and excellence achieved already or in the process of achievement. Thus, 
these activities are also nicknamed as ‘Excellence-Spreading’. 
 
The Education and Training Activities are divided into the following work items: (1) 
develop courses on severe accident phenomenology (SAP) and the PSA, (2) develop a 
text book on SAP and (3) develop a mobility program for students, researchers and 
operators for training. The courses are focused on providing knowledge and insight to 
the students and researchers so that they understand how to perform severe accident 
prevention, mitigation and management. In this respect, the text book will be focused to 
document the most pertinent and important knowledge base on severe accidents, 
accumulated so far, in the form of a consistent and logical education vehicle for students 
and researchers. It will not be a source book listing and describing all the research 
results on severe accidents obtained so far. The book will describe the important ‘state 
of art’ models for the severe accident phenomena. The mobility program is focused on 
training of students and researchers through their mobility to laboratories and 
Universities different from their own. 
 
All of the above items in the Excellence-Spreading work have been initiated. A one 
week course on SAP will be held on January 9, 2006 in the Cadarache laboratory of 
CEA. The text book has been outlined and writing of the text has started. The book will 
have several authors who are experts in various areas of SAP. Prof. Sehgal will be the 
editor. The first draft of the book should be completed by end of 2006. the mobility 
programme started  with some students going to other laboratories and Universities in 
summer of 2005. Some researchers are currently in the process of getting trained in 
severe accident research. The main trend observed is that students and researchers from 
Eastern Europe are choosing to go the laboratories and Universities in Western Europe. 
The typical period for students is 3 months, however, the researchers’ time periods have 
extended from 3 months to 1 year. We expect that this activity will grow much in the 
coming years. 
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Towards a nuclear “European Higher Education Area” 

Georges Van Goethem, European Commission (BE) 

SARNET: FI6O-CT-2004-509065 
 

 
ABSTRACT 

A European strategy for nuclear knowledge management is discussed, based on 
the “knowledge triangle” (i.e. research, education and innovation), proposed by 
Science and Research Commissioner, Janez Potočnik. The emphasis is on the 
component “education”, which rests actually on 3 principles: common qualification 
(delivery of a quality label), mutual recognition (Bologna 1999 mechanisms) and 
mobility of teachers and students (practical instruments at European level). Some 
achievements are presented, such as the degree “European Master of Science in 
Nuclear Engineering”, developed by the legal Association ENEN, and similar 
initiatives related to waste management and radiation protection. Finally, conclusions 
are drawn regarding achievements and prospects of Euratom research and training. 

 
Key Words: Euratom, knowledge management, research, education and innovation 

 
A. INTRODUCTION : lifecycle of a Community research project under FP-6 

 
The knowledge triangle (KT): research, education and innovation  
(i.e. respectively, production, dissemination and exploitation of knowledge) 

 
The knowledge triangle (KT) strategy that was first proposed in FP-6 (2003-2006) will be 
continued under the next FP-7 (2007-2013) in line with the proposed “Knowledge for Growth 
Pact”. The aim of the KT approach is to ensure a strong coupling between the three poles 
research, education and innovation (in other words, between production, dissemination and 
exploitation of knowledge). This knowledge management policy is also sketched in Figure 1 
(http://europa.eu.int/comm/commission_barroso/potocnik/research/philosophy_en.htm). 
 

8 June 2005 - Slide 6/18NRI Rez 50th anniversary - G. Van Goethem

EURATOM RESEARCH AND TRAINING ON NUCLEAR ENERGY 

FP7 (2007-2013) 
Building the Europe of Knowledge

Research

Growth 
and Jobs

Education Innovation

 
Figure 1 - “Knowledge for Growth Pact” based on the knowledge triangle 
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A.1 Research (i.e. production of knowledge) in the Lisbon 2000 Agenda 

Research (i.e. production of knowledge) has been a specific Community policy since the 
Lisbon European Council of 23-24 March 2000 (also short-named “clean, clever and 
competitive” policy). At that summit, a strategic goal was proposed for the European Union: 
“to become the most competitive knowledge-based economy with more and better 
employment and social cohesion by 2010”. The current knowledge-based economy moves the 
development of the traditional industrial sector - abundant in labour, raw material and capital 
– to areas whose products, processes and services are rich in technology and knowledge.  
 

The conclusions of the Lisbon 2000 Council emphasised that if Europe is to meet the 
challenge of globalisation, Member States need, inter alia, to adapt their research and training 
programmes to the demands of the knowledge society. Regarding EU research, it was also 
claimed, for example, that by the year 2010, an additional 700 000 researchers would be 
needed. In line with the Lisbon 2000 objectives and as a response to the pressure exerted by 
industrial-economical (e.g. completion of EU internal market) and socio-political (e.g. 
preparation of last EU enlargement) factors, the European Commission launched in 2000 the 
European Research Area (ERA - http://europa.eu.int/comm/research/era/index_en.html). 
The ERA initiative calls for a more coherent use of public and private instruments, for a better 
involvement of all stakeholders in the Community research decision making process, and for 
more abundant and more mobile use of human resources grounded in common values. 

 
A.2 Education (i.e. dissemination of knowledge) in Community policies  

 
 The ERA and the dissemination of knowledge (a.o. through education and training / 
E&T) are amongst the general aims of the research and innovation policy of the European 
Union, as they are written in the “Treaty establishing a Constitution for Europe”, approved at 
the intergovernmental conference on 18 June 2004 (CIG 87/04, 6 August 2004) / 
Article III-248 : “The Union shall aim to strengthen its scientific and technological bases by 
achieving a European research area in which researchers, scientific knowledge and 
technology circulate freely, and encourage it to become more competitive, including in its 
industry, while promoting all the research activities deemed necessary by virtue of other 
Chapters of the Constitution.” (http://europa.eu.int/eur-lex/lex/en/index.htm). 
 

Focussing on nuclear matters, under Title I “Tasks of the Community”, the Euratom 
Treaty (Rome, 25 March 1957) states that ”in order to perform its task, the Community shall, 
amongst other things, promote research and ensure the dissemination of technical 
information, …” (http://europa.eu.int/abc/obj/treaties/en/entoc.htm).  

 
 A.3 Innovation (i.e. exploitation of knowledge) in energy and industry 
 

Exploitation of knowledge can take several forms: either for deepening a research 
domain (usually long-term governmental programmes) or for commercial purposes (usually 
short-term industrial applications). In many scientific domains, the potential end-users are 
concerned about the unfair balance between supply (e.g. by universities) and demand (e.g. 
from industry) of knowledge, and about the relatively poor impact of research on 
technological and societal changes. Therefore, innovation which is one the most visible ways 
of exploiting research is at the heart of many EU policies (in particular, energy and industry). 
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All FP-5 project final summary reports are posted in http://www.cordis.lu/fp5-
euratom/src/lib_finalreports.htm), whereas all financed FP-6 projects and summaries of their 
planned work programme are posted in http://www.cordis.lu/fp6-euratom/projects.htm. The 
EU research policy is discussed in http://europa.eu.int/comm/research/energy/index_en.htm. 

 
B.  NUCLEAR KNOWLEDGE MARKET IN EUROPE (SUCCESS CRITERIA AND STAKEHOLDERS) 
 

Under FP-6 (2003-2006), a European strategy is proposed for nuclear knowledge 
management (in particular for E&T). Historically, a number of criteria are needed to ensure 
the success of European policies, namely: (1) common needs should be identified; (2) there 
should be a shared vision and (3) implementation instruments should be proposed (see e.g. 
http://europa.eu.int/comm/archives/commission_1999_2004/lamy/speeches_articles/spla163_
en.htm). The 3 above success criteria apply, in particular, to the organisation of the nuclear 
knowledge market (i.e. balance of supply and demand of nuclear knowledge and know-how). 

 
Obviously all stakeholders (on both sides, supply and demand) should be involved in the 

above discussion. Who are they in the particular area of nuclear fission and radiation 
protection research ? What is their primary objective in Community research programmes ? 
 
� The nuclear regulatory bodies and technical safety organisations (confirmatory research)  
� The electrical utilities, waste management agencies and nuclear medical associations 

(operational research) 
� The manufacturing industry and architect-engineering companies (exploratory or 

promotional research) 
� The research organisations (public/private) and training services (applied research)  
� The academia or higher level education institutions (fundamental research). 
 

The main stakeholders were consulted and have expressed their common needs and 
priorities in Euratom actions. A common vision is slowly developing, driven by a number of 
national and international “integrators” (in particular, academic networks at national level and 
“end-users” initiatives at European level). Common implementation instruments are also 
discussed (primarily: the EU research framework programme and accompanying measures). 

 
Challenge: win-win game in the “coopetition” amongst FP-6 research contractors 

In most of the modern theories of business, competition is seen as one of the key forces 
that drive innovation and keep companies alive. That emphasis, however, can be challenged: 
businesses can gain advantage by means of a judicious mixture of competition and 
cooperation. Cooperation with suppliers, customers and firms producing complementary or 
related products can lead to the expansion of the market and the formation of new business 
relationships, perhaps even the creation of new forms of enterprise. The neologism 
coopetition applies for this concept (a blend of cooperation and competition). The concept 
seems to have been taken up most enthusiastically in the computer industry, where strategic 
alliances are common in order to develop new products, particularly between software and 
hardware companies. Coopetition is actually at the heart of Community research actions: the 
contracting organisations are usually competing with each other in some areas (outside the 
EU projects), while cooperating – quite satisfactorily - in others (e.g. within the EU projects). 
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C.  INTERNATIONAL  CONCERNS ABOUT NUCLEAR KNOWLEDGE MANAGEMENT 
 

A number of international organisations, concerned about the safe maintenance of 
nuclear installations, have expressed the need to create and integrate a secure skill and 
knowledge base. Interesting opinions were expressed by OECD/NEA, EURATOM and 
IAEA, such as: 
 
♦ The OECD / Nuclear Energy Agency produced in 2000 a report to alert the national 

authorities responsible for education and nuclear safety: “Nuclear Education and 
Training: Cause for Concern?” (http://www.nea.fr/html/ndd/reports/2000/nea2428-
education.pdf). 

“Although the number of nuclear scientists and technologists may appear to be 
sufficient today in some countries, there are indicators that future expertise is at risk. In 
most countries, there are now fewer comprehensive, high quality nuclear technology 
programmes at universities than before. The ability of universities to attract top quality 
students, meet future staffing requirements of the nuclear industry, and conduct leading-
edge research is becoming seriously compromised”. 

 
♦ The European Commission Programme Committee CCE-FISSION set up in 2001 a 

Working Group on Nuclear Education, Training and Competence with the aim to produce 
a reflection paper on this issue: “How to maintain nuclear competence in Europe” 
(http://www.cordis.lu/fp5-euratom/src/lib_eag_fission.htm). Most strategy documents 
produced by the EC Programme Committees (STC, EAG Fission, and CCE Fission) can 
be found on http://www.cordis.lu/fp5-euratom/src/library.htm. 

 

♦ The IAEA established in 2002 knowledge management as an Agency-wide cross-cutting 
activity since all Major Programmes are engaged in activities to address preservation and 
promotion of knowledge and maintaining competence in nuclear science and technology.  

"Like any highly technical endeavour, the use of nuclear technology relies heavily on a 
vast accumulation of knowledge - volumes of scientific research, engineering analysis, 
operational data, regulatory reviews and many other types of technical information - 
combined with a complex assortment of people with the requisite educational background, 
expertise and acquired insight to apply that body of knowledge safely and effectively. The 
effective management of nuclear knowledge includes ensuring the continued availability 
of this essential reservoir of qualified personnel. As the nuclear workforce ages and 
retires, and support decreases for university programmes in nuclear science and 
engineering, this issue is becoming critical to ensuring safety and security, encouraging 
innovation, and making certain that the benefits of nuclear energy - related to human 
health, food and agriculture, water management, electricity supply, and a host of other 
applications - remain available for future generations."  

M. ElBaradei, Director General of the IAEA (see http://www.iaea.org/km/). 
 

More generally, regarding the role of the EU in education, it is worth mentioning Article 
III 82 of the above “Treaty establishing a Constitution for Europe”: “ ………The Union shall 
contribute to the development of quality education by encouraging cooperation between 
Member States and, if necessary, by supporting and complementing their action. It shall fully 
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respect the responsibility of the Member States for the content of teaching and the 
organisation of education systems and their cultural and linguistic diversity….. 
Union action shall be aimed at: (a) developing the European dimension in education …..; (b) 
encouraging mobility of students and teachers, inter alia, by encouraging the academic 
recognition of diplomas and periods of study; (c) promoting cooperation between educational 
establishments; ….. (f) encouraging the development of distance education;…..”. 

 
Hereunder are two web addresses of particular interest for Community E&T initiatives, 

related to graduate and post-graduate levels: 
 

� EC (DG EAC) programme SOCRATES / ERASMUS for graduate level 
(http://europa.eu.int/comm/education/programmes/socrates/erasmus/charter_en.html 
and http://europa.eu.int/comm/education/programmes/mundus/index_en.html) 

� EC (DG RTD) programme MARIE CURIE for post-graduate level 
(http://europa.eu.int/comm/research/fp6/mariecurie-actions/indexhtm_en.html. More 
information is given in the websites http://www.cordis.lu/improving/ 
and http://www.cordis.lu/research_openings/fellowships.htm: the next cut-off dates 
for Marie Curie fellowships is 11 April 2006. 

D.  EU STRATEGY FOR EDUCATION AND TRAINING (INTEGRATION, NOT ASSISTANCE) 
 

D.1 Towards a European strategy for nuclear education and training, based on 
common qualification, mutual recognition and mobility of teachers and  students 

 
For the sake of clarification, education and training are defined as follows: 

 
� Education is a basic or life-long learning process: education is broader than training 

and encompasses the need to maintain completeness and continuity of competences 
across generations (it is essentially a knowledge-driven process, involving 
academics as suppliers, and students as customers). 

 
� Training is learning a particular skill required to deliver a particular outcome: 

training is about schooling activities other than regular academic education schemes 
(it is essentially an application driven process, involving industrial trainers as 
suppliers, and professionals as customers). 

 
In the specific area of nuclear fission, the goal of the FP-6 Euratom programme for 

education and training (in collaboration with the above SOCRATES / ERASMUS and 
MARIE CURIE) is to provide the EU nuclear community with a list of high-quality teaching 
modules. These modules can then be assembled into either Euromaster programmes (usually 
at the academic level, i.e. rather fundamental knowledge) or into higher level training 
packages (usually at the industrial or regulatory level, i.e. rather applied knowledge).  

 
The proposed nuclear E&T strategy is based on the following three principles: 

 
1. COMMON QUALIFICATION (i.e. award a “quality label” to the proposed E&T 

module - a task that requires scientific skills) 
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• Quality criteria for the contents of the teaching modules and estimate of value for 
money, similar to the questions related to the above “Erasmus University Charter” 

• Examination of students and teachers’ performances (“internal” and “external” 
assessments, e.g. quality and quantity of staff, involvement of students, etc) 

• Evaluation of practical aspects of the proposed E&T modules: e.g. pedagogy 
(learning and teaching process), language (English ?), e-technologies, practicals.  

 
2. MUTUAL RECOGNITION (i.e. the European dimension of the modular approach 
- a task that requires political skills) 
• Establishment of a “measurement” unit for the contents of the teaching modules 

(e.g. European Credit Transfer System points  /ECTS/ under Bologna 1999) 
• Review mechanisms by external end-users or peers, and formal acceptance by 

accreditation boards or “de facto” recognition by the stakeholders community  
• Assembling process of the proposed E&T modules into either Euromaster 

programmes (one academic year = 60 ECTS) or higher-level training packages. 
 

3. MOBILITY OF TEACHERS AND STUDENTS (i.e. ensure practical 
implementation - a task that requires organisational skills) 

• Characteristics of hosting organisations (e.g. type of classrooms, laboratories, 
accommodation, language courses, social events) 

• Organisation of technical visits to research institutions, industry, nuclear medical 
services or regulatory bodies 

• Cost of mobility of teachers and students: what is a reasonable amount for travel 
and accommodation (depending on local conditions) ? who is paying for it ? 

 
D.2 Examples of national and international “integrators” (in particular, academic 
networks at national level and “end-users” initiatives at European level) 

 
In countries with strongly deregulated and privatised electricity markets, the nuclear 

research and training budgets both in the public and private sectors have been drastically 
reduced and the degree of nuclear competences might fall beneath critical level.  

 
At the national level, in several EU countries, a set of interesting initiatives, using mixed 

public / private funds, was launched with the aim to compensate for declining research 
budgets and to ensure a fresh supply of talented graduates for recruitment. Here is a short 
description of some of these national initiatives. 
 

NTEC (Dalton Nuclear Institute) and BNFL University Research Alliance in UK 
In the United Kingdom, the University of Manchester’s Dalton Nuclear Institute 

(founded in 2004) is working to set up a UK Nuclear Technology Education Consortium 
(NTEC) - see http://www.ntec.ac.uk/. In addition, BNFL has established strategic alliances 
with leading UK universities to undertake fundamental research into key areas that underpin 
its business. Their University Research Alliance (URA) programme consists of 4 research 
topics: radiochemistry (1999, with Manchester University); particle technology (2000, with 
Leeds University); waste immobilisation (2001, with Sheffield University) and materials 
performance (2002, with UMIST at Manchester) – see http://www.bnfl.com.  
 

Kompetenzverbund Kerntechnik in Germany (distributed approach) 
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In Germany, the “Kompetenzverbund Kerntechnik” (Alliance for Competence in 
Nuclear Technology) was launched in 2000, under the umbrella of BMWA, with the aim of 
ensuring a high-level of nuclear competence until the end of the decommissioning process of 
all nuclear installations. In January 2004, the electrical utilities agreed to take care of research 
and training through a twinning scheme, namely : RWE ⇔ Aachen region (i.e. RWTH 
Aachen, FH Aachen/Jülich + FZJ); EnBW ⇔ Karlsruhe / Stuttgart region (i.e. TU Karlsruhe, 
Univ. Stuttgart, Univ. Heidelberg + FZK); E.ON Energie ⇔ Munich region (i.e. TU München 
+ GRS); and Vattenfall ⇔ Dresden region (TU Dresden, FH Zittau//Görlitz + FZR). More 
information is in http://www.grs.de/en/working_fields/research_management.html?pe_id=50. 
 

INSTN in France and BNEN in Belgium (centralised approach) 
In France, the Institut National des Sciences et Techniques Nucléaires (INSTN – see 

http://www-instn.cea.fr), a service of CEA, was created in 1956 with the aim of disseminating 
the knowledge produced at CEA through post-graduate education and professional training 
activities. In France, INSTN is the main institution authorised to deliver master degrees in 
nuclear fission technologies. Similarly (on a lower scale, however), in Belgium, under the 
impulse of the FP-5 project ENEN, five Belgian universities (two Dutch, two French, and one 
from Brussels) decided in 2002 to join resources to define one single curriculum for a nuclear 
Euromaster degree of the Bologna 1999 type, taught in English at SCK-CEN Mol (BNEN – 
see http://www.sckcen.be/bnen/courses.html), cosponsored by the nuclear industry. 
 

SKC in Sweden and STUK in Finland (distributed approach) 
Amongst the Scandinavian countries (Sweden, Finland, Norway, Denmark and Iceland) 

longstanding collaboration exists in the framework of the Nordic Nuclear Safety Research 
(NKS) association. In Sweden, in particular, research and training activities are financed by 
the Swedish Nuclear Technology Centre (SKC / see http://www.nuclear-tech-centre.org), 
created in the mid-1990’s and composed principally of SKI, Westinghouse-Atom AB and all 
Swedish NPPs. Finland is faced with urgent demands for nuclear research and vocational 
training as a consequence of their recent decision to build a fifth NPP. Their training activities 
are cosponsored by industry and safety authorities (see http://www.stuk.fi/english/). 
 

CIRTEN in Italy (distributed approach) 
Even though they stopped all production of nuclear fission electricity on their territory 

in 1986 (despite their pioneering role in nuclear fission in the 1950’s), Italy decided to 
maintain a high level of nuclear competence. The universities of Milano, Torino, Padova, 
Palermo, Pisa and Roma-la Sapienza created in 1994 the “Consorzio Interuniversitario per la 
Ricerca Tecnologica sull’ Energia Nucleare” (CIRTEN) with the aim of maintaining a critical 
mass able to respond to international Calls for Tenders (http://www.cirten.it/). 

 
At the European level, two associations are worth mentioning, because of their scientific 

interest in nuclear developments and their driving role in the nuclear fission community. 
 

EUR. In Europe, the major electricity producers decided in 1991 to discuss common 
"European Utility Requirements" (EUR) and to produce a document with the aim of 
harmonising design targets for future advanced (evolutionary) LWRs, i.e. the so-called 
“Generation III+” reactors. The EUR group includes 12 utilities: British Energy (UK), Suez-
Tractebel (BE), Electricité de France (FR), NRG (NL), IBERDROLA (ES), VGB PowerTech 
(DE), SOGIN (IT), Vattenfall (SE), TVO and FORTUM (FI), Swissnuclear (CH) and 
Rosenergoatom (RF). Following a rather prescriptive approach, a total of approximately 4 000 
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individual requirements have been fixed in the EUR documents, that deal with all the topics a 
utility has to address to have a LWR developed and built. The market at stake is naturally 
wider than Europe. EUR organised recently in collaboration with NEPTUNO an interesting 
Eurocourse 2005: “Levelling the Playing Ground for New Nuclear Power Plants in Europe” 
(6-10 June 2005, Helsinki, Finland) – see http://www.europeanutilityrequirements.org. 

WENRA. The Western European Nuclear Regulators’ Association (WENRA) was 
founded in 1999 and is composed of representatives from the following regulatory bodies: 
FANC (Belgium), STUK (Finland), ASN (France), BMU (Germany), APAT (Italy), CSN 
(Spain), SKI (Sweden), HSK (UK), KFD (Netherlands) and HSK (Switzerland) – recently 
expanded to the new EU Member States. They discuss in depth commonalities and 
differences between national safety requirements and develop common strategies. They focus 
on the following safety areas: safety management (safety policy and operating organisation); 
design (verification and improvement of the design); operation (beyond design basis accident 
management); and safety verification (probabilistic safety analysis and periodic safety 
review). They agreed on common “reference levels” that are in the "highest quartile" of 
national requirements (http://www.avn.be/uk/7_publications/9_2_articles_etudes.asp). They 
are also examining some of the above-mentioned EUR documents. Another interesting 
European integrator on the side of the regulators is EUROSAFE (group of Technical Safety 
Organisations) who is focusing on research and training (http://www.eurosafe-forum.org/). 

 
E. EDUCATION AND TRAINING ACTIVITIES IN EURATOM FP-5 AND FP-6  

 
E.1 ENEN and the “European Master of Science in Nuclear Eng.” under FP-5 

 
The first and central issue of the FP-5 (1998-2002) project ENEN (European Nuclear 

Education Network), made of representatives from 17 European countries including 
Switzerland, was to establish the degree of European Master of Science in Nuclear 
Engineering. The concept developed is compatible with the harmonised European 
architecture for higher education defining Bachelors and Masters degrees (Bologna 1999). 
The basic goal is to guarantee a high quality nuclear education in Europe by means of 
stimulating student and teacher exchanges, through mutual checks of the quality of the 
programmes offered, by close collaboration with renowned nuclear-research groups at 
universities and laboratories. The concept for a nuclear master programme consists of a solid 
basket of recommended basic nuclear science and engineering courses, but also contains 
advanced courses as well as practical training.  

A second important issue identified is Continued Professional Development. The design 
of corresponding training courses responds to the needs of industry and regulatory bodies, and 
a specific organisation was set up to manage the quality assessment and the accreditation. 

In order to achieve the important objectives and practical goals described above, the 
legal Association ENEN, a non-profit association under French law, was formed in September 
2003 (http://www3.sckcen.be/enen/statutes.html). This international association can be 
considered as a step towards the creation of a virtual European Nuclear University 
symbolising the active collaboration between national institutions pursuing nuclear education. 
More details about the legal Association ENEN and the modalities for registration are given 
on the website www.enen-assoc.org (or can be obtained from enen.sec@cea.fr).  
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E.2 NEPTUNO and the application of the ENEN scheme to other areas of nuclear 
fission and radiation protection under FP-6 

 
NEPTUNO (Nuclear European Platform of Training and University Organisations) is a 

FP-6 coordination action, initiated in January 2004 for a period of 24 months (with a total 
budget of 0,8 M€, entirely Euratom funded) and co-ordinated by CEA-INSTN / Centre de 
Saclay (Paris) (http://www.sckcen.be/neptuno/). The project consortium consists of 35 
partners, including 25 universities, and 10 research institutes or private companies from 19 
countries. Twenty-six of the partners are also members of the above legal Association ENEN. 
 

The NEPTUNO project brings together all aspects of European education and training 
in nuclear engineering, nuclear safety and other nuclear disciplines. Its main objectives are to 
ensure that the courses in nuclear education offered by European universities are of a high 
quality and are compatible with the Bologna declaration, and to harmonise professional 
training and accreditation schemes in the sector. The project will deliver an operational 
network of institutions for academic education in nuclear studies at the master, doctoral and 
post-doctoral level that is complemented with research organisations, regulatory bodies and 
industrial partners supporting research and development, bench-training and continuing 
professional learning schemes. A common knowledge base for nuclear fission, using 
multimedia, is available (http://neptuno.ike.uni-stuttgart.de/cocoon/neptuno/index.html). 
 

A “Computer Supported Collaborative Work” platform is under development to host all 
activities related to the Euratom E&T activities). Its communication system integrates e-
learning with conventional teaching methods and education and training actions from other 
European research projects (http://w2ksrvx.ike.uni-stuttgart.de/sinter_neu/index_sinter.html. 
 

The “European Master of Science in Nuclear Engineering” curriculum continues to be 
developed on the basis of the qualified courses offered by ENEN members and NEPTUNO 
partners. The qualifications and training required for key professional functions in the nuclear 
industry, regulatory bodies and in other relevant nuclear professions is currently assessed.  

 
Worth mentioning is the co-operation of NEPTUNO with the World Nuclear University 

(WNU), an initiative of the World Nuclear Association under the umbrella of the IAEA, 
launched in September 2003 (http://www.world-nuclear-university.org/). 

 
In line with the ENEN / NEPTUNO philosophy, Euratom FP-6 launched a number of 

nuclear E&T activities dealing with waste management, medical applications and radiation 
protection, such as: 
 
1 - Co-ordination Action on Education and Training in Radiation Protection and Radioactive 
Waste Management (CETRAD, coordinator = University of Wales (UWC) – Cardiff School 
of Engineering (http://www.grc.cf.ac.uk/cetrad/) 
 
2 - Securing European Radiological Protection and Radioecology Competence to meet the 
Future Needs of Stakeholders (EURAC), coordinator = Middlesex Univ. 
(n.priest@mdx.ac.uk) 
 
3 - European Master of Science Course in Radiation Biology (MSCRB), coordinator = Gray 
Cancer Institute,  Northwood, Middlesex (http://www.gci.ac.uk/education/index.htm) 
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4 - European Network on Education and Training in Radiological Protection (ENETRAP), 
coordinator =  SCK-CEN Mol, Belgium (http://www.sckcen.be/enetrap/). 
 

Besides the above-mentioned projects (NEPTUNO, CETRAD, EURAC, MSCRB and 
ENETRAP), fully dedicated to the qualification of E&T in their respective areas, it is worth 
mentioning the training activities proposed as work packages in some large FP-6 projects.  
 

In the integrated project, PERFECT (http://fp6perfect.net/), resources are assigned for 
training in advanced numerical simulation tools for irradiation damage. The proposed tools 
will allow students to perform “virtual irradiations” on “virtual reactors” and analyse the 
resulting evolution of mechanical properties and microstructure. Indeed, it is almost 
impossible for them to carry out experiments aimed at systematically assessing the cross-
influence of parameters.  
 

In the network of excellence, SARNET (http://www.sar-net.org/), an education and 
training programme is foreseen directed at young scientists. The aim is to consolidate 
European excellence in the long-term in the areas of experimental and numerical simulation 
as well as in level 2 probabilistic safety assessment methods and in mitigation techniques 
related to severe accident management.  
 

In the integrated project, RAPHAEL (http://w2ksrvx.ike.uni-stuttgart.de/ghtrn/), a 
number of major industrial issues are discussed in connection with future energy policies (e.g. 
energy and fresh water supply, climate change, natural resource preservation). Special 
attention will be paid to education in innovative nuclear heat production technologies and 
communication with the public at large. 
 

In the integrated project, EUROTRANS (http://nuklear-server.fzk.de/Eurotrans/), there 
are 17 universities, represented by the above mentioned ENEN Association. An important 
goal of this project is to provide education and training (E&T) in advanced innovative nuclear 
systems to young researchers. At least 5% of the budget in each domain is assigned to PhD 
students, whereas an additional 300 k€ is reserved exclusively for E&T activities.   

 
F.  The 7th EC research FP (2007-2013) and the 7th Euratom FP (2007-2011) 
 

On 6 April 2005 the European Commission announced its proposals for the Seventh 
Framework Programme 2007-2013 (FP-7) for EC and Euratom research, accompanied by a 
Communication setting out the policy objectives, “Building the ERA of knowledge for 
growth”. The proposal provides new impetus to increase Europe’s growth and 
competitiveness, recognising that knowledge is Europe’s greatest resource. The programme 
places greater emphasis than in the past on research that is relevant to the needs of European 
industry, to help it compete internationally, and to develop its role as a world leader in certain 
sectors – see http://www.cordis.lu/fp7/.  

On 21 September 2005 the European Commission approved its proposals concerning the 
Specific Programmes implementing the Seventh Framework Programme (2007-2013) of 
the European Community for research, technological development and demonstration 
activities: Cooperation, Ideas, People, Capacities and by the JRC.  
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The Commission identified six potential themes around which Joint Technology 
Initiatives (JTIs) could be established. To prepare this proposal, a previous Communication 
noted that, "at the initiative of the Commission and industry, "Technology Platforms" are 
being set up, which bring together companies, research institutions, the financial world and 
the regulatory authorities at the European level to define a common research agenda which 
should mobilise a critical mass of - national and European - public and private resources." - 
see http://www.cordis.lu/technology-platforms/. 

 
On 21 September 2005, the EC approved also the Euratom specific programme for 

direct (DG JRC) and indirect (DG RTD) research actions. The objectives of the Seventh 
Framework Programme (2007-2011) of the European Atomic Energy Community 
(Euratom) for nuclear research and training activities are the following: 

•  to establish a sound scientific and technical basis for the safe long-term management 
of hazardous radioactive waste 

•  to promote safer, more resource-efficient and competitive exploitation of nuclear 
energy 

•  to ensure a robust and socially acceptable system of protection of man & the 
environment against the effects of ionising radiation.  

 
The main areas proposed are as follows: 
• geological disposal of long-lived radioactive waste and the reduction of toxicity of 

radioactive waste through partitioning and transmutation 
• operational safety of existing reactor systems and the potential of future reactor 

systems for safer, more efficient power plants and competitive nuclear industry  
• radiation protection – especially risks from low doses, medical uses, emergency 

management and mitigation of the impact of radiological terrorism. 
 

Key cross-cutting activities are:  
• support for research infrastructures 
• retaining competence and know-how in all areas of nuclear science. 

 
This is, however, the very preliminary stage: the final decision is pending on the 

budgetary discussions of the European Council and Parliament (to be finalised in late 2006). 
 
G. CONCLUSION 
 

This paper discusses the objectives and some preliminary achievements of a European 
strategy for nuclear knowledge management, based on the “knowledge triangle” (i.e. research, 
education and innovation), proposed by Science and Research Commissioner, Janez Potočnik. 
The emphasis is on the component “education”. A European education and training strategy is 
proposed with the aim to ensure “common qualification, mutual recognition and mobility of 
scientists”. As the three “historical” success criteria for any European policy (i.e. common 
needs, a shared vision and implementation instruments) are satisfied, the strategy proposed for 
nuclear E&T looks quite promising. A number of achievements under FP-6 were presented. 
More is available in http://europa.eu.int/comm/research/energy/pdf/nuclear_fission_en.pdf). 

 
It is worth recalling, however, that, at European level, strictly speaking, education (in 

particular, higher education) is not subject of a « common European policy » : competence 
for the content and the organisation of studies remains at national level. The Community, 
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however, has a complementary role to play: to add a European dimension to education, to 
help to develop quality education and to encourage life-long learning (see Article 149 under 
“Education, vocational training and youth”, Nice Treaty, OJ C 325 of 24/12/2002). 

 

Besides the framework programme instruments, the implementation of the strategy 
proposed for nuclear knowledge management should take advantage of synergies of public 
and private initiatives (so-called “integrators” discussed in the paper). Public initiatives, 
usually for education, are proposed by the governments and by the EC. Private initiatives, 
usually for training, are proposed by industry in partnership with research institutions.  

 

Community research may help solve some of the current nuclear challenges. The 
success or failure of Community research depends largely on the stakeholders’ participation. 
The main stakeholders are represented around the central cycle “research – education – 
innovation” of Figure 2 below. Some participants in the Euratom Framework Programme 
have made a cost/benefit analysis of their participation in Community research actions: what 
is the “value for money” or are there other benefits in EU programmes ? It is worth reporting 
the conclusion of a large European utility: “To give an idea of the quantitative benefits which 
can be obtained from sharing costs in the framework of European programmes, we can 
mention a few illustrative figures: in the nuclear field, in 2002, we brought about 3,5 M€ and 
got access to R&D results worth 36 M€. This factor of 10 is obviously a strong incentive for a 
utility to get actively involved in the European Research Area !” (introductory lecture at the 
FISA-2003 Symposium / EC Luxembourg, November 10-13, 2003 / OPOCE Luxembourg 
2004 – see http://www.cordis.lu/fp5-euratom/src/ev-fisa2003.htm). Nuclear E&T will be 
further discussed at FISA-2006 together with the current (GEN II and III) and future (GEN 
IV) reactor systems – see http://www.cordis.lu/fp6-euratom/events.htm (13-16 March 2006). 
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Figure 2 – Role of stakeholders in nuclear research, education and innovation 
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SUMMARY 

The success of SARNET as a Network of Excellence depends to a high degree on the 
collaboration of the 52 partner organizations, with over 250 participants. As the organizations are 
spread throughout Europe, an efficient way had to be provided to enable information to be shared 
between all participants, and to support communication between them. For these tasks, a so-
called “Advanced Communication Tool (ACT)” had to be developed. Starting from the 
requirements on such a tool and a survey on existing tools, a portal solution was chosen which 
best fits the conditions of the project. The architecture of the underlying software and the design 
based on the project work structure are described. The experiences gained to date, particularly the 
results of a user’s survey, are discussed. Finally, an outlook is given on capturing the project 
knowledge to promote dissemination of the project’s results.  
 

A. INTRODUCTION 

The SARNET project is carried out by 52 European organizations. About 250 people are 
collaborating in the project. It is obvious that working together in the project requires means to 
facilitate the exchange of documents and information and to support communication between 
project partners. 
 
The last years have seen a rapid development of communication channels based on collaborative 
computing, the utilization of document management, shared workspaces and portal solutions. 
Obviously, these tools fill a widely felt need for communication which reaches well beyond the 
exchange of information by telephone and e-mail. In particular, the paradigm of managing 
documents in a consistent way, in principle by avoiding dealing with copies of documents, has 
made much headway. The distribution by e-mail (mostly administrated in form of mailing lists) 
multiplies copies of a document, which might consequently be edited by the recipients, with the 
frequent result of many different document versions. In contrast, a central document management 
system avoids the dangers lying in manifold and diverging document versions, and the problem 
of merging them into a master. Furthermore, the idea of shared workspaces, which are easily 
accessible by Internet and which allow to exchange documents, information, opinions, maybe 
chat by text or voice, has gained considerable momentum. 
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These developments may be seen to lie at the heart of an efficient network consisting of locally 
widely separated organizations and participants. In consequence, the choice of the tools to 
promote collaboration between the partners, facilitating as far as possible their cooperative tasks, 
is of high importance for the efficiency of the network. Certainly, the actual development of 
collaboration tools is still experiencing a fast development, leading to new ideas and solutions, 
which is a clear indication that an optimum has not yet been achieved (if such an optimum is ever 
achievable). However, today’s state-of-the-art tools have proven their capabilities sufficiently to 
provide the desired services. 
 
In the following, the process which led to the provision of a suitable collaboration platform 
(referred to as the ACT, the Advanced Collaboration Tool) for the members of SARNET is 
described. The structure of the ACT and the arrangement of information will be explained in 
more detail, as well as the document management and collaboration features. The experience 
gained so far with the system will be related. Finally, an outlook is given to mapping the 
information and knowledge involved in the project for further dissemination of the project 
results. 
 

B. THE ADVANCED COMMUNICATION TOOL (ACT) 

B.1  REQUIREMENTS 

The specification of the Advanced Communication Tool was derived from first defining 
and analyzing requirements, and classifying the requirements according to priorities. In a 
next phase, possible solutions fulfilling the requirements were sought, keeping in mind 
restrictions with respect to cost.  

 
The requirements were mostly considered from the users’ perspective. They include aspects 
such as document and information management, collaboration, rights management, search 
capabilities, and personalization. Furthermore, the requirement that the solution should be 
realizable in a short time was regarded as of high priority. The reason behind this is that 
from the start of the project on, there would a strong demand for collaboration and 
exchange of documents. If a tool were not available from the very beginning, then other 
means of communication would be established, particularly the exchange of e-mails by 
mailing lists. Once such communication paths would have been established, the transition 
to other means, even if considerably better, would be very hard to accomplish. For this 
reason, it was decided early on that a workable prototype should be available as soon as 
possible, offering collaboration tools since the very beginning, thus avoiding the 
establishment of alternative communication paths. 
 
A large part of the activities in the SARNET ACT concerns managing documents. It was 
required that users should be able to publish documents in the ACT and to assign the rights 
to other participants to edit the documents. This team work on documents would be 
supported by means to ensure that the document is not edited simultaneously by more than 
one user, which may lead to overwriting each others changes in the document. Furthermore, 
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versioning of documents was required in order to follow the history of document changes, 
thereby offering the possibility to revert to a previous version of the document. The 
document management should enclose all established document formats, including images, 
audio and video formats. 
 
With regard to information management, it was required that the participants of the project 
should have access to a multitude of information related to the project. This would include 
e.g. news regarding the project, outside news within the technical fields, information on 
participants and participating organizations, access to basic documents such as project and 
work description, information on new features in the ACT, access to codes, access to 
databases, links to the internet, and more. Also, outside document sources (e.g. file shares 
at partner organizations) should be accessible by a search performed in the ACT. 
 
The search for information and documents is a basic feature of all portal solutions, and was 
therefore a strong requirement. The search machines of today are well advanced in indexing 
by using word breaking and stemming to provide comprehensive results in a free text 
search. The search results are ranked by the machine. Also, the search on profile data (also 
referred to as metadata, such as author, title or description, which describe the properties of 
the document and which are attached to the document) would be requested in addition to 
the search of the text body. 
 
Besides managing documents, the ACT’s second main task is the support of collaboration 
in the project. There are several teams in the project, working on specific work packages. 
Each team should have its own Team Site, which will be administrated by the team leader. 
The Site should be adaptable to the particular requirements of the Team. This might include 
features such as announcements, important events, task lists, discussion boards, or surveys. 
The functionality of the portal should be extensible to account for new requirements by 
users. A clean programming interface based on programming standards such as established 
web languages should be available to provide for easy provision of the required functions. 

 

B.2  CHOICE OF TOOL 

The tools which offer the functionality sought after are commonly referred to as Portal 
Software. The portals may be further classified in Internet and Intranet Portals. The Intranet 
Portals are often referred to as Enterprise Information Portals, but may contain dedicated 
portals for particular information tasks. 
 
Portal Software has experienced a fast grow during the last years. The incentive stems to a 
great extent from the need for managing knowledge competitive knowledge-driven 
markets. Portal solutions are offered commercially by many vendors, there are also a few 
Open Source solutions available. 
 
The process of choosing the tool compatible with the requirements is described in detail in 
a SARNET deliverable. In effect, the decision was taken to adopt MS Sharepoint Portal 2.0 
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as the underlying portal solution for the ACT. The decision came mainly from 
considerations of scope and costs, but also from previous experience where GRS had 
conducted an evaluation on available portal solutions. The Sharepoint Portal reflects the 
state of the art and offers most of the features requested in this project out of the box, which 
means that also the important requirement of setting up quickly a workable solution could 
be fulfilled. 

B.3  ARCHITECTURE OF THE SHAREPOINT PORTAL 

The architecture had an impact on some fundamental decisions concerning the design of the 
Sarnet portal. In effect, the Portal includes two main products, the Windows Sharepoint 
Services, which are delivered free of charge with the Windows Server 2003 operating 
system, and the Sharpoint Portal proper. This is sketched in the following figure: 
 

 
 

 
The Windows Sharepoint Services Services (WSS) offer the basis for Team Collaboration. 
They provide Sites which may be populated by Web Parts for a variety of tasks. These Web 
Parts may display Lists (e.g. a document library, event and task lists, announcements, 
discussions, surveys) or may have particular functionalities such as displaying contacts, 
viewing Web pages or documents, or editing arbitrary content.  
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The Portal is set on top of the WSS. It provides mainly a search facility on all WSS sites, 
the possibility to index external content, the administration of users (Active Directory, User 
Profiles), and the personalization of the sites. The Portal allows for scaling to large, 
distributed server farms, assigning different tasks to several machines. The Portal is 
organized in Areas, which in principle are WSS sites, but with specialized features. Areas 
may be organized as Topics areas, which provide an important navigation instrument and 
appear in the top menu. Specific areas are available for the Homepage, for News and the 
Site Directory (directory of WSS sites). 
 

B.3  DESIGN OF THE ACT 

The main guideline for the design of the ACT was the specification of the main topics of 
the project, and the determination of the teams which would profit from shared workspaces. 
Both of these questions could be solved by looking at the Annex I of the contract, 
“Description of Work”. Therein, the main topics are described in the Joint Programme of 
Activities (JPA). These were the candidates for ACT Areas, as they would contain mostly 
information of a more “static” nature (important information and results on the topic). In 
addition, some general topics would be included as Reference Information and 
Management issues. Thus, the resulting Topic Areas are the following: 
 
- Reference Information 
- Management 
- Astec 
- Containment 
- Corium 
- Source Term 
- PSA 2 
- R&D Priorities 
- Data Base 
- Excellence Spreading 
- Communication Tool 
 
For setting up the Team Sites, the definition of the Work Packages in the Description of 
Work provided a “natural” structure. The team sites contain information related to e.g. team 
meetings, announcements, documents which are pertinent to the team itself. These team 
sites are related to the topic areas. In each topic area, links are provided which lead to the 
respective team site (or sites). Overall, there are 20 Work Package Sites, with some of the 
work packages having more also subsites. 
 
The next figures show a typical work package site, and a topical area. As the areas and 
team sites are highly configurable, each site may look different from the other. However, 
templates were provided in order to set up default sites, which then could be changed by the 
administrator, to provide a similar look and feel for the users. 
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An important aspect of the design is the rights management. Since some proprietary 
information is involved, not all information should be accessible by all participants. The 
principle has been established that the owner of the areas and sites should be also the rights 
manager for his sites. This means that each topical leader has administration rights for his 
area, and each work package leader the administration rights for his team site. This involves 
the definition of access rights (reader, editor, …) and of members of the team sites. The 
rights management extends to single document libraries or lists. A particular feature of the 
Sharepoint Portal is that rights may be managed only on the library and list level, not for 
single items. This occasionally requires the definition of several document libraries per 
team site.  
 
The appearance and the type of lists and libraries are customizable in wide ranges. Also, 
this customization is left to the topic and work package leaders in order to best fit their 
particular needs.  
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C.  EXPERIENCE WITH THE ACT AND OUTLOOK 
 
As foreseen by the choice of the portal software for the ACT, the customization of the ACT by 
structuring according to topics and work packages was possible in a short period of time. Thus, 
the requirement of providing the ACT at a very early time in the project was met. In addition, at 
the time when the ACT was opened to all participants, some support and help features were 
established, such as an interactive training, a Users Manual, a discussion group for utilization of 
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the ACT, and reference to the administrators (mail and phone numbers). No use has been made of 
the discussion group, the other help facilities were used to some extent.   
 
This basic structure was quickly filled with appropriate content. The home page of the portal 
contains information on the project, the basic documents such as contract and consortium 
agreement, announcements and news of general interest, as well as links to other web presences. 
The topics leaders each provided a short description of their activities, and customized their web 
sites. The team started to collect their documents and information from the very beginning of the 
project. 
 
As indicators of the use of the ACT, two measures were defined: the number of accesses to the 
portal, and the number of documents in the portal. Both these figures are given below, together 
with the number of different users accessing the ACT. They show the rise in both indicators at 
the beginning of the project, and a tendency to stabilize after the peak which corresponds to the 
meetings in February 2005 in Cologne.  
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In order to gain feedback on the satisfaction of the users of the ACT, a survey was started in 
spring 2005, asking users about their opinions on the portal. 27 answers were obtained. Although 
this is not a representative figure, the summarized answers below provide some indications on 
user opinions: 
 

- Problems are encountered mainly with document management (particularly) when 
editing and saving documents. Help and more information were requested on that topic. 

- Navigation was judged to be satisfactory in retrieving the requested information users 
were looking for by navigation. The search function is less used. 

- Participants feel adequately informed on project progress and project events. 

 



 
 

9/9

SESSION 6: Knowledge Management, Paper N° 2 
 

 
The first European Review Meeting on Severe Accident Research (ERMSAR-2005) 

Aix-en-Provence, France, 14-16 November 2005 

- Suggestions for improvement are directed mainly towards the awkward handling of 
links in announcements and events (no direct links), as well as towards improving 
Meeting workspaces. 

- The alert function is used as a means of getting information on document changes to 
some extent. 

- Work Package Sites are felt to be adequate, but would need improvements. 
 
The evaluation of the feedback has led to extending and improving the Frequently Asked 
Questions list to provide more guidance, particularly on document management. Some of the 
hints could be realized, however, some suggestions such as improvements in meeting workspaces 
and links from announcements and events concern inbuilt features, which cannot be changed 
easily. These topics were sent to the appropriate Newsgroups to suggest the need for 
improvements by Microsoft. 
 
The ACT is mostly concerned with information management. It provides a solid basis for 
managing the knowledge deployed and created in the project. In order to pursue the topic of 
knowledge management further, mapping of the knowledge involved in the project will be tried 
out. For this purpose, a tool will be applied which has been created by the Institute for Human 
and Machine Cognition, the Concept Map Tool. This allows the construction of concept maps, 
i.e. graphic maps showing the important topics and their interrelations. Each topic may include a 
number of resources, include text, video, audio and links. These maps have proven valuable in 
capturing the knowledge in a given domain, in this case the SARNET project. It is expected that 
the map will contribute to the dissemination of the project know-how and the project results, and 
retain the knowledge involved in the project well after the project’s end.   
 
 
E.  CONCLUSIONS 
 
The ACT seems to be fulfilling its two-fold role as a document management system and as a 
platform for collaboration. The strong initial efforts by project, topic and work package leaders 
have led to a structure which enables participants to find information on their topics, and to 
cooperate with other members of their teams. Requests for help on the portal functionality have 
been strongly decreasing in the last half year, indicating a growing familiarity of the participants 
with the ACT. The feedback from a user’s survey has been used for mainly improving the 
information on the ACT in form of a Frequently Asked Questions list.  
 
The information management performed in the ACT paves the way towards knowledge 
management. As a step towards managing the knowledge involved in the project, an attempt will 
be made at mapping the project knowledge by means of concept map techniques.  
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Goals

Provide collaboration platform for
– 52 organizations
– ~ 250 participants

Provide communication well beyond e-mail and telephone

Document Management
– Avoid proliferation of document copies by a central document 

management system

Choice of tools important for the efficiency of the network
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The Advanced Communication Tool (ACT)

Requirements specification
– Defined from a users point of view

– Restrictions with respect to cost

– Make available at earliest possible date (avoid establishment of
other communication means)

– Document Management:
Control collaborative work on documents

Rights management
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Versioning

All Document types (text, images, audio, video)

– Information Management - Access to all project information
News, Events, Announcements

Information on participants and organizations

Documents

Codes

Database access

External document pools

Link lists
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– Search
Free Text Search

Search on metadata (profile data)

Rankings

– Collaboration features
Team Sites for collaboration in Work Packages

Tasks lists, Event lists, discussion boards, surveys …

Adaptation and Personalization

Extensibility (programming interface)
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Choice of Tools
– Portal Software

Fast growing sector (enterprise information portals, extranets)

Offered by many vendors

Open source solutions available

Review on many solutions has been conducted

– Decision: MS Sharepoint Portal Server
All required features

Cost effective solution

Previous experiences in GRS

Quick initial set-up
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– Architecture
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Design of the ACT

„Description of Work“ – Document as basis for
– Specification of the project‘s main topics

– Determination of the teams requiring shared workspaces („team sites“)

Set-up of Topical Areas for
– Reference Information, Management, ASTEC, Containment, Corium, 

Source Term, PSA 2, R&D Priorities, Data Base, Excellence Spreading, 
Communication Tool

– Default Template: Topic Description, Document Library, 
Announcements, Events, Links to Team Sites, General Links  
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Set-up of Team Sites according to the Work Packages in the Topics
– Default Templates: Member List, Document Libraries, Picture Libraries, 

Contacts, Tasks, Issues, Events, Links, Discussion, Survey

Rights Management
– Topical Area

Topic Leader: Administration Rights

– Team Sites Administration

Team Members: Contributor Rights

Work Package Leader: Administration Rights
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• Example of  a Topical Area
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• Example of  a Team Site
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Experience with the ACT

Set-up was accomplished in short time
– Support and help features available early

Interactive Training

Users Manual

Reference to Administrators

– Basic structure quickly fed with content
– Indicators:

Number of accesses by users

Number of items (documents, lists, …)
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Survey on Users Satisfaction has been conducted
– 27 responses

– Some problems with document management (check/in – check/out 
functionality)

– Navigation satisfactory (search features not much used)

– Information on the project adequate

– Some suggestions for improving announcements and events links

– Alerts used to some extent

– Work Package Sites adequate, some improvements proposed

extended Frequently Asked Questions – list

realization of some of the suggestions
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Public Web Site – www.sar-net.org

Information to the public on the project‘s goals and progress

Announcement of relevant events

Reference documents

Content Management
– Documents in the web site consistent with documents in the ACT
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Conclusions and Outlook

The ACT fulfills it‘s role as document management system and collaboration 
platform

Strong initial efforts by project, topic and work package leaders have lead 
early to a good structure of the portal

Requests for support diminished in the meantime

Help and support to be continued

Outlook on Knowledge Management
– Information and knowledge should be available in particular after the end of the 

project
– Deployment of Concept Maps envisaged (CMapTools of IHMC) 



17http://cmex.ihmc.us/CMEX/Map of Maps.html

http://cmex.ihmc.us/CMEX/Map
http://cmex.ihmc.us/CMEX/Map
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1.  Objectives of EU research and training

Euratom Treaty (March 1957)

Lisbon European Council (March 2000)

Treaty establishing a Constitution for Europe (October 2004)
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FP7 (2007-2013) 
Building the Europe of Knowledge

Research

Growth 
and Jobs

Education Innovation
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Knowledge Management in the life cycle of a research project

Actual Interest

Budget

Scientific Value

Expected Interest

Research Education Innovation
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2.   Integration of nuclear research and training

2.1  Nuclear facts now and security of energy supply in the future

35 % of all electricity, 150 nuclear power plants (including 18 in the new MS)

Green Paper 2000 “Towards a European Strategy for the Security of Energy Supply”

2.2  A mature industry: four generations of nuclear reactors
Generation I: prototype commercial reactors of the 1950s and 1960s 

Generation II: deployed in the 1970s and 1980s and today still in operation

Generation III: advanced reactors designed in the 1990s

Generation III+: reactors to be deployed by 2010 (passive safety designs)

Generation IV: to be probably deployed by 2030 (highly economical, enhanced 
safety, minimal waste production, and proliferation resistant)
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2.   Integration of nuclear research and training

2.3  Main stakeholders: regulators, utilities, vendors and …..

Regulatory bodies and associated technical safety organisations (TSO)
Main priority: SAFETY – and security since September 11, 2001
find international support for complex safety evaluations

Electrical utilities and associated service companies
Main priorities: SAFETY and PERFORMANCE
“Industry is interested in good results in 1 year, not in excellent results in 10 years.”

Vendors (or manufacturing industry) and architect-engineering companies 
Main priorities: SAFETY, PERFORMANCE and INNOVATION. 
produce ambitious innovative products or services
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Academia (universities) and associated education services
“push forward the frontiers of science” and educate the young generations.

Research organisations and associated training services
conduct international research programmes, sharing large installations

Note An important role is also played by the European Nuclear 
Federations (FORATOM, European Nuclear Society ENS and Young 
Generation Network, WONUC, EURELECTRIC, etc

=>  Integration of EU research and training organisations: 
co-operation competition : “co-opetition”

2.   Integration of nuclear research and training

2.3  Main stakeholders: … research, academia and European Federations
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Towards a nuclear “European Higher Education Area”
(EHEA)

(1) Research organisations
(governmental and private 

laboratories)

(2) Manufacturing industry 
and designers

(Safety, performance 
and innovation)

(4) Regulatory Authorities  
(Reactor Safety)

(3) Utilities and service sector
(Safety and performance)

EDUCATION

(dissemination)

INNOVATION

(exploitation)
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2. Integration of nuclear research and training

2.4 EU criteria: common needs, a shared vision 
and European implementation instruments

Common needs put forward by “end-users”

public at large: e.g. public perceptions of risk and expectations 
regarding health, safety and security

industry: e.g. increase further the safety and the performances in 
line with the regulatory and internal market requirements

regulatory bodies: e.g. “towards convergence of technical nuclear and 
radiological safety practices in Europe” (plain level field)

S/T community: e.g. fill the gaps in basic and applied knowledge and 
share large test facilities and numerical simulation tools. 
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2.   Integration of nuclear research and training

2.4 EU criteria: common needs, a shared vision
and European implementation instruments 

A common vision shared by “integrators”

utilities (e.g. EUR): develop an objective, consistent and predictable 
environment to secure stable electricity prices 

vendors (e.g. GIF): design innovative reactors and fuel cycles
(economical, safety, minimal waste, and no 

proliferation) 

regulators (e.g. WENRA): agree on commonly accepted safety  criteria
(“reference levels”) for current and future plants

EU research (e.g. ERA): “economic growth, competitiveness and 
employment”, 

“social and environmental sustainability”.
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2.   Integration of nuclear research and training

2.4 EU criteria: common needs, a shared vision 
and European implementation instruments

Common instruments made available by the EU

political instruments: e.g. Barcelona 2002 (“overall R&D in the EU to be 
increased until 3% of the GDP by 2010”)

financial instruments: loans from EIB or from EU “Structural and 
Cohesion Funds”, fiscal incentives, risk capital

juridical instruments: international S/T cooperation agreements, 
Community patent, IPR

mobility instruments: accreditation methodology for exchange of 
students and teachers (Bologna 1999, ECTS)
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3. RESEARCH in reactor systems 
3.1 R&D needs in current and evolutionary reactors

General challenges for current Generation II (horizon = 2010)
(plant life extension and double « bet »)

ensure life duration of existing plants significantly over 40 years at 
competitive conditions in an open market
avoid the risky double « bet »: plant life extension of 60 years and industrial 
GEN IV before 2040

General challenges for evolutionary Generation III (horizon = 2010)
(objective, consistent and predictable environment)

credible plan for gaining regulatory acceptance
existence of industrial infrastructure
credible plan for commercialisation 
cost-sharing between industry and government 
demonstration of economic competitiveness
reliance on existing fuel cycle industrial structure.
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3. RESEARCH in reactor systems 
3.1 R&D needs in current and evolutionary reactors

Technological challenges for Generation III (horizon 2010)
(enhanced competitiveness and safety )

standardised design to reduce capital cost and construction time

simpler design (using also passive safety), making them easier and cheaper to 
operate

better plant management and increased availability (longer operating life)

reduced probability of occurrence and mitigation of hypothetical severe 
accidents 

minimal impact on the environment

higher burn-up to reduce fuel supply and the amount of waste

Educational challenges for Generation III (horizon 2010)

ENSURE MAINTENANCE OF NUCLEAR COMPETENCES !
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EPR : a “robust” designEPR : a “robust” design

Containment
designed to
withstand
hydrogen
deflagration

Spreading Area
Protection of the Basemat

Prevention of high
pressure core melt by
depressurisation
means

Containment Heat
Removal System

In Containment Refueling
Water Storage Tank (IRWST)

Internal containment
:H2 deflagration
resistant

Ultimate
depressurization
system to avoid high
pressure meltdown

In reactor building cooling
poolCorium spreading

area

Double containment for 
the reactor and the fuel 
building: plane crash 
protection
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3. RESEARCH in reactor systems
3.2   R&D needs in Generation IV reactors

Technological challenges for Generation IV (horizon 2030)
(sustainable development and new industrial needs)

Sustainability: long-term availability of systems and effective fuel utilization 
for worldwide energy production, minimize and manage their nuclear waste 

Economics: clear life-cycle cost advantage over other energy sources, level 
of financial risk comparable to other energy projects

Safety and Reliability: very low likelihood and degree of reactor core 
damage, eliminate the need for offsite emergency response

Proliferation Resistance and Physical protection: increase the assurance 
that they are a very unattractive for malevolent uses.
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GENERATION IV International Forum     
The Gas Technology Path (HTR - VHTR - GCR)

R & D
• Fuel particles
• Materials
• He systems technology (850°C)
• Computer codes
• Fuel cycle

R & D

HTR
R & D

Fast neutron fuel
Fuel Cycle Process
Full actinide recycling
Safety Systems

GFR
VHTR

> 950°C for VHTR
Heat process

Sustainability

VHT Materials
IHX for heat process
ZrC Coated Particles
I-S cycle: H2 production

ETDR

ETDR: Experimental Technology

Demonstration Reactor
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Euratom research related to GEN III and GEN IV

Safety crosscut items

system optimization and safety assessment methodology
simplified PRA methodology   
emergency planning methods
licensing and regulatory framework 
radionuclide transport and dose assessment 
human factors. 

Additional R&D areas are:

instrumentation & control
human machine interface
reactor physics and thermal-hydraulics
risk management 
operation and maintenance.
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4. Education and training in nuclear fission and 
radiation protection

Scientific, administrative and financial challenges

1 – Common qualification framework 
(i.e. ensure top level quality for each E&T module)

2 - Mutual recognition (Bologna 1999 process: ECTS)
(i.e. the European dimension of the modular approach)

3 - Mobility of scientists (instructors and students)
(i.e. ensure the feasibility and the financial viability)

“European Master of Science in 
Nuclear Engineering” (EMSNE)
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FP-6 projects in nuclear Education and Training

NEPTUNO (CA)
“Nuclear European Platform of Training and University Organisations” (nuclear 
engineering) – continuation of FP-5 project ENEN

CETRAD (CA)
“Co-ordination Action on Education and Training in Radiation Protection and 
Radioactive Waste Management”

EURAC (CA)
“Securing European Radiological Protection & Radioecology Competence to 
meat the Future Needs of Stakeholders”

MSCRB (SSA)
“European Master of Science Course in Radiation Biology”

ENETRAP (CA)
“European Network on Education and Training in Radiological Protection ”
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« European Nuclear Engineering Network » 
(ENEN - http://www3.sckcen.be/enen/)
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European Nuclear Education Network / ENEN 
(legal non profit making association, Paris, Sept. 03) 

General Assembly 
Advisory Committee                     Board of Directors                   Honorary Members 

                                               (Governing Board)                           Committee 

Management Committee 
General Secretary 

  Chairman           Chairman               Chairman                Chairman          Chairman 
Committee 1       Committee 2          Committee 3            Committee 4      Committee 5
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Academic 

Affairs 
Committee 

 
3*+2**

Advanced 
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Research 
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3*+2**
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Quality 
Assurance 
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Knowledge 
Management 
Committee 
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Belgian Nuclear Education Network (BNEN) Belgian Nuclear Education Network (BNEN) 
5 universities = KUL, UG, VUB, UCL and 5 universities = KUL, UG, VUB, UCL and UlgUlg

Distribution of key lectures and teaching tasksDistribution of key lectures and teaching tasks
Total
ECTS    KUL   UG   VUB      UCL       Ulg

Nuclear energy : introduction 3 3
Introduction to nuclear physics 3 3
Nuclear reactor theory and experiments 8 2 3 3
Nuclear thermal-hydraulics 6 6
Operation and control 3 3
Reliability and safety 3 3
Nuclear fuel cycle and 

applied radiochemistry 3 3
Nuclear materials I 3 3
Nuclear materials II 3 3
Radiation protection 

and nuclear measurements 6 4 2
Advanced topics 6
Project and internship 13
TOTAL 60
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Education and training: 

possible synergies between 2 worlds ?
Definition of education:

Education = basic or lifelong learning process
(knowledge driven: 
usually, stakeholders = academic world / end-users = students)

Education is broader than training and encompasses the need to 
maintain completeness and continuity of competences across 
generations

Definition of training:
Training = learning a particular skill required to deliver a particular 
outcome
(application driven: 
usually, stakeholders = research organisations / end-users = industry)

Training is about schooling activities other than the regular academic 
education schemes
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Dissemination and transfer of knowledge : 
a contractual obligation under FP-6

Cost categories in the contractual forms (A3.1)

IP : 1. RTD or innovation related
2. Demonstration
3. Training
4. Consortium management

NoE : 1. Joint programme (integrating, jointly 
executed research, spreading of
excellence)

2. Management

CA : 1. Coordination
2. Training
3. Consortium management

DISSEMINATION

and TRANSFER

FP-6
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Integration of nuclear Education (e.g. NEPTUNO) 

and Training (ad-hoc work packages in FP-6 projects)

NEPTUNO: “Nuclear European Platform of Training and University 
Organisations”, co-ordinator: CEA-INSTN Paris, started in January 2004, 
35 partners (co-ordination action, 2 years)

Exchange of best practices amongst FP-6 projects related to nuclear education
and training besides NEPTUNO: CETRAD, EURAC, MSCRB and ENETRAP

PERFECT (IP): learning about irradiation damage 
SARNET (NoE): learning about severe accident management 
RAPHAEL (IP): learning about VHTR and future industrial needs (e.g. energy 
and fresh water supply, climate change, natural resource preservation)
EUROTRANS (IP): learning about transmutation techniques (17 universities 
represented by ENEN / at least 5% of the budget assigned to PhD students
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5. INNOVATION IN FP-7 (2007-2013)
“Science and technology, the key to Europe’s future”

COM(2004)353 / 16 June 2004

Collaborative 
research

Basic research, 
competitive funding

Technology 
initiatives

Human 
resources

Research 
infrastructures

Coordination of 
national 

programmes

6 axes

new

new
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EURATOM FP7 
Nuclear Fission & Radiation Protection

EURATOM FP7 
Nuclear Fission & Radiation Protection

OBJECTIVES
• Establish a sound scientific & technical basis for the 

safe long-term management of hazardous radioactive 
waste

• Promote safer, more resource-efficient and 
competitive exploitation of nuclear energy

• Ensure a robust and socially acceptable system of 
protection of man & the environment against the 
effects of ionising radiation.

OBJECTIVES
• Establish a sound scientific & technical basis for the 

safe long-term management of hazardous radioactive 
waste

• Promote safer, more resource-efficient and 
competitive exploitation of nuclear energy

• Ensure a robust and socially acceptable system of 
protection of man & the environment against the 
effects of ionising radiation.
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Geological disposal of long-lived radioactive 
waste and the reduction of toxicity of 

radioactive waste through partitioning & 
transmutation

Geological disposal of long-lived radioactive 
waste and the reduction of toxicity of 

radioactive waste through partitioning & 
transmutation

Key cross-cutting 
activities: 

- Support for
research 
infrastructures

- retaining 
competences and 
know-how in all 
areas of nuclear 
science

Key cross-cutting 
activities: 

- Support for
research 
infrastructures

- retaining 
competences and 
know-how in all 
areas of nuclear 
scienceRadiation protection – especially risks from 

low doses, medical uses, emergency 
management and mitigation of the impact of

radiological terrorism

Radiation protection – especially risks from 
low doses, medical uses, emergency 

management and mitigation of the impact of
radiological terrorism

EURATOM FP7 
Nuclear Fission & Radiation Protection  

EURATOM FP7 
Nuclear Fission & Radiation Protection  

Operational safety of existing reactor 
systems and the potential of future reactor 

systems for safer, more efficient power 
plants and competitive nuclear industry 

Operational safety of existing reactor 
systems and the potential of future reactor 

systems for safer, more efficient power 
plants and competitive nuclear industry 
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CONCLUSIONCONCLUSION
Towards a « European Higher Education Area » 

in nuclear fission and radiation protection
Nuclear energy continues to supply 35% of electricity in the EU-25 : 

ensure a continuation of Europe’s outstanding safety record, to efficiently 
manage the treatment and storage of waste, to maintain the high standards of 
radiation protection and to maintain efforts to avoid proliferation.

Political/economical challenge to Euratom research and training: 
de-fragmentation and integration of all stakeholders (not assistance)

European strategy for nuclear research, education and innovation

main stakeholders: research, academia, utilities, vendors and regulators
common needs, vision and instruments : common vision still weak !
“value for money” assessment of participation in EU research (gain = 10 !)

Commission Proposal for FP7 (2007 – 2013): e.g. develop “joint technology 
platforms” and relaunch knowledge-driven research
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ASTEC Code Validation and Application  
to Safety of NPPs with VVER 

 
Yu. Zvonarev, M. Budaev, V. Kobzar, A. Volchek 

 
Nuclear Safety Institute of Russian Research Centre “Kurchatov Institute”, Moscow (RU) 

 

SUMMARY 

ASTEC is computer codes allowing to analyze severe accidents in LWRs. The ASTEC 
integral code, commonly developed by IRSN (France) and GRS (Germany), is intended for 
prediction a whole severe accident sequence from the initiating event to Fission Product 
release out of the containment. The code applicability to VVER is a clear common IRSN-
GRS objective. The current work in collaboration between IRSN and NSI RRC KI (Russia) 
aims at reaching this objective. Several actions supporting ASTEC code application to VVER 
have been initiated: Validation of code on experiments specific to VVER conditions; 
Preliminary application of codes to VVER severe accident sequence simulations in order to 
define the necessary code improvements; Development and implementation into code of 
models specific to VVER safety systems; Performing of benchmark calculations between 
ASTEC and ICARE/CATHARE codes for LOCA sequences on VVER-1000. The next stages 
of the collaboration will consist to draw the modelling specifications of VVER safety 
systems, and in parallel to work on validation and reactor applications of the next versions of 
ASTEC code. 
 

A. INTRODUCTION 

The objective of the Nuclear Safety Institute of Russian Research Centre Kurchatov 
Institute (NSI RRC KI) R&D program on severe accident is to get a sufficient understanding 
of all major phenomena occurring in case of a severe accident in VVER. With this objective, 
NSI RRC KI is conducting experimental programs and code developments in the related 
fields. Regarding computer code development, NSI RRC KI is developing a severe accident 
RATEG/SVECHA/GEFEST code in cooperation with other Russian Institutes and 
simultaneously using existing foreign codes for safety analysis of the NPPs with VVER. 

 
The integral code ASTEC has been developed with the aim to get a fast running code for 

the simulation of the total sequences of severe accidents in LWR from the initiating event up 
to the possible fission product release to the environment. The version ASTEC V1.0 rev 2 
code (Ref. [1]) consists of the following modules: 

− CESAR for RCS 2-phase thermalhydraulics during the front-end phase and the 
degradation phase; 

− DIVA for core degradation including late phase phenomena (molten pool, corium 
slump to lower head, corium in lower head) and vessel failure;  

− ELSA for release of FP from fuel rods and debris and of materials from control rods, 
using a semi-empirical approach; 

− SOPHAEROS for FP vapor and aerosol transport in RCS; 
− RUPUICUV for corium discharge from vessel to cavity with cavity pressurisation and 

potential direct containment heating; 
− WEX for molten core-corium interaction in the cavity; 
− CPA for multi-compartment containment simulation, including thermal-hydraulics, 

hydrogen combustion, and aerosol and FP behaviour; 
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− IODE for iodine behaviour in the containment (sump and gas phase); 
− ISODOP for decay heat and activity of FP and actinide isotopes in core, RCS, 

containment and environment; 
− SYSINT for management of safety systems (spray, high and low pressure injection, 

accumulators…). 
 
In the frame of the collaboration between NSI RRC KI and IRSN it was decided to 

transmit the ASTEC code to NSI RRC KI for application to VVER reactors. 
 

B.  WORK PROGRAMME 

Several actions supporting code applications to VVER have been performed: 
− Validation of ASTEC code on experiments specific to VVER conditions; 
− Preliminary application of ASTEC code to VVER severe accident sequence 

simulations in order to emphasize the necessary code improvements; 
− Preparation to development of safety system models specific to VVER. 
 
The first steps in above-mentioned directions have been made. A specific VVER 

validation matrix was developed, which includes a set of integral tests on investigation of all 
basic phases of the severe accident sequence (from core degradation till thermalhydraulics of 
the steam-gas atmosphere in containment). The ASTEC code validation against different tests 
has been started. The application of ASTEC code to some hypothetical severe accident 
sequences and to some real incidents on the NPPs with VVER has been performed. 

The next stages of the collaboration will consist to draw the specifications of VVER 
safety systems modelling, and in parallel to work on validation and reactor applications of the 
next versions of ASTEC code. 
 

C.  MAIN ACHIEVEMENTS 

This section will describe the achivement made in the wotk program areas in term of code 
validation on the test results specific to VVER, code application to hypothetical severe 
accident sequences on VVER and simulation of the real incidents on the NPPs with VVER. 
 

C.1 Validation of the ASTEC Code on VVER Experiments 

In order to apply ASTEC code to safety analysis of NPPs with VVER-type reactors it is 
necessary to perform the validation of codes on experiments specific to VVER conditions. 
The design of ASTEC code allows to run any module in a stand-alone mode. This mode 
allows to perform the module validation on separate-effect or coupled-effect experiments.  

 
The validation matrix with selected VVER-specific experiments is presented below (Table 

I). It includes all main stages of the severe accident progression such as core dryout and 
degradation, molten corium formation, core blockage, corium molten pool behaviour in the 
reactor lower plenum, molten corium interaction with the concrete in the reactor cavity, 
hydrogen distribution in the containment, hydrogen combustion… 

The application of ASTEC code to this validation matrix is in progress now. Below some 
results of ASTEC code validation against HD (Hydrogen Distribution) tests are presented. 
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The CPA module included into the ASTEC code simulates all basic processes taking place 
in the NPP containment during the accident, including the processes of hydrogen distribution. 
This section presents the results of the CPA module validation against the HD tests on 
hydrogen distribution in a system of connected cells simulating the major compartments in 
the VVER-1000 containment. 

 
The vessel representing a vertical cylinder 5.48 m high, 2.2 m in diameter and 20 m3 in 

volume is the basic part of the experimental facility. Partitions are placed inside the vessel 
dividing it into 9 cells. The volumes of the cells are proportional to those of the major 
compartments in the containment of the NPP with the VVER-1000 reactor; the same for the 
height marks in the cells of the test facility, and the cross-section areas for the junctions 
connecting cells of the test facility. The general view of the test HD facility is shown below 
(Figure 1). 

 
Table I: Validation matrix specific to VVER 

Test Main features of the experiment 

CORA-W1, 
CORA-W2 

VVER-type reactor fuel element bundle degradation and impact of 
B4C control rod on the fuel bundle degradation 

CODEX-2, 
CODEX-B4C 

VVER-type reactor fuel element bundle high temperature behaviour, 
control rod degradation and B4C oxidation 

RASPLAV  
AW-200-4 Molten corium interaction with reactor lower head 

BETA V7.1 Molten corium interaction with serpentine concrete, which used for 
fabrication of upper layer of the VVER-1000 reactor cavity 

ACE L4 Molten corium interaction with two-layered serpentine/lime concrete 
basement 

HD-3, HD-6,  
HD-8, HD-9 Hydrogen distribution in the compartments of the VVER-1000 

containment mock-up 
RUT  

Sth-6, Sth-9 Combustion of hydrogen-air-steam mixtures with different 
composition of components 

 
Experiments with hydrogen feeding into different locations of the test facility and with 

different rates of hydrogen feeding were performed. 11 tests altogether were performed. 
 

To validate the CPA module, four experiments HD-3, HD-6, HD-8, and HD-9 were 
selected in which the locations of hydrogen feeding correspond to the most typical locations 
of hydrogen income into the VVER-1000 containment during severe accidents. The HD-3 and 
HD-6 experiments modelled hydrogen income into one of the steam-generator compartments 
through the rupture of the primary circuit pipe line; the HD-8 experiment modelled hydrogen 
generation in the reactor cavity in the course of molten corium interaction with concrete; the 
HD-9 experiment modelled hydrogen income into the space under containment dome through 
the pressurizer valve. 

 
The simulation of selected experiments was performed in several stages using 

nodalization schemes containing a different number of nodes. The initial nodalization scheme 
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consisted of 9 nodes. Each node of this scheme corresponded to the individual cell of the test 
facility. 

 
A further improvement of the nodalization scheme is associated with the improvement of 

modelling hydrogen upward flows above the hydrogen source that were observed in the 
experiments. To this end, an additional partitioning of calculation nodes located above the 
hydrogen source was performed. Thus improved nodalization schemes were used containing 
from 23 up to 39 nodes depending on the location of hydrogen feeding in the modelled 
experiments. 

 

 

  
 
The facility cells V1-V9 correspond to the following 
VVER-1000 containment compartments: 
 
Cells V1 and  V2 – the steam generator compartments; 
 
Cells V3 and  V4 – the compartments with ECCS basic 
                               equipment; 
 
Cell V5 – dome part of the containment; 
 
Cell V6 – the compartments for the maintenance of the 
               auxiliary equipment in the containment lower 
part; 
 
Cell V7 – the rectangular tank with one of the side walls  
               lacking, corresponds to the terminal 
compartments 
               in the lower part of the containment; 
 
Cell V8 and V9 – the compartments with fans and to 
corridors. 

 
Figure 1: General view of the hydrogen distribution test facility 

 
The comparison of calculated and measured hydrogen concentrations revealed a trend of 

improvement for the coincidence of results from the 9-node scheme to the improved one with 
a higher number of nodes (23 – 39). For the case of 39-node nodalization scheme, a 
satisfactory agreement between the calculated values of hydrogen concentrations and the 
measured ones may be noted (Figure 2). At the period of hydrogen feeding into the facility, 
the calculation satisfactorily simulates the rate of concentration increase and the variation in 
concentration along the cell height. 

 
However, it should be noted that the increase in number of nodes of used nodalization 

schemes results in the increase of CPU time. Thus, for calculating the HD-6 experiment with 
the CPA module on a DEC Alpha workstation employing 9-, 23-, and 39-node nodalization 
schemes, CPU time was 150, 460, and 930 seconds, respectively. On the whole, in the course 
of modelling the HD-3, HD-6, HD-8, and HD-9 experiments employing the improved 
nodalization schemes, quite satisfactory results were obtained. 
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A good agreement of the calculated values of hydrogen concentrations with the 
experimental ones for the nodes located at the middle level of the test facility is observed in 
the experiments HD-3 and HD-6 in which the hydrogen source was located in the middle part 
of the model height (the cell V1). The discrepancy between calculated and experimental 
concentrations does not exceed 0.5% (absolute). 

 
A good intermixing of hydrogenous medium is observed throughout all cells of the test 

facility in the experiment HD-8 in which the hydrogen source was located in the bottom part 
of the test facility (the cell V6). The calculated values of the hydrogen concentrations are in a 
quite satisfactory agreement with the experimental values. The discrepancy of results does not 
exceed 0.5% (absolute). 
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Figure 2: ASTEC validation against HD-3 test. Hydrogen concentration versus 

time in the cell V5 
 

The conclusion about the agreement of the results obtained by the CPA module with the 
experimental data was based on the results of the calculations obtained on employing the 
improved nodalization schemes. Thus, on the basis of the satisfactory validation results, the 
applicability of the CPA module of the ASTEC code for the study of the hydrogen 
distribution in the containment compartments may be stated for analysis of the progress of 
severe accidents in the NPP with the VVER-1000. 

 

C.2 Application of the ASTEC Code to Hypothetical Severe Accidents on a VVER 

The ASTEC code was applied to simulation of some hypothetical severe accidents on the 
VVER-1000. Among them are the following: 
• Large break LOCA with double-ended rupture of the reactor coolant system pipe (D=850 

mm) and failure of all active parts of ECCS. 
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• Middle break LOCA with rupture of the hydro-accumulator pipe (D=279 mm) and failure 
of all active parts of ECCS. 

• Small break LOCA with break (D=70 mm) in the cold leg of the reactor coolant system 
and failure of all active parts of ECCS. 

 
Additionally some benchmark calculations were performed between ASTEC and 

ICARE/CATHARE codes for large break and small break LOCA sequences on the VVER-
1000. A good enough agreement between timing of main events of severe accident sequences 
predicted by different codes was obtained. At the same time large uncertainties in amount of 
corium formation and in its oxidation were revealed while corium oxidation is a key factor 
affecting the late hydrogen release and the corium metal-oxide composition. Obtained results 
will allow to extend ASTEC code capabilities in respect to analyses of severe accidents on the 
VVER. 

 
As an example some pictures below illustrate the benchmark calculation results between 

ASTEC and ICARE/CATHARE codes for large break LOCA on the VVER-1000. 
 
In accordance with both ASTEC and ICARE/CATHARE simulations the major part of 

water in the primary circuit is boiled off just after large break opening. In the primary circuit, 
only 5% of the initial water is remaining 15 s after the onset of the accident. The water 
injection from SITs increases the amount of water up to ~45% of initial mass at 90 s. After the 
water injection period, the mass of water in the core gradually decreases and water level 
lowers (Figure 3). 
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Figure 3: Collapsed Water Level in the Core 

 
As the water level in the core decreases the fuel rod cladding temperature begins its 

increase in the upper part of the core. In about 10-15 minutes after the onset of the 
accident the both of codes predict beginning of the fuel rod cladding temperature increase 
in the middle part of the core at elevation of 1.9 m (Figure 4). It can be seen that the 
ASTEC prediction is very close to the ICARE/CATHARE one. 
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Figure 4: Fuel Rod Cladding Temperature Evolutions at the Core  

at the Middle of Radial Ring Number 5 (R=1.5 m, Z=1.9 m) 
 
The final state of the VVER-1000 facility at time 1915 s (This time is the final time for 
ASTEC calculation) after the onset of the accident is shown in the color diagram below 
(Figure 5). It illustrates cladding melting, melt relocation and molten pool formation. Corium 
flows down and evaporates remaining water in the reactor lower plenum. The calculation 
results obtained by ASTEC and ICARE/CATHARE codes are consistent with each other. 
 

 
Figure 5: Core Degradation at Time 1915 s Predicted by ASTEC and 

ICARE/CATHARE Codes 
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C.3 Application of the ASTEC Code to Real Incidents on a VVER 

Application of the ASTEC code to the real incidents on the VVER is an important part of 
the work on European code adaptation to the VVER. Two real incidents were simulated: the 
Incident on Kalinin NPP with VVER-1000 and the Incident on Paks NPP with VVER-440. 

 
The Incident on Kalinin NPP 
Experimental data obtained at operating NPPs are a reliable base for assessment of 

computer codes applied to analysis of NPP operation and safety. One of the most important 
parameters to be controlled at Russian designed NPP with VVER type reactors is a water 
level position in steam generators. When it exceeds the maximum permitted value, humidity 
of vapor entering turbine will be increased. If the water level will decrease heat exchange will 
be degraded. 

 
In July 1996 at Unit-1 Kalinin NPP in Russia, occurred the activation of the 1-st kind 

emergency protection caused by decreasing of the steam generator No 4 water level during 
unit operation with 11-th fuel cycle. The feedwater flowrate to the SG sharply decreased 
caused by the failure of the check valve in the SG feedwater supply pipeline. 

 
The plant data collected during the incident by plant data acquisition and in-vessel 

monitoring systems were used for preparation of the specification for validation of CESAR 
module of the ASTEC code. 

 
The following measured parameters of VVER-1000 during the transient were used. 
• Primary circuit parameters: 

-     Reactor power; 
- Primary circuit pressure; 
- Reactor vessel inlet/outlet coolant temperature; 
- Main circulation pumps head; 
- Reactor vessel pressure drop; 
- Steam generators pressure drop; 
-     Pressurizer collapsed water level. 

• Secondary circuit parameters: 
-      Steam generators pressure; 
-      Steam generators collapsed water level; 
-      Feedwater mass flowrate; 
-      Feedwater temperature.  

 
The sharp decrease of the feedwater flowrate to the SG-4 was caused by the failure of the 

feedwater pipeline check valve. This moment is assumed to be the start of the transient. 
The transient has been defined by the operation of the following regulators: ARM, EGSR, 

ROM. After check valve failure a sharp decrease of the feedwater flowrate to the SG-4 
occurred. Eight seconds later the water level in the SG-4 began to decrease and at τ = 45 sec, 
the set point for MCP-4 switch-off was reached. 

 
ARM stops its management of the reactor power after switching-off MCP-4. ROM was 

moving the 10-th control rods group with the working speed 20 mm/s during 8 s (from position 
88% to position 83.5% counted from the core bottom).  
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Due to an additional failure, the water level in the SG-4 decreased after MCP-4 switching-
off to 1600 mm and SCRAM was activated. 

 
A good agreement between measured and calculated by ASTEC code values of the 

collapsed water level in the damaged and non-damaged SG-4 and SG-1, correspondingly was 
obtained (Fig. 6). 
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Figure 6: ASTEC calculations of the collapsed water level in the steam generators 
 
 

The Incident on Paks NPP 
The ICARE2 code (Ref. [2]), which is planned to be used in the ASTEC code for 

modeling of the core degradation instead simplified DIVA module, was used to simulate the 
incident with cleaning tank at Unit-2 Paks NPP (Hungary) occurred on the 10th April 2003. A 
severe damage of fuel assemblies took place in this incident. 

 
The 30 assemblies were being cleaned in a special tank below the water level of the spent 

fuel storage pool in order to remove crud buildup. When the chemical cleaning was completed 
the assemblies were being cooled by circulation of storage pool water. Due to insufficient heat 
removal from the fuel rods inside the cleaning tank a dryout and heating-up of fuel assemblies 
took place. A brittle failure of all fuel assemblies occurred during assemblies reflooding after 
cleaning tank cover lock opening. 

 
The following modeling approach was used for cladding thermal mechanical behaviour 

simulation. Both working and follower type assemblies with different burnup from 9 up to 27 
MWd/kgU were considered. Axial decay heat distribution in the fuel rods was taken into 
account. The simulation of fuel behaviour described the cladding ballooning, flow blockage 
formation, cladding and shroud material oxidation. VVER-type of cladding material 
(Zr+1%Nb) oxidation kinetics was implemented into ICARE2 code. 
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Use of the ICARE2 code allowed to predict the fuel assemblies temperature behaviour, 
fuel rod cladding ballooning and burst, cladding and shroud oxidation versus assembly type, 
burnup and assembly location in the cleaning tank. 

 
The claddings embrittlement zones (in which the ECR value exceeds the zero ductility 

limit) extend from the elevation 1.3 m up to 2.7 m in the first ring of the fuel assemblies and 
from 1.5 m up to 2.5 m in the third ring. These calculation results agree with observation of 
damaged fuel assemblies in the tank obtained with help of the video cameras. As an example 
the calculated and observed values of the cladding embrittlement zone extension for the fuel 
assembly #13 situated in the second ring are presented below (Fig. 7). 
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Figure 7: ICARE2 calculation of cladding embrittlement zone for fuel assembly #13 
 

 

D.  DISSEMINATION AND EXPLOITATION OF THE RESULTS 

The present work on ASTEC code adaptation to VVER provides the opportunity to 
disseminate acquired European knowledge and experience on severe accident simulation 
among the Russian design organizations. At the same time it provides positive feedbacks on 
the European ASTEC code.  

 
After completion of the ASTEC code adaptation to VVER it can be used for: 
 
• Safety analysis of NPPs with VVER; 
• Cross verification of Russian severe accident codes; 
• Prolongation of the existing NPPs with VVER operation beyond the design limit; 
• Development of severe accident management procedures for new design of the NPPs 

with VVER. 
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E.  CONCLUSIONS 

A first stage of the work in collaboration between NSI RRC KI and IRSN has been 
successfully achieved through the transfer of the ASTEC code to NSI RRC KI, the users’ 
training and first applications to VVER. 

 
A specific VVER validation matrix was developed: CORA and CODEX experiments on 

VVER bundle degradation; RASPLAV AW-200 experiments on corium interaction with 
reactor lower head; BETA V7.1 and ACE L4 experiments on MCCI; HD experiments on 
hydrogen distribution in a VVER-1000 containment mock-up; RUT experiments on hydrogen 
combustion in the hydrogen-air-steam mixtures. This validation task is in progress with the 
ASTEC V1 code, and will continue with the next versions of the codes. The first results of 
code validation show a satisfactory agreement between calculated and measured data in the 
tests specific to VVER.  

 
The applications of ASTEC code to hypothetical severe accident sequences on the 

VVER-1000 and to real incidents on NPPs with VVER-1000 and VVER-440 show the code 
acceptability and functionality for calculations, but also the need for some modelling 
improvements, especially for simulation of specific systems in a new generation VVER-1000: 
hydroaccumulators 2nd stage; passive heat removal system and some others. 

 
The next stages of the collaboration will consist to complete the modeling specifications 

of above VVER safety systems, and in parallel to work on validation and reactor applications 
of the modules under development of the next version of the ASTEC code. That would be 
fruitful to continue this work in collaboration with SARNET Network where similar work on 
ASTEC code will be done. 
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Overview of ASTEC topic after 19 months 
 

J.P. Van Dorsselaere1 
 

(with contributions from all ASTEC Topic members) 
 

 
1 IRSN, Cadarache (F) 

SUMMARY 

 In the Work-Package "Users’ Support, Training, Integration and Adaptation", 2 code 
versions were released by IRSN-GRS to 29 organisations: ASTEC V1.1 in June 04 and V1.2 
in July 05. A Users‘ training course and a Users’ club were organized. Discussions between 
users and the maintenance team were active and fruitful. Some partners prepared 
specifications of model adaptations to VVER, CANDU, BWR and RBMK. Preliminary links 
with other SARNET Topics such as recommendations of new models were identified. In the 
Work-Package "Physical Model Assessment", applications to 20 experiments were 
performed, covering most physical phenomena (except core reflooding). Integral applications 
were done on the TMI2 accident and on Phébus FPT experiments. Most results were 
satisfactory. In the Work-Package "Reactor Application and Benchmarking", benchmarks on 
15 different scenarios were performed with integral codes such as MAAP4 and MELCOR or 
detailed codes. They concerned PWR900, Konvoi 1300, Westinghouse 1000, VVER-
440/V213 and VVER-1000 reactors. A close and efficient collaboration took place between  
“Circles” of users on a same reactor type. Despite a lack of robustness of V1.1, most plant 
applications reached vessel lower head failure. Some results with coupling of fission product 
modules were also available. The next stage of work will concern the assessment of the 
ASTEC V1.2 version that benefits from a first stage of numerical consolidation work. 
 

A. INTRODUCTION 

 The ASTEC Topic, coordinated by IRSN, is composed of 3 different Work-Packages: 
- USTIA (Users Support, Training, Integration and Adaptation): IRSN-GRS delivery and 

maintenance of versions, users’ training and support, model specifications and 
developments by partner, in particular for extension to VVER, BWR, CANDU, RBMK, 

- PHYMA (PHYsical Model Assessment): validation against experiments by partners, 
- RAB (Reactor Applications and Benchmarking): benchmarks by partners with other codes 

on plant applications for PWR900-1300, Konvoi 1300, West.1000, VVER-440, VVER-
1000, CANDU, BWR. 
 

 Twenty-five partners (out of IRSN and GRS) worked on ASTEC in the 1st 18-months 
period. Two more have joined the Topic recently: PSI (Swiss) on assessment of aerosol 
behaviour modelling and RUB (Germany) on validation of the containment models. 
 

B.  STATUS OF USTIA WORK-PACKAGE 

B.1 ASTEC code progress and perspectives 

The latest ASTEC V1.2 version was released by IRSN and GRS in July 05. The main 
evolutions concern a first step of code numerical consolidation that should allow partners to 
perform more easily complete plant applications with activation of most or all modules. A 
limited number of model developments was included in this version, mainly the reflooding of 
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intact or slightly degraded cores, and the evolution of configurations of corium layers in 
Molten-Corium-Concrete-Interaction (MCCI). Other improvements concern fission product 
(FP) modules. 
 

New developments or improvements are already under way at IRSN and GRS in the 
perspective of release of version V1.3 mid-06. Besides continuous feedback of interpretation 
of experimental programmes on FP models, the main developments concern reflooding of 
degraded cores and hydrogen combustion in containment for fast turbulent deflagration 
conditions.  

 
End of 2005, the general objectives and specifications of the next generation of versions 

ASTEC V2 will be released by IRSN-GRS. They will account for the outcomes of the 
ASTEC Topic WPs (needs, feedback of use, extension to other reactor types than PWR...), 
and for the outcomes of the other SARNET Topics. 

B.2 Code release and maintenance 

The release of versions V1.1 in June 04 (the updated version V1.1 p2 was available in 
Dec.04 directly through the SARNET Web portal) and then V1.2 in July 05 was done on a 
CD-ROM containing: 

- Code source, 
- Executable programs on PC/Linux, PC/Windows, 
- Automatic installation procedures on UNIX and PC, 
- Users‘ tools, 
- Documentation: physical models, users’ manuals, 
- Delivery test cases: 20 validation cases, 10 plant applications.  

 
The Table below lists the 27 partners of IRSN and GRS.  
 

Table 1: ASTEC Topic partners 
 

ARCS (Austria) FRA/Paris (France) JRC-IE (EC) TUS (Bulgaria) 
BUTE (Hungary) FZK (Germany) JSI (Slovenia) UJD (Slovak. Rep.) 

CEA (France) GRS (Germany) KTH (Sweden) UJV (Czech rep.) 
CIEMAT (Spain) IKE (Germany) LEI (Lituania) VEIKI (Hungary) 

DIMNP (Italy) INR (Romania) NRG (Netherlands) VUJE (Slovak. Rep.) 
EA (Spain) INRNE (Bulgaria) PSI (Swiss)  

EDF (France) IRSN (France) RUB (Germany)  
ENEA (Italy) IVS (Slovak. Rep.) TRACTEBEL 

(Belgium) 
 

 
A specific tool MARCUS, based on Web and e-mails, was set up by IRSN to make 

easier the discussions on code anomalies between the users and the IRSN-GRS Maintenance 
team, and to keep a track of all these discussions. About 100 anomaly cards were fulfilled in 
18 months. All partners agree on the high interest of this tool. Besides, Forums of discussion 
were also used on the Advanced Communication Tool (ACT) of the SARNET portal (see 
Figure 1 below): questions on user-data, general recommendations, exchange of experience 
between users. After 1.5 year, this represents 15 subjects and 45 questions/answers. 
 

A 1-week users’ training course, mostly devoted to beginning users, was held by 
IRSN in Aix-en-Provence in June 04, gathering about 40 users. Besides the presentation of 
the code informatic environment and of the main features of the models, all code inputs were 
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presented and explained. Exercises with increasing complexity were performed on PC 
computers by each trainee. 

Figure 1: Example of Forum of discussion on ASTEC on SARNET web portal 
 
One year after start of SARNET, the 1st Users’ Club was hosted by GRS in Köln from 

24 to 27 February 2005. It gathered 45 participants from all 29 organizations and 8 members 
of the ASTEC IRSN-GRS team. The double objective of this meeting, first to allow direct and 
fruitful discussions between code users and developers, secondly to get an overview of 
progress of work, was successfully reached. The 2nd Users’ Club will take place in Spring 
2006. 
 

B.3 Model developments by partners 

CEA is working on improvements of DIVA late-phase models (in close collaboration 
with IRSN). In particular the modelling of thermal transfers between corium layers in the 
vessel lower plenum has been improved, in particular allowing to account for thermodynamic 
equilibrium. Good progress being reached, these improvements will be part of the next 
ASTEC V1.3 version. Validation will be done in 2006 on the late phase of TMI2 accident and 
on SIMECO (KTH) experiments. Some exploratory work is also done by CEA on vessel 
external cooling. 
 

UJV proposed specifications of different hydro-accumulator (HA) models. Following 
these specifications, IRSN included in V1.2 an isothermal model (like the one present in 
MAAP4) as option to ASTEC adiabatic one in order to get better results on scenarios with 
slow injection. 

B.4 Specifications of model adaptations/extensions to simulate other NPPs  

As a first step, reports have been written on identification of specificities of different 
reactor types with respect to PWR (geometry, materials, phenomena, safety systems…): 
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- VVER-1000 by INRNE, with review by UJV. 
- VVER-440 by TUS-EI, with completion by VUJE for V213 reactor type. 
- CANDU by INR. The main differences concern the core geometry: D2O coolant, 

horizontal pressure tubes, twice fluid passage through the core, very large quantity of 
water in core, no fuel melting but sagging of fuel bundles. Applicable codes are 
SCDAP/RELAP5 (used in INR) and MAAP4-CANDU. 

- RBMK by LEI. The main differences concern the core geometry with each fuel 
channel being considered as a kind of reactor pressure vessel in a PWR. The currently 
used codes are SCDAP/RELAP5 (with an important limitation of simulation of only 
one fuel channel) and COCOSYS for the containment. 

 
For VVER-440 (for the two types: 213 and 230) and VVER-1000, many calculations 

with ASTEC have already been performed for several years: thus only model improvements 
of limited extent are foreseen for these reactor types. 
 

 For BWR, KTH proposed a risk-oriented approach, focusing on most important risks, 
i.e. six main threats for containment integrity, and then performing a backward analysis to 
identify and rank the highest-priority model adaptations or evolutions. Review of proposals 
and support of KTH development work will be performed by GRS and to a lesser extent by 
PSI. Other partners could be involved in that domain in 2006. 

 
 The next step in Sept.05 is the identification and ranking of model adaptations. 
Reports are being delivered for each reactor type. They will be probably updated in 2006, 
taking into account the feedback of some exploratory code applications. 

C. STATUS OF PHYMA WORK-PACKAGE 

More than twenty ASTEC V1.1 applications were performed (see Table 1 below). They 
involved almost all modules and included VVER-specific experiments. 

 
Table 1 – Validation tasks performed in PHYMA first 18 months 

 
ASTEC module Phenomena Partner Experiment 

IVS PACTEL T2.1 CESAR RCS t/h (VVER) 
BUTE PMK2 

Core degradation IKE CORA13 (ISP31) 
Phébus FPT4 

Core degradation 
(VVER) 

INR CORA-W2 

DIVA 

Core reflooding FZK QUENCH-06 (ISP45), 08, 11 
ELSA FP release  JRC Phébus FPT0-FPT1 

ARCS MACE M4 
GRS MACE M3B, COMET-L1, 

OECD-CCI2, BETA 5.2 

MEDICIS 
 

MCCI 
 
 

IRSN ACE L2, L5, L7 
RUPUICUV DCH IRSN CES-SUP2 

JRC Phébus FPT0-FPT1 
UJV Phébus FPT1 

SOPHAEROS 
 

FP transport in 
RCS 

TUS COLIMA (Plinius) 
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ASTEC module Phenomena Partner Experiment 
IRSN TOSQAN-MISTRA-ThAI (ISP47) 
ENEA Phébus FPT1 

CIEMAT Phébus FPT2 
JRC Phébus FPT0-FPT1 
JSI KAEVER (ISP44) 

CPA 
 

Cont. t/h 
 

LEI RBMK real transient 
JRC Phébus FPT0-FPT1 
JRC TUBA , STORM 

SOPHAEROS 
 

FP transport in 
RCS 

TUS COLIMA (Plinius) 
INR Phébus FPT2 All Integral 

experiment TUS Phébus FPT1 (ISP46) - FPT2 
  
The main conclusions of PHYMA calculations during the first 18 months are the 

following ones (all obtained with ASTEC V1.1 except PACTEL): 
• RCS thermalhydraulics: good ASTEC V1.2 results on PACTEL T2.1 experiment in 

VVER-440 geometry (see Ref. [2]]); good agreement on the early phase of the PMK2 
transient but less good one after hydro-accumulator injection. 

• Core degradation: good results on CORA-13 (out of quench phase), Phébus FPT4 (see 
Figure 2 below) and acceptable results on QUENCH-06.  

• FP release and transport in RCS: consistency of trends of sensitivity studies on FPT0 and 
FPT1 with former interpretation by IRSN. Overestimation of aerosol deposits in STORM 
and TUBA TT28 turbulent flow tests but comparable to the literature results. 
Discrepancies for mechanical resuspension STORM test at high carrier gas velocity (same 
results than with former version ASTEC V1.0). 

• MCCI: MEDICIS and WEX good results on experiments with homogeneous real corium 
melts, using different approaches, in particular on selection of corium freezing 
temperature. For simulation of experiments with stratified corium, good WEX results on 
BETA but evidence of remaining modelling uncertainties in WEX and MEDICIS blind 
applications to COMET-L1. Further experimental results are necessary to progress, in 
particular on heat flux spatial distribution and on oxide/metal heat flux. Reasonable results 
on MACE M3B and M4 experiments with water injection (see Figure 3 below). 

• Containment thermalhydraulics: good results on several ISP and on Phébus.FP (the latter 
are consistent with former IRSN interpretation). The first comparison with a real transient 
in the Accident Localisation System (ALS) of the Ignalina RBMK showed some good 
results (see Figure 4 below) but also the need of CPA model improvements. 

• Phebus.FP integral calculations: they ran correctly until their end and their results 
confirmed the trends that were observed in former applications (e.g. in ISP46). The effect 
of core axial meshing is limited. Some results have been improved with respect to ISP46 
ones, especially Sn and Mo release and iodine behaviour in containment sump. 
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Figure 2: Comparison ASTEC/measurements on the final state of Phébus FPT4 (left: 
calculated by DIVA; right: post-test radiography)  

 

 

 

 

 

 

 

 

 

Figure 3: Comparison of MEDICIS results with measurements on the MACE M4 experiment 
(left: vertical erosion, right: corium temperatures) 
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Figure 4: Comparison of calculated and measured water temperature in Ignalina ALS 
condensing pool 

A general validation matrix was built for use during the 2 or 3 next PHYMA years: it 
is composed of “open” experiments (often ISP-OECD), about 10 per module, and includes 
VVER-specific phenomena. 
 

Partners recently began to calculate again the same experiments with ASTEC V1.2. 
The objective is first to check either progress on results or at least non-regression. Then work 
will be extended to other phenomena, such as core reflooding, or to a deeper analysis of 
discrepancies with experimental results. 
 

D. STATUS OF RAB WORK-PACKAGE 

Twenty-two ASTEC V1.1 plant applications were performed, including comparison with 
integral or detailed codes (see Table 2 below). They concerned 5 different reactor types. 

Table 2 – Benchmarking tasks performed in RAB first 18 months 
 

Reactor 
type 

Sequence Partner Modules Code for 
comparison 

SBO EA CESAR-DIVA (In-vessel) MELCOR West.1000 
SBLOCA TRACTEBEL CPA (containment) MELCOR 
MBLOCA GRS CESAR-DIVA-CPA MELCOR 

 IKE CESAR-DIVA (In-vessel) ATHLET-CD 
Konvoi 
1300 

 NRG CESAR-DIVA-CPA MAAP4 
LFW of SG IRSN All ICARE/CATHARE 

 F-ANP SAS All MAAP4 
PWR 900 

 ENEA All MELCOR 

LBLOCA UJV CESAR-ELSA-DIVA-CPA-
SOPHAEROS 

MELCOR 

SBLOCA UPI CESAR-DIVA-CPA MELCOR 

VVER-
1000 

SBO KTH CESAR-DIVA-CPA MELCOR 
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Reactor 
type 

Sequence Partner Modules Code for 
comparison 

SBO, 
SBLOCA 

INRNE CESAR-DIVA-CPA MELCOR 

SBLOCA TUS (EI) CESAR-DIVA-CPA SCDAP/R5 
LBLOCA UJV CPA (containment) MELCOR 

SBO 
MBLOCA 

VUJE CESAR-DIVA-CPA 
All 

MAAP4/VVER 

SBO IVS CESAR-DIVA-CPA RELAP5-3D 
MAAP4/VVER 

SBO UJD CESAR-DIVA-CPA MELCOR 

VVER-
440/213 

PRISE VEIKI CESAR-DIVA-CPA MAAP4/VVER 
EDF CESAR-DIVA MAAP4 
CEA CESAR-DIVA - 

TMI2 
 

Phases 1 and 
2 

ENEA CESAR-DIVA ICARE/CATHARE 
SCDAP/R5 

 

 
The main conclusions of RAB calculations (all obtained with ASTEC V1.1 except for 

VVER-440 applications) during the first 18 months are the following ones: 
• Westinghouse 1000: the SBO calculation reached normally the time of vessel lower head 

failure. A CPA calculation of the SBLOCA sequence was performed using MELCOR 
inputs to the containment: these preliminary results can be considered as correct in terms 
of time of occurrence and of global thermalhydraulic trends, but differences with 
MELCOR must be still explained.  

• Konvoi 1300: the ASTEC MBLOCA calculation with activation of 4 Low Pressure Safety 
Injection (LPSI) pumps reached lower head failure (see Figure 5 below).  
- The agreement between MELCOR and ASTEC on timing of main events and trends of 

containment pressure is acceptable. ASTEC hydrogen in–vessel production is lower 
than in MELCOR. 

- Some differences appeared with MAAP4 results. They concern mainly the RCS blow-
down, the accumulators influence, and the pump characteristics. 

• PWR 900: the complete ASTEC V1.1p2 calculation with all modules reached the normal 
end. First comparison of results was done with MELCOR 1.8.5 and MAAP4 (Ref. [1]), 
focusing on in-vessel phenomena. Discrepancies come mainly from different core 
degradation models. 

• VVER-1000:  
- Most SBLOCA calculations reached lower head failure (see Figure 6 below), but some 

showed problems of portability on different computers. ASTEC and MELCOR results 
seem globally coherent for the in-vessel phase of the accident. But a more detailed 
analysis showed discrepancies on the influence of hydro-accumulators and on 
evolution of in-vessel hydrogen as a function of break size. 

- The LBLOCA (in cold leg) calculation could reach vessel bottom head failure only 
without activating SOPHAEROS (numerical difficulties in back-flows RCS situations). 
The LBLOCA (in hot leg) calculation ran up to vessel bottom head failure with 
SOPHAEROS, the agreement with MELCOR results being relatively good during the 
core heat-up phase and the first phase of core damage. Then, differences were obtained 
on core degradation (including much lower ASTEC cumulated hydrogen production) 
due to modelling differences, but leading nevertheless to close vessel failure times. The 
agreement on volatile FP release from core was good, but less good for non-volatile 
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ones. SOPHAEROS results were not acceptable because of an inadequate modelling  
of upper plenum structures, leading to a too large FP deposition. The agreement on 
containment thermalhydraulic behaviour was relatively good. 

• VVER-440/V-213 (see Ref. [2]]:  the four calculations with stand-alone and/or coupled 
ASTEC modules showed a good agreement with results of MELCOR 1.8.5, 
MAAP4/VVER or RELAP5-3D. Note that the MBLOCA calculation ran correctly until 
its end involving all modules (incl. FP and MCCI ones), which is an important milestone 
for ASTEC applications to VVER-440. The first try to run a coupled PRISE calculation 
was not successful. 

• TMI2: good results on phases 1-2 (i.e. before core reflooding) (Ref. [1]). 
• CANDU: good results of an exploratory SOPHAEROS application on a sequence of 

rupture of inlet header in the Primary Heat Transport circuit (PHT). Using external inputs 
on pressure and temperature conditions, SOPHAEROS results can be considered as  
physically well-grounded (see Figure 7 below). A containment calculation is under 
preparation. 

 
PWR1300 ASTECV1.1p2, V1.10rf compared with MELCOR 1.8.4 results
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Figure 5: Primary pressure comparison ASTEC-MELCOR on Konvoi 1300 MBLOCA 
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Figure 6: Comparison ASTEC-MELCOR on timing of VVER-1000 vessel failure 
(SBLOCAs) 

 

Figure 7: (left) Simplified ¼ CANDU PHT; (right) evolution of FP deposits in PHT 
 

A general matrix of ASTEC plant scenarios was defined for the 5 above reactor types 
for use during the next RAB 2 or 3 years for benchmarks with other codes. It included diverse 
Severe Accident Management (SAM) measures such as RCS depressurization, spray systems, 
containment venting, etc…. 
 

Besides the existing FoBAUs (Forum of Bulgarian ASTEC users), a new Group of 
users was set up: SHAUG or Slovakian-Hungarian ASTEC Users Group. Intensive and 
frequent discussions took place within these groups. Progress towards reference input decks 
(1 per reactor type) has been done. 
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Partners are currently calculating again the same sequences with ASTEC V1.2. The 
objective is first to check either any progress on results or at least non-regression and to check 
in details the reliability of the ASTEC input decks. The first recent V1.2 results concern 
calculations on VVER-1000 and VVER-440 respectively by the FoBAUs and SHAUG users 
(see Ref.[2] for the latter).  
 

Then, for PWR and VVER, the work will focus, for a limited number of scenarios, on 
performing complete calculations of sequences, involving most modules until iodine 
behaviour in containment, and more deeply analysing the benchmarking results. For RBMK, 
next applications by LEI will concern the simulation of the RCS and core steady-state, before 
testing exploratory calculations on transients. As to CANDU, INR work will aim at a coupled 
calculation SOPHAEROS-CPA-IODE. 

 

E. LINK WITH OTHER TOPICS 

The ASTEC Topic intensively uses the ACT for news for ASTEC users, Forums of 
discussion, access to code versions, etc… 

 
A first status of modelling analysis in the 3 Topics Corium, Containment, Source term 

has been done. It identified the proposals of modelling to be implemented later on into 
ASTEC with a preliminary time-schedule. These inputs show that most new models will not 
be ready before 2006. 

 
PSA2 Topic plans to set up in 2006 some tests of advanced dynamic reliability methods 

using ASTEC as a test bed. The PSA2 members have also defined general requirements for 
the use of integral codes in PSA2. 
 

F. CONCLUSIONS 

After training on ASTEC code use, twenty-nine partner organizations have been working 
for 18 months on ASTEC V1.1 assessment. Despite a lack of robustness of ASTEC V1.1 code 
that prevented to multiply sensitivity calculations on plant applications, good progress of 
work was reached. Positive conclusions can be drawn from validation work, particularly on 
core degradation and on containment thermalhydraulics phenomena. First benchmarks on 
plant applications were done either on in-vessel results or on containment ones. 
Improvements should come from the V1.2 version, released in July 05, that benefits from a 
first stage of numerical consolidation work. 

 
In 2006 more complete specifications of model extension to BWR, CANDU and RBMK 

will be defined, along with exploratory plant calculations. 
 
The overall feedback from all participants to the Users’ Club was positive. The 2nd one 

will take place in Spring 2006. Deeper links with other Topics will be demonstrated in near 
future. “Circles” of users collaborate closer and closer and exchange of experience and 
information is gradually increasing: that shows the networking on ASTEC becomes more 
efficient. 
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GLOSSARY 

ALS  RBMK containment Accident Localisation System 
DCH  Direct Containment Heating 
LBLOCA Large Break Loss of Coolant Accident sequence 
LFW  Loss of steam generator Feedwater sequence 
LPSI  Low Pressure Safety Injection pumps 
MBLOCA Medium Break Loss of Coolant Accident sequence 
MCCI  Molten-Corium-Concrete-Interaction 
PRISE  Primary to secondary circuit leak sequence 
RCS  Reactor Coolant System 
SAM  Severe Accident Management  
SBLOCA Small Break Loss of Coolant Accident sequence 
SBO  Station Black-Out sequence 
SG  Steam Generator 
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Main provisions of ASTEC code adaptation
 

• Modification of the code to meet requirements to VVER features,
including:  
− development of the VVER input decks,  
− nodalization schemes,  
− replacement of the material properties,  
− development of the algorithms for safety systems work simulation,  
− development or modification of the modules specific for VVER

equipments etc.  
 

• Verification of the code models on the base of the experimental data
specific to VVER conditions. 

 

• Approbation of the code on some hypothetical scenarios of severe
accident on NPPs with VVER. 

 

• Benchmarking between ASTEC and ICARE/CATHARE and other well-
known codes used for analysis of severe accidents. 

 

• Simulation of the real incidents on the NPPs with VVER. 
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ASTEC code modification to meet requirements          
to VVER features
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ASTEC code modification to meet requirements          
to VVER features
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ASTEC code modification to meet requirements          
to VVER features
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ASTEC code modification to meet requirements          
to VVER features
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Preliminary validation matrix specific to VVER

Test Main features of the experiment 

CORA-W1, 
CORA-W2 

VVER-type reactor fuel element bundle degradation and impact 
of B4C control rod on the fuel bundle degradation 

CODEX-2, 
CODEX-B4C 

VVER-type reactor fuel element bundle high temperature 
behaviour, control rod degradation and B4C oxidation 

RASPLAV 
AW-200-4 

Molten corium interaction with reactor lower head 

BETA V7.1 Molten corium interaction with serpentine concrete, which used 
for fabrication of upper layer of the VVER-1000 reactor cavity 

ACE L4 Molten corium interaction with two-layered serpentine/lime 
concrete basement 

HD-3, HD-6, 
HD-8, HD-9 

Hydrogen distribution in the compartments of the VVER-1000 
containment mock-up 

RUT 
Sth-6, Sth-9 

Combustion of hydrogen-air-steam mixtures with different 
composition of components 
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The facility cells V1-V9 correspond to the following VVER-1000 
containment compartments:

Cells V1 and  V2 – the steam generator compartments;

Cells V3 and  V4 – the compartments with ECCS basic
equipment;

Cell V5 – dome part of the containment;

Cell V6 – the compartments for the maintenance of the
auxiliary equipment in the containment lower part;

Cell V7 – the rectangular tank with one of the side walls 
lacking, corresponds to the terminal compartments
in the lower part of the containment;

Cell V8 and V9 – the compartments with fans and to corridors.

General view of the hydrogen distribution test facility
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ASTEC validation against HD-3 test 
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Simulation of hypothetical severe accidents
on a VVER-1000

 

Severe accident scenario  
simulated with help of  the ASTEC code 

1. Large Break LOCA 
           Double-ended rupture of the RCS (D = 850 mm)      
           and failure of all active parts of ECCS 

     2.   Middle Break LOCA 
           Hydro-accumulator pipe rupture (D = 279 mm) and  
           failure of all active parts of ECCS 

     3.   Small Break LOCA 
           Break in the cold leg of the RCS (D = 70 mm) and   
           failure of all active parts of ECCS 
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Benchmark between ASTEC and ICARE/CATHARE 
codes for LB and SB LOCA scenarios on a VVER-1000

Approach to benchmark calculation performance

• Very similar nodalization of the RCS for the considered codes.
• The same nodalization of the core for the considered codes.
• Using of identical or very similar modeling approaches from  

alternative  ones existing in the considered codes.
• Using the same value for similar criteria in the code models.
• Tuning of the uncertain thermalhydraulic parameters in the best-

estimate code against measured data on NPP.
• Tuning of the uncertain thermalhydraulic parameters in the 

integral code against the best-estimate code calculation results.
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Benchmark between ASTEC and ICARE/CATHARE 
codes for LB LOCA scenario on a VVER-1000

Pressure Losses in the Primary Circuit of the VVER-1000

0.110.110.11 ± 0.03Cold leg

1.281.351.35 ± 0.12Steam 
generator

0.280.280.27 ± 0.01Hot leg
0.750.810.80 ± 0.04Upper plenum
1.631.691.69 ± 0.14Core
1.881.941.93 ± 0.12Downcomer

Values
calculated by 

ASTEC V1      
(105 Pa) 

Values
calculated by 

ICARE/CATHARE V1
(105 Pa) 

Values
measured on        

NPP                 
(105 Pa) 

Element of
the RCS
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Collapsed Water Level in the Core
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Benchmark between ASTEC and ICARE/CATHARE 
codes for LB LOCA scenario on a VVER-1000

Total H2 & H2 production rate versus time

Hydrogen production rate Total mass of hydrogen generated

500 1000 1500 2000 2500 3000
Time (s)

0

100

200

300

400

500

M
(k

g )

ASTEC V1

I/C V1

500 1000
0

1

2

3

4

H 2
( k

g / s
)

1500 2000 2500 3000
Time (s)

ASTEC V1
I/C V1



Russian Research Centre “Kurchatov Institute”

Benchmark between ASTEC and ICARE/CATHARE 
codes for LB LOCA scenario on a VVER-1000
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Benchmark between ASTEC and ICARE/CATHARE 
codes for LB LOCA scenario on a VVER-1000
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Benchmark between ASTEC and ICARE/CATHARE 
codes for LB LOCA scenario on a VVER-1000
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Benchmark between ASTEC and ICARE/CATHARE 
codes for LB LOCA scenario on a VVER-1000
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Benchmark between ASTEC and ICARE/CATHARE 
codes for LB LOCA scenario on a VVER-1000
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Simulation of the real incidents on the NPPs with VVER

Incident  Module of the 
ASTEC code 

1. Incident with stop of feedwater supply to the SG  

    on the Unit #1 of the Kalinin NPP  

    with VVER-1000 (Russia) 

 

CESAR 

2. Incident with cleaning tank  

    on the Unit #2 of the Paks NPP  

    with VVER-440 (Hungary) 

 

ICARE2* 

 
 

*) – ICARE2 is planned  to be used in the ASTEC code for modeling of the core 
                 degradation instead DIVA module 
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Conclusions (1)

 A first stage of the work in collaboration between NSI RRC KI and 
IRSN has been successfully achieved through the transfer of the 
ASTEC code to NSI RRC KI, the users’ training and first applications 
to VVER. 

 The validation matrix for all main phases of the severe accident 
progression based on the experiments specific to VVER conditions 
was developed. 

 The applications of ASTEC code to hypothetical severe accident 
sequences on the VVER-1000 and to real incidents on NPPs with 
VVER-1000 and VVER-440 show the code acceptability and 
functionality for calculations. 

 The next stages of the collaboration will consist to complete the 
modeling specifications of VVER safety systems, and in parallel to 
work on validation and reactor applications of the modules under 
development of the next version of the ASTEC code. 

 That would be fruitful to continue above work on ASTEC code 
adaptation to VVER in collaboration with SARNET Network where 
similar work on ASTEC code will be done. 
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Conclusions (2)

After completion of the ASTEC code adaptation to VVER it can be 
used for: 

 Safety analysis of NPPs with VVER; 
 
 Cross verification of Russian severe accident codes; 

 
 Prolongation of the existing NPPs with VVER operation 

       beyond the design limit; 
 
 Development of severe accident management procedures for 

       new design of the NPPs with VVER. 
 
 



ERMSAR-2005, Session “Code applications and PSA2 methodologies”, Overview of ASTEC Topic, Aix-en-Provence, 14-16 Nov. 05 1/21

J.P. Van Dorsselaere (IRSN),                           
Coordinator of the ASTEC Topic in SARNET           

(With the contribution of all ASTEC Topic members)

Overview of ASTEC Topic after 19 months

Contents

Presentation of ASTEC Topic

ASTEC Users’ support

ASTEC validation

ASTEC benchmarks

Conclusion
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ASTEC Topic (1)
ASTEC code

IRSN-GRS development since 1996 of 
the integral code ASTEC (Accident 
Source Term Evaluation Code) for 
evaluation of source term and for 
safety studies during a Severe 
Accident in a LWR (present and 
future PWR, BWR, VVER).

Main other objectives: 
– PSA level2, 

– Evaluation of SA management, 

– Support/interpretation of experimental 
programmes.

"Fast-running" code: some hours of 
calculation / day of accident.

Includes on the physical modelling 
level all outcomes of Phébus.PF 
programme (and other analytical 
ones) on Fission Products. 

SYSINT
Safety system
management

RUPUICUV
Ex-vessel corium ejection

Entrainment in containment

SOPHAEROS
Aerosol & FP vapour

behaviour in RCS

MEDICIS
Corium/Concrete

Interaction

ISODOP

CESAR

RCS thermalhydraulics

ELSA
FP release

CPA
Thermal-hydraulics 
& aerosol behaviour 

in containment

IODE
Iodine in

containment

DIVA
Core degradation

Isotope treatment 
& Activity 
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ASTEC Topic (2)
Partners

27 partners (out of IRSN-GRS) in JPA2, incl. 2 new partners RUB and 
PSI / JPA1

JRC-IE (EC)

JSI (Slovenia)

KTH (Sweden) 

LEI (Lithuania)                   

NRG (Netherlands)

PSI (Swiss)

RUB (Germany)

TRACTEBEL (Belgium)

TUS (Bulgaria)

UJD (Slovak. Rep.)

UJV (Czech rep.)

VEIKI (Hungary)

VUJE (Slovak. Rep.)

ARCS (Austria)

BUTE (Hungary)

CEA (France)

CIEMAT (Spain)

DIMNP (Italy)

EA (Spain)

EDF (France)

ENEA (Italy)

FRA/Paris (France)

FZK (Germany)

IKE (Germany)

INR (Romania)

INRNE (Bulgaria)

IVS (Slovak. Rep.)
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ASTEC Topic (3)
Work-Packages

Topic coordination by IRSN: 3 WP,

USTIA, ASTEC Users Support and Training, Integration and 
Adaptation:

– IRSN-GRS code release, users' training and support,

– Model developments by partners, incl. extension to other NPP than PWR. 

PHYMA, ASTEC Physical Model Assessment:

– Validation against experiments by partners.

RAB, ASTEC Reactor Application and Benchmarking:

– Benchmarks on plant applications by partners and comparison with other codes. 

+ Work in SAP (= Separate Associated Program, beyond the JPA):
– IRSN-GRS: development of code versions/updates, complementary validation 

and benchmarking, preparation of future versions ASTEC V2.
– Partners in SARNET WP: complementary validation or benchmarking, in 

continuity / JPA; code applications for safety studies.
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ASTEC Topic (4)
ASTEC central role in SARNET

Progressive integration of knowledge (models) from R&D into ASTEC   
→ repository of knowledge (see below the strong links with other Topics)

Progressive ASTEC deployment as European reference integral code.

ASTEC

Corium

Containment

Source term

PSA2

R&D 
Priorities

Experimental 
databases

Requirements 
(CPU…)

Tests of advanced 
methodologies

Models

Models

Priorities  for 
developments

Position / State of 
the Art  

Validation
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USTIA WP (1)
Status

ASTEC Web site open, with news on code, model description, code 
input decks, technical reports, access to the update code 
versions….

Delivery by IRSN-GRS of ASTEC V1.1 mid-04 and V1.2 mid-05 on a 
CD-ROM containing code source, executable programs, users‘ tools, 
documentation, delivery test-cases. 

Users’ support:
– Users’ training course (1 week) organized by IRSN in Aix-en-Provence

in June 04 for beginners on ASTEC use: 36 participants.

– 1st Users’ Club at Köln in Feb.05 (4 days): 45 participants from all 29 
organizations + 8 members of the ASTEC IRSN-GRS team.

Maintenance status: 
– MARCUS tool for workflow users-developers: > 100 sheets. 

– Active Forum on ACT: questions on input data, etc... 
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USTIA WP (2)
Status

Model developments: good progress of CEA dev. on I/V late phase (in 
close collaboration with IRSN).
Extension to other NPPs: reports on identification of 
specificities/PWR and preliminary needs of model adaptations,

– VVER-440 and VVER-1000 → Few necessary adaptations.
– BWR → strong needs (except for cont.).
– CANDU → Main difficulty=horizontal core. ASTEC existing applications 

(out of SARNET) for FP transport in RCS and for containment.
– RBMK → Main difficulty = RCS and core. Already ASTEC applications in 

PHYMA for the confinement structure.

Main perspectives for JPA2:
– Continuation of CEA model developments (e.g. vessel external cooling),
– Consolidation of NPP specifications through exploratory calculations.
→ Taken in account in the IRSN-GRS ASTEC development plan (short term 

in ASTEC V1 or long-term in frame of future ASTEC V2 versions).

Total JPA2 volume ≈ 5 persons / year.



ERMSAR-2005, Session “Code applications and PSA2 methodologies”, Overview of ASTEC Topic, Aix-en-Provence, 14-16 Nov. 05 8/21

PHYMA WP (1)
JPA2 work plan

ASTEC 
MODULE 

PARTNER PHENOMENA CODE FOR COMPARISON EXPERIMENT 

BUTE RCS t/h in VVER (DBA)  PMK2 
CESAR 

IVS RCS t/h in VVER RELAP5-3D PACTEL (SBLOCA exp. from IMPAM-VVER) 

Late-phase of PWR core degradation  KESS and ATHLET-CD Phébus FPT4 IKE 

Early-phase of PWR core degradation, and 
H2 production during core reflooding 

KESS and ATHLET-CD CORA 13 (ISP 31) incl. quench phase  

FZK H2 production during core reflooding  SCDAP/RELAP5 QUENCH-04, 06, 07, 11 

IRSN H2 production during core reflooding SCDAP/RELAP5 from FZK, 
ICARE/CATHARE from IRSN

QUENCH exp. to select 

KTH Late-phase of PWR core degradation MVITA FOREVER and SIMECO exp. 

UJV Core degradation ICARE2 Phébus FPT2 

JRC-PT Core degradation Overview of SA code results Phébus FPT2  

DIVA 

INR Core degradation IKE, FZK and IRSN results CORA W2 

TUS FP release and transport - COLIMA  (PLINIUS project) 
ELSA (DIVA) JRC-PT FP release Overview of SA code results Phébus FPT0 -1 -2  

(coupled application DIVA-ELSA) 
CEA RCS t/h and core degradation -  TMI-2 (formally in RAB frame) 

EDF RCS t/h and core degradation -  TMI-2 (formally in RAB frame) CESAR-DIVA 
 ENEA RCS t/h and core degradation ICARE/CATHARE, 

SCDAP/R5 
TMI-2 (formally in RAB frame) 

JRC-PT FP deposition/resuspension in primary 
circuit 

- STORM SD and SR exp. (incl. ISP40) 
(coupled application SOPHAEROS-CESAR) 

JRC-PT FP transport in RCS Overview of SA code results Phébus FPT0 and 1  

JRC-PT FP transport in RCS  TUBA TT28 and TD07  

UJV FP transport in RCS MELCOR 1.8.5 Phébus FPT1 -2 

SOPHAEROS 

TUS FP transport in RCS for VVER - COLIMA (PLINIUS project) 

RUPUICUV IRSN DCH in “open” cavity geometry - SNL-SUP2 
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PHYMA WP (2)
JPA2 work plan

GRS MCCI COCOSYS-WEX MACE-M3B, 1 LACOMERA exp. 

ARCS MCCI COCOSYS-WEX ACE L4, MACE M4  
MEDICIS 

 
IRSN MCCI - ACE L2-5-7 

JRC-PT T/h - aerosols in containment  Overview of other SA code 
results 

Phébus FPT0: effect study on aerosols 
Phébus FPT2  

JSI T/h - aerosols in containment  CONTAIN KAEVER (ISP44) 

TUS T/h - aerosols in containment - LACE LA4 

IRSN T/h in containment  TONUS-LP TOSQAN-MISTRA-ThAI (ISP47) 

CPA 
 

LEI T/h - aerosols in RBMK containment  COCOSYS Real transient in Ignalina RBMK-1500 

GRS T/h and spray in containment  COCOSYS HDR-E11-1 CPA-THY 
 UPI T/h in containment MELCOR, FLUENT, FUMO TOSQAN (ISP47) 

CIEMAT T/h and iodine in containment  - Phébus FPT2  
(coupled calculation) CPA-IODE 

ENEA T/h and iodine in containment  MELCOR Phébus FPT1 (ISP46) (coupled calculation) 

IODE GRS Iodine in containment COCOSYS-AIM Phébus FPT1 (ISP46) iodine part 

INR Integral behaviour Existing calculations Phébus FPT2: variants 
(integral calculation) 

IRSN Integral behaviour Existing calculations (I/C…) Phébus FPT1 (ISP46) (integral calculation) 

JRC-PT Integral behaviour - Phébus FPT2 (variants of integral calculations) 

GRS Integral behaviour Existing calculations Phébus FPT1 (ISP46) (out of iodine part) 

ASTEC 
 

TUS Integral behaviour Existing calculations Phébus FPT1 (integral calculation) 
 

JPA2 volume ≈ 7 persons / year, SAP2 ≈ 1,5 p/y (out of IRSN-GRS).
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PHYMA WP (3)
Main outcomes

CESAR: good results on PACTEL T5.2, acceptable on PMK2.

DIVA: good results on QUENCH (ISP45), CORA-13 (w/o quench 
phase), and Phébus FPT4 .

Good results for FP models on Phébus FPT0-1 (incl. sensitivity 
studies) that mostly confirm former IRSN analysis.

MCCI modules: 
– Acceptable behaviour of water injection models on MACE M3B and M4,

– Good agreement for tests with real homogeneous corium melts (ACE, 
OECD-CCI2); more discrepancies for tests with stratified thermite melts 
(BETA, COMET) → Need of new experiments to progress.

CPA: good t/h results on ISP44 (KAEVER), ISP47 (TOSQAN-MISTRA-
ThAI) and Phébus FPT0-1.
→ 1st application to real transient on ALS of Ignalina RBMK: some good 

results; other less due to model deficiencies (soon improvements).
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PHYMA WP (4)
Perspectives

Important integrating step was achieved mid-05 on definition of a 
large common ASTEC validation matrix that covers:

– All phenomena,
– Some NPP-type specificities (except for CANDU),
– Most available “open” experiments: old, recent, ongoing.

Main perspectives for JPA2 period, beyond consolidation/completion 
of ongoing work:

– Extension on foll. phenomena: core reflooding (QUENCH database), 
spray in containment, iodine in containment, DCH, 

– Applications to Phébus FPT2,
– Start of reflections on joint recommendations about validation guidelines 

and criteria (“how good is good”).
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RAB WP (1)
JPA2 Work plan 

REACTOR TYPE PARTNER SEQUENCE MODULES CODE FOR 
COMPARISON 

EA SBO CESAR-DIVA then +CPA MELCOR 
Westinghouse 1000 

TRACTEBEL SBO, SBLOCA CESAR-DIVA then +CPA MELCOR 
GRS MBLOCA CESAR-DIVA-CPA MELCOR 
IKE MBLOCA (I/V only) CESAR-DIVA-CPA ATHLET-CD Konvoi 1300 
NRG MBLOCA CESAR-DIVA-CPA MAAP4 
IRSN SBLOCA All (incl. MEDICIS) ICARE/CATHARE 

F-ANP/SAS SBO All (incl. MEDICIS) MAAP4 PWR 900 
ENEA SBO All (incl. MEDICIS) MELCOR 1.8.5 

LBLOCA (incl. FP) CESAR-ELSA-DIVA-CPA-
SOPHAEROS 

MELCOR 1.8.5 
UJV 

 
LBLOCA (cont. only) CPA MELCOR 1.8.5 

UPI 
INRNE 

TUS 
SBO, SBLOCA 

CESAR-DIVA-CPA 
Then extension to ex-vessel 

MELCOR 
SCDAP/RELAP5 

VVER-1000 

KTH SBO  CESAR-DIVA-CPA MELCOR 
VUJE SBO CESAR-DIVA-CPA MAAP4/VVER 
IVS SBO CESAR-DIVA-CPA MAAP4/VVER 
UJD SBO CESAR-DIVA-CPA MELCOR 

VVER-440/213 

VEIKI PRISE CESAR-DIVA-CPA MELCOR 
 

JPA2 volume ≈ 9 persons/ year ; SAP2 ≈ 1,5 p/y (out of IRSN-GRS).
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RAB WP (2)
Main outcomes

Most objectives reached: a majority of applications reached the time 
of vessel lower head failure, but often with save-restarts → Needs 
of improvements of code robustness (1st progress in V1.2).

See also ERMSAR papers on PWR900 (+ TMI2) and on VVER-440.

Good agreement on front-end t/h phase    and on early-phase of 
core degradation, 

– But divergences on accumulators injection and on late-phase core 
degradation, mainly due to different corium relocation models.

1st appl. to LBLOCA (acceptable results) and SGTR (difficulties).

In-vessel H2 production underestimation (improvements with V1.2).

Good agreement on containment t/h.

FP release-transport (few analyses up to now): some difficulties if 
RCS backflows (improv. with V1.2); CANDU physically good results.
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RAB WP (2)
Perspectives

Computation speed already of V1.2 / V1.1 ⇒ ≈ real accident time. 
Efforts to be continued.

High interest of Groups of users (FoBAUs on VVER-1000 in Bulgaria 
and SHAUG on VVER-440 in Slovakia-Hungary): very high efficiency…
+ convergence towards reviewed reference input decks.

Perspectives for JPA2 period: 
– Extension of “global” benchmarks, on a limited number of sequences, 

to FP and Ex-vessel behaviour.

– Exploratory work on RBMK, CANDU and BWR plant applications.

Beyond, in JPA3: two-tier approach in parallel with “global”
benchmarks (including SAM) but also more “detailed” analysis in 
order to better understand the origin of the discrepancies (e.g.
simplest scenarios or focus on parts of  the sequences).
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General conclusions            
on ASTEC Topic

Positive feedback from all participants to the Users’ Club: very 
fruitful discussions between users and developers.

– 2nd Users’ Club in Spring 2006.

Good progress of work, reaching most JPA1 18-months objectives, 
but needs of code robustness (progress in ASTEC V1.2).
More “integrated” work plan in JPA2: use of a joint validation 
matrix, convergence towards reference input decks/NPP, 
optimised work within specific Users’ groups, more experienced 
users. 
Feedback end of 2005 of validation/benchmarking outcomes, 
users’ needs, modelling work in the other Topics: used by IRSN-
GRS for the ASTEC development plan, in particular for the 
preparation of the future versions ASTEC V2.

→ “Circles” of users collaborate closer and closer. Exchange of 
experience and information is gradually increasing. Networking on 
ASTEC becomes more efficient…
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Example of MARCUS use for 
ASTEC Maintenance  
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Example of Forum on ASTEC use



ERMSAR-2005, Session “Code applications and PSA2 methodologies”, Overview of ASTEC Topic, Aix-en-Provence, 14-16 Nov. 05 18/21

Example of ASTEC validation 
on Phébus FPT4

DIVA good agreement (IKE work) on Phébus FPT4: (left) comparison 
of calculated final state of UO2-ZrO2 debris bed degradation with 
post-test radiography; (right) comparison of temperatures with 
measurements.
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Example of ASTEC application 
to RBMK

Application (LEI work) to a real operational transient (unintentional 
single Main Safety Valve opening) in the Accident Localization System 
of the Ignalina RBMK-1500 confinement.
Acceptable results (here water temperature in condensing pool), but 
needs of some model improvements, e.g. on some junctions between
volumes.
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Example of benchmark on 
MBLOCA in a Konvoi 1300

(GRS work) Primary pressure comparison ASTEC / MELCOR: good 
overall agreement on 1st part of the sequence; some 
discrepancies in core degradation late-phase but consistent with 
current code uncertainties.

PWR1300 ASTECV1.1p2, V1.10rf compared with MELCOR 1.8.4 results

0 2000 4000 6000 8000 10000 12000 140
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Example of benchmark on 
LBLOCA in a VVER-1000

(UJV work) Containment pressure comparison ASTEC-CPA (stand-
alone) / MELCOR: good agreement.
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