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ORGANISATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT 

 The OECD is a unique forum where the governments of 30 democracies work together to address the 
economic, social and environmental challenges of globalisation. The OECD is also at the forefront of efforts to 
understand and to help governments respond to new developments and concerns, such as corporate governance, 
the information economy and the challenges of an ageing population. The Organisation provides a setting where 
governments can compare policy experiences, seek answers to common problems, identify good practice and work 
to co-ordinate domestic and international policies. 

 The OECD member countries are: Australia, Austria, Belgium, Canada, the Czech Republic, Denmark, 
Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Italy, Japan, Korea, Luxembourg, Mexico, the 
Netherlands, New Zealand, Norway, Poland, Portugal, the Slovak Republic, Spain, Sweden, Switzerland, Turkey, 
the United Kingdom and the United States. The Commission of the European Communities takes part in the work 
of the OECD. 

 OECD Publishing disseminates widely the results of the Organisation�s statistics gathering and research on 
economic, social and environmental issues, as well as the conventions, guidelines and standards agreed by its 
members. 

* * *  

 This work is published on the responsibility of the Secretary-General of the OECD. The opinions expressed 
and arguments employed herein do not necessarily reflect the official views of the Organisation or of the 
governments of its member countries. 

NUCLEAR ENERGY AGENCY 

 The OECD Nuclear Energy Agency (NEA) was established on 1st February 1958 under the name of the 
OEEC European Nuclear Energy Agency. It received its present designation on 20th April 1972, when Japan 
became its first non-European full member. NEA membership today consists of 28 OECD member countries: 
Australia, Austria, Belgium, Canada, the Czech Republic, Denmark, Finland, France, Germany, Greece, Hungary, 
Iceland, Ireland, Italy, Japan, Luxembourg, Mexico, the Netherlands, Norway, Portugal, Republic of Korea, the 
Slovak Republic, Spain, Sweden, Switzerland, Turkey, the United Kingdom and the United States. The 
Commission of the European Communities also takes part in the work of the Agency. 

 The mission of the NEA is: 
− to assist its member countries in maintaining and further developing, through international co-

operation, the scientific, technological and legal bases required for a safe, environmentally friendly 
and economical use of nuclear energy for peaceful purposes, as well as 

− to provide authoritative assessments and to forge common understandings on key issues, as input to 
government decisions on nuclear energy policy and to broader OECD policy analyses in areas such as 
energy and sustainable development. 

 Specific areas of competence of the NEA include safety and regulation of nuclear activities, radioactive 
waste management, radiological protection, nuclear science, economic and technical analyses of the nuclear fuel 
cycle, nuclear law and liability, and public information. The NEA Data Bank provides nuclear data and computer 
program services for participating countries. 

 In these and related tasks, the NEA works in close collaboration with the International Atomic Energy 
Agency in Vienna, with which it has a Co-operation Agreement, as well as with other international organisations 
in the nuclear field. 
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(for US only) to Copyright Clearance Center (CCC), 222 Rosewood Drive Danvers, MA 01923, USA, fax +1 978 
646 8600, info@copyright.com. 
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COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS 

The NEA Committee on the Safety of Nuclear Installations (CSNI) is an international 
committee made of senior scientists and engineers, with broad responsibilities for safety 
technology and research programmes, and representatives from regulatory authorities. It was 
set up in 1973 to develop and co-ordinate the activities of the NEA concerning the technical 
aspects of the design, construction and operation of nuclear installations insofar as they affect 
the safety of such installations. 

The committee�s purpose is to foster international co-operation in nuclear safety amongst the 
OECD member countries. The CSNI�s main tasks are to exchange technical information and 
to promote collaboration between research, development, engineering and regulatory 
organisations; to review operating experience and the state of knowledge on selected topics of 
nuclear safety technology and safety assessment; to initiate and conduct programmes to 
overcome discrepancies, develop improvements and research consensus on technical issues; 
to promote the co-ordination of work that serve maintaining competence in the nuclear safety 
matters, including the establishment of joint undertakings. 

The committee shall focus primarily on existing power reactors and other nuclear 
installations; it shall also consider the safety implications of scientific and technical 
developments of new reactor designs. 

In implementing its programme, the CSNI establishes co-operate mechanisms with NEA�s 
Committee on Nuclear Regulatory Activities (CNRA) responsible for the programme of the 
Agency concerning the regulation, licensing and inspection of nuclear installations with 
regard to safety. It also co-operates with NEA�s Committee on Radiation Protection and 
Public Health (CRPPH), NEA�s Radioactive Waste Management Committee (RWMC) and 
the NEA�s Nuclear Science Committee (NSC) on matters of common interest. 
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EXECUTIVE SUMMARY 

 

Background 

In 1997, CSNI WGRISK produced a report on the state of the art in Level 2 PSA and 
severe accident management - NEA/CSNI/R(1997)11 (referred to here as the original 
report). Since then, there have been significant developments in that more Level 2 
PSAs have been carried out worldwide for a variety of nuclear power plant designs 
including some that were not addressed in the original report. In addition, there is 
now a better understanding of the severe accident phenomena that can occur 
following core damage and the way that they should be modelled in the PSA.  

Objectives of this study 

As requested by CSNI in December 2005, the objective of this study is to produce a 
report that updates the original report and gives an account of the developments that 
have taken place since 1997. The aim has been to capture the most significant new 
developments that have occurred rather than to provide a full update of the original 
report, most of which is still valid. 

This report follows the same structure as the original report and discusses: the 
results and insights from recent Level 2 PSAs; developments in the understanding of 
key severe accident issues and modelling; developments in severe accident 
management guidelines and their application at nuclear power plants; the state-of-
the-art in the methodology for quantitative Level 2 PSA analysis; Level 2 PSA 
models, uncertainties and quantification; and the integrated (risk-informed) approach 
to decision making on nuclear power plant safety issues. 

Study carried out 

A review has been carried out to identify the new developments and insights derived 
from Level 2 PSA activities that have taken place worldwide in the past ten years. 
Much of this new information was presented at the two CSNI Workshops - the first on 
Level 2 PSA and Severe Accident Management held in Koln in March 2004, and the 
second on the Evaluation of Uncertainties in Relation to Severe Accidents and Level 
2 PSA held in Aix-en-Provence in November 2005. In addition, for this report, 
information has been provided on a number of Level 2 PSA issues by specialists 
working in the field and by the Member countries.  

Results of the study 

The recent developments in Level 2 PSA identified in this study are as follows: 

Results and insights from recent Level 2 PSAs 

The main development is that a number of Level 2 PSAs have been performed in 
Eastern Europe for VVER-440 and VVER-1000 reactors, and some results and 
insights from these PSAs are presented. In addition, the comparison of the Level 2 
PSAs for the VVER-440/213 reactors at Paks and Dukovany carried out under the 
European Union (EU) SARNET project is described. It should be noted that the 
overall methodology adopted for these VVER studies (and other Level 2 PSAs 
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performed for PWRs and BWRs in the past ten years) is largely similar to that 
described in the original report. The development and use of a more detailed 
methodology by IRSN for the French 900 MW PWR application is also outlined. 

Key severe accident issues 

The original report describes the key severe accident issues related to the accident 
progression, the performance of the containment, and the phenomena associated 
with the release and transport of radionuclides. Since then, further extensive 
research has been carried out worldwide and this has let to a better understanding of 
many of these phenomena and more importantly led to the resolution of some key 
issues for some plant designs. An example of this is the work sponsored by US NRC 
to reassess three key containment failure mechanisms � in-vessel steam explosion, 
direct containment heating and melt through of a Mark 1 containment liner. The 
conclusion reached is that the probability of these failure modes is very low. The 
study of in-vessel steam explosions concluded that the associated alpha mode of 
containment failure was of very low probability and of no significance to risk. The 
conclusion for Mark I liner failure though is conditional to low pressure scenarios and 
the availability of water sources for debris coolability on the drywell floor.   The DCH 
conclusion, applicable to U.S. large dry containments, does not specifically apply to 
high pressure melt ejection events for ice condenser plants, for which igniters are 
inoperable. 

Another improvement is the knowledge base for the design and implementation of 
severe accident mitigation features for current and evolutionary designs of light water 
reactors. This is exemplified by the extensive international research on achieving an 
understanding on the requirements for melt pool stabilisation and coolability for both 
in-vessel and ex-vessel phases of severe accidents (see the next section on Severe 
Accident Management).   

There is a general recognition that significant progress in the understanding of 
severe accident phenomena has been achieved over the last two decades and 
recent research effort has focussed generally on reducing the uncertainty for some 
phenomena that are regarded as risk significant. Recent major severe accident 
research programmes have tended to involve international collaboration. An example 
of this is the EU EURSAFE project aimed at achieving expert consensus on severe 
accident issues where large uncertainties still exist. Other examples include 
programmes organised under the auspices of OECD, such as the MCCI project on 
molten core concrete interaction and ex-vessel debris coolability and the SERENA 
project on in-vessel and ex-vessel fuel coolant interactions. 

Much of the improved understanding on severe accident phenomena is reflected in 
the further improvement of integrated severe accident analysis codes currently used 
to support Level 2 PSAs. An update on model improvement, code validation and 
benchmarking of the MAAP, MELCOR, THALES and ASTEC codes is included in 
this report. A notable development in the past ten years is the Franco-German code 
ASTEC. Standalone or separate effect codes are still used in a complementary way 
to the integrated code analysis which is performed to support a Level 2 PSA. An 
update on the status of standalone codes has not been included in this review. 

One phenomenon that has received some attention is the potential for air ingress into 
the reactor pressure vessel in certain types of severe accidents leading to oxidation 
of the core material and the formation of volatile oxide species. However, there is no 
consensus on the relevance of this phenomenon. It is generally not addressed 
explicitly in current Level 2 PSAs and is regarding as an issue of high uncertainty. 
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Severe accident management 

Over the past ten years many of the nuclear power plants worldwide have been 
equipped with a capability for severe accident management. This has been driven 
partly by the Severe Accident Management Guidance (SAMG) developed by owners 
groups for plant specific applications. A recent example of this is the extension of the 
Westinghouse Owners Group SAMG approach in the development of guidance for 
CANDU reactors that takes into account the features associated with the CANDU 
designs and their attendant severe accident behaviour. 

Recent developments in severe accident management strategies for PWRs and 
BWRs have focused on the long term stabilisation and coolability of molten core 
material after a severe accident. This has addressed: in-vessel melt retention (IVMR) 
by flooding the area round the lower head of the vessel, and ex-vessel retention 
involving the cooling and stabilisation of the molten core material by a number of 
different means. This IVMR strategy has been implemented at the Finnish Loviisa 
plant and is a key design feature for a number of new reactor designs, including AP-
600, AP-1000, APWR-1400 and SBWR. The feasibility of IVMR for reactors of power 
levels exceeding 1000 MWe however appears less promising as the safety margin is 
eroded with increasing power levels. In the case of ex-vessel strategies, 
modifications have been made to some existing plants in providing a cavity flooding 
capability to achieve long term debris coolability in order to prevent basemat failure. 
Ex-vessel melt stabilisation and coolability is included for some new reactor designs, 
including the EPR, VVER-1000 and ESBWR. Overall, there is still an incomplete 
state of knowledge on ex-vessel coolability for deep debris beds with top flooding and 
on in-vessel melt retention through ex-vessel flooding, particularly for higher core 
power (and power density) designs.  

The impact of SAMG has also been included in a number of recent Level 2 PSAs and 
this has tended to lead to a reduction in the core damage frequency/ large early 
release frequency/ source term frequencies.  

The EC has sponsored two studies: SAMIME (Severe Accident Management 
Implementation and Expertise in the European Union) and SAMOS (the viability of 
using computerised aids to assist in severe accident management) to understand the 
severe accident management practice in Member states and to investigate the 
feasibility of computerised tools to assist organisations involved in accident 
management and emergency management. The integrated use of severe accident 
analyses in the development and optimisation of severe accident management 
strategies for operating plants is illustrated in another EC sponsored study on the 
Optimisation of Severe Accident Management Strategies for the Control of 
Radiological Releases (OPTSAM).  

Available methodology for quantitative Level 2 analysis 

The current trend is for the scope of the Level 2 PSAs to be extended to cover low 
power and shutdown conditions. For operating plants, this update is typically 
performed as part of the Periodic Safety Review programme. This extension has led 
to other attributes being included in the definition of the set of plant damage states 
including, for example, the decay heat level, and whether the reactor coolant system 
and the containment are open or closed. 

There are still differences in the approach used to carry out the accident progression 
analysis in that some of the studies carried out in the past ten years have used the 
small Containment Event Tree (CET) approach with 10 to 30 nodes and others have 
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used the large Accident Progression Event Tree (APET) approach with more than 
100 nodes. It is common in the small CET approach to make use of Decomposition 
Event Trees or Phenomenological Fault Trees in order to provide a more detailed 
and traceable representation of the key issues. In the case of studies performed for 
the Laguna Verde plant, both approaches were used � one by the regulator and the 
other by the plant operator. The conclusion could be drawn that, in general, both 
studies showed similar trends in the accident progression features and in source 
term behaviour. 

Advanced methods are also being developed to deal with the uncertainties present in 
Level 2 PSAs. An example of this is the MCDET approach which combines a Monte 
Carlo simulation with a discrete Dynamic Event Tree approach to give a more 
realistic model of the complex dynamic interactions that occur during a severe 
accident and the uncertainties implicit in this.  

The issue of the Level 2-Level 3 PSA interface was not discussed in the original 
report. In the review carried out, differences have been noted in the number or the 
Release Categories/ Source Term Categories defined in recent Level 2 PSAs. In 
addition there are differences in the way that they have been defined � that is, some 
are sequence based and some are source term based. However, the number and 
definition of the Release Categories/ Source Term Categories are at the discretion of 
the PSA analysts and need to be consistent with the intended scope to the PSA � for 
example, whether a Level 3 PSA is required. 

The development and application of human reliability analysis (HRA) has also 
assumed greater relevance in recent Level 2 PSAs, and it is used primarily in the 
assessment and confirmation of the effectiveness of severe accident management. 
In general, the development of HRA methods, models and data continues to be a 
challenge and source of uncertainty, even for Level 1 PSA. For Level 2 PSA, this 
challenge is even greater given the less proceduralised nature of severe accident 
management activities.  

Level 2 PSA models, uncertainties and quantification 

Many of the recent Level 2 PSAs based on a small CET approach have used 
Decomposition Event Trees or Phenomenological Fault Trees to take account of 
uncertainties in the severe accident phenomena and to investigate specific issues. 
The Risk Oriented Accident Analysis Methodology (ROAAM) has also been 
developed and used for the assessment and management of rare, high consequence 
hazards. For example, this approach has been used for Loviisa to investigate the 
adequacy of the overall level of safety achieved at the plant and to guide the 
development of severe accident management strategies. The ROAAM evaluation of 
the in-vessel melt retention has also been used to underpin the inclusion of this 
strategy as a feature of new reactor designs, including AP600 and AP1000. A 
notable development in the methodology has been made in the Level 2 PSAs being 
carried out in France where physical models have been extensively used in the 
quantification of the Accident Progression Event Trees.  

In the majority of Level 2 PSAs carried out to-date, the uncertainty analysis has been 
pursued largely in the form of simple sensitivity studies for the CET/APET analysis. 
The NUREG-1150 study provided a milestone in Level 2 PSA methodology in that it 
included a structured uncertainty analysis as outlined in the original report. This 
approach has only been applied previously in a limited number of cases. More 
recently, however, the NUREG-1150 type approach in the characterisation of 
uncertainty issues by using probability distributions and the propagation of these 
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uncertainties through the different steps of a Level 2 PSA is increasingly used as 
attempts are made to address uncertainties in Level 1 and Level 2 PSAs in a 
systematic and integrated manner. 

Integrated (risk-informed) approach to decision making 

The Level 2 PSAs produced in the past ten years have been used to identify plant 
improvements that could be made to further reduce the risk. This has been done 
within the framework of an integrated (risk-informed) approach that has been 
developed and applied in many of the Member countries during this period. This is 
illustrated by the plant specific PSAs performed for the VVERs and they have been 
used to understand plant vulnerabilities from severe accidents and to identify 
mitigation options to further improve plant safety. 

Decision support systems for use in off-site emergency management following an 
incident at a nuclear power plant are gaining recognition as a useful and appropriate 
tool to aid decision makers. Rapid estimation of the source term based on the 
prevailing plant status is crucial to the timely management of a nuclear emergency. 
Based on Level 2 PSA information, a probabilistic Bayesian Belief Network system 
for the rapid and early prediction of source terms from potential accident scenarios at 
nuclear power plants was developed in the EC STERPS projects and its feasibility 
investigated.  

Integrated severe accident analysis codes 

The computer codes used for the analysis of severe accidents have undergone 
further modelling improvements and validation/ benchmarking. This applies to the 
integrated codes and the separate phenomenon codes. The modelling capability is 
updated for the integrated codes and they include: MAAP, MELCOR; ASTEC and 
THALES-2.  

Conclusions  

The main conclusion is that the extensive research carried out worldwide has led to 
an improved understanding of severe accident phenomena, the resolution of some 
key uncertainty issues and a much wider implementation of severe accident 
mitigation measures. Over the past ten years many of the nuclear power plants 
worldwide have now been equipped with an accident management capability to 
further prevent severe accidents and to enhance the plant capability in the mitigation 
of the impact of these accidents. Significant progress has been made in the 
development of melt stabilisation and coolability concepts leading to their 
implementation in some existing plants and new reactor designs. Level 2 PSA is now 
seen as an essential part of the safety analysis that is carried out for all types of 
nuclear power plants worldwide. The information provided by the Level 2 PSA is 
being used by plant operators and regulatory authorities as part of an integrated 
(risk-informed) decision making process on plant safety improvement especially on 
severe accident management. 

Following the original report, further Level 2 PSAs have been carried out 
internationally, including studies for a number of reactors of the VVER design. As 
indicated by these studies, a consistent framework has been established regarding 
the general treatment of the individual components of a Level 2 PSA. In practice, 
however, there are still differences in the approach and the level of detail in the 
individual steps that have been carried out in different analyses, partly due to the 
different objectives that have been defined for these studies. International initiatives 
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are now underway in the development of guidance/ guidelines for the performance of 
some of these steps based on good practice and this effort will address some of 
these differences. 

The acceptability of the methodology since the original report is due largely to 
significant progress made in: the understanding of severe accident and source term 
phenomenology, including melt stabilisation and coolability for in-vessel and ex-
vessel phases; and the model improvement in the current generation of integrated 
severe accident analysis codes. A notable development is the ASTEC code.   

Further development in the Level 2 PSA is likely to see its integration within a Living 
PSA and its increasing use for risk-informed applications. This requires 
improvements in a number of areas including: the Level 1/ Level 2 PSA interface; the 
modelling of safety system recovery; and human reliability analysis. The impact of 
the implementation of severe accident management guidance has been investigated 
in a number of recent studies. Considerable progress has also been made with the 
treatment of epistemic uncertainty as evident by the number of studies using the 
ROAAM methodology and other issue decomposition techniques, such as 
decomposition event trees. Feasibility of using more advanced techniques for 
uncertainty analysis such as a dynamic event tree approach has also been 
investigated.  

The information presented in this report and the original report provides a review on 
the development and application of Level 2 PSA and severe accident management 
over the last two decades. This also includes a list of international collaborative 
activities organised under the auspices of OECD involving expert investigation and 
appraisal of a number of key issues. This report provides a useful source of current 
information which may be taken into account by PSA practitioners in carrying out and 
reviewing Level 2 PSAs and by others in acquiring an awareness on the status of 
development on a number of issues. 
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1 INTRODUCTION 

The report NEA/CSNI/R(1997)11 produced by CSNI PWG5 (now WGRISK) in 1997 
described the state-of-the-art at that time in Level 2 PSA methodologies and 
practices and the use of Level 2 PSA for supporting Severe Accident Management 
(SAM) programmes � that is, the development, implementation, training and 
optimisation of SAM strategies and measures. Since then, there have been 
significant developments in that more Level 2 PSAs have been carried out worldwide 
for a variety of nuclear power plant designs and there is now a better understanding 
of severe accident phenomena and modelling. The aim of this report is to provide 
information on these recent developments, as agreed by the CSNI in December 
2005. 

The original report provides a summary of the Level 2 PSA issues of specific 
relevance in the regulatory and licensing applications, including: 

• Developments in the understanding of key severe accident issues and modelling; 

• Developments in severe accident management guidelines and their application at 
nuclear power plants; 

• The state-of-the-art in the methodology for quantitative Level 2 PSA analysis; 

• Level 2 PSA models, uncertainties and quantification; and  

• The integrated (risk-informed) approach to decision making on nuclear power 
plant safety issues. 

Over the past ten years, a large number of activities have been carried out by 
OECD/NEA on severe accidents, severe accident management and Level 2 PSA � 
see Table 1.1. In addition, a large number of Level 2 PSAs have been performed 
worldwide for a variety of nuclear power plant designs mainly to meet regulatory 
demands. This is accompanied by further development in a number of areas, viz: 
improvement in severe accident phenomenological understanding and modelling, 
development and implementation of SAM and introduction of risk informed 
regulations.  

Much of the international development has been reflected in two recent OECD/NEA 
workshops included in the WGRISK programme:   

• International Workshop on Level 2 PSA and Severe Accident Management, Koln, 
Germany, 29th - 31st March 2004. 

• Workshop on Evaluation of Uncertainties in Relation to Severe Accidents and 
Level 2 Probabilistic Safety Analysis, Aix-en-Provence, France, 7-9 November 
2005. 

The aim of this report is to provide new information on Level 2 PSA development and 
studies that has emerged since the publication of the original report � much of which 
was presented at these two workshops. For example, the information presented on 
recent Level 2 PSAs has focused on the Level 2 PSAs that have been carried out for 
VVER reactors which were not addressed in the original report. No information has 
been presented on the recent PSAs that have been carried out for PWRs and BWRs 
since these reactor types were addressed extensively in the original report.  
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This report has also made use of information derived from a number of recent 
international collaborative studies, including OECD/NEA, IAEA and EC activities, and 
inputs from the member countries. It is not intended to provide an update of all the 
information in the original report. 

This report is organised using the same structure as the original report as follows: 

• Chapter 2: Summary on state of application, results and insights from recent 
Level 2 PSAs. 

• Chapter 3: Discussion on key severe accident phenomena and modelling issues, 
identification of severe accident issues that should be treated in Level 2 PSAs for 
accident management applications, review of severe accident computer codes 
and the use of these codes in Level 2 PSAs. 

• Chapter 4: Review of approaches and practices for accident management and 
SAM, evaluation of actions in Level 2 PSAs. 

• Chapter 5: Review of available Level 2 PSA methodologies, including accident 
progression event tree/ containment event tree development. 

• Chapter 6: Aspects important to quantification, including the use of expert 
judgement and treatment of uncertainties. 

• Chapter 7: Examples of the use of the results and insights from the Level 2 PSA 
in the context of an integrated (risk informed) decision making process. 

It should be noted that the contents of the report and the conclusions presented in 
are the views of the authors and contributors to the report and are not necessarily a 
consensus view of WGRISK. 
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Table 1.1: OECD references on severe accidents, severe accident 
management and Level 2 PSA 

NEA/CSNI/R(1997)10. Proceedings of the Second OECD Specialist Meeting on 
Operator Aids for Severe Accident Management (SAMOA-2), Lyon, France). 
1997.   

NEA/CSNI/R(1997)11. Level 2 PSA methodology and severe accident 
management, 1997. Also referenced as: OCDE/GD(97)198. 

NEA/CSNI/R(1997)21R.  Integrated assessment of level-1 and level-2 PSA results 
for internal and external events, 1998.  

NEA/CSNI/R(1997)20R.  Documentation of the treatment of level-1/level-2 
interface in PSAs with emphasis on accident management actions, 1998.   

NEA/CSNI/R(1997)19R.  Documentation on the use of severe accident computer 
codes in selected level-2 PSAs for nuclear power plants, 1998. 

NEA/CSNI/R(1997)18R.  Results and insights from level-2 PSAs performed in 
Germany, Japan, The Netherlands; Sweden, Switzerland, the United Kingdom and 
the United States, 1998. 

NEA/CSNI/R(1997)27. Second Specialist Meeting on operator aids for severe 
accident management: summary and conclusions. Lyon, France. 1997. 

NEA/CSNI/R(1997)34. Molten material relocation into the lower plenum: a status 
report, 1998. 

NEA/CSNI/R(1998)18. Workshop on In-vessel Core Debris Retention and 
Coolability, Proceedings, 1998, Garching, Germany. 

NEA/CSNI/R(1998)21. Workshop on In-vessel Core Debris Retention and 
Coolability, Summary and Conclusions, 1998, Garching, Germany.   

NEA/CSNI/R(1998)20. VVER: Specific Features Regarding Core Degradation. 

NEA/CSNI/R(1999)7R.  Proceedings of the CSNI Workshop on Iodine in Severe 
Accident Management . 

NEA/CSNI/R(1999)16. State-of-the-Art Report on Containment Thermalhydraulics 
and Hydrogen Distribution. 

NEA/CSNI/R(1999)23. Degraded Core Quench: Summary of Progress 1996 -
1999. 

NEA/CSNI/R(2000)12. Workshop on Iodine Aspects of Severe Accident 
Management - Summary and Conclusions,18-20 May 1999, Vantaa, Finland   

NEA/CSNI/R(2000)10. Carbon Monoxide - Hydrogen Combustion Characteristics 
in Severe Accident Containment Conditions. 

NEA/CSNI/R(2000)9. Insights into the Control of the Release of Iodine, Cesium, 
Strontium and other Fission Products in the Containment by Severe Accident 
Management. 

NEA/CSNI/R(2000)8. Impact of Short-Term Severe Accident Management Actions 
in a Long-Term Perspective. 
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Table 1.1: OECD references on severe accidents, severe accident 
management and Level 2 PSA (continued) 

NEA/CSNI/R(2000)14R.  OECD/CSNI Workshop on Ex-Vessel Debris Coolability - 
Summary and Recommendations, 15-18 November 1999, Karlsruhe, Germany. 

NEA/CSNI/R(2000)19. Technical Notes on Ex-vessel Hydrogen Sources.   

NEA/CSNI/R(2000)18R.  Proceedings of the Workshop on Ex-vessel Debris 
Coolability, 15-18 November, 1999, Karlsruhe, Germany. 

NEA/CSNI/R(2001)5. Status of Degraded Core Issues - Synthesis Paper, October 
2000. 

NEA/CSNI/R(2001)7. Severe Accident Management - Operator Training and 
Instrumentation Capabilities, Proceedings, 12-14 April 2001, Lyon, France. 

NEA/CSNI/R(2001)16R.  Severe Accident Management - Workshop on Operator 
Training and Instrumentation Capabilities, Summary and Conclusions, 12-14 
March 2001, Lyon, France. 

NEA/CSNI/R(2001)15. In-Vessel and Ex-Vessel Hydrogen Sources - Report by 
NEA Groups of Experts. 

NEA/CSNI/R(2001)20. Implementation of severe Accident Management Measures 
- Workshop Proceedings - 10-13 September 2001. 

NEA/CSNI/R(2002)12. Implementation of Severe Accident Management Measures 
- Summary and Conclusions: OECD/CSNI Workshop, 10-13 September 2001, 
Villigen, Switzerland. 

NEA/CSNI/R(2002)11. Severe Accident Management Operator Training and 
Instrumentation Capabilities, OECD/CSNI Workshop Summary and Conclusions, 
12-14 March 2001, Lyon, France. 

NEA/CSNI/R(2002)27R.  OECD Lower Head Failure Project (1999-2002) Final 
Project Report OECD/NRC/NERI Performed at Sandia National Laboratories. 

NEA/CSNI/R(2004)6. Current Severe Accident Research Facilities and Projects - 
Revised October 2003. 

NEA/CSNI/R(2004)7R.  SERENA co-ordinated programme (Steam Explosion 
Resolution for Nuclear Applications) - Phase 1 Task 1 Final Report - Identification 
of relevant conditions and experiments for fuel-coolant interactions in nuclear 
power plants - Revision 1 - December 2002.   

NEA/CSNI/R(2005)1. Progress Made in the Last Fifteen Years through Analyses 
of the TMI-2 Accident Performed in Member Countries. 

NEA/CSNI/R(2006)3R.  Final report on SERENA - Phase 1         

Note: R at the end of the report code means that the report has a limited distribution. 
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2 RESULTS AND INSIGHTS FROM RECENT LEVEL 2 PSAS 

2.1 Introduction 

The original report presented the results and insights of a number of Level 2 PSAs 
that had been carried out at that time. This included included 11 PWRs and 8 BWRs 
and addressed: 

• The objectives and scope of these studies; 
• The plant characteristics with major influences on severe accident progression; 
• The methodology; and 
• Some key results and insights on containment failure modes and releases. 

Since then, a number of Level 2 PSAs have been undertaken and examples can be 
found in [2.2], [2.3] and [2.4]. A notable development is that Level 2 PSAs have been 
carried out for a number of VVER-1000s and VVER-440s which includes the 
following: 

VVER-1000: Temelin (Czech Republic), Balakovo, Novovorenezh, Kalinin 
(Russian Federation), Kozloduy (Bulgaria) 

VVER-440: Dukovany (Czech Republic), Paks (Hungary), Bohunice V1 and V2, 
Mochovce (Slovak Republic), Loviisa (Finland) 

Section 2.2 gives a summary of the results and insights from the Level 2 PSAs for 
Bohunice V1 & V2, Dukovany, Paks and Temelin, and the results of the comparison 
of the PSAs for Dukovany and Paks carried out as part of the SARNET project. 

Level 2 PSAs have also been carried out for a number of PWRs and BWRs. 
However, since these reactor types were addressed in detail in the original report 
using similar methodology it was not considered to be necessary to repeat this 
exercise here. 

A recent key methodology development is the approach adopted by IRSN for the 
Level 2 PSA for the French 900 MW PWRs [2.5]. The methodology involves 
considerably greater detailed treatment of phenomena as the study has to meet an 
additional objective of supporting the prioritisation of severe accident research. Some 
key aspects of the IRSN methodology are discussed in Sections 5.2 and 6.2.  

2.2 Results and insights from some studies for VVER reactors 

A summary of plant/ containment design characteristics with influence on the 
capabilities of the plants to respond to severe accident challenges and provisions for 
severe accident management available at the plants is provided in the original report 
for a number of PWR and BWR plants. A similar summary is provided for two groups 
of VVER designs, VVER-1000 and VVER-440/213, in Tables 2.1 and 2.2.   

The principal steps involved in a Level 2 PSA listed in the original report include the 
following: 

• Definition of the plant damage states, 

• Development of event trees: containment event trees (CETs) or accident 
progression event trees (APETs), 
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• Determination and evaluation of containment failure modes, and 

• Binning of containment states according to containment failure modes and their 
release characteristics. 

A summary of the key features involved in these steps, for some PWRs and BWRs is 
provided in the original report. A similar summary is provided in Table 2.3 for some 
VVER studies. Some of the key computer codes used to support these studies are 
also listed in Table 2.3. Most of the studies also investigated potential severe 
accident management strategies as part of the sensitivity analysis. 

A summary of some key results and insights is as follows:   

Bohunice V1  [2.8] 

A Level 2 full power and shutdown PSA has been performed for unit 1 of Bohunice 
V1. For full power operation, the conclusions of the study are that: 

• There is a 25% probability that the confinement will successfully maintain its 
integrity and prevent an uncontrolled fission product release. After the 
implementation of the proposed modifications (recovery actions for SGTM and 
installation of hydrogen recombiners in the confinement) this probability will be 
increased to 74%.  

• The most likely mode of fission product release from the confinement following 
core damage is from confinement bypass after SGTM which has a conditional 
probability of 30%. The next most likely mode of release is late confinement 
failure (after 6 hours) at the vessel failure which has a conditional probability of 
22%. The conditional probability that the confinement survives with the spray 
operating is 5% per core damage event. The conditional probability for 
confinement isolation failure without spray is 5%, for early confinement failure at 
vessel failure is 4% and for other categories 1% or less. 

• The overall conditional confinement failure probability of 75% can be reduced to 
26% by implementing the proposed modifications. (For the set of plants included 
in the original report, this value is of the order of 16%.) 

• There are vulnerabilities in the area of the protection against hydrogen detonation 
and modifications are being made to improve the plant risk profile. In addition, 
attention is being paid to the development of SAMGs. 

For the shutdown operating modes it can be concluded that: 

• The shutdown risk is high for the open reactor vessel and open confinement. The 
reason is the high core damage frequency in the shutdown operating modes. 
After implementation of the recommended shutdown symptom-based emergency 
procedures (provided in the Level 1 shutdown PSA study of the plant) a 
significant decrease of the shutdown risk is possible.  

• Installation of filtered venting system in the reactor hall with long term operation 
could significantly decrease the release magnitudes during the shutdown 
operating modes.  
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A number of features were identified through the course of the Level 2 PSA which 
contribute to the performance of the confinement. These include the following: 

• The most important feature of the confinement with respect to the fission product 
retention is its ability to remain intact in case of the steam over-pressurisation. 
This construction allows natural deposition mechanisms to remove the airborne 
fission products from the confinement atmosphere, and provides adequate time 
for the additional accident mitigation activities to be implemented. 

• The installation of hydrogen recombiners is extremely important for the severe 
accident conditions. The confinement can not withstand hydrogen detonation. 

• The inability to get the water into the reactor cavity prevents the external cooling 
of the intact reactor vessel. 

• The absence of any penetration in the lower vessel head coupled with the natural 
circulation in the primary system during a high pressure core melt is expected to 
induce creep rupture failure in the hot leg pipe prior to the vessel failure. 

• Depressurization of the primary system prior to the vessel failure, as a result of 
the creep rupture failure of a hot leg pipe, should preclude concerns about the 
high pressure severe accident phenomena (i.e., ex-vessel steam explosion, direct 
confinement heating and vessel thrust forces). 

• Retention of the core debris in a dry cavity may induce MCCI melt through the 
cavity floor if the core debris cannot be cooled by the water. 

• Injecting water through the failed reactor vessel, in an attempt to cool the core 
debris in the cavity, is advisable and it does not depend on the status of the 
confinement cooling. Injecting water into a cavity filled with the hot core debris 
results in the formation of hot steam. If the confinement cooling is available this 
steam is condensed. If no confinement cooling is available steaming from the 
cavity can eventually over-pressurise the confinement but the COFs prevent the 
confinement failure. The radiological release consequences of inducing a COF 
opening are expected to be lower than those associated with MCCI failure of the 
cavity floor.  

• Steam inerting of the confinement during a severe accident can not prevent 
hydrogen detonation in the BWST. 

• The insights gained through the analysis of the severe accident progression and 
the detailed study of the related phenomena has provided a detailed 
understanding of the plant behaviour under the severe accident conditions. The 
knowledge developed can form the basis for future developments in accident 
management. 

Frequencies and conditional probabilities of large releases for the V1 plant for full 
power operation: 

• Core damage frequency: 2.8x10-5 /year 

• Early confinement failure/ bypass/ isolation failure:  1.2x10-5 /year 

• Frequency of a release exceeding 1% of the Cs in the core:  6.0x10-7 /year 
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• Frequency of a release exceeding 10% of the Cs in the core:  9.0x10-6 /year 

• Conditional probability of the release exceeding 1% of the Cs  
in the core given core damage:  0.03 

• Conditional probability of the release exceeding 10% of the Cs 
in the core given early confinement failure and bypass 
and isolation failure: 0.43 

Bohunice V2  [2.9] 

In this study, the PDS grouping logic was developed for both the full power and non-
full power operational states. Five PDS groups were defined. Several confinement 
event tree (CET) models were developed to address the specific features associated 
with each PDS group. The conclusions of the Level 2 PSA for Bohunice V2 are as 
follows: 

• For power operational states the key confinement failure modes are attributed 
to hydrogen burn during the in-vessel phase and cavity door failure due to the 
loads at vessel failure. The high pressure Plant Damage States (PDSs) are 
dominant for early confinement failure. In the case of full power operating states, 
the early large release accounted for approximately 75% of the frequency of the 
PDS group of 9.99E-05/year. 

• For shutdown states the dominant risk contributors are vessel open/ 
confinement open states. This is attributed mainly to the high core damage 
frequency for the mid-outage states and disabled barriers during these states. 
The early large release accounted for approximately 73% of the frequency (4.5E-
04/year) of the PDS group for RCS and confinement open and with the fuel in the 
RPV.  

A number of severe accident management (SAM) measures were investigated as 
sensitivity analysis and they all appeared to be beneficial plant improvement options. 
The SAM options studies included: RCS depressurisation, cavity flooding and 
hydrogen control and these measures are being considered for the V2 SAMG 
development. The results of the sensitivity studies indicate that: 

• Implementing RCS depressurisation (following the EOP FR.C-1 procedures) 
would reduce the cavity door failure frequency but would increase the frequency 
of low release end states through melt-through confinement failure. 

• Implementing cavity flooding with an independent system would reduce the 
vulnerability to cavity door failure by reducing the number of sequences with 
vessel failure. 

• Implementing an effective system for hydrogen control would be beneficial in 
reducing the contribution of very early confinement failure. This measure should 
be combined with one of the others providing protection against cavity 
overpressure. 

The radiological risk at shutdown operational states is significant and preventive 
EOPs are of high importance and beneficial.  

The detailed results are not available for the Level 2 PSA study for Bohunice V2. 
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Dukovany VVER 440/213  [2.7] 

Revision 2 of the Level 2 PSA was carried out in two versions, corresponding to 
cases with or without induced reactor vessel failure due to pressurised thermal shock 
(PTS). This phenomenon of induced rupture due to thermal shock after a large or 
medium LOCA provides a relatively high contribution to core damage frequency 
(CDF) but entails a high level of uncertainty.  

The conditional probabilities of the containment failure and release profile were 
consistent in all the revisions of the Level 2 PSA. The early containment rupture and 
large release are due to hydrogen deflagration and reactor cavity or cavity door 
failure. As the CDF decreased between revisions (6x10-4 /year in Rev 0 to current 
revision results of 3.0x10-5 /year and 1.4x10-5 /year for with and without induced 
vessel rupture from PTS respectively).  

Hydrogen deflagration is the main contributor to early containment rupture, followed 
by cavity phenomena involving ex-vessel steam explosion. Steam generator (SG) 
collector lift off and containment isolation failure also provide notable contributions. 
SGTR and cavity door early leak due to thermal effects are the key contributors to 
early containment leakage. Late containment rupture (probability much less than that 
of early rupture) is caused mainly by hydrogen deflagration. Thermal effects on the 
cavity door also provide the main contribution to late containment leakage. 

Extensive sensitivity analysis was performed on accident management issues in all 
the revisions. 

At the end of 2005, Revision 3 of the Level 2 PSA was performed. It was based on 
an update of the Level 1 PSA where the core damage frequency was further 
decreased to 7x10-6 for full power states, mainly due to plant modifications. Two 
cases were studied, with and without SAMG. Hydrogen combustion is still the main 
reason for early containment failure, followed by cavity door failure due to thermal 
effects. The probability of a steam explosion in the cavity has decreased to a 
negligible level after installing the cavity drainage plug, which prevents water entering 
the cavity from other rooms. Other reasons for this decrease is the reduction in the 
frequency of vessel rupture due to thermal shock and re-evaluation of the possibility 
of steam explosion in this accident. Elements of this revision were also included in 
the comparison of Paks and Dukovany Level 2 PSAs. 

Paks VVER-440/V-213  [2.6] 

The objectives of the study were: to provide a basis for the development of plant 
specific accident management strategies and for the evaluation of risk reduction 
options through system backfits; to gain insights into the progression of severe 
accidents and containment performance; to identify major containment failure modes; 
and to estimate related radioactivity releases. 

The scope of the study was mainly determined by the scope of the existing Level 1 
PSA � that is, it covers accident sequences induced by internal initiating events, and 
internal fire and flood occurring during operation at power, and by internal initiating 
events occurring during planned shutdown states. The seismic hazard has not been 
considered within the current Level 2 PSA. 

Two strategies for mitigative accident management were elaborated concerning 
accidents during operation at power. The first strategy comprises hydrogen treatment 
by using recombiners and igniters, filtered venting and the prevention of the rector 
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shaft door damage as accident management measures. The second strategy 
includes also the flooding of the reactor shaft for the external cooling of the reactor 
vessel (in-vessel melt retention, IVR) and also for protecting the basemat from melt�
through. For the latter strategy, a separate measure for protecting the shaft door is 
not needed. 

From the preliminary evaluation of the two strategies the following conclusions were 
drawn. 

• Due to accident management measures, the distribution of release category 
frequencies was significantly modified compared to the present state. 

• The frequency of the most severe sequences belonging to consequence category 
I (containment rupture form high pressure RPV failure, Caesium release for is 
category is > 100,000 TBq) was not influenced by the proposed accident 
management measures, however, their frequency is not significant. 

• The frequency of the consequence category II (100000 TBq > Caesium release > 
10000) representing early containment failures can be reduced to one third of the 
present value by the accident management measures. 

• The frequency of consequence category III (10000 TBq > Caesium release > 
1000) representing early containment failure with spray can be reduced to one 
fourth of the present value by hydrogen treatment. 

• Frequencies of categories IV (1000 TBq > Caesium release > 100 TBq) and V 
(100 > Caesium release) not representing large radioactive releases remain 
practically unchanged. These two categories represent accident sequences 
leading to containment leakage, late containment failure and late containment 
failure modes with spray operation). 

• Flooding the reactor cavity protects the basemat from melt-through in many 
cases, and significantly decreases its frequency. 

Comparison of the Level 2 PSAs for Dukovany and Paks  [2.3] 

A specific comparison of Level 2 PSAs on VVER 440/213 type plants (Paks and 
Dukovany plants) has been performed in the frame of the EC SARNET project. The 
aim of this comparison, unlike that concerning the general comparison methods for a 
number of European plants [2.3], was to demonstrate that the use of completely 
different methods and computer codes could lead to consistent results for essentially 
the same plant design. More importantly, another aim was also to explain why some 
large differences in the results exist, as is the case of steam explosion in the cavity. 
These aims make it necessary to examine details, in this comparison, the 
assumptions made in the treatment of the physical phenomena and the plant design 
features considered to have an important influence on the results of the Level 2 
PSAs.  

Main plants and Level 2 PSA characteristics  

The Czech plant, Dukovany is situated near a small river name Jihlava, where two 
dams were built to ensure the necessary water supply. Eight cooling towers are 
providing for heat removal. The units of Paks are near the river Danube that provides 
for direct heat removal. This is a notable difference concerning site characteristics 
which has little impact on the PSA results. 
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Both plants are designed based on the same concept of twin units. Always two units 
are situated in a common building with common reactor hall for refuelling and some 
common equipment, the two containment structures for each unit of the twins 
including the bubble condensers are, however, completely separate. In Dukovany, 
this concept is also extended to two turbine halls connected by a bridge, each of 
these halls is housing four turbines belonging to two reactor units, two to each unit. 
There is a large common turbine hall at Paks with twin turbines for each unit. 

The Level 2 PSA for Dukovany has been carried out for unit 1 which is the oldest 
unit. This unit has the highest natural containment leak rate which is about a factor of 
3 higher than for the others. Otherwise there are only very small differences between 
the units and they would have a negligible influence the results of the Level 2 PSA. 

Since the different reactor units are almost identical, the Level 2 PSA for Paks is 
made for a general unit, and a Level 2 PSA is considered applicable to all units even 
though the event logic models have been developed for unit 1. The measured 
containment leak rates of the units changed year-by-year, unit-by-unit. A 
representative and acceptable leak rate of 14.7%/day was used for the calculations. 
The leak rate influences only the probability of late overpressurisation and the 
release rate from intact containment that is a pre-defined category of containment 
states in the study. 

The main common features of the two compared units of Paks and Dukovany are as 
follows: 

• The geometry of the primary system (6 loops with horizontal steam generators), 

• The reactor vessel, core geometry and material (rod follower), 

• Number of the emergency core cooling pumps and water storage, and 

• Containment features (bubbler condenser). 

Conclusions of the Level 2 PSA comparison   

The results of Level 2 PSAs are the probability of different containment states and 
the release rates. Comparison of the exact values such as the probability of 
containment states, released mass, or activity of fission products is not really 
possible because of the different methods, source term binning and the different 
scope of the PSA. The most important are the conclusions concerning the 
mechanisms leading to potential large release of activity and large containment 
failure. 

For both plants it was found that: 

• The large early release is attributed to early containment failure or bypass, 

• The late large containment failure is less probable than the early one 
(especially for Dukovany when some types of late failure are treated as a 
smaller failure �leak�, namely basemat penetration by debris and containment 
failure by slow pressurisation), 

• The late leak due to cavity door failure is the most probable failure type of the 
containment. 
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About 10% of the core degradation frequency yields early containment failure at 
nominal power (in Dukovany it was 24% in Revision 2, but including 10.5% of cavity 
failure, mostly due to steam explosion). The main mechanism for this early 
containment rupture and high release was the early hydrogen burn and there is 
concurrence from these two studies. 

There are however differences regarding other mechanisms for early containment 
failure in the two studies. In the Paks PSA the cavity is mostly dry and therefore 
steam explosion cannot occur there. The reason for presence of water in the 
Dukovany cavity is due to a different drainage scheme and high probability of vessel 
failure due to PTS. On the other hand, the physical assumptions made for ex-vessel 
steam explosion are not too different for the two plants. It should be noted that for 
Dukovany, the drainage scheme was modified recently and PTS was re-evaluated. 
The cavity is mostly dry now like for Paks. The containment drainage issue and other 
design differences between the plants provide illustrations on how: 

• Small details in plant design can strongly influence the Level 2 PSA results, and 

• A small plant upgrade can strongly influence Level 1 PSA and Level 2 PSA  
results. 

The probability of a late leak is higher in both Level 2 PSAs than early containment 
failure, the reason is due to the loss of tightness of the cavity door due to thermal 
effects of the debris. 

The Level 2 PSAs also concurred that an important problem is the releases from the 
�intact� containment or due to late containment leak without sprays, corresponding to 
not very high but relatively frequent Cs release above 0.1% and below 1% of the 
initial inventory. It should be noted that this is attributed to the conservative 
ommission of fission product deposition on the leak path through the containment 
wall and auxiliary building.  

The Paks results show the importance of shutdown and spent fuel pool accidents in 
large early release frequency. These findings cannot be compared to the results for 
Dukovany because the Dukovany study does not cover shutdown states and the 
spent fuel pool.  

Temelin VVER-1000 [2.10] 

A summary of the results of a revised Level 2 PSA (an initial study was completed in 
1996, updated study was completed in 2003) is as follows: 

• Core damage frequency (not including fire and flood): 1.5x10-5 /reactor year 
(1.1x10-4 /reactor year, including fire and flood sequences) 

• Large early release frequency: 4.0x10-6 /reactor year (9.3x10-5/reactor year) 

• Containment failure modes: late failure  45.4% (1.0%) 
 no failure  24.2% (12.3%) 
 early failure    5.4% (25.0%) 
 bypass  23.9% (61.6%) 
 ISLOCA    1.1%.(0.1%) 
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The numbers in parenthesis are results derived from the 1996 study. The early study 
made use of a number of conservative assumptions due to the lack of some plant 
information. The early study provided a number of initial insights:  

• The containment design is robust and is resistant to overpressure failures 
(ultimate strength of about 1 MPa). 

• The higher frequency of early failures is attributed to design aspects following a 
discharge of corium following RPV failure, including the penetration of vertical 
instrumentation channels through whole thickness of basemat. 

• Due to the above, high pressure discharge at RPV failure is seen as beneficial 
due to disposition of corium following failure of doors in the tunnel between 
cavity and general containment volume. 

• The high frequency of containment bypass is due to SGTR frequency analysed 
in the Level 1 PSA. 

• Threat of hydrogen combustion and direct containment heating is not seen as 
important. 

• Late containment failure frequency is low. 

The Level 2 PSA study was updated later to include MELCOR analysis, more 
detailed source term analysis and SAM measures. Comparison with the early study 
showed the following: 

• Higher frequency of no failure and late failures were analysed. 

• Lower frequency of early failures were analysed and attributed to SAM 
measures which included the installation of corium barriers and basemat 
penetration plugs. 

• Operation of hydrogen recombiners has been shown to be important for both 
early and late containment failures. 

Novovoronezh Unit 5 VVER-1000 [2.11] 

A summary of the Level 2 PSA for Novovoronezh Unit 5 is as follows: 

• The main containment failure modes analysed are: 

- Late containment failure due to combustion of hydrogen and CO (40%) 

- Basemat melt through (11%) 

- Containment bypass (3%) 

- Containment isolation system failure (21%) 

- No Containment failure (25%) 

• A number of SAM actions were analysed as sensitivity analysis and they 
included: 

- Addition of water to damaged core to prevent RPV failure 

- Addition of water to secondary side of SGs 
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- Closure of containment valves 

- Hydrogen control via an active system 

The analysis showed that the implementation of all the above SAM actions would 
provide an improvement of containment retaining its integrity from 25% to 47%. In 
this study, the radiological source terms were analysed using MELCOR and ERPRA-
ST computer codes. 
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Table 2.1  General reactor characteristics 

Reference plant Novovoronezsh 
Unit 5 

Temelin Unit 1 Paks  Dukovany 

Reactor type VVER-1000 VVER-1000 VVER-440/213 VVER-440/213 

Containment type Large dry Large dry Bubbler condenser 
containment 

Bubbler 
condenser 

containment 

Thermal power 
(MWt) 

3000 3000 1375 1375 

Containment 
Structure 

Pre-stressed 
reinforced 

concrete with 
hermetic steel 

liner 

Pre-stressed 
reinforced concrete 

with steel liner 

Rectangular 
reinforced concrete 
structure, steel liner 

Rectangular 
reinforced 
concrete 

structure, steel 
liner 

RCS water volume 
(m3) 

356 360.9 220 220 

Dry well 
free volume (m3) 

n/a n/a 26000 26000 

Containment 
free volume (m3) 

79800 6.3E4 50000 50000 

Mass of UO2 (kg) 7.04x104 9.2x104 4.2x104 4.76x104 

Mass of Zirconium (kg) 2.9x104 2.5x104 1.8x104 1.9x104 

RCS water volume to 
thermal power (m3 

/MWt) 

0.12 0.12 0.16 0.16 

Containment free 
volume to thermal 
power (m3 /MWt) 

26.6 21 36 36 

Zr mass/Cont. vol 
(kg/m3) 

0.36 0.39 0.36 0.38 

Fuel mass/Cont. vol 
(kg/m3) 

0.88 1.45 0.84 0.95 

Design pressure dry 
well (bar .abs) 

n/a n/a 2.5 2.5 

Design pressure 
containment (bar./abs) 

4.6 4.9 2.5 2.5 

Suppression pool 
water volume/power 
(m3/MWt) 

n/a n/a 0.98 0.98 

Water availability in 
cavity 

Dry cavity Dry cavity Dry cavity Mostly dry cavity 
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Table 2.2  Provisions for severe accident mitigation 

Reference plant Bohunice V1 Novovoronezsh 
Unit 5 

Temelin Unit 
1 

Paks  Dukovany 

Estimated 
containment 
failure pressure 
(bar) 

Safety flaps 
protect the 

confinement 
from over-

pressurisation 

6.1* 11-12*** 

(median) 
4.5** 

(HCLPF: 2.35) 
3.5** 

Containment 
spray 

Yes Yes Yes Yes Yes 

Hydrogen 
control 

No No Hydrogen 
recombiners 
(catalytic for 
design basis 
accidents, 

extension for 
SA planned) 

Hydrogen 
recombiners 
(installed for 

DBA, planned 
for SA) 

Hydrogen 
recombiners 

for DBA 
installed 

(extension for 
SA studied) 

Additional water 
injection to 
containment 

No No Yes (Fire 
suppression 

system) 

No Yes (from 
�twin� unit) 

Depressurisation 
of RCS for 
prevention of 
HPME 

Yes No In the EOPs 
before core 

damage 

Yes Yes 

Depressurisation 
of containment 

Yes No Yes No filtered 
vent. Can be 
achieved via 
spray system 
or an option 
of using a 
ventilation 

line 

Yes (after 
several days) 

Use of PB/F in the 
event of SGTR 

No No Yes No No 

Filling of SG with 
water in the event 
of SGTR 

Yes Yes No Yes Yes 

SAMG 
implementation 

No No Yes Underway Yes 

* Drived from structural fragility analysis for similar containment 

** Median dynamic pressure estimate of the cavity: 24.4 bar 

*** Derived from plant specific structural fragility study  
 



NEA/CSNI/R(2007)16 

30 

Table 2.3  Summary of methods adopted in example VVER PSAs 

Plant 
 

Scope Method Number of 
PDSs 

Number of 
CET/APET 

nodes 

Number of 
source term 

bins 

Codes supporting 
quantification 

 

Temelin [2.4] Full power operation, 
excluding low power 
and shutdown, IEs 

+internal fires & 
floods 

Small event tree 40 11 20 MELCOR, NUPRA for CET 
processing 

Novovoronezsh  
Unit 5 [2.4] 

Full power operation, 
excluding shutdown, 

IEs 

Small event tree 12 30 9 MELCOR, ERPRA-BURN, 
ERPRA-ST for source terms, 
EVENTRE for CET processing 

Paks [2.6] Full power and 
shutdown states, 
spent fuel storage 

pool events, 
earthquake (full 

power) 

Small event tree 15 17 17 MAAP4/VVER, CONTAIN, 
H2AICC, VESSEL, MVITA, 
ICARE, Risk Spectrum for CET 
processing 

Dukovany [2.7] Full power operation, 
excluding shutdown, 

IEs 

Large accident 
progression event 

tree 

34 vectors 
12 states in 

APET 

100 
including 12 PDS 

and 15 source 
term 

5 MELCOR, EVENTRE for APET 
processing 

Bohunice V1 [2.8] Full power and 
shutdown states 

Small event tree  5 17 MAAP4/VVER, MELCOR, Risk 
Spectrum for CET processing  

Bohunice V2 [2.9] Full power and 
shutdown states 

Small event tree 7 groups 8 13 MARCH3, CORCON, TRAP-
MELT3, VANESSA, MELCOR 
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3 KEY SEVERE ACCIDENT ISSUES 

3.1 Introduction 

A Level 2 PSA requires the analysis of complex physical and chemical phenomena 
and their interactions, and assesses their relevance to challenges to the containment 
boundary which provides the final barrier to potential release of radionuclides to the 
environment. The phenomena to be considered in the course of the accident after the 
onset of core degradation can be grouped into two categories: 

• Phenomena associated with the thermal-hydraulics of the accident progression 
and the associated containment response. The associated analysis is generally 
referred to as: �Accident progression and containment performance analysis�. 

• Phenomena associated with the chemical processes affecting: (i) the release and 
formation of radionuclides during the different phases of a severe accident, and 
(ii) the transport of the radioactive material from the fuel through the containment 
to the environment, if the containment is breached. The associated analysis is 
generally referred to as: �Source term analysis�. 

Chapter 3 of the original report provides an overview of the individual phenomenon 
(described in Section 3.1) and the status of the computer codes that are used in 
some member states to analyse these phenomena (described in Section 3.2).  A 
discussion of recent developments in some of the issues is provided in the next 
sections. 

3.2 Key severe accident phenomena 

The following aspects of severe accident phenomena are discussed in Section 3.1 of 
the original report: 

• In-vessel phenomena: Apart from the phenomena associated with the core melt 
progression, the description also includes in-vessel radionuclide release and 
transport phenomena and a discussion on the relevant reactor design 
characteristics that impact these phenomena during the in-vessel phase of 
accident progression. 

• Ex-vessel phenomena immediately after vessel failure and longer term 
behaviour: The description considers the key phenomena during the ex-vessel 
phase of accident progression and includes a discussion of the relevant reactor 
design characteristics that impact these phenomena. The description also 
identifies potential containment failure modes and the ex-vessel radionuclide 
release and transport phenomena. 

• Phenomenological issues related to severe accident management. 

• The perceived level of uncertainty associated with the phenomena and the likely 
impact on the results of theanalysis 

A bibliography is provided in Chapter 3 on key reviews of some of these phenomena, 
including, for example, OECD/NEA/CSNI topical reports and workshop proceedings, 
EC state of the art reports and US NRC studies. It is clear that the extensive severe 
accident phenomenological research worldwide has enabled a better understanding 
of these phenomena and the resolution of some key issues. This is exemplified by 
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the US NRC issue resolution initiative following the completion of the NUREG-1150 
study [3.2] involving the re-assessment of three key containment failure mechanisms, 
viz: in-vessel steam explosion [3.3], direct containment heating [3.4a, 3.4b, 3.4c] and 
Mark I liner melt through [3.5]. The study of in-vessel steam explosions concluded 
that the associated alpha mode of containment failure was of very low probability and 
of no significance to risk.  The study of Mark I liner failure concluded that early Mark I 
liner melt through was not physically reasonable for low pressure scenarios if water 
sources were available to provide water to the drywell floor.  The NRC program to 
address direct containment heating (DCH) concluded that for large dry containments 
DCH posed no significant contribution to risk.  The following is a more detailed 
summary of the plant specific resolution of DCH for U. S. plants.    

The US NRC research addressed Westinghouse [3.4a], Combustion Engineering 
and B&W containment designs [3.4b] for operating reactors. Multiple scale 
experiments, supplemented by extensive scoping analysis, demonstrated that DCH 
and its accompanying containment pressurisation could be naturally mitigated by the 
entrapment of debris within the containment sub-compartments. The integrated study 
(which included extensive plant specific evaluations) concluded that, to a degree 
dependent on plant design, DCH loads were well below the containment pressure 
capacity for these U.S. designs. For the large majority of designs it was concluded 
there was no realistic potential for containment failure given a high pressure melt 
ejection. For some designs, given a high pressure melt ejection, there was only a 
very small conditional probability of containment failure (<0.01) and a very few 
designs had a conditional probability of containment failure between 0.01 and 0.1. 
Additionally, the study concluded that the likelihood of unintentional depressurization 
could lower the probability of high pressure melt ejection (and any potential for 
containment failure at reactor vessel failure) by another decade and it was also 
concluded that some conservatism existed in the loads prediction. An implication for 
severe accident management is that if the threat of containment failure from DCH 
was the primary impetus for RCS depressurisation in certain scenarios then that 
operator action should be re-evaluated since that threat may have been significantly 
overestimated. However, there are other important potential benefits to RCS 
depressurisation (e.g., protection of steam generator tubes, enhancement of RCS 
injection possibilities and application for in-vessel retention by ex-vessel flooding).
  
 
For ice condenser plants the study [3.4c] found that the pressurisation of the 
containment due to sensible heat transfer from corium debris transport could be 
mitigated by the containment geometry.  However, containment failure was ultimately 
more strongly influenced by other loading mechanisms, such as steam generation in 
the event of a wet cavity if containment sprays were unavailable. A dominant failure 
mechanism was hydrogen combustion; if igniters were inoperable as in station 
blackout sequences then hydrogen loads posed a severe challenge to containment 
integrity, irrespective of high pressure melt ejection.    

Further research has also helped to improve the knowledge base for the design and 
implementation of severe accident mitigation features for current LWRs and for near-
future new designs. This is exemplified by the implementation of the so called severe 
accident management strategy of In-Vessel Melt Retention for the Loviisa plant in 
Finland [3.6]. The strategy has also been incorporated in the design of the AP600 
and AP1000 plants [3.7, 3.8]. Extensive research has also been performed to support 
the strategies for achieving ex-vessel corium coolability, including the use of core 
catcher and different flooding concepts. Some aspects concerning these in-vessel 
and  ex-vessel accident management strategies are discussed in Section 4. 
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Appraisal of phenomenological uncertainties and recent international research effort 
in resolving some outstanding issues has been provided in a number of recent 
publications, e.g. [3.9, 3.10, 3.1]. The development of risk important indicators for the 
prioritisation of further phenomenological research is also discussed in [3.11].  

Safety enhancement of plants by adopting mitigation measures of backfits and of 
accident management has been made possible by severe accident research, with the 
following examples [3.9]: 

• hydrogen control with ignitors and catalytic recombiners, 

• improved safety valves on PWRs, 

• water addition to the Mark-1 drywell to prevent liner failure, 

• vessel depressurisation for DCH protection, 

• use of BWR suppression (condensation) pools for fission product 
decontamination, 

• hard vents for BWRs from the suppression pool, 

• flooding of PWR vessel cavity for Westinghouse PWRs, 

• flooding of drywell for Swedish BWRs, 

• additional water delivery sources for accident termination, 

• reinforcement of containment penetrations, 

• pressurised thermal shock prevention procedure, 

• filtered venting, 

• long term management of iodine in containment, and 

• long term cooling of the containment to maintain heat sink. 

The research results have also provided the rationale for the decisions of not 
providing mitigation in other cases, such as: 

• no inerting of Mark III BWRs. (Note: BWR Mark I and II containments are inerted, 
while Mark III and ice condenser containments have been fitted with igniters), and 

• no backfits for protection against α-mode failure. 

More recently, a number of studies have been instigated, involving expert groups, in 
further attempts to reduce the uncertainty associated with some phenomenological 
issues in recognition of their relevance to safety impact and the adequacy of the 
overall knowledge base. An example of a systematic review is provided by the 
EURSAFE study [3.12] and a summary of the study is provided next. 
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3.2.1 EURSAFE study [3.12] 
EURSAFE was a thematic network project in the European Commission Framework 
Programme to establish a consensus on severe accident issues where large 
uncertainties still exist. The consensus was achieved by the use of a Phenomena 
Identification and Ranking Tables (PIRT) methodology, comprising of: 

• establishing lists of phenomena covering the whole spectrum of severe 
accident situations and events; 

• ranking these phenomena according to their relevance to reactor safety (safety-
oriented groups); and  

• ranking the phenomena according to their degree of knowledge (phenomena-
oriented groups). 

Five phenomena-oriented sub-groups (in-vessel phenomena, ex-vessel phenomena, 
dynamic loading, long term loading and fission products) were identified for the PIRT 
tasks. Starting from a list of all severe accident phenomena containing approximately 
1000 entries, 106 phenomena were judged eventually as both important for safety 
and still lacking knowledge. Finally, 21 areas needing further research were identified 
from the 106 phenomena selected in the PIRT process and are listed in Table 3.1. 
The results of the EURSAFE study are intended to assist the integration and 
harmonisation of the different national programmes on severe accident research in 
Europe.  

3.2.2 Air ingression phenomenon and its implications 
This possibility of air ingression during severe accidents, presented by some reactor 
configurations, especially during reactor shutdown, has been identified in [3.13]. A 
description of this phenomenon has not been included in the original report.  
Following reactor pressure vessel (RPV) failure, there is the potential for a flow of 
gas through the reactor coolant system (RCS), with it entering from the reactor cavity 
at the vessel lower head and leaving at the available openings in the RCS. This gas 
flow will include oxygen and nitrogen from the original containment atmosphere, as 
well as hydrogen generated during the core degradation process. Corium remaining 
in the vessel will be exposed to this flow with the potential for oxidation reactions 
which may alter the nature of fission product releases and the core melt behaviour. 
This air ingression is perceived to be of greater significance to those shutdown 
sequences in which the RCS is open to the containment. The lower decay heat 
compared to a sequence initiated at full power could potentially result in a greater 
mass of residual fuel in the RPV when it is breached. It is also noted that this air 
ingression phenomenon may also be relevant in accident sequences initiated at full 
power (e.g. LOCAs and station blackout sequences in which natural circulation 
induced creep rupture failure of the RCS pipework occurs before RPV failure) but its 
impact is expected to be less important. Scoping calculations have shown that with 
the higher decay heat, less corium will remain after RPV failure, and the impact from 
this smaller mass of residual fuel is thus limited. It is also expected that generally air 
does not ingress readily into the core region as a result of outflow of steam and 
hydrogen and the low permeability of the core region. It is expected, but not 
demonstrated, that the effects of air ingression are more limited for faults initiated at 
power. 
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The main implications of air ingression assessed in [3.13] are as follows: 

• Air oxidation data show that zirconium reaction with air is about 85% more 
exothermic than with steam. Also, at the temperatures corresponding to the 
initiation of zirconium liquefaction and beyond, the data suggest that air 
reactions with zirconium will proceed more rapidly than steam reactions with 
zirconium. At 2000K, the air oxidation rate constant is approximately 50% 
higher than the corresponding value for steam oxidation. 

• Two reactions have been identified which could influence the fission product 
releases. They are oxidation of uranium oxide fuel and of ruthenium. Oxidation 
of the fuel to U3O8 has been observed to lead to decrepitation of the matrix with 
the potential to generate additional urania aerosol releases. 

• Ruthenium is a radiologically significant fission product which has a family of 
oxides all of which have higher vapour pressures than the elemental form. 
Calculations indicate that the formation of ruthenium oxides could make a 
significant additional contribution to the radiological releases from the fuel 
material. 

Parametric sensitivity analyses have been performed based on the above 
consideration in some plant studies and the results suggest that the impact of the air 
ingress phenomenon on the overall PSA results is likely to be insignificant. There is 
little evidence of the explicit treatment of this phenomenon in Level 2 PSAs 
performed to date. Nevertheless, it is recognised that the current understanding of 
this complex phenomenon entails a high degree of uncertainty. 

3.3 Review of severe accident computer codes 

Three types of computer codes were reviewed in Section 3.2 of the original report 
and they include: 

• Separate phenomena codes: These codes attempt to model the phenomena 
with detailed models, consistent with the state-of-the-art, and the availability of 
experimental data. These codes are used typically in severe accident research, 
evaluation of severe accident management alternatives, and as benchmarks for 
the simpler, more parametric and integrated computer codes. 

• Integrated PSA codes: These codes address the set of key phenomena that 
occur during each specific severe accident sequence. They incorporate the 
thermal-hydraulics, chemical and fission product models into a single code for 
the core, primary and secondary coolant systems, and the containment 
building. These codes are designed to run relatively quickly so that they can 
process a large number of calculations necessary for the different severe 
accident sequences required in a Level 2 PSA. To achieve this, they contain 
much simpler models than the separate phenomena codes.  

• Simple parametric codes and computational tools: These are based on simple 
parametric models which interpolate between fixed points for which calculations 
with a more detailed code have been performed to determine the values of the 
parameters. These codes are intended for specific PSA applications in which 
the assessment of uncertainties on accident progression pathways requires 
extensive repetitive calculations. 
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Many of the computer codes adopted for severe accident analysis in member states 
were identified and described in the original report, together with a summary of the 
status of validation and benchmarking activities these codes have undergone. 
Changes in national requirements and emphasis also resulted in the discontinuation 
of the support for some of these codes. As is reflected in the original report, many of 
the key physical processes modelled in the separate phenomena codes are similarly 
adopted in the integrated PSA codes. This has led to a scaling down or termination of 
development effort in these codes. More recently, driven by the demand from the 
many Level 2 PSAs performed worldwide, for applications to both existing plants and 
future designs, the integrated codes in particular have undergone further model 
improvement and validation/ benchmarking activities. A recent notable code initiative 
is the development of the Franco-German integrated code ASTEC which is based on 
some of the separate phenomena codes (e.g. ESCADRE, RALOC, FIPLOC, ICARE2 
and IODE) listed in the original report.  

Current application in Level 2 PSAs has tended to make use of the integral codes for 
providing the baseline analysis of accident sequences with additional supplementary 
analysis provided by other standalone codes for the detailed evaluation of certain 
phenomena, if required. Analysis involving standalone codes is also performed to 
support uncertainty analysis. The update in this document is restricted to recent 
development in integral codes and includes: MAAP, MELCOR, ASTEC and THALES. 
The general model description for these codes is updated in Appendix A. The 
assessment status for these codes is updated and summarised in Section 3.3.1.  A 
summary is also provided in Section 3.3.2 on some recent and ongoing international 
validation effort involving some of the separate phenomena code.  

3.3.1 Assessment status of integral codes 
Assessment status of MAAP: Many comparisons between the MAAP code and 
separate effects tests, integral experiments, actual plant transients, and accidents 
have been performed to illustrate the performance of individual models and to 
provide confidence in the MAAP integral results. The assessment matrix listed in 
Table 3.2 shows the experimental benchmarking status of the MAAP computer code 
[3.14]. It is seen that the various code versions (entries in the matrix refer to MAAP 
version number) have been compared to several separate effects and integral 
experiments.  These include: CORA and PHEBUS (core damage); LOFT FP-2 
(integral severe accident test); ABCOVE (aerosol behaviour); CSE (containment 
spray); COPO (molten pool heat transfer); FARO (debris quenching); Surtsey IET 
(DCH); SWISS, SURC-4, ACE, KfK BETA (core-concrete interaction); NUPEC mixing 
tests; Marviken, FAI, and GE vessel blowdown tests; and HDR containment 
experiment, among many others. The current version of the code, MAAP 4 [3.15], 
has also been benchmarked against the TMI-2 accident. This comparison study 
shows that MAAP4 provides a reasonable simulation of the TMI-2 accident in terms 
of the system response prior to core uncovery, during core degradation, following 
core reflood, and the lower head behaviour after 224 minutes. These are all severe 
accident processes that are essential for application of computer codes for decisions 
related to design, operations, emergency operating procedures, and accident 
management. 

The comparison of MAAP4 calculations with the HDR T31.5 experimental data 
showed that the pressure was predicted accurately, but the local prediction of the 
temperature was not as good since the code uses lumped parameter models [3.16].  
The MAAP4 code predictions of the NUPEC mixing tests showed good agreement 
with the experimental data, and specifically, the gas concentration comparisons were 
encouraging [3.17]. In general, the PHEBUS FPT0 test results were in good 
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agreement with the MAAP4 predictions, but the hydrogen production was over 
predicted [3.18]. MAAP has also been benchmarked for FLHT-2 and PBF-SFD 1-1 
experiments.  There are also benchmarks based on Browns Ferry fire, loss-of-
feedwater incidents at Davis-Besse and Oyster Creek, and a steam generator tube 
rupture (SGTR) event at Prairie Island Unit 1 (Note: These plant benchmarks are 
described in the code User Manual but are not in the public domain). 

Based on a station blackout sequence for Zion nuclear power plant, a comparison 
was made of the calculations from MAAP4 (MAAP4.05), MELCOR (v1.8.5) and 
SCDAP/RELAP5 (MOD3.3) [3.19]. The NRC/EPRI sponsored study concluded that 
the calculation results are similar in terms of thermal-hydraulic and core degradation 
response despite considerable differences in the code modelling. Illustrative 
comparison of some predicted timing information is shown in Tables 3.3 and 3.4. The 
discrepancies in the timing of key phenomena are considered minor and are 
attributed to uncertainties. As seen in Table 3.3, MAAP predicted a later timing for 
the start of core uncovery and this partly led to timing delays of the subsequent 
events. The differences in the modelling of the core transitions from an intact state to 
a degraded state are significant and are reflected in [3.19]. Generally, given the 
significant modelling differences, the prediction of the major in-vessel severe 
accident phenomena seemed in surprisingly good agreement for the three codes. 
The total hydrogen production and total core debris mass slumping into the reactor 
vessel lower head were also predicted consistently for the three codes. In the 
assessment of the potential creep rupture of primary circuit pipework, a number of 
points may be noted regarding the result comparison given in Table 3.4: 

• Similar natural circulation flow patterns and recirculation ratios were calculated. 

• None of the codes predicted the first failure to be a steam generator tube 
rupture. The surge line was the first failure to be followed by either steam 
generator tubes or the hot leg piping.  

• The Larson-Miller creep rupture failure model is used by all three codes to 
evaluate the thermal transient on the structures. The creep rupture failure is 
dependent on pressure and temperature history. As similar pressure histories 
were calculated in all the codes, the variation in the creep failure timing is 
primarily due to the structure temperature transients. All the codes predicted a 
similar temperature rise following the onset of natural circulation. All three 
codes predicted the highest temperature in the surge line and the lowest 
temperature in the steam generator tubes. 

• Variation in the rate of temperature rise in the structures is partly attributed to 
the metal oxidation models adopted in the codes. 

 Assessment status of MELCOR: MELCOR validation and assessment work has 
been on-going for many years under the umbrella program called MCAP (MELCOR 
Cooperative Assessment Program) conducted through the USNRC CSARP program 
(Cooperative Severe Accident Research Program). In the MCAP program, code 
users around the world conduct their own assessments using MELCOR and present 
these assessments to the MELCOR user community. Often the assessments 
conducted in this way are also published in technical journals, but many retain a 
more informal status within the MCAP community. More recently, the MELCOR 
Development Project at Sandia has been moving to collect and document 
assessment analyses as a part of the code development QA and documentation 
efforts. With the release of MELCOR 1.8.5 in 2001, a third code manual was added 
to the Reference Manual/ Users Guide collection, titled �Volume 3, Demonstration 
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Problems� (NUREG/CR-6119, Vol. 3) which contained a collection of code 
assessment problems and application demonstration problems. Since Vol. 3 was first 
produced, the collection of assessment and demonstration problems has increased 
and will be documented in a future revision of Volume 3. Table 3.5 indicates the 
collection of assessment problems that were included in the 2001 issue of Volume 3, 
and the additional assessment problems that are currently in preparation for the 
revision to Volume 3, expected in the spring of 2007. A summary of benchmark 
studies for the earlier versions on MELCOR is provided in the original report (see 
Table 3.2-3 in the original report). 

Assessment status of ASTEC: The ASTEC validation strategy consists in 
comparison with results of experimental programmes performed in in-pile or out-of-
pile facilities, at various scales, and by comparison on reactor calculations with 
reference international codes (so-called �benchmarks�). The basic validation matrix 
aims at covering dominant phenomena occurring in severe accidents and to estimate 
the model uncertainties. A �minimum� set of about 30 experiments is calculated again 
at each important code release: it allows the applications to reactor-cases to be 
tackled with an acceptable degree of confidence (Table 3.6).  

Validation is supported by a large set of international experiments: 

• on one hand, analytical experiments that address a single phenomenon 
(separate-effect test) or few phenomena (coupled-effect test); 

• on the other hand, integral experiments (for instance PHEBUS-FP at IRSN, 
QUENCH and CORA at FZK); these applications allow checking of the correct 
reproduction of coupling between phenomena and the completeness of the 
modelling with respect to significant phenomena. Moreover, this kind of 
experiment has often been performed at large scale allowing better extrapolation 
to reactor scale. In a similar way, the application to the TMI-2 severe accident is 
an essential exercise. 

The code validation benefits greatly from the very intensive work performed over 
more than ten years with the previous codes (ESCADRE, RALOC and FIPLOC). 
Besides, the DIVA module also benefits from the very intensive validation of ICARE2 
code in the past years on more than 50 experiments. As far as possible, selected 
experiments are �reference experiments� that mostly belong to the list of code 
benchmark exercises selected by OECD expert groups (i.e., ISP or International 
Standard Problem): for instance PACTEL (Finland), CORA-13, VANAM M3. The ISP 
46 (Phébus FPT1) is one example of integral calculations coupling all modules. 
Continuous efforts on interpretation of all the integral Phébus FP tests are performed 
with modules focusing on some subset of phenomena, e.g. SOPHAEROS for FP 
behaviour in the circuit. 

Further validation and benchmarking information is provided in [3.20].  

Assessment status of THALES:  Since THALES-2 is based on the THALES/ART 
code system, assessment of the old versions of THALES and ART should be valid 
for THALES-2. Thermal hydraulics models of THALES in RCS were assessed by 
comparison with the RETRAN code which was considered to be sufficiently validated 
[3.21] and analysis of the TMI-2 data [3.22]. Analyses of PBF-SFD scoping and 1-1 
tests were made to assess models for heat transfer and oxidation [3.21]. Two parallel 
calculations by THALES/ART and by hand calculations provided some verifications 
for models in THALES/ART for thermal-hydraulics in RCS(mass and energy balance) 
and radio-nuclides release from fuel and transport in the containment [3.23]. The 
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models of radionuclide aerosol behaviour in ART have been validated by 
experiments such as NSPP [3.24], FALCON [3.25], STORM, WIND [3.26] and WAVE 
[3.27] experiments. Concerning the iodine chemistry models, PHEBUS/FP and ACE 
Phase B [3.25] data have been used for validation. The analytical capability of the 
code was also confirmed by comparing with the ART and VICTORIA codes[3.28]. 
Two series of code comparisons with modelling review and benchmark calculations 
were made: the first one [3.29] compared THALES/ART(both PWR and BWR 
versions) with STCP and MAAP and the second one [3.30] compared THALES-2 
BWR version with STCP and MELCOR. THALES-2 code has been used for studies 
on the effectiveness of accident management measures [3.31,32]. An uncertainty 
analysis of source term prediction by THALES-2 was performed recently at JAEA for 
a BWR-5/Mark-II type plant [3.33]. A set of modelling parameters were treated as 
random variables and uncertainty propagation calculation was made by running 
THALES-2 many times. This provided estimation of the uncertainty in the code 
prediction [3.34]. 

3.3.2 International assessment of some separate phenomena codes 
OECD SERENA programme [3.35]: SERENA is an OECD programme addressing 
both in-vessel and ex-vessel fuel-coolant interactions (FCIs), 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.  Phase 2 is intended to carrying out the confirmatory analytical 
and experimental research needed to reduce these uncertainties to acceptable level 
for risk assessment. 

The FCI codes used were ESPROSE-m, IDEMO, IFCI, IKEMIX, JASMINE, 
MATTINA, MC3D, PM-ALPHA, TEXAS-V, TRACER and VESUVIUS respectively 
(Codes in Italics are listed in the original report). A comparative review of the codes 
and models has been performed in the frame of SERENA [3.36]. 

The calculation work was divided into 3 tasks, namely, calculation of pre-mixing 
experiments (based on two FARO experiments FARO L-28 and FARO L-33), 
calculation of explosion experiments (based on TROI-13 and KROTOS-44 
experiments) and 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 applications were performed. 

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, despite noticeable differences, 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 however raises the problem of the quantification of the safety margin for ex-
vessel FCI. There is the need to reduce the scatter to allow better definition of the 
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load magnitude to enable a realistic assessment of the design specific structural 
impact assessment taking into account any potential mitigating influence. 

The objectives of SERENA Phase 2 include: 

• To derive more detailed data on pre-mixing flow patterns, in particular void 
distribution and geometry 

• To determine explosion behaviour for a spectrum of corium melt compositions 
and conditions reflecting accident scenarios. 

The study will involve experiments to be performed at the KROTOS (CEA) and TRIO 
(KAERI) facilities. The test programme will be supplemented by analytical activities. 
A key aim of the analytical effort is to identify the reasons for the significant spread of 
results seen in the predictions of the reactor cases in Phase 1. 

Some aspects to be investigated in Phase 2 are outlined in [3.35]. 

OECD-MCCI programme [3.37]: The OECD-MCCI programme is an internationally 
sponsored project investigating ex-vessel debris coolability and 2-D molten core-
concrete interaction (MCCI). The programme aimed to address two specific issues. 
The first issue relates to achieving an understanding of the relative roles of cooling 
mechanisms that are necessary to establish overall coolability. The second issue 
relates to long term two-dimensional MCCI behaviour under both wet and dry cavity 
conditions. The first issue was addressed through a series of seven small scale 
separate effects tests (so called Small Scale Water Ingression and Crust Strength 
SSWICS tests) to investigate cooling by water ingression, melt eruption and crust 
breach mechanisms.  The second issue was investigated through a series of three 
large scale experiments (so called CCI tests) designed to provide data on: (i) lateral 
versus axial power split during dry CCI, (ii) extent of the cooling transient following a 
breach of the crust formed at the melt-water interface, and (iii) integral debris 
coolability following late phase flooding. These experiments also provided data for 
code validation and in particular the information to model two-dimensional concrete 
ablation behaviour more precisely in the severe accident codes. A number of codes 
were involved in the comparison with the experimental data in the OECD-MCCI 
programme, including: CORCON, TOLBIAC, COSACO, MEDICIS (an ASTEC 
module), WEX and COCO.    

In general, the test results suggest that the various debris cooling mechanisms will 
contribute to establishing long term ex-vessel debris coolability. The SSWICS data 
indicate that early flooding of the reactor cavity enhances debris coolability through 
water ingression mechanism, although the effectiveness decreases as the concrete 
content increases in the debris. From the standpoint of accident management, the 
test results indicate that to maximise debris cooling by water ingression, the reactor 
cavity should be flooded as soon as possible following vessel failure. The CCI test 
data suggest that late flooding enhances debris coolability through melt eruption and 
large scale breach mechanisms. The results however indicate that these cooling 
mechanisms may not be sufficiently robust to fully quench and stabilise the full range 
of melt depths analyses for all accident sequences.     

Validation of codes against PHEBUS FP experiments [3.38: ]The integral in-pile 
experiments of the Phebus FP series provide a unique source of representative 
integral source term data for the validation of integral severe accident codes for LWR 
severe accident analysis. A key objective of the PHEBEN2 study was the validation 
of integral LWR severe accident codes and of detailed codes in order to identify any 
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necessary model improvements. Another objective was related to the development 
and application of criteria for the assessment of the relative strengths and 
weaknesses of the codes for plant applications. The project concentrated on the 
source term aspects: transport and retention of fission products in the primary circuit 
and in the containment, and risk important aspects of containment chemistry. 

The integral codes ECART and MELCOR were applied to the circuit and containment 
of FPT0. The integral code MAAP and ASTEC were used for bundle, circuit and 
containment analyses of FPT1. Also for FPT1 an ECART analysis was performed for 
the circuit and containment. Commentary on some results is provided in [3.38] and 
[3.39].  

Validation of detailed codes against the Phebus tests involved the following 
examples: 

• Primary circuit behaviour: Retention in the circuit of the FPT1 and FP2 test was 
analysed with versions of SOPHAEROS and VICTORIA. 

• Containment behaviour: The thermal-hydraulics and the aerosol behaviour for 
FPT1 were studied with the lumped-parameter codes COCOSYS and 
CONTAIN. FPT0 containment analyses were performed with COCOSYS, 
CONTAIN and MELCOR. Detailed 2-D or 3-D analysis was also performed 
using CFD codes, including: CASTEM 2000, TRIO-VF, CFX 4.3 and FLUENT. 

• Containment chemistry: The complex iodine behaviour was analysed using 
IMPAIR3, INSPECT and IODE (an ASTEC module) [3.40]. 

In general the PHEBEN2 study is seen to have made a substantial contribution to the 
interpretation and analysis of the Phebus tests FPT0 and FPT1. A number of key 
conclusions were derived from the study, including: 

• A number of strengths and weaknesses of the main severe accident analysis 
codes have been identified.  

• Significant progress is seen to have been made in the prediction of deposited 
mass in the primary circuit. 

• The pressure and temperature profiles and the aerosol behaviour in the 
containment appear to be fairly well predicted by most of the codes. 

• In general, it can be concluded that codes account adequately for silver-iodine 
reactions. However, uncertainties still exist concerning the 
adsorption/desorption kinetics, the radiolysis of gaseous iodine in air as well as 
the fraction of gaseous iodine that enters the containment from the primary 
circuit. 

• Assessment criteria for integral code applications have been developed.   
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Table 3.1  Items still requiring research from the EURSAFE PIRT evaluation [3.12] 
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 recombiners 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 
external corium catcher device 

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

1.4 Integrity of RPV due to external vessel 
cooling 

Improve database 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 
concrete 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 in 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 containment 
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 containment failure 

3.3 FCI incl. steam explosion in stratified 
situation 

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

3.4 Containment atmosphere mixing and 
hydrogen 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 
containment, crack formation and 
leakage at penetrations 

Estimate the leakage of fission products to the 
environment 



NEA/CSNI/R(2007)16 

46 

Table 3.1  Items still requiring research from the EURSAFE PIRT evaluation [3.12] 
No. Items for needed research Rationale for selection 

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 estimate 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 

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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Table 3.2:       Summary of benchmarks for MAAP 3B and MAAP4 [3.14] 

Type of Comparison 

Separate Effects 
Experiments Integral Experiments Physical Process Experiment / Code 

Small-
Scale 

Large-
Scale 

Out-of-
Reactor 

In-
Reactor 

Industry 
Experiences 

(TMI-2) 

Detailed 
Analysis 

TMI-2     3B/4  

CORA  4 4    

Core Heatup3 

PHEBUS4    4   

Numerous Experiments 1      

LOFT    3/4   

TMI-2     2/3/3B/4  

BWR Heatup Code      1/2 

PWR Heatup Code      1/2 

CORA       

PHEBUS6    4   

Clad Oxidation5 

SFD    4   

ORNL Experiments8 2      

SASCHA Experiments9 2      

LOFT FP-2    3   

Fission Product Release7 

TMI-2     3/3B/4  

ABCOVE Tests   3/3B/4    Aerosol Transport and 
Deposition10 

CSE Tests   3/3B/4    
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Table 3.2:       Summary of benchmarks for MAAP 3B and MAAP4 [3.14] 

Type of Comparison 

Separate Effects 
Experiments Integral Experiments Physical Process Experiment / Code 

Small-
Scale 

Large-
Scale 

Out-of-
Reactor 

In-
Reactor 

Industry 
Experiences 

(TMI-2) 

Detailed 
Analysis 

Gillespie and Langstroth 3       

Discrete (Sectionalized) 
Code 

     4 

Iodine Chemistry ACE/RTF Experiments 4      

Thermodynamic Anal.      3B/4 

Whiteshell Tests  3B/4     

EPRI Tests  3B/4     

SNL VGES Tests  3B/4     

Hydrogen Combustion 
 Complete11 
 Incomplete12 

EPRI Nevada Tests  3B/4     

In-Vessel Cooling13 TMI-2     4  

CECo/FAI Tests 4  4    RPV External Cooling14 

Finite Element Tests       

EPRI Lower Head 
Penetration Response 
Tests 

 
4 4 

   

TMI-2      4 

RPV Failure Models15 

Sandia LHF Tests  4     

COPO Tests  4 4    Molten Debris Heat 
Transfer16 

UCLA Tests 4  4    
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Table 3.2:       Summary of benchmarks for MAAP 3B and MAAP4 [3.14] 

Type of Comparison 

Separate Effects 
Experiments Integral Experiments Physical Process Experiment / Code 

Small-
Scale 

Large-
Scale 

Out-of-
Reactor 

In-
Reactor 

Industry 
Experiences 

(TMI-2) 

Detailed 
Analysis 

 ACOPO  4     

KFk Tests 4      

FARO  4 4    

TMI-2     4  

FITSB 4      

Debris Fragmentation in 
the RPV Lower Plenum17 

KROTOS 4      

Sandia SURTSEY 1/10th-
Scale Experiments 

  4    Debris Dispersal18 

IET/DCH Experiments   4    

Numerous Experiments 
Discussed in the IDCOR 
and ARSAP Reports 

  4    

       

Debris Coolability19 

       

SNL Swiss Experiments 3/3B  3/3B    

SNL CC Test 3/3B      

SNL SURC-4 Test 4      

Core-Concrete Attack20 

KfK BETA Tests 
(V51, V52, and V61) 

4 
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Table 3.2:       Summary of benchmarks for MAAP 3B and MAAP4 [3.14] 

Type of Comparison 

Separate Effects 
Experiments Integral Experiments Physical Process Experiment / Code 

Small-
Scale 

Large-
Scale 

Out-of-
Reactor 

In-
Reactor 

Industry 
Experiences 

(TMI-2) 

Detailed 
Analysis 

 ACE Tests 
(L2, L5, L6, and L7) 

4 
     

Wall Ablation21 Closed Form Solution      1 

Westinghouse Exp. 1      Fan Cooler22 

TMI     4  

Revaporization23 ANL Results 3      

Davis-Besse LOFA     3B/4  

Prairie Island SGTR     4  

Browns Ferry     3B  

Mist Exps.   3B    

Semi-scale Experiments   3B    

Fist Experiments       

TMI-2     3B/4  

Peach Bottom TT Tests     4  

Oyster Creek LOF     3B/4  

Manshaan SBO     4  

PHEBUS24  4 4    

Primary System T/H 
 
 
 
 
 
 
 
 
 
 
 
Primary System T/H 
(concluded) 

OSU AP600 Tests25   4    
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Table 3.2:       Summary of benchmarks for MAAP 3B and MAAP4 [3.14] 

Type of Comparison 

Separate Effects 
Experiments Integral Experiments Physical Process Experiment / Code 

Small-
Scale 

Large-
Scale 

Out-of-
Reactor 

In-
Reactor 

Industry 
Experiences 

(TMI-2) 

Detailed 
Analysis 

ORNL THTF  4      

ORNL FLHT 4   4   

Upper Plenum to SG 
Natural Recirculation26 Westinghouse Exp.   3/4    

HEDL CSTF Tests  3B/4     

FAI Brine-Water Mixing 
Exps. 3B/4      

HDR   4    

NUPEC Tests28   4    

AP600 Cont. Tests*   4    

Containment Natural 
Circulation27 

CVTR   4    

Westinghouse Waltz Mills 
Experiments   4    Containment Ice 

Condenser 

PNL Experiments  4     

Canadian Experiments  3B/4     

SNL Experiments  3B/4     

Containment Strain29 

SNL Analysis      3B/4 

Marviken Blowdown Test  4     Pressurizer Model30 

FAI 2-Phase Blowdown 
Exp.  4     
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Table 3.2:       Summary of benchmarks for MAAP 3B and MAAP4 [3.14] 

Type of Comparison 

Separate Effects 
Experiments Integral Experiments Physical Process Experiment / Code 

Small-
Scale 

Large-
Scale 

Out-of-
Reactor 

In-
Reactor 

Industry 
Experiences 

(TMI-2) 

Detailed 
Analysis 

 GE Vessel Blowdown  4     

Notes for Table 3.2 

Where models have remained essentially unchanged since MAAP1, MAAP2B, or MAAP3, the previous benchmarks are also listed. 
3 New model in MAAP4 
4 Results proprietary to Electricite de France (EdF) 
5 New model in MAAP4 (oxidation correlations per MAAP1) 
6 Results proprietary to Electricite de France (EdF) 
7 Release model changed in MAAP4 
8 These experiments (ORNL and SASCHA) are the bases for the correlations 
9 These experiments (ORNL and SASCHA) are the bases for the correlations 
10 Model essentially the same since MAAP3 
11 New Model for MAAP3B and MAAP4 
12 New Model for MAAP3B and MAAP4 
13 New Model in MAAP4 14 New Model in MAAP4 
15 New Model in MAAP4 16 New Model in MAAP4 
17 Jet Entrainment Model new in MAAP4 18 New optional Model/DCH1/DCH2 added in MAAP4 
19 Model essentially the same since MAAP1 20 1-D Model in MAAP1-MAAP3B, Model made 2-D in MAAP4 
21 Model essentially the same since MAAP1 22 Model essentially the same since MAAP1 
23 Model essentially the same since MAAP3 24 Results proprietary to Electricite de France (EdF) 
25 Results proprietary to Westinghouse 26 Improved model in MAAP4 
27 New Model in MAAP4 which used 3B aux. bldg. model 28 Results proprietary to NUPEC 
29 Model is unchanged since MAAP3 30 New Model in MAAP4 (FLOEXP) 
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Table 3.3  Timing of key events [3.19] 

Event MELCOR (s) SCDAP/RELAP5 (s) MAAP4 (s) 

Start of core uncovery 7680 7160 9615 

Core completely voided 11620 9950 14500a 

5% cladding oxidation 13780 14806 13800 

Slumping to lower head 16189 16130 21994 

a MAAP4 calculated a very slow rate of water level decrease at the bottom of the core, leading 
to a substantial delay in the voiding of the bottom node. This is, in part, due to continued slow 
draining of the pressuriser. 

Table 3.4  Timing of heat structure failures [3.19] 

Event MELCOR 
(s) 

SCDAP/RELAP5 
(s) 

MAAP4 
(s) 

Onset of natural circulation 9300 9000 9720 

Failure of surge line 16287 14955 14860 

Failure of hot leg piping on 
pressuriser loop 

16464 15720 15267 

Failure of SG tubes on pressuriser 
loop 

16553 15210 14913 
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Table 3.5 MELCOR 1.8.5 assessment studies 

Experiment 
Assessment Brief Description 

Operative Phenomena or 
mechanisms tested 

Code 
Packages 

Tested 
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FALCON 1 Aerosol deposition in a tube with 

thermal gradient: ISP-1 had very 
low humidity. 

thermophoretic deposition CVH, FL, 
HS, RN 

 X   

FALCON 2 Aerosol deposition in a tube with 
thermal gradient: ISP-1 had very 
high humidity. 

thermophoretic deposition, 
hygroscopic effects, aerosol 
growth by condensation 

CVH, FL, 
HS, RN 

 X   

VANAM-M3 
(ISP-37) 

Battelle model containment 
experiment: multicompartment 
flow with steam and light gas, 
hygroscopic aerosol, aerosol 
concentration and gas 
temperatures measured 

inter-compartment flow with 
thermal stratification, heat transfer, 
hydroscopic aerosol growth, 
aerosol deposition by gravity 
settling 

CVH, FL, 
HS, RN 

X X X X 

LACE-LA4 Large vessel test with mixed 
aerosol (CsOH and MnO). 
Aerosol injected into humid 
vessel with measurement of 
airborne concentrations and 
depletion rate. 

aerosol depletion with mixed 
hygroscopic and non-hygroscopic 
aerosol, aerosol growth by 
agglomeration and condensation 
of water vapor 

CVH, FL, 
HS, RN 

X X X X 

KAEVER ISP-
44 

Large Vessel test with 
hydgrscopic aerosol and steam 
injection. Also includes mixed 
aerorol (hygroscopic and non-
hygroscopic). Tests investigate 
aerosol growth and depletion. 

hygroscopic effects in aerosol of 
varying solubility in high humidity 
environment (near saturation) 

CVH, FL, 
HS, RN1 

 X   

AHMED Tests chamber tests characterizing 
natural depletion of hygroscopic 
aerosol under controlled 
humidity conditions 

hygroscopic effects under differing 
humidity conditions characterizing 
particle growth and gravitational 
settling 

CVH, HS, 
RN1 

X X   

ABCOVE 5, 6 
and 7 

Tests performed in Hanford 
CSTF vessel using Na2O2 + 
NaOH or NaI aerosol with humid 
conditions. Tests characterize 
aerosol depletion (settling) under 
various thermal-hydraulic 
conditions. 

aerosol depletion with mixed 
hygroscopic and non-hygroscopic 
aerosol, aerosol growth by 
agglomeration and condensation 
of water vapor 

CVH, FL, 
HS, RN 

 X   

CSE-A9 Aerosol scrubbing by water 
sprays in heated containment 
vessel. CsOH aerosol 
concentrations measured as 
sprays are activated and 
deactivated. 

aerosol depletion by gravity 
settling and by spray scrubbing. 

CVH, FL, 
HS, RN, 
SPR 

X X  X 

NUPEC M-4-3 Containment mixing 
experiments: concurrent 
injection of steam and helium 

containment thermal and 
stratification response with light 
gas injection 

CVH, FL, 
HS 

X X  X 

NUPEC M-5-5 Low vessel injection of helium 
with sprays injected high in 
vessel 

containment thermal and 
stratification response with light 
gas injection, effect of sprays on 
mixing and thermal response 

CVH, FL, 
HS, SPR 

X X  X 

NUPEC M-7-1 Low vessel injection of steam 
and helium with sprays injected 
high in vessel 

containment thermal and 
stratification response with light 
gas injection, effect of sprays on 
mixing and thermal response 

CVH, FL, 
HS, SPR 

X X  X 

NUPEC M-8-1 Mid-height injection of steam 
and helium only 

containment thermal and 
stratification response with light 
gas injection 

CVH, FL, 
HS 

X X X X 



  NEA/CSNI/R(2007)16 

 55

Table 3.5 MELCOR 1.8.5 assessment studies 

Experiment 
Assessment Brief Description 

Operative Phenomena or 
mechanisms tested 

Code 
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NUPEC M-8-2 mid-height injection of steam 
and helium with high elevation 
injection of sprays 

containment thermal and 
stratification response with light 
gas injection, effect of sprays on 
mixing and thermal response 

CVH, FL, 
HS, SPR 

X X X X 

HDR-V44 Steam line rupture in the HDR 
containment, involving 2 phase 
flow.  Characterization of 
transient pressurization in the 
HDR facility affected by the 
steam blowdown and heat 
transfer in the HDR facility.  

containment thermal-hydraulic 
response, 2-phase blowdown, 
water jet breakup and heat transfer 
to atmosphere 

CVH, FL, 
HS 

X X  X 

RTF ISP-41 aqueous iodine chemistry in high 
radiation environment. Iodine 
concentrations in pool and 
atmosphere measured as pH of 
pool is varied 

iodine mass transfer, pool 
radiolysis, atmospheric radiolysis 
and acid formation, partition 
coefficient 

CVH, RN, 
iodine 
chemistry 

X X  X 

IET 1 thru 7 DCH experiments in Zion model 
containment. Thermite melts co-
injected with pressurized steam 
with varying degrees of 
containment inerting. 

Heat transfer from dispersed melt 
tests MELCOR DCH modeling, 
with hydrogen production and 
subsequent burning. 

CVH, FDI, 
BUR 

X X  X 

IETS 9 thru 11 DCH experiments in Surry 
model containment. Thermite 
melts co-injected with 
pressurized steam with varying 
degrees of containment inerting. 

Heat transfer from dispersed melt 
tests MELCOR DCH modeling, 
with hydrogen production and 
subsequent burning. 

CVH, FDI, 
BUR 

X X  X 

GE Mark-III 
Suppression 
Pool tests 

tests with steam blowdown into 
suppression pool characterizing 
vent clearing and heat transfer 

suppression pool level response, 
drywell peak pressure, vent 
clearing, heat transfer to pool 

CVH, FL, 
RN2-
SPARC90 

X X  X 

NTS Hydrogen 
Burn Tests 

Large scale premixed hydrogen 
burn tests, measuring burn time, 
burn completeness and transient 
pressurization.  

Burn time, burn completeness, 
steam inerting, transient 
pressurization 

CVH, HS, 
BUR 

X X  X 

LOFT-FP2 large scale fuel bundle severe 
damage test with reflood 

fuel heatup, cladding oxidation, 
hydrogen generation, quench 
behavior 

CVH, FL, 
HS, COR, 
RN-1 

 X   

PBF-SFD 1-4 small scale fuel bundle with 
irradiated fuel rod and helium 
quench phase 

fuel heatup, cladding oxidation, 
hydrogen generation, quench 
behavior 

CVH, FL, 
HS, COR, 
RN-1 

 X   

CORA 13 small electrical heated bundle 
severe damage experiment with 
water reflood stage 

fuel heatup, cladding oxidation, 
hydrogen generation, quench 
behavior 

CVH, FL, 
HS, COR 

X X   

ACRR DF-4 small bundle test with BWR 
geometry including fuel, channel 
box and control blade. Severe 
fuel damage and materials 
interactions. 

fuel heatup, cladding oxidation, 
hydrogen generation, B4C-SS 
eutectic interaction, fuel 
liquefaction, fuel rod collapse 

CVH, FL, 
HS, COR 

 X   

Phebus FPT-1 Integral severe fuel damage 
tests: fuel bundle, steam 
generator deposition, 
containment aerosol/chemistry 

provides assessment of code 
parameters for cladding melt 
release, hydrogen generation, fuel 
rod collapse, fuel liquefaction, 
fission product release, speciation 
and volatility, SILVER AEROSOL 
RELELASE transport and 
deposition, containment chemistry 
and deposition, and iodine 
partitioning 

All 
packages 

X X X  
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Table 3.5 MELCOR 1.8.5 assessment studies 
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Phebus FPT-2 Integral severe fuel damage 
tests: fuel bundle, steam 
generator deposition, 
containment aerosol/chemistry - 
test includes steam starved 
period 

provides assessment of code 
parameters for cladding melt 
release, hydrogen generation, fuel 
rod collapse, fuel liquefaction, 
fission product release, speciation 
and volatility, transport and 
deposition, containment chemistry 
and deposition, and iodine 
partitioning 

All 
packages 

X X   

Phebus FPT-3 Integral severe fuel damage 
tests: fuel bundle, steam 
generator deposition, 
containment aerosol/chemistry - 
test includes a boron carbide 
PWR control rod 

provides assessment of code 
parameters for cladding melt 
release, hydrogen generation, fuel 
rod collapse, fuel liquefaction, 
fission product release, speciation 
and volatility, boron carbide rod 
oxidation transport and deposition, 
containment chemistry and 
deposition, and iodine partitioning 

All 
packages 

X X   

Phebus FPT-4 Melt progression in debris bed 
geometry with irradiated fuel, 
characterizing melt progression 
and low volatile fission product 
release 

assessment of late phase melt 
progression modeling and low 
volatility fission product release. 

COR, CVH, 
FL, HS, 
RN1 

X X   

QUENCH 11, 
and others 

small electrical heated bundle 
severe damage experiment with 
water reflood stage 

validation of quench model 
parameters, quench temperature, 
quench front velocity 

CVH, FL, 
HS, COR 

X X   

BESTHSY 
(ISP-38) 

The BETHSY test 6.9c (ISP 
OECD-38) includes loss of the 
RHR system during midloop 
operation. Two manways- steam 
generator primary side and top 
of pressurizer--are opened 1 s 
after the transient initiated. Initial 
conditions are atmospheric 
pressure and temperatures 
~100C in the primary system. 
Secondary system is full of air 
and isolated. The core heat up, 
and when the temperature 
reaches 250C at the top of the 
core, safety injection as gravity 
feed delivers water into one of 
the intact cold legs. 

low pressure pool boiling in core, 
void fraction and core uncovering, 
hydrodynamics of coolant draining 
from pressurizer 

COR, CVH, 
FL, HS 

x X   

VERCORS 1 
thru 6 

small scale irradiated fuel pellet 
tests characterizing fission 
product release rate and 
speciation, varying conditions of 
H2O/H2 and burnup. 

release rate measurements 
proivde guidance on speciation, 
volatility, and data for determining 
diffusion coefficient 

RN-1, 
CORSOR-
Booth 

X X   

FLECHT-
SEASET 

Reactor RCS natural circulation 
experiments involving buoyancy 
driven natural circulation and 
condensation-reflux phenomena. 

pool boiling in core, bouyancy 
driven natural circulation, steam 
condensation and reflux 

COR, CVH, 
FL, HS 

x X   

TMI-2 integral accident analysis  All 
packages 

X  X  

SURC 
Experiments 
QT-D, QT-E, 
SURC-3, and 
SURC-3A 

performed in order to investigate 
the additional effects of 
zirconium metal oxidation on 
core debris-concrete interactions 
using molten stainless steel as 
the core debris simulant 

Ablation rate of limestone-common 
sand concrete. Ablation rate, non-
condensible gas generation 

CAV  X   
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Table 3.5 MELCOR 1.8.5 assessment studies 
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SURC 1 and 2 prototypic material (UO2/ZrO2) 
core concrete interactions using 
induction heating with basaltic 
concrete 

Ablation rate of basaltic concrete. Ablation rate, 
non-condensible gas generation 

 X   

SNL SWISS 
tests 

Core-concrete interaction experiments   X   

ORNL VI 2, 3 
and 5 

Fission product release and 
speciation experiments 

FP release rates vs tempersture, 
FP speciation 

RN-1, 
CORSOR-
Booth 

X X   

Phebus B9+ Fuel bundle heatup and damage 
tests 

Zr oxidation, hydrogen generation, 
fuel liquefaction, bundle collapse, 
eutectic behavior 

COR X X X  

GE Level swell 
and vessel 
blowdown 
tests 

blowdown experiments 
characterizing single and 2-
phase blowdown, liquid 
carryover, and level swell 

high pressure blowdown, heat 
transfer, 2-phase effects, mater 
carryover, level swell 

CVH, FL X X   

PNL Ice 
condenser 
tests 

Experiments on thermal-
hydraulics and aerosol capture 
in ice condenser baskets 

flow in ice beds with heat transfer 
and aerosol deposition 

CVH, FL, 
HS 

X X   

PANDA 
experiments 

ESBWR containment thermal-
hydraulics 

containment thermal-hydraulics 
with vapor condensation in 
presence of non-condensible 
gases 

CHV, FL, 
HS 

X X   

Westinghouse 
1/7th scale 

RCS natural circulation 
experiments with counter-current 
natural circulation 

provides validation of loss 
coefficients, mixing ratios and 
upflow/down flow ratio to capture 
nature circulation trends 

CVH, FL, 
HS 

X X   

ANL air 
oxidation tests 

Air oxidation and breakaway phenomenon COR X X   

RAS MEI tests small scale and large scale 
critical flow experiments 
performed in Russia 

tests critical flow models for single 
and 2-phase blowdown 

CVH, FL X X   

NEPTUN 
Experiments 

Pool boiling experiments in 
electrically heated rod geometry. 

tests pool boiling modeling and 
void fraction treatment under 
power excursions in saturated 
pools 

COR, CVH, 
FL, HS 

X X   

Surry LB 
LOCA 

Large Break LOCA analysis for 
Surry plant 

Large break analysis in 
Westinghouse sub atmospheric 
containment 

All 
packages 

X X X  

Zion LB LOCA Large Break LOCA analysis for 
Zion plant 

Large break analysis in 
Westinghouse large-dry 
containment 

All 
packages 

X X X  

Zion Station 
Blackout 

Station blackout analysis for 
Zion 

Station blackout analysis in large 
dry containment 

All 
packages 

X X X  

Grand Gulf LB 
LOCA 

Large break LOCA for Grand 
Gulf 

Large break analysis in GE Mark 
III plant 

All 
packages 

X X X  

Grand Gulf 
Station 
Blackout 

Station blackout analysis for 
Grand Guld 

Station blackout analysis in GE 
Mark-III containment 

All 
packages 

X X X  
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Table 3.6  ASTEC V1 Minimal Validation Matrix [3.20] 

Module Experiment Operated by 
(Country) Phenomena 

CESAR-DIVA TMI2 (USA) RCS (Reactor Cooling System) 
thermalhydraulics and core degradation 

DIVA CORA-13 FZK (Germany) Bundle degradation 

VERCORS-1, 
2-4 CEA (France) 

FP release of volatile and semi-volatile FP from 
an irradiated fuel with cladding, in various 
atmospheres (oxidizing or reducing) 

ORNL VI-4 ORNL (USA) FP release of non re-irradiated fuel with 
cladding in pure H2 

Cox-1650 (USA) Release of low-volatile FP 

ELSA 

LPP WP2/2 Framatome-ANP 
GmbH(Germany) FP release from a corium pool 

TUBA-D07 IRSN (France) Aerosol diffusiophoresis deposition 

TRANSAT-TR2 IRSN (France) Aerosol turbulent deposition in straight pipes 
and bends 

FALCON-18 AEA-T (Great-
Britain) 

Vapour nucleation and interaction vapours-
aerosols (semi-analytical) 

SOPHAEROS 

AERODEVAP-
02 

IRSN-CEA 
(France) 

Vapour nucleation and interaction vapours-
aerosols (integral) 

VANAM M3 Battelle 
(Germany) 

Stratification of the atmosphere, wall 
condensation, aerosol phenomena  

NUPEC M7.1 NUPEC (Japan) Influence of spray on thermalhydraulics and 
hydrogen distribution  

CPA 

HDR E12.3.2 FZK (Germany) Hydrogen combustion 

Phébus RTF1, 
3, 6 IRSN (France) 

Volatile iodine formation under irradiation in 
presence of paints in sump and gas; sump high 
temperatures; influence of silver 

ACE/RTF 3B AECL (Canada) 
Volatile iodine formation under irradiation in 
presence of paints in sump and gas; influence 
of pH. 

CAIMAN 97/02 CEA (France) 
Volatile iodine formation for an evaporating 
sump at pH=9.0, presence of silver, cable 
insulation material 

SREAS 01 IRSN (France) Radiolytic oxidation of I- and presence of paint 
in the gas phase 

IODE 

Phébus FPT1 IRSN (France) Global test with silver and painted surfaces in 
acid conditions 

ANL-IET 1RR ANL (USA) DCH with simulant corium 

ANL U1B ANL (USA) DCH with prototypical corium RUPUICUV 
SNL SUP 
CES2 SNL (USA) DCH with prototypical corium in a cavity with an 

annular space 
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Table 3.6  ASTEC V1 Minimal Validation Matrix [3.20] 

Module Experiment Operated by 
(Country) Phenomena 

ACE L2, 5, 7 ANL (USA) MCCI with mixed corium layer  
MEDICIS 

BETA 3.3, 5.2 FZK (Germany) MCCI with stratified corium layers 

Integral 
application Phébus FPT1 IRSN (France) Integral experiment for source term evaluation 
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4 SEVERE ACCIDENT MANAGEMENT 

4.1 Background 

An overview of the key elements of severe accident management (SAM) is provided 
in the original report. The main purpose of achieving a SAM capability is to provide a 
logical and structured guidance to identify the actions needed to stabilise the plant 
and return it to a controlled state following a multitude of potential accidents involving 
core damage. A number of key steps necessary to support the development of a 
SAM capability are identified and discussed in the original report and they include: 

(i) SAM development and assessment. 

(ii) Assessment of plant vulnerabilities and capabilities. 

(ii) Identification of guidance and strategies. 

(iii) Investigation of information needs and instrumentation. 

(iv) Assessment of SAM strategies/ measures. 

One of the key sources of information needed to support the steps listed above is 
provided by PSAs and severe accident analysis. The use of this information, general 
PSA insights and other sources of information for such development is also outlined 
in the original report. A number of SAM strategies for PWR and BWR designs are 
listed in the original report with a few illustrations of using Level 2 PSA results to 
quantify their effectiveness. Some recent examples of using Level 2 PSAs for the 
evaluation of the effectiveness of certain SAM strategies are also provided in Section 
4.3.  

The key steps associated with the actual development and implementation of plant 
SAM programmes are outlined in the original report and they include the following: 

• Development of SAM guidance or procedures: The development of symptom 
based guidance/ procedures is supported by technical assessment of strategies 
and plant specific capabilities. The interfaces of the guidance/ procedures with 
the existing Emergency Operating Procedures (EOPs) have to be analysed and 
defined.   

• Plant organisation and decision making process: The plant organisation and 
decision making process are important aspects of the SAM capability. In 
general, beyond the EOPs, the decision process also involves staff from the 
technical support centre interacting with the main control room staff.  

• Validation: The guidance and procedures have to be validated to ensure their 
usability, technical accuracy, scope and function. Given the general limitations 
of the current simulators to represent severe accidents, desktop or table top 
validation approaches based on code results are deployed.  

• Training: As SAM involves the evaluation of the ongoing plant state and 
behaviour during severe accidents, training is of special importance to 
overcome the degradation of human performance during stressful situations. 
Comprehensive training must be defined, developed and provided to plant 
personnel to ensure an adequate understanding of the concept and contents of 
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guidance/procedures as well as the roles and responsibilities of the personnel 
involved. 

• Periodic exercises: Periodic exercises are necessary to ensure maintenance of 
the capability and guidance usability. The periodic exercises should 
complement the normal emergency exercises that each plant performs 
periodically, but the objectives and the approach to testing are slightly different. 

Symptom based EOPs and symptom based SAM strategies can resolve most of the 
limitations of the event based approach by using the Critical Safety Functions and the 
Severe Challenge Status Tree. However these symptom based procedures also 
have their drawbacks. These limitations should be addressed, and resolved. 

The main limitation is the lack of the time and lack of information about the prognosis 
of the event in time. Information of time available for the restoration action inside the 
plant is important for the optimum strategy onsite. Information of the time window 
before relevant off-site releases could be expected, if the restoration action is not 
successful, is important for the regulatory authorities and the public. 

 A discussion on aspects listed above associated with the implementation phase of 
SAM is provided in [4.2] and some illustrations are provided in Section 4.2.1. 

4.2 Recent development in SAM 

Over the last ten years many nuclear power plants worldwide are now equipped with 
a SAM capability driven partly by the development of the generic Severe Accident 
Management Guidance (SAMG) by vendor owners groups for plant specific 
applications. They include General Electric SAMGs, CE-ABB SAMGs, B&W SAMGs 
and Westinghouse Owners Group (WOG) SAMGs and some features are discussed 
in [4.3a]. The overall approach is based of an extension of the existing symptom 
based EOPs and the Critical Safety Function (CSF) monitoring philosophy. The 
SAMGs are also designed using existing plant safety provisions and equipment. The 
development and implementation of these generic SAMGs, involving the steps 
outlined in Section 4.1 above in a structured way, are discussed in [4.3a] and [4.4]. 
The technical basis of the owners groups SAMG development was underpinned by 
the EPRI Technical Basis Report (TBR) derived from extensive PSA and severe 
accident studies. The main strategies for dealing with severe accidents, referred to 
as Candidate High Level Actions (CHLAs) are also defined and discussed in the 
EPRI TBR [4.3b]. A schematic representation of the role of SAMG as a component of 
a plant accident management capability is shown in Figure 4.1. 

The WOG approach is used in the following discussion to illustrate some key aspects 
of SAMG implementation outlined in Section 4.1. The WOG approach has been 
widely accepted and adopted for Westinghouse and non-Westinghouse plants in US, 
South Africa and many countries in the European Union.  

4.2.1 Westinghouse Owners Group SAMG  
Development and application: This symptom based structure is illustrated in Figure 
4.2. The guidance approach includes the following aspects: 

• Diagnosis of plant conditions, 

• Prioritisation of response, 

• Assessment of equipment availability, 
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• Identification and assessment of negative impacts, 

• Determination whether to implement available equipment, 

• Determination whether implemented actions are effective, ande 

• Identification of long term concerns for implemented strategies. 

The above approach is reflected in several elements: 

• the Severe Accident Control Room Guidelines (SACRGs), 

• the Diagnostic Flow Chart (DFC) used by the Technical Support Centre (TSC), 

• the Severe Challenge Status Tree (SCST) used by the TSC, 

• the Severe Challenge Guidelines (SCGs), 

• the Severe Accident Guidelines (SAGs), 

• the Severe Accident Exit Guidelines (SAEGs), and 

• the Computational Aids (CAs). 

The first SACRG, SACRG-1, is primarily used by the control room staff to provide an 
initial response before the TSC becomes operational. This guideline is only designed 
for use to deal with a few well defined, fast acting accidents and includes some 
monitoring actions.  SACRG-2 is for use by the control room staff after the TSC is 
functional and ready to use the TSC SAMG. This guideline provides the control room 
staff with a structured set of activities for use during the time that the TSC is 
evaluating the plant conditions and the potential responses. Under this guideline, 
control room personnel will update the TSC on several aspects, including for 
example, control room instrumentation behaviour, performance of operating and non-
operating safety and support systems and equipment. The control room personnel 
will also implement SAMG actions recommended by the TSC leader.  

The TSC SAMG is entered via the Diagnostic Flow Chart (DFC). The DFC is the 
primary tool used by the TSC to identify the appropriate Severe Accident Guidelines 
(SAGs) for the key possible plant conditions that may occur following a severe 
accident. The DFC specifies the key parameters to be monitored and controlled 
during a severe accident. If the value of a particular parameter is outside the range 
as a controlled stable state, the TSC staff is directed to evaluate the need to 
implement strategies to bring the parameter within the range which defines a 
controlled stable condition. The evaluation of the need to implement strategies is 
provided in a set of eight SAGs. The parameters monitored and the corresponding 
SAGs for strategy implementation are: 

The SAMG Severe Challenge Status Tree (SCST) is the primary tool used by the 
TSC to identify immediate and severe challenges to containment boundaries and to 
select the appropriate Severe Challenge Guideline (SCG) for strategies to respond to 
the challenge. The SCST is monitored as the DFC is used. If one of the parameters 
on the SCST indicates a severe challenge, actions in the DFC are stopped and  



  NEA/CSNI/R(2007)16 

 63

attention is focussed on the SCST. The SAM strategies referenced from the SCST 
are contained in 4 SCG: 

1.  Water level in SGs SAG-1, Inject into steam generator 

2. RCS pressure SAG-2, Depressurise RCS 

3. Core temperature SAG-3, Inject into RCS 

4. Containment water level SAG-4, Inject into containment 

5. Site release SAG-5, Reduce fission product releases 

6.  Containment pressure SAG-6, Control containment conditions 

7. Containment hydrogen SAG-7, Reduce containment hydrogen 

8. Containment water level SAG-8, Flood containment 

1. Amount of site releases SCG-1, Mitigate fission product releases 

2. Containment pressure SCG-2, Depressurise containment 

3. Hydrogen levels SCG-3, Control hydrogen flammability 

4. Containment pressure SCG-4, Control containment vacuum 

While the overall decision process is similar between the SAGs and the SCGs, there 
are key differences which derive from the urgency for taking action when a severe 
challenge condition exists. The SCGs do not call for the evaluation of the benefits 
and negative impacts associated with the implementation and non-implementation of 
strategies. 

The SAMG provides a separate TSC guideline for the monitoring long term concerns 
required to maintain the effectiveness of severe accident management strategies that 
are in use. The objective of this guideline SAEG-1, �TSC Long Term Monitoring�, is to 
determine the strategies in use and then to ensure that the long term concerns 
associated strategies are satisfied to enable continued use of the strategies. If 
equipment used to control one of the DFC parameters is in service, or once a SAMG 
guideline is implemented, the long term concerns associated with that equipment and 
its alignment are continually monitored via SAEG-1. After the DFC parameters 
indicate a control stable state has been established, the TSC would transition to 
SAEG-2, �SAMG Termination� to terminate usage of SAMG. The purpose of this 
guideline is to provide a tool for the TSC to identify the plant status when the use of 
the SAMG is discontinued, as well as any special note or cautions that should be 
observed during long term recovery activities.  

WOG SAMG implementation: More recently, the WOG SAMG model has been 
adopted as the basis for the development of SAMG for CANDU designs under the 
auspices of the CANDU Owners� Group (COG). The CANDU design characteristics 
and specific technical issues pertinent to this development are discussed in [4.5]. The 
definition of the transition point between EOPs and SAMG is made more complex 
because progression to a severe accident involving channel failures and core 
disassembly may occur before temperatures in the channel reach the values required 
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to create the conditions of concern. Some accident states involving degraded fuel 
cooling and limited core damage are adequately covered by existing EOPs and such 
events would not justify the use of SAMG. In addition, failure of a single fuel channel 
is not by itself sufficient grounds to invoke SAMG. The transition from EOPs to 
SAMG is triggered by a combination of conditions instead of relying on a single 
parameter such as core outlet temperature adopted in WOG SAMG. These are: 

(1) Loss of core cooling, AND 

(2) Major release of fission products to containment, OR 

(3) Loss of moderator cooling to fuel channels. 

The development of the COG SAMG has been completed and the implementation to 
CANDU plants in Canada is near completion. 

The plant specific implementation of the WOG SAMG typically involves the following 
tasks: 

• Definition of SAMG setpoints based on plant specific parameters, 

• Development of plant specific computational aids, 

• Documentation of plant specific equipment capabilities, flow paths alignments, 
and support conditions, for the SAGs and SCGs, 

• Integration of plant specific PSA insights into the generic SAMG, 

• Documentation of the plant specific instrumentation capabilities to support the 
SAMG diagnostics, 

• Writing plant specific EOP changes for transition to SAMG, 

• Writing plant specific control room SAMG, 

• Writing plant specific TSC SAMG, 

• Evaluation of the plant specific emergency plan for changes required to 
effectively use the TSC SAMG, 

• Validation of the plant specific SAMG with respect to the plant specific emergency 
plan, and 

• Development of training material for the control room and TSC SAMG. 

The implementation experience for the South African Koeberg plant is reflected in 
[4.6] and [4.7]. Some interesting aspects include: 

• Prevention of core-concrete attack by reactor pit flooding: Modification to the 
original �dry cavity� design is being considered for the implementation of reactor 
pit flooding using water from a number of sources.  
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• Improvement to plant instrumentation was recommended in three specific areas, 
viz: containment hydrogen concentration measurement, measurement of 
basemat temperature to detect core debris attack of basemat, containment 
pressure range and containment instrumentation qualification. 

• Development of a training programme for SAMG users, including the extent and 
level of training, including understanding of severe accident phenomenology. A 
summary is provided in Tables 4.1 and 4.2. 

• Organisational aspects and integration with emergency plan: The SAMG provides 
a function of identifying, evaluating and implementing recovery actions to restore 
a controlled stable condition in a plant which is experiencing a severe accident. 
The SAMG must be integrated into the organisational structure defined in the 
emergency plan and interface with it, to ensure a consistent and co-ordinated 
response to severe accident conditions. A responsibility split for Koeberg overall 
emergency organisation is summarised in Table 4.3.  

4.2.2 SAMIME study [4.8] and SAMOS study [4.9] 
The EC Framework Programme SAMIME (Severe Accident Management 
Implementation and Expertise in the European Union) study reviewed the experience 
of SAM development and implementation within the member states in the European 
Union. In some countries, the WOG and Boiling Water Reactor Owners Group 
(BWROG) generic guidance and procedures are used as the starting point for plant 
specific adaptation. Other approaches involve an extension of the EOP environment 
to SAM environment, which may also involve a transition to a separate system of 
specific SAM guidance/procedures. The following set of guiding principles is derived 
from the study (taken verbatim from [4.8]):   

• SAM guidance should be developed based on fundamental phenomena and 
straightforward actions providing for an understanding, as far as possible, on 
plant status, i.e. safety function availability, environmental conditions, and if 
possible, accident progression based on characteristic plant states. Guidance 
could then be developed based on the need to recover unavailable safety 
functions so as to limit and stop, if possible, accident progression. 

• The transition between EOP�s and SAM Guidance should be defined.  Cases with 
core damage and vessel melt-through should be included.  For some areas there 
is a need for long term strategies. 

• The SAM Guidance should be based on a mechanistic approach.  It is hard to 
exclude scenarios based on probability considerations except in cases where 
certain phenomena are physically unreasonable. 

• The Technical bases for development of SAM guidance should be well founded 
and documented. Tools, such as the EPRI Technical Basis Report (TBR), generic 
Owners Group documentation (if available), and the PSAs for the plant or similar 
plants or quantitative severe accident analysis, can be used to support the 
technical bases. 

• In the domain of the MCR, SAM mitigation measures (in response to initiating 
events before establishment of a Technical Support Center (TSC)) should be 
more prescriptive.  In the domain of the TSC, mitigation measures should be 
more guidance type (consider parameters, availability of equipment, general 
strategies) and members should decide as they feel is appropriate (taking into 
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account the knowledge of possible equipment alignments, strategies and their 
priorities and/or negative impacts) under the given circumstances. 

• It is difficult to have a mechanism in place that would be able to estimate the core 
and containment damage state in every potential scenario.  It is better to have 
symptom based SAM guidance, based on a minimum number of variables.  This 
permits a reasonable understanding or interpretation of the situation in order to 
purse an optimal course of actions. 

• It is easier to identify which safety functions have been lost than to characterise 
accident progression linked to detailed scenarios.  In doing this, the definition of 
paths to success (how to recover a minimum capability, actions to be performed 
to identify failed components or parts of systems) should be given.  In such an 
approach, default guidance is implicitly included. 

• SAM guidance should address potential negative impacts of actions.  It should be 
done, as much as possible, in the guidelines themselves and obviously in the 
training. 

• The priorities should be defined.  In the beginning of a severe accident the first 
priority is to cool the core and prevent reactor vessel failure.  If that is not 
possible, i.e. vessel failure occurs, the first priority should be to keep the next 
barrier intact, which is the containment, in order to minimize radioactive releases 
to the environment. 

• Exit criteria from EOP space to SAMG space should be established.  Mainly 
because overall responsibility may shift in many cases from the control room to 
the TSC, and because some of the actions to be taken may be in contradiction 
with actions in EOP space.  One is beyond design basis accidents!  Where EOPs 
are not exited, priority of SAMG actions and consistency with them should be 
checked. 

• It is useful to have criteria to throttle and/or terminate actions in SAM guidelines. 

• SAM guidance should be the responsibility of the �responsible Emergency 
Manager�, who is supported by the TSC. 

• There should be a clear distinction between the people that do the plant 
assessment and the one that finally decides what actions should be taken. 

• The guidance should include outside support, but it should be so comprehensive 
that the available plant staff and management will be able to handle the events 
without outside support for e.g. the first several hours of an accident. 

• Some guidance should be available to assist in determining which systems could 
be best brought back to service. 

• Plants should primarily focus on how to handle a severe accident with their 
existing plant capabilities.  In some cases, there are modifications that can give 
great benefit with a minimum cost.  In this case, it may be a good investment to 
make this modification. 

• The regulatory body should minimally define general acceptance criteria 
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• After preliminary training of the Emergency Response Organisation (ERO) with 
the developed SAM guidelines, an interval of 1-3 years for refresher training 
appears to be reasonable. 

• Regulatory authorities should be informed prior to actions which would impact the 
public, e.g. Fission Product release, significant change in plant status, etc.  These 
actions should be consistent with the Emergency Plan 

• SAM guidance should be a living tool.  New insights, as well as feedback from 
training, should be incorporated in periodic revisions. 

Another task in the SAMIME study involved a review of tools which are in use or 
under development to support the application of SAM guidance. The study results 
(based on survey of project participants) indicate that �tools� should preferably be 
simple, user friendly and should not require complicated calculations for application 
under stressful SAM environment. Calculational Aids (CAs) and the Technical 
Support Guidelines (TSGs) as developed by WOG and BWROG respectively are 
such examples of simple tools.  

The use of computerised aids, though less common, have been adopted by some 
plants within their Plant Process Computer which support certain aspects, such as: 
the monitoring of SAM guidance progress, decision-making process and parameter 
trending. The viability of such an approach has been further explored in another 
European Commission Framework Programme project SAMOS [4.9]. The study was 
based on the CAMS system (Computerized Accident Management Support System) 
developed in the OECD Halden Reactor Project and later extended to include SAM. 
It consists of a number of modules, including the following: 

• Data acquisition and signal validation modules: collect the data from the plant and 
validate them using neuro-fuzzy techniques; 

• Diagnostic module: identifies the initiator event, determines the status and 
availability of systems and equipment needed to avoid or mitigate the accident, 
and diagnoses the status of the reactor core, reactor vessel and the containment 
building; 

• Fitting Module: complementary to the diagnostic module, notably in terms of the 
vessel and containment state; it identifies the appropriate source term categories 
from plant specific Level 2 PSA, if available. 

• MAAP4 module: runs the MAAP4 code with input obtained from the diagnostic 
and fitting modules; 

• Man-machine interface: communication with the CAMS user. 

A primary objective of the SAMOS study was to investigate the applicability of such a 
CAMS based system, including a deterministic tool such as MAAP, against a number  
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of activities seen as desirable in a SAM environment. Examples of such activities 
include: 

• Overview of the key parameters, including their trends and the validation of the 
signals 

• Indication of success paths, including non-conventional line-ups, and prioritise 
these on the basis of defined criteria, e.g. availability of equipment, number of 
manual actions needed 

• Identification of core damage states and containment damage states 

A key task in the SAMOS study involved the adaptation of CAMS modules for 
application for a generic PWR NPP. A functional specification for this CAMS based 
tool was also defined for further development of this approach. The SAMOS study 
has confirmed the viability of this computerised tool approach to support accident 
management and the use of CAMS as the basis of this tool has also been 
demonstrated. The flexibility of the CAMS system has also been demonstrated for 
applications to a number of nuclear power plant types, including the VVER. This 
CAMS based approach has since been adopted in the SISIFO-GAS development for 
the Spanish Cofrentes nuclear power plant for SAM and training purpose [4.10].  

4.2.3 SAMG approach for EPR [4.11] 
The objective of the AREVA/ Framatome-ANP project entitled OSSA (Operating 
Strategies for Severe Accidents) is to develop a SAM package for the EPR design, 
with the potential for adaptation to other advanced and existing designs. This 
development is well advanced and the first plant specific application is for the EPR 
under construction in Finland.  This is intended to be a full scope guidance covering 
all plant states, including shutdown states with closed and open primary system. A 
review was initially made of the vendor owner�s groups approaches and some 
European approaches.  The OSSA approach includes some new features designed 
to address some limitations associated with current approaches and they include: 

• Revision of the split of responsibilities between operations and TSC staff: The 
matrix is shown in Table 4.4. In this case, while the evaluation of potential 
strategies is considered best performed by the TSC (common with most existing 
approaches), the challenge monitoring and plant status assessment is assigned 
to the operations team. 

• Fixed setpoint entry conditions define the transition from EOPs to OSSA to 
ensure this takes place at a consistent core/fuel condition, regardless of 
scenarios. The two criteria are based on core exit temperature and peak fuel 
cladding temperature. 

• An integrated graphic-based diagnostic tool including entry conditions, challenge 
prioritisation, and exit condition monitoring to be used by the TSC. The diagnostic 
tool uses a system of three safety functions: releases to the environment, 
containment integrity and heat removal. 

• Development of TSC guidelines.  

A key feature of OSSA is the use of two separate entry criteria presented in an easily 
useable graphical form. An advantage of this approach is seen to allow preservation 
of the distinction between preventive and mitigative measures and maintenance of 
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the separate functions of Emergency Procedures and SAMG. Two limiting values are 
currently defined, with lower limit of core exit temperature of 6500C and an upper limit 
of limiting peak clad temperature of 14770C. The lower limit, which is within the EOP, 
is based on conditions indication that core damage is imminent, but a time window is 
still available to depressurise and to attempt reflood. The selection of setpoint values 
was based on severe accident analysis together with recent improved understanding 
of core quenching behaviour. Further analysis was to be performed to confirm the 
lower limit and to define/confirm the relation between the measured core exit 
temperature and the peak fuel cladding temperature.   

4.3 Use of Level 2 PSA 

Typically, a Level 2 PSA is used to: 

• Provide an understanding of the potential challenges from severe accidents and 
to determine the plant capability in dealing with severe accidents, 

• Evaluate additional SAM options for further design improvement to enhance the 
mitigative capability, and 

• Provide confirmation of the impact/effectiveness of SAM on risks . 

The early Level 2 PSAs have been performed traditionally to model the accident 
progression after the onset of core damage without any operator intervention given 
that no procedures or guidance were available at that time. This was followed by 
some later Level 2 PSAs modelling certain severe accident mitigation strategies to 
understand their safety significance for consideration for future plant safety 
improvement. Many examples of the first two applications are provided in the original 
report and also in Section 2. The development of the vendor generic SAMGs has 
made great use of Level 2 PSA insights in their strategy selection and prioritisation. 
Information derived from the severe accident analysis supporting Level 2 PSAs has 
also been used in a significant way for the development of the actual SAMG 
guidelines, such as the definition of entry and exit set points, and the conditions for 
computational aids applications.  

Regarding the third application, recent effort to upgrade the existing plant Level 2 
PSAs for Living PSA or Periodic Safety Review has resulted in the emergence of a 
few recent studies which have incorporated the modelling of SAMG implementation. 
With this development, there is the additional demand on the need to model the 
operator and TSC functions defined by the SAMGs. The impact of SAMG was 
evaluated in the Koeberg �living� PSA [4.12] and the results are summarised in Table 
4.5. The results are presented in terms of the percentage of core damage accidents 
which lead to a release category or containment status. The Human Reliability 
Analysis was based on the THERP (Technique for Human Error Rate Prediction) 
approach.  The inclusion of the SAMGs has decreased the frequency of early 
containment failure by a factor of almost two and has decreased the frequency of late 
containment failure by a factor of four.   

The impact of WOG SAMG implementation was similarly evaluated in the revised 
Level 2 PSA for Maanshan [4.13]. The quantification of human error probabilities was 
provided by HCR (Human Cognitive Reliability) and THERP. A summary of the 
results comparing the frequencies of source term categories (STCs) with and without 
SAMG is provided in Table 4.6. It can be seen that with the exception of STC-1, the 
frequencies of all the STCs remain unchanged or have decreased. The impact is 
however not very significant as most of the mitigation actions in the SAMG have 
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already been modelled in the original Level 2 model. STC-1 corresponds to the 
scenario of the RPV remaining intact and with no containment isolation failure. The 
result suggests that the SAMG implementation has improved the maintenance of 
RPV integrity. In the study, sensitivity analysis was also performed to assess Human 
Error Probability (HEP) assumption from rule based to skill based.  

In the Beznau Level 2 PSA [4.14], a simplified methodology was developed to 
evaluate human error probabilities of accident management actions beyond the 
scope of EOP. The current HRA methods are not seen to cover adequately the 
features and requirements of SAMG: 

• The general action of the emergency staff to provide the technical evaluation and 
to follow the relevant procedures/guidelines 

• Alignment of mobile equipment 

• General handling of SAMG overview parameter scheme by emergency staff 

• Interfaces and coordination of different emergency groups involved in SAMG 

The HEPs were assigned separately for diagnosis/decision and for execution 
according to criteria defined in Tables 4.7 and 4.8. A summary of the results is 
provided in Table 4.9. The relative safety benefit is illustrated using Risk 
Achievement Worth (RAW) for core damage frequency (CDF) and large early release 
frequency (LERF). 

In the update of the Seabrook Level 2 PSA [4.15], three sets of operator actions were 
considered: 

• Operator actions specified in the EOPs that were not modelled in the Level 1 PSA 
because they were found to be ineffective in preventing core damage (e.g. RCS 
depressurisation after the onset of core damage, 

• Operator actions specified in the EOPs that are assumed failed in the Level 1 
assessment but are recoverable (e.g. certain operator failures during switchover 
to ECC recirculation), and 

• Operator actions specified in the SAMG. 

In each case, only those operator actions that can be effective in preventing 
containment failure, change the timing of containment failure, or significantly change 
the fission product source terms were selected for consideration for further 
assessment in the Level 2 PSA. Starting from a list of 8 potential operator actions, 6 
were selected following investigation based on MAAP analysis. They are: 

• Depressurise RCS using pressuriser relief valves (except for station blackout), 

• Recover AC power/ECC after core damage, 

• Recover AC power/containment building spray, 

• Inject water to containment, 
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• Establish ECC or containment building recirculation, and 

• Vent containment. 

For the Seabrook PSA, none of the operator actions investigated was found to have 
an impact on the large early release frequency (LERF) since this is controlled entirely 
by bypass sequences and unisolated containment sequences. A number of key 
insights have been derived from the MAAP analysis exemplified by the following: 

• In the case of a late recovery of containment building spray injection in a station 
blackout sequence (e.g. 24-48 hours), containment pressure will increase 
dramatically from additional steam generation from the quenching of the molten 
core debris pool. Venting may be required within a short period to prevent 
containment failure. 

• Adding water to the containment when sump recirculation is not available results 
in significantly faster containment pressurisation. There may be a need to vent 
the containment within the first 24 hours. 

• Submerging the RPV externally by emptying the RWST to the containment can 
prevent or delay RPV failure. 

These insights may benefit future improvement of the Seabrook accident 
management procedures/guidance or plant staff training on accident management. 

4.4 Recent development in SAM strategies 

A number of SAM strategies for PWR and BWR are listed in the original report and 
these strategies are currently adopted in the SAMGs. More recently, the research 
and development effort has focussed mainly on the long term stabilisation and 
coolability of melt after a severe accident as one of the goals of new LWR designs 
(e.g. the melt stabilisation requirement defined for the European Utility 
Requirements). The mitigation features incorporated in current new build designs 
include: 

• In-vessel melt retention strategy (IVMR) for AP-600, AP-1000, APWR-1400 and 
SBWR, and 

• Ex-vessel melt retention for the EPR, VVER-1000 and ESBWR. 

The IVMR strategy has been implemented in the Loviisa VVER-440 plant following 
design modification. It has also been adopted as a SAM strategy for some operating 
plants with a flooded cavity design and is being evaluated by others. A core catcher 
has been implemented at the Tian-Wan VVER-1000 plant. A state of the art review of 
IVMR strategy and the stabilisation and termination of severe accident for both in-
vessel and ex-vessel phases is provided in [4.16a] and [4.16b] respectively. 

4.4.1 In vessel melt retention 
The concept of submerging the reactor pressure vessel with water in the reactor 
cavity during a severe accident and removing the decay heat from the molten corium 
on the lower head of the vessel by the surrounding water to maintain the vessel 
integrity has been investigated since the mid 80s. The heat transfer must be 
sufficiently efficient such that at least part of the thickness of the reactor vessel wall 
maintains its structural properties and is able to support the mechanical load that 
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results from the weight of the corium and the lower head, and from pressure inside 
the reactor vessel. It should be noted that timely full RCS depressurisation is a key 
element for this strategy to be effective.  

The assessment of this strategy requires an understanding of a number of complex 
key phenomenological issues, including the following:  

• The determination of the extent of core melt in the vessel lower head, 

• The determination of the melt pool composition and configuration (including 
presence of stratification) since they affect the heat loading on the vessel. This 
includes: (i) the separation and stratification of the steel above oxide pool to 
provide the focussing of heat flux and (ii) the stratification of the oxide pool which 
reduces the heat flux to the top, and 

• The determination of the magnitude and polar distribution of the heat flux 
imposed by the assumed melt mass on the vessel wall. 

A representation of the phenomena is shown in Figure 4.3. The assessment of the 
IVMR strategy for Loviisa, AP-600/1000 and APWR-1400 was performed using the 
ROAAM approach [4.17, 4.18, 4.19]. The ROAAM approach and the probabilistic 
framework adopted for the Loviisa study are discussed in Section 6.2.2.   

In the IVMR assessment, the strategy is deemed effective if it can be shown for any 
particular design that the heat flux imposed by the melt resident in the lower head is 
lower than the critical heat flux (CHF) of heat removal at the vessel wall for a variety 
of melt compositions and configurations, with a sufficient margin to cover 
uncertainties. The results of the Loviisa study [4.17] demonstrated that margins to the 
RPV failure are very large and thus the failure can be considered as physically 
unreasonable situation. As a consequence of the study, some plant modifications 
were carried out in order to ensure efficient circulation of water around the vessel and 
in the cavity. During a severe accident situation the operator needs to depressurise 
the primary system and hydraulically lower the RPV lower head insulation and 
neutron shield to expose the RPV surface to the coolant. The Finnish Regulatory 
Authority STUK approved the in-vessel retention strategy for Loviisa in late 1995 and 
respective plant modifications were implemented.  

The margin of safety provided by the CHF on the water side and incident heat flux 
from the corium pool may however be reduced considerable due to the heat flux 
focussing effect by the presence of a metal layer present on top of the oxidic corium 
pool [4.16b]. The metal layer is established from the density differences between the 
steel present in the lower heads which is melted by the corium pool and the heavier 
oxidic pool. This heat flux focussing is most intense for a thin metal layer since the 
traverse area for heat transfer is smaller. For the AP-600, the metal layer was found 
to be sufficiently thick to maintain the safety margin. This configuration of a 
sufficiently thick metal layer is similarly maintained in AP-1000 with the expectation of 
the melting of a large quantity of steel.  

In the case of AP1000, with an increase in reactor power, design changes have to be 
made to increase the heat removal capacity of the water cooling the vessel wall 
needs to maintain the safety margin. The enhancement of CHF on the reactor vessel 
external surface is achieved by using an insulation design that provides water inlet, 
steam venting and a baffle around the lower head and the lower cylinder of the 
vessel to channel the flow between the vessel and insulation. The AP1000 also 
requires the reactor cavity to be flooded deeper and earlier than the AP600 to 
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promote the two phase natural circulation flow to enhance the CHF on the vessel 
surface.  The feasibility of IVMR for reactors of power levels exceeding 1000 MWe 
appears less promising. The focussing effect can however be reduced if cooling can 
be provided to the top of the metal layer to reduce the focussed heat flux to values 
less than the CHF. An additional strategy is adopted in the APWR-1400 in the 
deployment of a dedicated system to provide water injection to reach the melt pool at 
the appropriate time.      

An assessment of IVMR for BWRs using a decomposition event tree approach [4.20], 
in contrast with the ROAAM based studies, is also discussed in Section 6.2.1.  

In the event that IVMR is not established, there is the likelihood of an ex-vessel 
steam explosions or rapid steam generation (versus a dry or shallow fill cavity) 
providing challenges to the integrity of the cavity structure. The tradeoffs between the 
positive and negative impact of this strategy should be carefully evaluated prior to its 
implementation.    

4.4.2 Ex-vessel corium coolability 
The main objective of achieving ex-vessel corium coolability is to prevent basemat 
penetration from molten corium concrete interaction (MCCI) and to retain the corium 
and fission products in the containment. The state of the art for the complex 
phenomena of MCCI and the impact of water layer on coolability and a review of 
experiments and analytical tools prior to 1995 are provided in [4.21]. A review was 
also provided in [4.21] on the ex-vessel corium coolability and core retention 
concepts, including the early core catcher designs. A more recent update of many of 
these issues on corium coolability issues and corium stabilisation concepts is 
provided in an OECD workshop [4.22] and an EC project EUROCORE [4.23]. The 
EUROCORE study has enabled an improved understanding of the interaction 
between corium and sacrificial materials or ceramics. The use of expensive refractory 
materials can thus be avoided in the industrial design of corium retention devices. 
The use of sacrificial materials is linked to the following features:  

• addition of low temperature melting materials will decrease the corium 
temperature, 

• addition of iron oxides helps to oxidise zirconium without hydrogen production, 

• addition of low temperature melting oxides (not including silica) decreases the 
viscosity of the liquid corium (for instance before spreading), 

• addition of glass like materials helps to confine the fission products in a glassy 
matrix when the corium is solidified, 

• addition of light sacrificial oxidic materials decreases the density of the oxidic 
corium. Thus the metal phase would sink below the oxidic phase (as in the case 
of EPR and Tian-Wan VVER) which suppresses the focussing effect (as in Tian-
Wan), 

• sacrificial materials provide additional protection to structures against jet 
impingement, and 

• addition of neutron absorbers will exclude the possibility of recriticality. 
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From the SAM standpoint, there are three strategies in attempting to establish ex-
vessel corium coolability by reactor cavity flooding and they are: 

• Wet cavity, 

• Top flooding, and 

• Bottom flooding. 

The effectiveness of cavity flooding to achieve ex-vessel corium coolability depends 
on a number of factors, including mode and timing of water addition, as well as the 
heat transfer characteristics of the melt-water interface. It should be noted that any 
strategy to rapidly remove both decay and sensible heat from molten corium ex-
vessel with water needs to be accompanied by a strategy to ensure containment heat 
removal or analyses to demonstrate that the rapid heat (steam) addition to the 
containment can be accommodated or does not produce earlier containment failure 
and greater risk. 

Some existing plants are equipped with a wet cavity design. The discharge of corium 
following RPV failure could interact with the reactor cavity water pool and result in the 
formation of a coolable configuration. The negative impact associated with this 
strategy is twofold: (i) likelihood of an ex-vessel steam explosion threatening the 
containment structures or (ii) containment pressurisation due to rapid steam 
generation from the quenching process. Some other plants make use of the strategy 
of flooding the reactor cavity following the spreading and formation of a corium pool. 
Three cooling mechanisms relevant to this flooding mode are: bulk cooling during the 
first water contact, water ingression through a porous/fractured crust surface, and 
volcanic melt ejections driven by the ongoing concrete erosion.  A discussion of 
these coolability issues and available experimental data is provided in the OECD-
MCCI programme [4.24]. Results from this study suggest that the reactor cavity 
should be flooded as soon as possible after RPV failure to optimise the extent of 
debris cooling achieved by water ingression. The test data further indicate that late 
flooding likewise enhances debris coolability through melt eruption and large-scale 
crust breach mechanisms. Overall, however, the results also suggest that these 
mechanisms may not be sufficiently efficient to fully quench and stabilise the full 
range of melt depths for all accident conditions. 

The concept of corium cooling by bottom flooding is exemplified by the COMET 
concept [4.23]. After the erosion of a sacrificial concrete layer (the sacrificial concrete 
layer is the top layer the melt would initially encounter), the melt is passively flooded 
from the bottom by injection of water from an elevated reservoir. The water is forced 
up through the melt, the resulting evaporation process of the coolant water breaks up 
the melt, and creates a porously solidified structure from which the heat is easily 
removed. The porous melt is expected to solidify within less than an hour from onset 
of flooding, and continuous boiling removes the decay heat from the permanently 
flooded corium bed. 

The EPR melt stabilisation concept is based on melt spreading and a passive water 
cooling system involving both top and bottom flooding [4.25]. This is shown in Figure 
4.4. The reactor pit is covered by a sacrificial concrete that will oxidise the metallic 
content of the corium and lower the corium liquidus temperature. The erosion will 
continue until the melting of the metallic gate. When the gate melts, large flow rates 
(around 10 tonnes/s) are expected which enhance the melt spreading process. The 
mixing of the corium with concrete decomposition products will also lead to a 
composition which is also favourable to melt spreading. Within the core catcher, the 
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melt will be passively flooded with water from the Internal Refuelling Water Storage 
Tank (IRWST) from the bottom (through dedicated channels) and the top (by 
flooding). The core catcher can optionally be fed directly using the Containment Heat 
Removal System (CHRS). A stable state is expected to be achieved in a few hours 
following vessel failure and complete solidification to be established in a few days. 

The first core catcher has been implemented at the Tian-Wan nuclear power plant 
(VVER-99/90). The Tian-Wan core catcher is based on a large crucible situated in 
the reactor pit and flooded externally by water injection [4.23]. The crucible is filled 
with sacrificial material which will totally oxidise the metallic melt and thus reduce any 
focussing effect. 

The ESBWR design uses a passively cooled boundary to protect the lower drywell 
(LDW) floor from core debris during severe accidents [4.28]. The so called Basemat 
Internal Melt Arrest and Coolability Device (BiMAC) makes use of a boundary 
provided by a series of side-by-side inclined pipes, forming a jacket which can be 
effectively and passively cooled by natural circulation when subjected by thermal 
loading on it. Water is supplied to this device from the Gravity Driven Cooling System 
(GDCS) pools via a set of squib valve activated deluge lines. The timing and flows 
are such that actuation provides immediate cooling and premature flooding of LDW 
can be avoided to minimise the potential of steam explosions. The BiMAC pipes are 
protected against melt impingement during the initial melt relocation by a layer of 
sacrificial material. The cavity space created by this BiMAC arrangement is sufficient 
to accommodate the full core debris. A supported stainless steel plate is used to 
cover this cavity space and to function as a normal floor inside the containment. 

4.5 Severe accident analysis of SAM strategies 

The use of severe accident analysis in the development of SAM strategies for 
existing plants is illustrated in an EC sponsored study OPTSAM [4.26]. This study 
was based on a broad spectrum of analysis involving several reference designs and 
their respective representative plants, listed as follows: Sizewell �B�, Ringhals 2 
(Westinghouse 4 loop/ 3 loop PWRs), CPI 900, Tihange (Framatome 3 loop PWR), 
GKN 2 (Konvoi 1300 MW PWR), Cofrentes (GE BWR-6), Barsebäck 2, Forsmark 1 
(ABB-BWR), Loviisa 1&2, Paks (VVER 440/213) and Temelin (VVER 1000). These 
reactor designs are regarded as representative of the reactors operating in Europe 
and the results from this study would thus be applicable to the majority of the 
operating reactors in the Europe. In total 24 accident sequences were chosen from 
the plant specific PSAs for the analysis. These calculations are broadly subdivided 
into the following three main categories of SAM objectives: 

(i) Protecting the integrity of the RCS, including the RPV: 

• Precautionary RCS depressurisation. 

• Extending the timeframe of RPV integrity, e.g. by measures such as recovery of 
safety injection systems and ex-vessel cooling of the RPV wall. 

(ii) Protecting the integrity of the containment: 

• Containment venting strategy, e.g. optimisation of filtered venting strategy to minimise 
the environmental releases (also to prevent loss of core cooling in BWRs). 

• Containment spray strategy, e.g. recovery of (or use of alternative) water supplies for 
pressure control, restoring condensation pool cooling, achieving ex-vessel flooding, 
removal of fission products from the atmosphere. 
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• Hydrogen management strategy, e.g. use of passive autocatalytic recombiners 
(PARs), or combined use of PARs together with the containment spray system. 

• Long term decay heat removal from the containment atmosphere. 

(iii) Applications for sequences involving (i) faults at shutdown and (ii) containment 
bypass routes: 

The evaluation of the SAM strategies requires an adequate analytical tool, with 
specific capability to model the interaction of complex phenomena and the physical 
processes associated with them. Most of the analyses were performed using codes 
accepted by the respective licensing authorities for safety case studies, including 
MELCOR (1.8.4 or 1.8.5 version), MAAP4 (4.0.3 or 4.0.4 version) and MAAP4/VVER 
codes. The calculations for the Loviisa plant were based on special purpose tools 
adopted for the plant application: the RCS analysis was performed with the APROS 
system code, containment analysis with the COCOSYS code and the source term 
evaluation with the SaTu system. Additional models were also developed by the 
partners for specific plant applications, as exemplified by the following. The analysis 
for the Konvoi plant on hydrogen management was based on MELCOR 1.8.4 with a 
user defined validated passive autocatylytic recombiner (PAR) model and a detailed 
containment nodalisation scheme. The containment model, comprising of ~30 control 
volumes, ~65 flow paths and more than 100 heat structures, is necessary to 
investigate the complex convective flow loops and their influence on the fission 
product transport behaviour. Based on MELCOR 1.8.5, a generalised 22 control 
volume model for a VVER-1000 containment type was developed in this project for 
the hydrogen management study. The analysis for the CPI 900 plant on containment 
venting strategy was based on MAAP4.04 with an iodine chemistry model based on 
the IMPAIR and IODE codes. 

Over 130 plant calculations were performed in this project. The integrated severe 
accident analyses performed in this study has allowed an understanding of the 
complex interaction of fission product release/ transport phenomena in realistic 
accident sequences, involving specific SAM measures. An example is provided on 
the application of PARs. The analysis, based on the GKN 2 PWR plant, has 
confirmed that the PARs are useful to avoid high containment loads or challenges 
due to large H2/CO combustion processes. More importantly, the analysis also 
demonstrated that there is no significant negative impact on the fission product 
behaviour due to the PAR operation. The source term into the environment is similar 
in all cases, dominated by the release of noble gases through the containment 
filtered venting system (CFVS). The analysis provided further confirmation that the 
CFVS is necessary to avoid the loss of the containment integrity due to an over 
pressure failure. The results also suggest that a delayed initiation of filtered venting 
(0.6 MPa vs 0.7 MPa) could result in a reduction of the source term due to the 
prevailing deposition of airborne aerosols. PAR application was similarly investigated 
for the Temelin VVER plant. Although this system was designed for design basis 
accident (DBA) conditions only and its effectiveness within severe accident 
conditions is therefore reduced, the analysis has shown that this PAR system 
nonetheless is capable of significantly reducing the amount of hydrogen which is 
burnt and the resultant containment pressure/ temperature peak values. The 
operation of the PAR system has been shown to provide little influence on the 
release of fission products from the containment. The analysis also assessed the 
optimisation of both the PAR system and the containment spray system for the 
mitigation of hydrogen deflagration. Similar conclusions of the PAR effectiveness in 
the mitigation of the challenges to the containment integrity and the potential impact 
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on the overall behaviour of fission products in the containment are reached in the 
analysis performed for Tihange PWR plant.  

Overall, it is concluded that no significant adverse influences on the in-containment 
fission product behaviour were seen, as a result of implementation of SAM 
measures, in the case studies examined. The impact on the environmental source 
terms, which are seen to provide a more meaningful measure of the effectiveness of 
the strategy optimisation was considered. This was particularly relevant to case 
studies concerning filtered venting systems and minimisation of diffuse leakages from 
the containment where little information is likely to be gained from assessment 
against in-containment source terms. The comparison of the predicted releases to 
the environment was made against some threshold values defined in [4.27]. These 
thresholds represent a release to the environment at, or above, the allowable 
releases associated with the most onerous design basis faults. They also represent 
releases that are not likely to cause acute health effects in the vicinity of the plant or 
any long term restrictions on the use of extensive areas of land or water. With the 
exception of the noble gases, it is seen that the environmental release fractions are, 
typically, below these threshold values and, in many cases, may be orders of 
magnitude lower. An example is provided in Figure 4.5. As can be seen from the 
figure, there is a reducing trend from left to right. The sequence order is of the 
following: the 3 sequences involving a bypass pathway are on the left, through the 
VVERs and conventional PWRs to the BWRs on the far right. In most of these 
accident scenarios the mitigation systems are functioning adequately; hence there is 
a general trend from left to right of increasing mitigation (both active and passive 
mitigation) as offered by the plant safety features. 

Based on the analysis performed in this study, using the severe accident codes listed 
earlier, reasonably bounding values (together with a likely range) of the mass 
fractions defining the environmental source terms for sequences involving SAM 
measures are proposed in this study. Some illustrative results are provided in Table 
4.10. These values are, typically, applicable to the early phase of the accident (1 to 2 
days) when early countermeasures are being considered and implemented. 
However, these source terms should not be applied to very late phase events such 
as late containment overpressure failure and basemat melt-through. These values 
may thus be considered as preliminary representative source terms for some designs 
of current operating plants. These values may be revised with information from: (i) 
further plant calculations which may include an extended accident duration, and (ii) 
future calculations from codes with improved modelling.    
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Table 4.1  SAMG training requirements for members of the emergency 
organisation for Koeberg (taken from [4.7]) 

 SAMG 
overview 

Detailed training 
on Control Room 

SAMGs 

Detailed 
training on TSC 

SAMGs 

Operating shift Yes Yes No 

Shift manager Yes Yes No 

Technical support centre 
leader Yes Yes Yes 

Technical support centre - 
accident assessment team Yes No Yes 

Technical support centre 
(other members - NOT 
accident assessment team) 

Yes No No 

Emergency controller Yes No No 

Other members of 
Emergency Organisation Yes No No 
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Table 4.2  The relative importance of phenomenological issues in SAM training 
(taken from [4.7]) 

  Phenomenon Imp1  Reasons2 

Clad oxidation and in-vessel hydrogen 
production 

M  

In-vessel melt progression phases M  

Effects of reflooding a damaged core 
and  
 
Debris coolability in lower head 

H (i) Evaluation: core cooling may or may not be restored, increased 
steam and hydrogen generation will result but accident termination only 
possible with reflooded debris 
(ii) Priorities: In SAMG this action may not be top priority (apparent 
conflict with EOP priorities) 

Fission product release from fuel L  

Other challenges to reactor system 
integrity (creep of tubes or piping) 

H (i) Priorities: SAMG must place high priority on protecting the integrity 
of steam generator tubes (apparent conflict with EOP priorities) 

External vessel cooling H Impact: operator actions to flood reactor cavity can significantly mitigate 
the event 

Vessel failure modes/challenges M  

In-vessel steam explosion L Low risk issue, no direct influence by operator 

Ex-vessel steam explosion L Low risk issue, little direct influence by operator 

Direct containment heating L Low risk issue, mitigation actions clear (primary depressurisation) 

Other challenges to containment from 
high pressure melt ejection - impact of 
primary system depressurisation 

M The importance of reactor system depressurisation should be 
explained, but there is no evaluation needed 

Long term challenges to containment M  

Ex-vessel debris coolability M  

Concrete attack phenomena M  

Effects of containment heat removal 
on hydrogen concentration - 
containment steam inerting 

H (i) Impact: the implications of increased hydrogen concentration due to 
steam condensation using active cooling systems must be explained 
(ii) Evaluation: Decreasing containment pressure may cause high 
hydrogen concentrations 
(iii) Alternatives: Some plants may have means to reduce pressure 
without condensing steam 

Containment ultimate capacity and 
failure modes 

H (i) Priority: the margin between design and failure pressure must be 
explained, and the implications of this margin for timing of events and 
challenges (apparent conflict with EOP and FSAR). 

Effects of hydrogen combustion:   

deflagration H Alternatives: The ability of the containment to withstand hydrogen 
deflagration under certain conditions. 
Alternatives: Deliberate ignition, venting, inerting, recombining. 

deflagration to detonation transition L Low risk issue, little direct influence by operator 

direct detonation L Low risk issue, little direct influence by operator 

Fission product transport and retention 
mechanisms 

H Impact: The importance of natural deposition mechanisms (time of 
release) and of certain active systems (sprays, coolers etc.) on the 
source term must be explained. 

Notes on Table 4.2: 

1. The importance of the severe accident phenomenon to the user of Severe Accident Management 
Guidelines: H=high, M=medium, L=low. 

2. Four possible reasons for HIGH importance: Priorities, Evaluation, Alternatives, Impact (see text). 
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Table 4.3  Matrix of responsibilities for key SAMG activities for Koeberg (taken 
from [4.7]) 

Action Evaluate Recommend Decision/ 

Authority 

Implement 

Transition from Emergency 

Procedures to SAMG 

(EOP -> SACRG) 

 

S/SSS (TSC) 

 

- 

 

SSS 

 

S 

Implement severe accident mitigation 
actions (SACRGs) 

- - SSS S 

Severe accident recovery strategies 

(SAGs from DFC / SCGs from SCST) 

AAT TSC 
Leader/SM 

SSS S 

Strategies involving deliberate FP 
Releases 

AAT TSC 
Leader/SM 

EC S 

End SAMG use and long term recovery AAT - TSC Leader S/TSC 

 

Key 

S Operating shift, affected unit 

SM Shift manager 

SSS Senior shift supervisor, affected unit 

TSC Technical support centre 

AAT Accident assessment team (part of TSC) 

EC Emergency controller 
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Table 4.4  Operating strategies for severe accidents responsibility 
matrix (taken from [4.11]) 

Operations 

Shift supervisor/ 

Safety engineer 

• Transition from EOP to OSSA 

• Assess and prioritise challenges 

- Safety function status monitoring 

- Monitor plant response to actions 

- Monitor for exist conditions 

Operations • Perform immediate actions 

• Implement new actions 

- To implement new strategies 

- To ensure ongoing strategies can be 
continued 

Damage controllers • Implement actions to recover failed equipment 

Technical Support Center 

Technical Support Center • Identify and prioritise candidate actions 

• Evaluate candidate actions 

- Prioritise/review status of equipment 
recovery 

- Assess positive and negative aspects of 
new strategies 

- Recommend implementation of new 
strategies and identify any limits 

Emergency Response Center 

Emergency Director • Authorise new strategy implementation 

Emergency Center Team • Evaluate offsite consequences of 
recommended actions (if applicable) 
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Table 4.5 Impact of SAMG on Koeberg Level 2 PSA [4.11] 

Release 
Category 

(RC) 

RC Definition Without 
SAMGs 

With all 
SAMGs 

With 
SAG-2, 3 

&5* 

1 Containment integrity is 
maintained 

8.25% 76.46% 76.43% 

2 Containment is not isolated or is 
by-passed, releases is reduced 
by filtering due to either 
operability of spray system or 
water pool  

0.24% 0.24% 0.24% 

3 Containment is not isolated or is 
by-passed, no filtering 
mechanisms of releases 

0.63% 0.29% 0.32% 

4 Early containment failure 2.71% 1.47% 1.47% 

5 Late containment failure, 
containment spray system 
operable 

0.05% 0.0% 0.0% 

6 Late containment failure, 
containment spray function 
impaired 

30.76% 18.0% 18% 

7 Basemat melt-through, 
containment spray system 
operable 

57.37% 3.54% 3.54% 

8 Basemat melt-through, 
containment spray function 
impaired 

0.0% 0.0% 0.0% 

 

Containment status Without SAMG With all SAMGs With SAG-2, 3 & 5 

No containment failure 8% 76% 76% 

Early containment failure 4% 2% 2% 

Late containment failure 88% 22% 22% 

* SAG-2: Depressurise RCS, SAG-3: Inject into RCS, SAG-5: Control 
containment conditions 
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Table 4.6 Comparison of STC frequency before and after implementing 
SAMG (taken from [4.13]) 

STC 
number 

Before implementing 
SAMG (/reactor. yr) 

After implementing 
SAMG (/reactor . yr) 

Increase (+) or 
Decrease (-) (%) 

STC-1 

STC-2 

STC-3 

STC-4 

STC-5 

STC-6 

STC-7 

STC-8 

STC-9 

STC-10 

STC-11 

STC-12 

STC-13 

STC-14 

Total 

9.36x10-7 

1.00x10-12 

8.21x10-8 

3.03x10-8 

2.74x10-8 

7.67x10-8 

8.61x10-7 

1.72x10-6 

2.53x10-6 

5.99x10-7 

1.00x10-12 

1.00x10-12 

1.49x10-6 

2.53x10-8 

8.38x10-6 

1.03x10-6 

1.00x10-12 

8.21x10-8 

3.70x10-9 

1.61x10-8 

7.16x10-8 

7.96x10-7 

1.40x10-6 

2.19x10-6 

3.33x10-7 

1.00x10-12 

1.00x10-12 

1.26x10-6 

2.53x10-8 

7.19x10-6 

+9.76 

- 

- 

-87.77 

-41.34 

-6.68 

-7.56 

-18.94 

-13.57 

-44.41 

- 

- 

-15.82 

- 

-14.17 
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Table 4.7  Groups of difficulty for diagnosis/ decision of actions (taken from 
[4.14]) 

Difficulty Characteristics of Group Actions in this Group 

low Time window several hours, 
clear and written guidance 

Unblocking of containment filtered vent in the 
long-term 

medium Time window 20 - 40 minutes, 
clear and written guidance 

Emergency staff overtakes technical control and 
follows relevant procedures/guidelines (including 

SAMG overview parameter scheme TOP) 

 or  

Emergency staff follows and implements relevant 
Accident Management Procedure  

or  

Emergency staff follows and implements relevant 
SAM Guideline 

high Time window only few minutes 
or no clear written guidance 

No such action modelled in Level 2 PSA 

 

Table 4.8  Groups of difficulty for execution of actions (taken from [4.14]) 

Difficulty Characteristics of group Actions in this group 

low Time window several hours, 
simple local action to turn 

wheel 

or 

Time window 20 - 40 
minutes, simple push of few 

buttons in main control 
room 

Unblocking of containment filtered vent in the long-term 

or 

Opening of pressurizer PORV 

or 

Stopping of containment heat sinks 

or 

Closure of containment isolation valve 

medium Time window 30 - 60 
minutes, alignment of 

mobile equipment in simple 
configuration 

Fire water feed to steam generations 

or 

Fire water feed to containment spray line 

or 

Fire water feed to containment sump 

high Time window 30 - 60 
minutes, alignment of 
mobile equipment in 

complex configuration 

Feed of borated water from spent fuel pit into reactor 
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Table 4.9 Benefit of Beznau Accident Management Program (taken 
from [4.14]) 

Accident Management Measure Risk 
Achievement 

Worth for CDF 

Risk 
Achievement 

Worth for LERF 

SAMGs na 2.32 

Accident Management Procedures 
for alignment of mobile equipment 

1.46 1.06 

Hardware connections for feed to 
different locations using fire water 
pumps 

1.46 1.06 

Passive autocatalytic recombiners na 1.16 

Containment filtered vent system na 2.15 

 

 

Table 4.10 Summary of preliminary source term recommendation for 
operating plants [4.26] 

iodine caesium, 
tellurium, 
antimony 

  molybdenum, 
ruthenium, 

barium 

cerium, 
strontium, 
plutonium, 
lanthanum, 

uranium 

Threshold 1x10-3 1x10-3 1x10-4 1x10-5 

Likely range 1x10-3   to 

1x10-6 

1x10-3   to 

1x10-6 

1x10-4   to 

1x10-7 

1x10-5   to 

1x10-8 

Enhanced mitigation from deep water 
pools or high efficiency filtration

Relaxed Threshold  1x10-7 1x10-8 

Likely range  1x10-7   to 

1x10-11 

1x10-8   to 

1x10-12 
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Figure 4.1 Role of SAMG in Accident Management 
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Figure 4.2 Westinghouse SAMG Process 
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Figure 4.3  Phenomena of in-vessel melt retention [4.16] 
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Figure 4.4 Main components of the EPR melt stabilisation concept [4.25] 
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Figure 4.5 Comparison of Ce and Sr source terms to the environment [4.26] 
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5 AVAILABLE METHODOLOGY FOR QUANTITATIVE LEVEL 2 ANALYSIS 

5.1 Introduction 

An overview is provided in the original report on approaches in the definition and 
analysis of (i) Level 1/2 interface and (ii) accident progression event trees. The use of 
Human Reliability Analysis (HRA) in the treatment of SAM actions in Level 2 PSA is 
also briefly discussed. The attributes used in the definition of Plant Damage States 
(PDSs) are exemplified by the NUREG-1150 PSAs for Surry, Sequoyah and Peach 
Bottom. PDSs considered for the advanced reactor designs AP600 and SBWR are 
also listed. The use of containment event tree (CET) or accident progression event 
tree (APET) was illustrated using examples from the Level 2 PSAs for Beznau, Jose 
Cabrera, Surry, Oconee and AP600. A specific example on the use of decomposition 
event tree (DET) for the assessment of natural circulation induced creep rupture 
failure of steam generator tubes is presented.    

5.2 Level 1/2 PSA interface 

The dominant fault sequences that lead to core damage are identified in the Level 1 
PSA. These need to be taken forward into the Level 2 PSA which models how these 
fault sequences progress. Since there are a very large number of such fault 
sequences, they need to be grouped to make the subsequent accident progression 
analysis manageable. These groups, referred to as Plant Damage States (PDSs), 
are defined in terms of the attributes that would influence the way that the accident 
progresses to challenge the containment integrity and the release of radioactive 
material to the environment. The PDS attributes identified for pressurised water 
reactors typically include: 

• the type of initiating event that has occurred (whether it is an intact circuit fault or 
a loss of coolant accident), 

• the primary system pressure, 

• the status of the safety systems (such as the emergency core cooling system) 
and support systems (such as electrical power and cooling water systems) as 
appropriate, 

• the status of the containment protection and mitigation systems (such as the 
containment itself; the containment cooling and spray systems; hydrogen mixing/ 
recombiners/ igniters; containment venting), and 

• the integrity of the containment (that is, whether the containment is intact; 
containment isolation has failed; the containment has been bypassed due to a 
steam generator tube rupture or an interfacing system LOCA that discharges 
outside the containment; there is significant leakage from the containment; or 
containment failure has occurred leading to gross leakage.) 

The PDSs form the interface between the Level 1 PSA and the Level 2 PSA and 
define the initial and boundary conditions for the progression of the severe accident. 
Several examples are provided in the original report. In carrying out this grouping 
process, fault sequences are often identified that would not lead to core damage 
(which can arise due to simplifying assumptions made in the Level 1 PSA) and they 
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need to be screened out. The screening threshold of the core damage sequence or 
cut set frequencies is generally very low (typically ranging from 10-10 to 10-11 /year). 

The number of PDSs can vary typically from 10 - 50 in many PSAs. Based on a 
number of attributes ranging from 5 - 19, a review of some European Level 2 PSAs in 
the EC SARNET project showed the number of PDSs ranging from 10 to over 100 
[5.2]. An example of a more detailed PDS derivation is provided in the French IRSN 
Level 2 PSA [5.3]. Apart from the normal attributes representing initiating events, 
status of safety systems and containment status, variables related to the residual 
power and plant emergency plan are also included. The study made use of 19 
attributes and a more detailed definition of some system states. This led to the 
derivation of around 150 PDSs for a number of initiating events (see Table 5.1 for a 
summary). 

The current trend is to extend the scope of the Level 2 PSA to include faults during 
the low power and shutdown phases of plant operation. This entails the definition of 
PDSs specific to these reactor operating modes and the quantification of the 
associated CETs/APETs. Recent examples are provided by the EDF study for the 
900 MW plant series [5.4] and the study for Bohunice V2 [5.5]. This necessitates the 
identification of other attributes and PDSs to take account of the decay heat level, 
whether the reactor pressure vessel is closed or open, whether the primary 
containment is closed or open, and whether the irradiated fuel is in the reactor 
pressure vessel or the refuelling pool. In the Bohunice V2 study, the PDS grouping 
logic was based on both full power states and the non-full power plant operational 
states (POSs). Several POS groups were defined for the PDS grouping process: 

G0 Full power operational states 

G1 Both the RCS and the confinement closed (POS 1, 11 and 12, similar to the full 
power states) 

G2 RCS is closed but the confinement open (POS 2, 3, 7, 8, 9 and 10) 

G3 Both the RCS and confinement are open, fuel in the reactor pressure vessel 
(POS 4, 5S and 6) 

G4   Fuel relocated to the refuelling pool (POS 5L). 

5.3 Accident Progression Event Trees 

The approach to the definition and analysis of accident progression event trees 
(APETs) or containment event trees (CETs) is discussed in the original report. The 
APET nodes are usually a set of questions that relate to whether particular 
phenomena occur in each of the time frames addressed in the analysis, whether any 
systems credited in the Level 1 PSA have been recovered, whether severe accident 
management actions have been carried out and whether failure or bypass of the 
containment has occurred. An adequate number of time frames and nodes need to 
be defined to allow all the major issues important to severe accident progression, 
containment response and source terms to be addressed. APETs from more recent 
Level 2 PSAs are generally consistent with the ones listed in the original report 
although emphasis on certain issues may differ depending on the objectives of any 
specific Level 2 PSA. A contrast is provided by the Level 2 PSAs performed for the 
Laguna Verde BWR plant [5.6]. The regulatory body independently developed a 
Level 2 PSA model using the NUREG-1150 approach as a tool for the review of the 
study performed by the utility which was based on the NSAC-159 methodology. The 
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regulatory Level 2 PSA model was based on 25 PDSs and with an APET comprising 
of 131 questions. In comparison, the utility model made use of 9 PDSs and a small 
CET. The quantification of the CET was supported by the use of 160 fault tree 
models in the treatment of key phenomenological issues, system availability and 
human error. In general, both studies showed similar trends in the accident 
progression features and source term behaviour. A discussion on the differences in 
the results and the use of results in the regulatory review is provided in [5.6]. In 
general, both studies showed similar trends in the accident progression features and 
the source terms analysed. Differences in prediction containment failure probabilities 
were attributed to the omission of an event in the venting of the reactor vessel during 
primary containment flooding scenarios and conservatisms identified in the regulatory 
assessment. The experience gained from the development of the regulatory PSA 
also helped to focus the review of the utility PSA in a number of specific areas, for 
example the containment structural analysis and the source term analysis. The 
omission of uncertainty treatment in the utility study also led to an extension of the 
regulatory assessment to include an uncertainty analysis. 

In the Level 2 PSA for a Japanese 1100 MWe PWR plant, the CET included the 
evaluation of 5 specific accident management measures: (i) natural convection 
cooling by containment cooling units, (ii) fire water injection into the containment, (iii) 
forced depressurisation of primary system by pressuriser PORVs, (iv) restoration of 
containment spray systems and (v) water injection into the primary system by 
charging pumps [5.7]. The CET nodes are listed in Table 5.2. The derivation of the 
branch probabilities for these accident management measures by the evaluation of 
human error probabilities and system failure probabilities is tabulated in [5.7]. The 
results are summarised in Figure 5.1. The total containment failure frequencies with 
and without the accident management measures were calculated to be 1.5x10-8 

/reactor year and 6.9x10-8 /reactor year respectively. Other examples of recent Level 
2 PSA studies with emphasis on accident management are also discussed in Section 
4.3.  

There are differences in the use of APETs and their quantification and they are 
reflected in a comparison of some recent European Level 2 PSAs [5.2]: 

• use of a generic APET for all PDSs or use of an APET specific to a PDS group or 
use of PDS specific APET (tend to be used for containment bypass PDSs) 

• use of large APET or intermediate size/ small APET with and without the 
complementary use of decomposition event trees or sub-trees, number of top 
events/nodes from over 10 to over 100  

• the event end-points are binned using a small number of release categories 
(RCs), typically about 10, to a much larger number of RCs. 

5.4 Modelling of human intervention 

The development and application of human reliability analysis (HRA) have assumed 
greater relevance in recent Level 2 PSAs used primarily in the assessment of the 
effectiveness of severe accident management. Some examples are provided in 
Section 4.3. Standard HRA methods have been used in a number of studies [5.2], 
including HCR (Human Cognitive Reliability), THERP (Technique for Human Error 
Rate Prediction) and HEART (Human Error Assessment and Reduction Technique). 

In general, the development of HRA methods, models, and data continues to be a 
challenge and source of uncertainty, even for Level 1 PSA.  For Level 2 PSA, this 
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challenge is even greater given the less-proceduralized (and more guidance-
oriented) nature of severe accident management activities.  The SAM guidance (as 
exemplied by the WOG SAMG discussed in Section 4.2.1) tends to be general rather 
than prescriptive � the staff are directed to consider a number strategies, along with 
their potential negative impact, and the specific strategies that are eventually 
implemented are dependent on the specifics of the prevailing plant conditions and 
the results of the TSC assessments.  

NUREG-1792 [5.8] provides a description of HRA good practices supporting limited 
Level 2 internal events PSAs with reactor at full power.  The elements in NUREG-
1792 are linked to the NRC�s Regulatory Guide 1.200 [5.9], which reflects and 
endorses (with certain clarifications and substitutions), the American Society of 
Mechanical Engineers� PSA standard for internal events [5.10] and the Nuclear 
Energy Institute�s PSA peer review process guidance [5.11].  In addition, a number of 
advanced HRA methods appear to be potentially useful for application in Level 2 
PSA.  As compared with earlier methods, these methods (including ATHEANA [5.12], 
CREAM [5.13], and MERMOS [5.14], and CESA [5.15]) require a more explicit 
treatment of the context and causes for operator actions, and provide a natural 
framework for addressing actions (and failures, including potential errors of 
commission) in a guidance-oriented environment. 

5.5 Level 2/3 PSA interface 

The large number of CET end-points will need to be grouped to provide the interface 
between the Level 2 PSA and the Level 3 PSA consequence analysis. The 
categorisation scheme is usually comprised of two distinct steps. The first groups the 
CET end-points on the basis of similar source term phenomena to form Source Term 
Categories (STCs) and the second groups STCs on the basis of similar 
environmental consequence to form Release Categories (RCs). The allocation of 
STCs to RCs is based on the potential of each source term to cause adverse effects. 
As relatively few of the current Level 2 PSAs are extended to Level 3, the term RCs 
is typically used for the direct grouping of CET end-points.  

The CET end points are categorised according to a number of attributes related to 
fission product release, retention and transport mechanisms through each of the 
major barriers to the environment. The purpose of this categorisation (also referred to 
as source term binning) is to allow practical source term analysis to be performed for 
each defined RC. The key attributes include: 

• the timing of the release � such as early release during in-vessel core damge, 
intermediate release from the period shortly following vessel failure and late 
release from several hours after vessel failure, 

• the status of the containment � that is, whether containment isolation has 
occurred, whether containment failure has occurred giving rise to enhanced 
leakage or a large leakage area, and whether molten core material released from 
the reactor pressure vessel is challenging the integrity of the basemat, 

• modes of ex-vessel releases (such as dry core concrete interaction, high 
pressure melt ejection, and core concrete interactions from submerged corium), 

• fission product removal mechanisms (such as containment sprays, or retention in 
the secondary containment or reactor building, filtered vents and pressure 
suppression pool). 
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The treatment of the Level 2/3 interface was not discussed in the original report 
although an example is provided of the RCs used in the AP600 Level 2 PSA. The key 
features of the source term categorisation and analysis adopted in a number of 
European Level 2 PSAs are summarised in Table 5.3 [5.2]. A number of features are 
noted: 

Definition of release categories (RCs) and source term categories (STCs): The 
RCs/STCs are defined in two ways, based on (i) defined attributes or parameters or 
(ii) accident sequences. The attributes adopted include: 

• containment boundary status 

• time of change of containment status 

• availability of mitigation systems 

• fission product release mechanisms 

• reactor pressure vessel status,  

and others. An approach in the binning of the APET/CET end points is the use of a 
logic diagram (e.g. by NNC, UJV, INR and PSI) with the attributes as the top events 
and some user functions provided by the APET/CET processing codes. Depending 
on the size of the APET/CET, the binning can also be performed directly. The other 
approach of RC definition is based on a number of defined accident sequences (e.g. 
Framatome and GRS). In this approach the attributes are similarly considered but not 
so explicitly displayed as in the case of using a logic model. 

There is great variation in the number of RCs/STCs utilised. The number can vary 
from approximately 10 - 20 to an upper limit of 1000 from combinations of attributes 
defined (e.g. IRSN approach). The larger number of bins needs to be grouped into a 
smaller number of bins, for reasons of practicality (e.g. IRSN approach for result 
presentation and NNC approach for Level 2/ Level 3 interface). It appears that the 
Swedish organisation has adopted a hybrid approach in the use of sequence based 
RCs and source term based RCs.   

Computer codes for source term calculations: The source terms are derived largely 
from calculations based on integral severe accident codes MAAP and MELCOR (e.g. 
Framatome, GRS, NNC, Swedpower, UJV, VEIKI, INR and PSI). IRSN�s approach is 
based on a simplified model developed using ASTEC code calculations and 
experimental results. Adjustment for iodine speciation is achieved using the IMPAIR 
code calculations (e.g. Framatome and PSI) or using bounding values (e.g. GRS, 
NNC, Swedpower). Similarly bounding adjustments are made to account for some 
other aerosol generation mechanisms from in-vessel and ex-vessel steam explosions 
and HPME/DCH.  

Source term grouping: The source term groups are largely based on the grouping 
methodology specified in the integrated codes (e.g. Framatome, NNC, Swedpower 
and VEIKI). Other approaches make use of a smaller number of groups, typically 3-4, 
to account for noble gases and radiologically significant volatile species Iodine and 
Caesium (e.g. GRS, IRSN, UJV). The NUREG-1150 grouping is adopted by INR and 
PSI.  
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Table 5.1 Level 1/Level 2 PSA interface adopted in the IRSN Level 2 PSA 
(taken from [5.3]) 

 
Interface variables 

PT � RCS break size SF � Component Cooling or essential 
service water systems 

PL � RCS break localization AP � Water makeup to RCS availability   
RT � SGTR number BA � Safety injection water tank 
VL � V-LOCA SE � Secondary system break 
AS � CHRS availability SO � Pressurizer safety valve availability 
BP � Low pressure safety injection 
availability 

IE � Containment isolation 

HP � High pressure safety injection 
availability 

CR � Core criticity 

GV � SG availability PR � Residual power 
LC � Electrical board availability (low 
voltage) 

PU � Emergency plan 

LH � Electrical board availability (high 
voltage) 

 
 
 

Examples of AS and LH variables values 
AS variables values LH variables values 

1 = CHRS available and in service 
2 = CHRS available and not in service 
3 = CHRS not available, failure occurred at 
demand 
4 = CHRS not available, failure occurred in 
functions � not contaminated 
5 = CHRS not available, failure occurred in 
function - contaminated 

1 = LHA and LHB electric board available 
2 = only LHA available 
3 = only LHB available 
4 = LHA and LHB not available 

 
 

Number of PDS 
 Number of PDS 

LOCA (large break) 17 
LOCA (medium break) 24 
LOCA (small break) 8 
LOCA (very small break) 10 
SGTR 20 
Secondary Break 13 
Loss of heat sink 13 
Loss of steam generator water injection 17 
Total loss of electrical power 12  
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Table 5.2 CET for Japanese 1100 MWe PWR Level 2 PSA (taken from [5.7]) 
Phase Headings Contents 

A1: Containment isolation Containment is not isolated. The containment failure by 
overpressurization is precluded. 

A2: CV bypass ISLOCA Interfacing system LOCA leads to core damage and the pathway to the 
environment which bypasses the containment exists. 

A3: CV bypass SGTR SGTR leads to core damage and the pathway to the environment which 
bypasses the containment exists. 

Phase I: 
Before core 
damage 

A4: CV failure prior to core 
damage 

Containment pressure prior to core damage is beyond the containment 
pressure limit due to steam production. 

BM1: Forced depressurization The forced depressurization of primary system by pressurizer PORVs 
that is the AM mitigation measure is performed. 

B1: In-vessel steam explosion Steam explosion in reactor vessel occurs to result a failure of top head 
of reactor vessel and a containment failure occurs by a missile of vessel 
head. 

B2: Temperature induced 
LOCA 

A LOCA occurs at the hot leg or the pressurizer surge line induced high 
temperature gas from the melted core. 

BM2: Water injection into the 
SG 

The water injection into the SG by feed water pumps that is the AM 
mitigation measure is performed. 

B3: Temperature induced 
SGTR 

Steam generator tube rupture induced high temperature gas from the 
melted core occurs to result in a formation of the pathway which 
bypasses the containment. 

B4: Hydrogen detonation 
before RV fail. 

Hydrogen produced during core heatup and core-coolant interaction 
and hydrogen detonation occurs in the containment. 

Phase II: 
From core 
damage to 
reactor vessel 
failure 

B5: Over-pressure failure 
before RV fail. 

The Containment pressure boundary prior to reactor vessel failure is 
beyond the structural failure limit due to hydrogen detonation. 

C1: Release fraction of core 
mass 

The debris of a mass fraction of core is released following the reactor 
vessel failure. 

C2: Debris release type The debris is dispersed following the reactor vessel failure or falls by 
gravity force. 

CM1: Water injection into the 
CV 

The water injection into the CV by a fire pump that is the AM mitigation 
measure is performed. 

CM2: Charging injection The water injection into the primary system by charging pumps that is 
the AM mitigation measure is performed. 

C3: Reactor cavity coolant The sufficient water to which steam explosion occur is, or is not present 
in the reactor cavity at the time of reactor vessel failure. 

C4: Direct containment heating The direct containment heating occurs and pressure rise occurs. 

C5: Ex-vessel steam explosion The steam explosion occurs and pressure rise occurs. 

C6: Hydrogen detonation The hydrogen detonation before reactor vessel failure occurs in the 
containment. 

Phase III: 
Early phase after 
the reactor vessel 
failure 

C7: CV fail. Just after RV fail. The containment pressure boundary just after reactor vessel failure is 
beyond the structural failure limit due to steam spike, steam explosion, 
direct containment heating, or hydrogen detonation. 

DM1: Natural circulation The natural convection cooling by containment cooling units for normal 
operation that is the AM mitigation measure is performed. 

DM2: Water injec. & C spray 
recovery 

The containment spray by the fire water and the containment spray 
restoration that is the AM mitigation measure is performed. 

Phase IV: 
 Long term period 
after the reactor 
vessel failure  

D1: Debris cooling Coolable debris bed does form, or not form.. 
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Table 5.2 CET for Japanese 1100 MWe PWR Level 2 PSA (taken from [5.7]) 
D2: Hydrogen detonation  The hydrogen detonation during a long term period after the reactor 

vessel failure occurs in the containment. 

D3: CV fail. By hydrogen 
detonation 

The containment pressure boundary is beyond the structural failure limit 
due to the hydrogen detonation. 

D4: Over-pressure CV fail. The containment pressure during a long term period after the reactor 
vessel failure is beyond the containment pressure limit due to 
production of non-condensable gas and steam. 

 

D5: Basemat melt through The melt-through of containment concrete basemat by the core-
concrete interaction occurs. 
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Table 5.3  Source term categorization in Level 2 PSAs involved in SARNET study (taken 
from [5.2]) 

Organisation No of bins Attributes to define bins Computer codes 
for source term 
calculations 

Source term 
grouping 

Comments 

AVN, 
Belgium 

 

- - - - Radiological 
releases not 
assessed yet. 

EDF, France 

 

15 RCs Mode of containment 
failure, timing of core 
melt, DCH, safeguard 
system, RPV failure 
timing 

   

Framatome, 
France 

 

8 RCs (for EPR) 

 

Defined by representative 
accident sequence, 
accounting for accident 
initiator, safety system 
availability, leakage 
pathways and others (for 
EPR) 

MELCOR for BWR 
PSAs, 

MAAP4 for PWR, 

MAAP4 and 
COCOSYS for 
EPR 

Based on MAAP4 
grouping (12 groups), 
iodine model in 
MAAP4 used for PWR 
study, IMPAIR iodine 
model used for EPR 
study 

 

GRS, 
Germany 

 

8 RCs (for PWR) Timing of release, release 
route (ringroom ventilation 
system), filtered venting, 
V sequence and SG tube 
leak 

MELCOR (v 1.8.4) 
for PWR study, 
adjustment made 
for iodine release: 
5% as elemental 
and 0.5% as 
organic  

RC definition based on 
noble gases, iodine 
and caesium 

 

IRSN, France 

 

RCs defined by APET 
based on a number of 
defined attributes, 
combination led to 
about 1000 RCs. 
These RCs are re-
grouped for result 
presentation. 

37 identified, including 
containment failure mode 
and timing, status of 
safety features (RHRS, 
pressuriser valve), early 
and late containment 
challenging mechanisms, 
V-LOCA 

Simplified model 
developed using 
ASTEC code 
calculations and 
experimental 
results (PHEBUS-
PF and 
VERCORS) 

4 groups: noble gases, 
molecular iodine, 
organic iodine and 
aerosols 

The release model 
includes several 
parameters for 
uncertainty 
assessment.  

LEI, Lithuania 

 

10 RCs, grouped into 
3 main categories 
INPP1 to INPP3 

Core damage mode 
(number and modes of 
ruptured fuel channels); 
ALS (confinement) failure 
modes or bypass 

RETI, CONTAIN 
and expert 
judgement 

Source term estimates 
are based on iodine 
release 

 

NNC, UK Source term 
categories (STCs) 
defined by CET based 
on a number of 
defined attributes, 
combination led to 
over 300 STCs for 
CET end-point 
grouping for all PDSs.  

Allocation of CET end-
points based on a source 
term phenomena logic 
tree with the following 
variables: oxidation 
release from FCI or 
HPME, vaporisation 
release from CCI, 
containment failure 
modes (DB leakage, 
enhanced release, gross 
failure) and timing, 
basemat melt-through. 

 

Fuel load PSA 
based on MAAP 
3B, adjustment 
made for iodine 
release, 0.2 % 
assumed as 
organic iodine. 
FCI/HPME source 
term based on 
NUREG-1150 
approach. 

Follow on studies 
based on MAAP4. 

12 groups as defined 
by MAAP 
methodology 

The STCs were 
grouped into 22 RCs 
defined for L3 PSA 
analysis. 
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Table 5.3  Source term categorization in Level 2 PSAs involved in SARNET study (taken 
from [5.2]) 

Organisation No of bins Attributes to define bins Computer codes 
for source term 
calculations 

Source term 
grouping 

Comments 

SWP, 
Sweden 

Two types of RCs 
adopted: sequence 
based RCs and 
source term based 
RCs. 10-20 sequence 
based RCs and 
approximately 50 
source term based 
RCs are used. 
Sequence based RCs 
are used mainly for 
grouping the CET 
end-points 

Sequence based RCs 
typically are defined by 
safety functions or factors 
that are important for the 
timing or magnitude of the 
releases. The 
quantification of the RC is 
usually based on a 
representative sequence 
using MAAP. 

Source term based RCs 
are defined by parameters 
that influence the 
releases, e.g. release 
initiation and release 
magnitude over intervals. 
Assignment of CET end-
points is based on a rule-
based approach.    

Based on MAAP4, 
allowance made 
for organic and 
elemental iodine, 
FCI and DCH by 
expert judgement 
and other 
methods.  

12 groups as defined 
by MAAP4 
methodology 

Specific emphasis 
placed on Cs as 
Swedish accident 
mitigation provision 
aimed to reduce 
ground 
contamination of 
long life fission 
products 

 

TUS, 
Bulgaria 

   RC definition based on 
noble gases, iodine 
and caesium 

General approach to 
radioactive releases 
assessment 
provided. 

UJV, Czech 
Republic 

12 categories defined 
that are usually 
binned to 5 by 
EVNTRE for current 
revision. Definition 
based on release 
timing and magnitude 
of Cs and Ba, with 
defined thresholds. 

Classification for the 
APET end points is 
performed with the user 
functions. Release 
mechanisms are defined 
by some nodes and the 
mitigation (in the form of 
decontamination factors 
extracted from MELCOR 
analysis) defined by 
others.   

Based on 
MELCOR 1.8.3 
calculations 

4 groups are traced: 

Noble gases, Cs, Te, 
Ba 

Molecular and 
organic iodine are 
neglected, iodine 
assumed as CsI. 
Phenomena not 
treated include: 
aerosol formation 
due to ex-vessel 
steam explosion and 
HPME/DCH, 
revolatilisation due 
to hydrogen burn  

VEIKI, 
Hungary 

13 source term 
categories (STCs) for 
�at power� PDSs and 4 
for shutdown and 
spent fuel storage 
pond faults.  

CET endpoints binned 
according to: containment 
boundary status, state of 
reactor before accident, 
time of change of 
containment boundary 
status, mitigation system 
status 

Based on 
MAAP4/VVER 
calculations 

13 groups as defined 
by MAAP4/VVER 
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Figure 5.1 Containment failure frequency (taken from [5.7]) 

 

 

Note: 
Mode Definition 

α An in-vessel steam explosion generate a missile of upper head top which causes a containment failure. 

β Loss of containment isolation lead to large leakage early in the accident. 

γ Hydrogen produced in core prior to reactor vessel failure bums rapidly in containment to cause a containment failure. 

γ � Hydrogen released to the containment at the time of reactor vessel failure bums to cause a containment failure. 

γ � Failure by gamma or γ � mode does not occurs and combustibles accumulated late after reactor vessel failure bum to 
cause a containment failure. 

δ Steam and non-condensable gases are accumulated by core-coolant and core-concrete interactions and containment 
fails by overpressurization. 

ε Containment fails by besemat melt-through due to core-concrete interaction. 

η Containment fails by steam explosion in reactor cavity. 

θ Containment fails by overpressurization due to a loss of containment engineered safety features (containment failure 
prior to core damage). 

σ Core debris is ejected from the reactor vessel at high velocity and containment fails by direct containment heating. 

G Radioactivities are released from the hole in steam generator tube to the environment through the secondary system 
and bypass the containment. 

ν Radioactivities are released from the hole in primary coolant system to the environment through the auxiliary building 
and bypass the containment. 

 

β θ γ α g σ η γ σγ γ ε δ ν Total

Without AM
With AM

10-20

10-18

10-16

10-14

10-12

10-10

10-8

Fr
eq

ue
nc

y 
(1

/R
Y

)

Containment failure modes
' ' "



NEA/CSNI/R(2007)16 

106 

6 LEVEL 2 PSA MODELS AND QUANTIFICATION 

6.1 Introduction 

A summary of 9 approaches with the capability of representing severe accident 
progression in a logical manner is provided in Chapter 6 of the original report. They 
include APET/CET, fault tree method, Markov model, influence diagrams, checklist 
approach, extrapolation approach and issue rotation. No specific case studies have 
been included in the discussion although CET/APET examples are provided in 
Chapter 5 in the original report. A discussion on the use of large versus small CETs 
is also provided in the original report. There is, to date, little evidence of the direct 
application of some of the listed approaches in Level 2 PSAs, e.g. use of Markov 
model and influence diagrams. 

The key elements of a formal expert elicitation process as adopted in the NUREG-
1150 study are briefly outlined in the original report. They include: (i) selection of 
issues, (ii) selection of experts, (iii) elicitation training, (iv) presentation of issues, (v) 
preparation and discussion of analyses, (vi) elicitation by normative experts, (vii) 
aggregation of results and (viii) review of elicitation summary. A brief reference to an 
EC Framework Programme study on the benchmarking of expert judgement 
techniques is also provided in the original report.  

A discussion of uncertainty quantification is also provided in the original report with 
reference to a qualitative approach, via sensitivity analysis, and a more detailed 
description of a quantitative uncertainty propagation analysis. The steps involved in a 
general uncertainty study involve the following: (i) definition of the scope of the 
uncertainty analysis, (ii) characterisation/ evaluation of the uncertainties, (iii) 
propagation/ combination of the uncertainties and (iv) display and interpretation of 
the results of the uncertainty analysis. A summary is provided on the uncertainty 
treatment adopted in the NUREG-1150 study, comprising the development of 
probability distributions, the propagation of uncertainties using a stratified Monte 
Carlo sampling method, viz the Latin Hypercube Sampling (LHS) method and 
sensitivity analysis using rank regression method. A description of these steps in the 
performance of uncertainty study for the NUREG-1150 Surry PSA is provided for 
illustration. The sampling in the Surry study involved 49 variables for the APET 
analysis and 12 variables for the source term analysis. Another application in the 
form of the QUASAR study on the uncertainty analysis of source terms based on 
deterministic analysis using the Source Term Code Package (STCP) is also 
described. 

Recent development of methodology for supporting the quantification of CET/APET 
and the uncertainty analysis is discussed in Sections 6.2 and 6.3 respectively.  

6.2 Methods development 

6.2.1 Decomposition event tree 
Recent Level 2 PSAs have all made use of the CET/APET modelling approach and 
some illustrations are provided in Sections 2 and 5. As discussed in the original 
report, two approaches to constructing the event trees have evolved as follows: a 
small event tree approach where approximately 10 to 30 nodes are defined or a large 
event tree approach (as used in the NUREG-1150 study) where more than 100 
nodes are usually defined. In addition, a common approach in the quantification of 
small event trees is to use a Decomposition Event Tree (DET) or a 
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Phenomenological Fault Tree (PFT) to allow a more traceable and detailed treatment 
of the top event. These decomposition models are used specifically to take account 
of uncertainty in severe accident phenomena by delineating the different physical 
possibilities for an event defined by an event tree node. The information contained in 
the two types of containment event tree is generally consistent because many of the 
event nodes of the large APETs are treated in the DETs used to support the smaller 
containment event trees. The DET approach is more commonly used as it is 
compatible with a number of event tree processing programs. An illustration of a 
CET/DET approach is provided in the Level 2 PSA for the Bohunice V2 [6.2]. 

The use of DET has also been used to investigate some specific issues.  An example 
is provided in the original report on the evaluation of natural circulation induced creep 
rupture failure of steam generator tubes for station blackout sequences. This takes 
into account the timing and other failure locations, including hot leg, surge line or 
vessel failure. A DET has been used for the evaluation of the in-vessel corium 
retention (IVR) strategy for BWRs [6.3]. The phenomena seen as important to the 
IVR behaviour were first identified for evaluation for modelling in an event tree and 
they include: 

• Molten corium relocation to lower plenum of RPV. 

• Falling corium breakup and cooling in water pool. 

• Interaction between falling melt/ accumulated debris and lower head penetration. 

• Accumulated debris cooling by overlying water pool. 

• Crust formation and natural convection of molten pool. 

• Gap formation between accumulated debris layer and lower head, and gap 
cooling. 

• Lower head failure. 

Based on existing data and core melt progression analysis, 4 specific parameters 
were selected (amount of corium relocated to the lower plenum, corium temperature, 
molten jet diameter and water ingression into the gap between the crust and lower 
head wall) for inclusion in the IVR DET, shown in Figure 6.1.  This DET was applied 
to evaluate the IVR capability for a number of core melt sequences for different 
timing and availability of the control rod drive (CRD) cooling water injection system 
and alternative water injection systems. The analysis suggested high likelihood of 
IVR for low pressure condition achieved by accident management and with 
continuous operation of the CRD water injection system.  The evaluation of the IVR 
issue in a number of studies involving the ROAAM approach is also discussed in 
Sections 4.4.1 and 6.2.2. A further example of DET application is the evaluation of 
containment failure from ex-vessel steam explosion for the Japanese advanced PWR 
(APWR) plant [6.11]. 

An event tree approach to analyse containment iodine behaviour has been proposed 
in [6.4]. The event tree has been developed to include important processes that 
influence iodine behaviour, including: aerosol depletion characteristics, sump water 
pH, Ag source to sump, containment atmosphere and sump water temperatures, 
containment dose rates and others. The model was applied to analyse the PHEBUS 
FPT1 experiment.   
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6.2.2 Risk Oriented Analysis Methodology (ROAAM) 
The Risk Oriented Accident Analysis Methodology (ROAAM) was initially developed 
for assessment and management of rare, high consequence hazards [6.5]. The 
objective of most ROAAM applications to date has been to resolve major, isolated 
severe accident issues related to early containment threat, e.g. Mark-I liner attack, 
alpha mode containment failure from in-vessel melt coolant interaction and direct 
containment heating. These phenomena are seen to involve significant 
phenomenological and modelling uncertainties (epistemic uncertainties). The 
purpose of ROAAM in this issue resolution context is specifically to deal with these 
uncertainties in low-probability, high-consequence situations and produce issue 
resolution that can be widely accepted and approved.  

The basic principles of ROAAM are clarity (transparency in separating out the 
essential portions of epistemic uncertainty), consistency (a screening frequency is 
used to exclude physically unreasonable situations, i.e. the accident sequence and 
initial conditions must be logical) and completeness (all sequences that cannot be 
excluded on physical grounds must be considered).  

ROAAM is based on understanding the phenomena underlying physics. If the 
knowledge of physical phenomenon is found to be insufficient, the quantification is 
not even attempted before careful studies, involving modelling and experimental 
verification. Briefly, ROAAM can be described as a process in which a complicated 
physical phenomenon is decomposed in a controlled way into sub-phenomena, each 
one of which represents a well-posed technical problem and can be solved 
independently. This is done with a probabilistic framework, in which the central 
element is one or more causal relationships (CR's), i.e. the models of the physical 
systems. The parameters in the model are either deterministic or intangible (which 
are subject to inherently variable behaviour). The intangibles and the uncertainties in 
the deterministic parameters are presented by means of probabilistic density 
functions (pdf's). Integration of the causal relationships and probabilistic density 
curves through probabilistic framework is effected by introducing a physically based 
probabilistic scale, as shown in Table 6.1 for the temporary quantification of 
intangibles, and the results are rendered in qualitative terms by applying this scale in 
reverse. This scale is arbitrary, except for providing the definition of "physically 
unreasonable" process as one involving the independent combination of an end-of-
spectrum with one expected to be outside but cannot be positively excluded. The use 
of ROAAM approach in the issue resolution context for the treatment of 
phenomenological uncertainties is summarised in [6.5]. In the uncertainty analysis of 
the Level 2 PSA for a Japanese PWR plant, the uncertainty probability distributions 
for in-vessel and ex-vessel steam explosions, direct containment heating and debris 
coolability in the reactor cavity were derived using the ROAAM approach [6.7]. 

6.2.2.1 Integrated ROAAM for SAM application 

This structured approach has been extended for Loviisa in an integrated context to 
provide a framework for the evaluation of the adequacy of the overall safety achieved 
for the plant and to guide further development of SAM strategy [6.6]. In its 
implementation, the Integrated ROAAM begins with a complete system analysis 
along the lines of a Level 1 PSA study to define accident classes, success of 
operator actions and availability of mitigation systems, associated plant damage 
states and respective frequencies. A screening frequency is used to determine which 
accident classes can be considered as �remote and speculative� and these are 
screened out. For the accident classes whose frequencies exceed the screening 
frequency, containment failure must be shown to be �physically unreasonable� (or if 
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this is not the case, accident management measures or plant (or design) 
modifications should be considered to achieve this goal). This is done by applying 
ROAAM in the issue resolution context for all relevant containment-challenging 
phenomena.  

To determine the boundary conditions of the severe accident sequences that have to 
be mitigated (that is, the sequences that are not to be considered as �remote and 
speculative�), the core damage sequences from the Level 1 PSA are binned into a 
smaller number of physically-based accident classes. Seven accident classes with a 
frequency exceeding the screening frequency (selected to be 1x10-6 /year for 
Loviisa), and which thus have to be mitigated, were identified. A containment 
safeguards tree developed for Loviisa, is used to demonstrate that the screening goal 
has been met for all plant damage states except for those with full mitigation system 
availability. By this approach three �plant damage states� have been identified which 
require phenomena mitigation to be demonstrated using ROAAM in an issue 
resolution context. ROAAM analysis has been applied to the mitigation strategies of 
in-vessel retention of corium and hydrogen management. In this hydrogen 
management study, ROAAM has used to show that containment-challenging 
hydrogen events are �physically unreasonable� for all accident sequences within the 
�accident management window� when the hydrogen management strategy is 
implemented in the Loviisa containment. The hydrogen management strategy is 
comprised of three different components, which entailed significant plant 
modifications: A capability to force open ice-condenser doors to ensure efficient 
containment atmosphere mixing, controlled removal of hydrogen by means of 
passive catalytic recombination, and availability of deliberate ignition in the lower 
compartment in case to mitigate hydrogen release spikes in connection with flooding 
a severely overheated core. 

The probabilistic models developed for the in-vessel corium retention strategy and 
hydrogen management strategy are shown in Figures 6.2 and 6.3 respectively. The 
ROAAM approach has similarly been considered for the evaluation of the 
effectiveness of the in-vessel corium retention strategy for the advanced APR1400 
design [6.8].  

6.2.3 Use of �physical models� for APET quantification 
Notable development of methodology has been performed for the IRSN Level 2 PSA 
study for the French 900 MWe PWR [6.9]. The methodology is currently limited to 
power states but is to be extended to cover shutdown states in the future. The 
general methodology was based initially on the NUREG-1150 approach. A number of 
notable features are: 

• A large number of PDSs have been defined from the combination of 19 variables 
defined for the Level 1/Level 2 PSA interface. 

• The quantification of the physical phenomena in the APET is achieved by a 
number of physical models. The construction of the physical models is based on 
results obtained by validated code calculations and is based on two approaches, 
viz response surfaces and table of results (specifically for core degradation 
progression). Expert judgement is used mainly for result interpretation and when 
direct code calculations are not possible.  

• A specific model BETAPROB has been developed for the evaluation of 
containment leakage through reactor building penetrations. 
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• A simplified radioactive release calculation model has also been developed. The 
model assumptions are based on calculations using the ASTEC code or derived 
from experimental data (e.g. PHEBUS-PF and VERCORS experiments) 

• A large number of up to 1000 release categories are defined from the 
combination of release variables. These detailed release categories are then 
binned into larger categories for result presentation. 

• A Level 2 PSA quantification software KANT has been specifically developed to 
meet the Level 2 PSA objectives and the quantification requirements. 

The physical phenomena addressed in the APET, comprising of 4 phases, are shown 
in Figure 6.4. The computer codes used for the construction of these physical models 
are listed in Figure 6.5. The response surface model approach has been adopted for 
the physical models for: advanced core degradation, in-vessel steam explosion and 
mechanical consequence, ex-vessel steam explosion and mechanical 
consequences, direct containment heating, molten core concrete interaction and 
mechanical behaviour of containment building. The general methodology, described 
in [6.10], comprises the 3 following steps: 

(i) Choice and hierarchy of upstream variables 

(ii) Elaboration of a response surface for each downstream variable, and  

(iii) Check the response surface accuracy. 

The APET physical model is schematically shown in Figure 6.6. Three examples are 
illustrated in [6.10] on ex-vessel steam explosion, direct containment heating (DCH) 
and containment failure.  The DCH model has to calculate two downstream variables: 
the mass of dispersed corium and the pressure peak in the containment. The 
upstream variables may be state variables or uncertain variables. These state 
variables provide relevant information on the plant state for the evaluation of the 
physical phenomena, typified by the physical conditions (e.g. RCS pressure) or 
systems information (pressuriser valve opening). The state variables for the DCH 
model are the vessel pressure and mass of corium at vessel breach, the vessel 
breach diameter and hydrogen mass in the containment. The uncertain variables are 
to account for uncertainties and are defined by probability distributions. Examples of 
uncertain variables for the DCH model include the corium particle diameter, the heat 
transfer coefficient between corium particles and containment atmosphere and the 
duration of hydrogen combustion. The derivation of the APET DCH model is outlined 
in [6.10]. 

A summary of available software developed for the processing of CETs/APETs is 
provided in the original report.  A notable development in this class of tools is the 
KANT software produced by IRSN. A special feature of the KANT software is the 
modelling of physical phenomena with their dependencies in a Level 2 PSA event 
tree, the nodes (and the associated issues addressed in a decomposition event tree) 
of the CET/APET for each PDS are directly calculated by user specified programs 
which may vary in complexity. 

The code is comprised of three main modules: 

• APET development: This module provides the modelling of the interface with 
Level 1 PSA and the development of severe accident sequence in the event 
trees (including physical phenomena, systems and human actions); 
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• APET quantification: This module provides the computation of the accident 
sequences and the associated releases (KANT is coupled to a radiological 
release calculation model which calculates the releases using simplified 
physical models).  There is no limitation in terms of number of release 
categories which are directly calculated during the quantification phase. If the 
number is too high, the release categories can be grouped to facilitate the 
presentation of the results. This module also allows uncertainties evaluation 
using a Monte Carlo method. 

• Result presentation: This is a post-processing module which provides 
presentation of the study results.  

6.3 Uncertainty issue quantification technique 

6.3.1 Definition and types of uncertainty 
The uncertainties inherent in the Level 2 PSA arise in two ways as follows: 

• aleatory uncertainties that arise from the natural randomness in the processes 
that occur during a severe accident. This type of uncertainty cannot be reduced 
or eliminated, and 

• epistemic uncertainties that arise from the lack of knowledge in the processes 
that occur during a severe accident. This type of uncertainty can be reduced or 
eliminated by gaining a better understanding from further research and 
development. 

In the context of a Level 2 PSA, the epistemic uncertainties can be classified into 
three types as follows: 

• parameter uncertainty in the probabilities used to quantify the Containment Event 
Trees, 

• model uncertainty due to the incomplete knowledge of the phenomena that can 
occur during a severe accident, or to inadequacies or simplifications in the 
modelling, and 

• completeness uncertainty due to the incompleteness of the analysis � that is, 
whether there are any fault sequences and specific phenomena associated with 
these sequences that have not been included. This type of uncertainty can be 
reduced by carrying out a peer review of the analysis. 

6.3.2 Treatment of uncertainty 
To some extent, in practical terms, the Level 2 PSA addresses uncertainties directly 
since, in the quantification of the analysis, the probabilities of the branch points of the 
event trees relate to the analyst�s degree of belief in the possible outcomes given the 
uncertainties involved. The Containment Event Tree methodology of the Level 2 PSA 
thus can be regarded as a suitable framework for addressing parameter and model 
uncertainties explicitly. More recently, the ROAAM approach may be seen as 
providing a more detailed structured approach in dealing with epistemic uncertainties 
associated with a number of severe accident issues and has been used in a 
complementary way to Level 2 PSAs. 

Advanced methodologies in the form of Dynamic Event Tree (DET) methods are also 
being developed to deal with the uncertainty presented by stochastic events. One 
example of this is the MCDET approach which combines a Monte Carlo (MC) 
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simulation with a discrete DET approach. This approach was developed to provide a 
more realistic model of the complex dynamic interactions that occur during a severe 
accident. In the MCDET approach, the discrete aleatory uncertainties are generally 
taken into account in the deterministic DET and the continuous aleatory uncertainties 
in the Monte Carlo simulation.  

An example of dynamic event tree analysis for a station blackout (SBO) sequence 
using the MCDET method is provided in [6.12]. The MCDET methodology was 
developed to consider time dependent interactions of stochastic events and the 
process dynamics. The approach is to couple an integral code MELCOR with a 
stochastic module, where the interaction of dynamics and stochastics is explicitly 
taken into account. The issues which are subjected to aleatory uncertainty are 
sampled according to specified probability density functions, producing a set of input 
data and related probabilities for analysis using MELCOR. Three particular 
mechanisms of pressure reduction for this high pressure core melt sequence were 
examined: manual depressurisation of the primary system, creep rupture failure of 
primary system pipework and stuck open safety valves. The results from the MCDET 
analysis and the classical APET analysis were compared. Overall, there was 
reasonable agreement in the analysed results, represented by the RPV status profile 
(RPV failure at high pressure, RPV failure at low pressure, RPV remains intact with 
corium retention in the lower plenum and in core region) given the differences in the 
methodologies. Both approaches consistently predicted that most of the SBO event 
progressions would eventually lead to low pressure events. The capability of the 
MCDET is clear in that it produces a wide spectrum of possible accident sequences 
which are not constrained by the classical event tree approach. The need to analyse 
a very wide spectrum of sequences generated however leads to a computationally 
intensive demand. In this study based on a SBO as an initiating event, the number of 
accident sequences needed to be analysed was under 10000 and was restricted to 
the in-vessel phase covering the first 12000 seconds of the accident. The study 
suggested that the use of parallel processing may provide a way forward. A review of 
some other advanced methods suitable for further advancement of uncertainty 
analysis for Level 2 PSAs is provided in [6.13].  

In the majority of Level 2 PSAs performed to-date, the uncertainty analysis has been 
pursued largely in the form of simple sensitivity studies for the CET/APET analysis. 
Some examples are provided in Section 2. Although this represents a practical 
approach to the consideration of uncertainties, the results of the sensitivity studies 
have no statistical significance in the overall Level 2 PSA. The NUREG-1150 study 
provided a milestone in Level 2 PSA methodology in that it included a structured 
uncertainty analysis as outlined in the original report. This approach has only been 
applied previously in a limited number of cases. More recently, however, the 
NUREG-1150 type approach in the characterisation of uncertainty issues by using 
probability distributions and the propagation of these uncertainties through the 
different steps of a Level 2 PSA is increasingly used as attempts are made to 
address uncertainties in Level 1 and Level 2 PSAs in a systematic and integrated 
manner. A recent example is provided by the uncertainty analysis performed for the 
Level 2 PSA for Paks [6.14]. In this analysis, the uncertainties were propagated from 
the Level 1 PSA to the Level 2 PSA. Several aspects were evaluated in the CET, viz: 
(i) recovery of ECCS to terminate melt progression, (ii) recovery of spray system to 
limit fission product releases, (iii) early containment failure from hydrogen burn and 
(iv) late containment enhanced leakage from reactor cavity door sealing failure. The 
generation of uncertainty distributions for the CET nodes made use of results from 
severe accident analyses and considerations of human failure probabilities, structural 
and equipment failures. Extensive severe accident analyses using MAAP4/VVER 
were based on samples generated from Latin hypercube sampling of 40 MAAP 
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parameters and 10 parameters for hydrogen ignition and containment fragility. 
Thousands of MAAP analyses were performed to support this uncertainty study.  

A more fundamental framework for the formal handling of epistemic and aleatory 
uncertainty has been developed to achieve consistent treatment of aleatory 
uncertainties addressed in the Level 1 PSA with the Level 2 epistemic uncertainties  
[6.16]. Table 6.2 provides a summary of the key features of these uncertainties. The 
study suggests that the stochastic uncertainties involved in the phenomenological 
events may be less relevant for a number of reasons discussed in [6.16].    

Following the QUASAR study discussed in the original report, the relevance of 
aleatory uncertainty in the form of parameter uncertainty in severe accident 
progression analysis is also increasingly investigated to support the Level 2 PSA and 
risk-informed decision making. The relevance of uncertainty in the characterisation of 
safety margins to support Hydrogen Rulemaking in the US is illustrated by a study on 
the estimation of in-vessel hydrogen in a station blackout scenario for the Sequoyah 
plant which has an ice condenser containment [6.15]. The study was based on the 
MELCOR code and its uncertainty software, involving 40 samples generated from 
eight selected uncertain parameters. The MELCOR results provided narrower 
distributions compared to those derived from the NUREG-1150 expert elicitation. The 
uncertainty band is shown to be increasing with the accident progression. The 
relevance of parameter uncertainty on source terms based on the THALES2 code 
was similarly performed for a BWR plant with a Mark II containment [6.11]. 
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Table 6.1  Definition of probability levels [6.6] 

Process 
likelihood 

Process characteristics 

1/10 "Behaviour is within known trends, but obtained 
only at the edge-of-spectrum parameters" 

1/100 "Behaviour cannot be positively excluded, but it 
is outside the spectrum of reason" 

1/1000 "Behaviour is physically unreasonable and 
violates well-known reality. Its occurrence can 
be argued against positively" 
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Table 6.2 Characterization of random/ aleatory and epistemic portions of 
uncertainty [6.16] 

Items Aleatory portion Epistemic portion 

Classification 
criteria 

Level of modelling details 

Knowledge about the laws governing the occurrence of an event 

Degree of the sensitivity to the initial conditions or environment 

Terminologies Random/ Stochastic, Irreducible, 
Observable, Inherent Uncertainty 

State-of-knowledge, 
Reducible,  

Unobservable, Cognitive 
Uncertainty 

Uncertainty 
sources 

Randomness/ variability of an 
event, 

Circumstance variability 

Inaccurate knowledge of a 
fixed quantity 

Alternative representations of 
a true but unknown value  

Measure Probability model of random 
variability or circumstance 
variability among unspecified 
values in the population 

Subjective probability model 
of a fixed but unknown 
quantity or different 
distribution or model 
assumptions 

Uncertainty 
management 

We don�t know and understand 
the underlying reasons and 
behaviours governing 
randomness, so it is not 
practically reducible 

As we know more about the 
underlying problem, it can be 
effectively reduced 

Analysis 
purpose 

Answer the question on what 
might actually happen and with 
what probability 

Answer the question on how 
well we know and how much 
our knowledge about it might 
change with additional 
information 

 



  NEA/CSNI/R(2007)16 

 117

  

Figure 6.1 Decomposition Event Tree for the probability of lower head 
failure [6.3] 
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Figure 6.2 Probabilistic framework for In-vessel retention of corium study 
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Figure 6.3 Probabilistic framework for containment failure due to H2 
combustion [6.6] 
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Figure 6.4 Physical models used in the IRSN APET (taken from [6.9]) 

 

Notation for the physical models: 
• accident progression before core degradation (BCD model) 
• accident progression during core degradation (DCD model) 
• induced SGTR in case of core melting with a pressurized RCS (I SGTR model) 
• hydrogen combustion during core degradation (H2 model) 
• advanced core degradation (ACD model) 
• in-vessel steam explosion and mechanical consequences (IVE model) 
• ex-vessel stem explosion and mechanical consequences (EVE model) 
• direct containment heating (DCH model) 
• accident progression after vessel rupture (melt-corium concrete interaction) (MCCI model) 
• combustion during MCCI (H2 �CO model) 
• containment mechanical behaviour (CMB model) 
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Figure 6.5  Codes used for the construction of physical models (taken from [6.9]) 

 

 

 

Figure 6.6 Schematic representation of an APET physical model (taken from 
[6.10]) 
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7 INTEGRATED AND PSA-INFORMED APPROACH TO DECISION MAKING 

7.1 Introduction 

Chapter 7 in the original report provides a summary on the development of risk 
informed decision making and the approaches adopted in some member states. 
Some early examples of modifications and backfits to containment systems at PWR 
and BWR plants based on Level 2 PSAs are also listed. During the last decade, 
many more plant specific PSAs have been performed and they have similarly been 
used to assist the decision making process on plant safety improvements. The 
development of risk-informed regulations and methodology, and examples of risk-
informed applications by plants in the US and Europe have been provided in the 
recent IAEA TECDOC on risk informed regulation and decision making [7.2] and PSA 
applications [7.3]. Some key issues related to PSA methodology development, the 
limitations and the quality needed for a variety of PSA applications are discussed in 
[7.3]. Many of the examples of PSA based plant modifications provided in [7.2] and 
[7.3] are primarily concerned with risk informed applications based on Level 1 PSA.  
A good summary of the current PSA status for regulatory and utility applications in 
the US is provided in [7.4], including the US NRC�s effort to develop risk-informed 
methods for regulatory decision making. An illustration of the improvement in the risk 
history profile from continuous plant improvements over the plant operating period is 
provided in [7.4]. 

More recently, in many countries, as part of a plant periodic safety review and license 
renewal, there is the demand for the consideration of design alternatives to mitigate 
the consequences of severe accidents. Typically, the severe accident management 
(SAM) measures to be considered for evaluation in a Level 2 PSA can be divided into 
3 groups: 

• measures to restore cooling shortly after core damage, 

• measures to prevent containment failure, 

• measures to mitigate radiological releases following containment failure and 
bypass. 

A discussion of these measures and some early case studies in the assessment of 
their effectiveness in the context of Level 2 PSA results is provided in the original 
report. Section 2 provides examples of more recent assessments of some SAM 
options for the following plants: Bohunice V2, Dukovany and Paks. Other examples 
of the confirmation of the effectiveness of SAMG implementation are provided in 
Section 4.3. 

7.2 Example of risk informed decision making in the Level 2 domain 

The use of a Living Level 2 PSA in supporting modifications in SAM strategy for the 
Olkiluoto plant (2 BWR units) in Finland is discussed in [7.5]. The implemented plant 
modifications in systems, procedures and training include: 

• Condensation pool pH control: This was implemented although its contribution to 
the Large Early Release Frequency is small. 

• Early automatic filtered venting: In the original SAM strategy the operators had to 
manually close the isolation valves in the filtered venting line to prevent 
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inadvertent early release to the environment due to premature opening of the 
rupture disk in the filtered venting line. The thermal hydraulic analysis however 
suggested containment integrity may be challenged from overpressure from 
steam and non-condensible gases. The procedures were changed so that the 
operators do not close the isolation valves. This resulted in a reduction of Large 
Release Frequency (LRF) of 7.9x10-6 /reactor year to 7.0x10-6 /reactor year 
following this procedure modification, although the impact on LERF is small. 

• Strengthening the lower drywell air lock: The range of dynamic loading from 
steam explosions in the lower drywell was estimated to be 10 - 30 kPas. The 
lower drywell access locks were modified such that they would sustain a loading 
of 54 kPas. This resulted in a reduction of the LRF of 7.4x10-6 /reactor year to 
5.8x10-6 /reactor year.   

• Manual flooding of lower drywell operator training: This training has resulted in a 
reduction of LRF of 5.5x10-6 /reactor year to 3.2x10-6 /reactor year. 

Other modifications were evaluated but not implemented. An example is the inertion 
of the containment before the start up. This option would decrease the LRF but the 
difficulty of performing start-up inspection ruled out this improvement. 

7.3 Use of Level 2 PSA information for decision making in off site 
emergency response  

Decision support systems for use in off-site emergency management, following an 
incident at a nuclear power plant, are gaining recognition as a useful and appropriate 
tool to aid decision makers. An area which is not so well developed is the �upstream� 
assessment of the plant status and the attendant source term released to the 
environment. Rapid estimation of this source term is crucial to the appropriate timely 
management of a nuclear emergency. The source term (in this context) is defined as 
the quantity and characteristics of the release of radioactivity to the environment 
through available release paths. This source term is presently estimated via a variety 
of methods, some of which are still under development. These methods range from 
simple tables of the source term for degrees of accident severity/plant damage 
through to complex on-line fast running computer codes which track the behaviour of 
the plant. The following is a brief description of an example of a recent development 
based primarily on knowledge derived from Level 2 PSAs and SAM. 

Within the framework of the STERPS project (an Euratom 5th framework project) a 
practical and effective probabilistic Bayesian Belief Network (BBN) system for the 
rapid and early diagnosis of source terms from potential accident scenarios at 
nuclear power plants has been developed [7.6]. The system has been customised 
initially to five PWR and 1 BWR reference of plants  within the European Union. The 
developed source term prediction software tool is referred as the SPRINT (System 
for the PRobabilistic Inference of Nuclear power plant Transients) [7.7]. The STERPS 
project was completed in 2004. 

The key plant parameters for inclusion in the probabilistic model were identified 
through a systematic consideration of fission product transport and retention 
phenomena in the identified plant compartments. Plant systems, which are available 
for the mitigation of accidents, and currently implemented SAM strategies at the 
reference plants were also considered. Transferring information on key plant 
observables that allow the user to determine the likely plant status and/or operability 
of plant system is key to this approach. The starting point for building a probabilistic 
based model, to describe the fission product transport and release phenomena 
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during an accident sequence, is a description of the logical relationship between 
various key plant parameters. These relationships are represented by a graphical 
network that consists of nodes and directed links between the nodes. In this case, 
the directed links usually represent a causal connection between two nodes Besides 
the network structure itself, the Conditional Probability Tables (CPTs) supporting the 
network contain the data that define the strength of influence of a parent node on a 
daughter node. The SPRINT architecture and the principal software components are 
described in [7.7]. The current SPRINT applications makes use of a set of pre-
defined accident source terms assembled typically from source term analyses 
performed as part of Level 2 PSAs.  Within the STERPS project, a feasibility study 
interfaces an alternative belief network for scenario selection with a fast running 
deterministic code (ADAM) to model accident progression and calculate source terms 
in real time was carried out in parallel with the main approach [7.8].  The 
development of the generic model and the initial adaptation for plant specific 
applications for several reference plants were completed during the STERPS project.  

Wider dissemination and demonstration of the SPRINT approach was pursued within 
the scope of the Euratom 6th framework project EURANOS involving an expanded 
user base. The objectives of the SPRINT demonstration project were three-fold: 

• to demonstrate the feasibility of using a software tool like SPRINT (interface and 
supporting logic model) within the technical support centres of the NPP during an 
emergency exercise, 

• to demonstrate the usefulness and timeliness of this information (probabilistic 
source term) and its influence on the decision making process at a national level, 
and 

• to collect feedback from plant operators, technical support centre staff and 
decision makers within the off-site emergency management organisations to 
produce recommendations on further development activities. 

Generally, the emergency response staff involved in the demonstration exercises 
regarded the tool as �fit for purpose� and were supportive of further exploring the 
concept. Probabilistic character of the prognosis, which is one of the new features of 
the source term prediction tools, was well accepted and the concept was clear for the 
users. Information generated by SPRINT also alerted the user to the existence of 
alternative possible plant states and provides quantitative measure for their 
likelihood. In the opinion of users the evaluation of source term was quicker as 
compared to the currently available methods, and the generated results are 
comparable or better. A number of limitations were also identified for further 
improvement and they are mostly related to input/output interfaces and aspects of 
BBN modelling. This SPRINT development has provided a potential means for 
effective information communication between plant control room team and off-site 
emergency management team for difficult decision making during emergency 
situations resulting from the unlikely events of severe accidents. The performance of 
Level 2 PSAs and the understanding of the plant mitigative capability has facilitated 
such development. This type of activity is seen to provide the required link between 
IAEA Safety Principle 8: Prevention of accidents and Principle 9: Emergency 
preparedness and response. 
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APPENDIX A: INTEGRATED SEVERE ACCIDENT ANALYSIS CODES 

A.1 Modular Accident Analysis Program (MAAP) - MAAP4 [A.1] 

A.1.1 General 

The EPRI Modular Accident Analysis Program (MAAP), developed by Fauske and 
Associates, LLC, as a PSA tool is a fully integrated code that couples thermal-
hydraulics with fission product release and transport.  It also dynamically couples the 
RCS, containment, and reactor/auxiliary building responses.  It has been used for 
many PSAs, especially for most of the U. S. Individual Plant Examinations (IPEs) and 
Severe Accident Management Guidelines (SAMGs) development and 
implementation.  Separate versions for PWRs and BWRs are available, as well as for 
CANDU, VVER, and ATR reactor designs.  Models for ALWR plant designs, 
including their passive features have also been implemented, benchmarked, and 
accepted for design certification.  It simulates the accident progression from a set of 
initiating events to either a safe, stable, and coolable state, or radioactive releases to 
the environment.  These may result from containment bypass, leakage, or structural 
failure due to overpressure. 

Accidents have been analyzed for a variety of transients, including Loss of Offsite 
Power (LOOP), Loss of Coolant Accidents (LOCAs), Main Steam Line Breaks 
(MSLBs), bypass, mid-loop operation, and shutdown sequences. 

The code has been subjected to independent design review and it has also been 
reviewed by the US NRC.  MAAP has been compared with other codes on: (1) 
pertinent aspects of severe accident phenomena (e.g., core melt progression, source 
term estimates for plant applications using MELCOR), (2) containment response 
(GOTHIC), and (3) mass and energy releases for small and intermediate LOCA 
break sizes (RELAP).  MAAP has also been benchmarked against a variety of 
integral and separate effects experiments. 

A.1.2 Thermal-hydraulic Modelling 

MAAP uses a control volume and flow path approach in which the geometry of the 
control volumes (called regions) is pre-specified and different for a PWR and a BWR. 
The BWR version has 8 control volumes for primary system gas flow and the PWR 
version has 14 plus the pressurizer and the quench tank.  The reactor containment 
building has an arbitrary user-defined nodalization.  The BWR and PWR primary 
systems are divided into the regions:  upper and lower plenum, reactor core, 
downcomer, and for PWRs, (un-)broken cold and hot legs, and (un-)broken steam 
generator loops.  Separate mass and energy conservation equations are solved for 
each of the regions. 

For the containment analyses, the containment model provides a generalized 
description of the containment, such that the nodalization can be specified by the 
user.  In addition, the containment model considers counter-current flows and plume 
behavior, which are influential in containment stratification and mixing, as well as 
fission product transport.  The containment models for the advanced plants represent 
those features typical of the ALWR designs, including passive systems and passive 
hydrogen recombiners. 

Flows consist of steam, water, hydrogen, and other non-condensible gases, and 
corium.  Flow paths can be pipes, surge lines, penetrations, relief valves, and general 
openings.  Separate mass and energy conservation equations are solved for each 
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region.  The equations are lumped parameter, non-linear, first-order, coupled, and 
ordinary differential equations. 

A.1.3 Core Geometry and Core Melt Modelling 

The core is divided into concentric radial rings (up to 7) and axial segments (up to 
50).  Once the core is uncovered, it can overheat sufficiently to result in rapid 
oxidation of the Zircaloy or stainless steel cladding.  In MAAP4, control rod material 
can relocate downward away from the fuel prior to fuel relocation.  In addition, the 
MAAP4 models include the process of dissolving the uranium dioxide fuel with 
molten zirconium and the relocation of the lower melting point eutectic material.  As 
the core melt progression continues, the potential for natural circulation flows, 
between core and upper plenum and between upper plenum and steam generator 
plena, particularly for the open lattice PWR core design, is evaluated along with the 
potential for creep rupture of the hot leg piping, the pressurizer surge line and the 
steam generator tubes. 

If the accident sequence being considered results in reflooding of the reactor core 
once core degradation has occurred, the MAAP4 models address this reflooding 
process and the potential for quenching the core debris, both within the original core 
boundaries and in the reactor pressure vessel lower plenum.  If water is available on 
the exterior of the RPV, the influence of external cooling in removing energy from the 
vessel wall and in preventing the potential creep rupture of the vessel due to core 
debris thermal attack on the vessel lower head is modelled. 

A.1.4 Other Physical Processes 

MAAP has a model for flammability which depends upon the gas mixture composition 
and temperature, a model for combustion completeness in case of incomplete 
combustion, and a model for burn time.  Flame propagation between compartments 
is also treated.  MAAP also considers �jet-burning� (i.e., ignition of a hot jet containing 
flammable gases that enter a compartment with oxygen available); MAAP also 
considers auto-ignition of gases at high temperature, which leads to recombination in 
some cases. 

The additional models in MAAP4 include the RPV and penetration failure models, the 
molten debris heat transfer model, a jet entrainment model for the debris 
fragmentation in the RPV lower plenum, an optional debris dispersal model, a two-
dimensional core-concrete interaction model, the RPV external cooling model, direct 
containment heating, and the in-vessel debris cooling model.  MAAP4 also calculates 
the pool pH and iodine chemistry which are useful for long-term iodine behavior.  A 
version of MAAP4 is available for applying the Alternate Source Term (AST) 
definition per the associated U.S. NRC regulatory guidance. 

A.1.5 Radionuclide Behavior 

MAAP models the transport and retention of fission products in the RCS and 
generalized containment.  The materials released from the core are divided into 12 
fission product groups, divided according to chemical characteristics.  The fission 
product states modeled are:  vapor, aerosol, deposited and contained in core or 
corium.  Succinctly stated, the MAAP aerosol model considers the combined effects 
of agglomeration and removal mechanisms, including gravitational sedimentation, 
condensation removal, inter-compartmental transport, thermophoresis, 
diffusiophoresis, and impaction.  Revaporization is included as transfer between the 
states.  The MAAP aerosol model is a correlation of exact solutions to the 
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polydisperse integro-differential aerosol equation, and it is extensively validated.  
MAAP uses the SUPRA model for calculation of retention of fission products in water 
pools. 

A.2 MELCOR 

A.2.1 General  

The MELCOR code [A.2] developed by Sandia National Laboratories (SNL) under 
the sponsorship of the United States Nuclear Regulatory Commission (NRC), is a 
fully integrated, full plant severe accident simulation code. Originally designed to be a 
fast running PSA severe accident code using simplified parametric models, today, 
owing to significant advances in computing power, MELCOR version 1.8.6 now also 
serves the role of a best estimate code for predicting plant response to severe 
accidents. Much of the development leading to the latest code version (1.8.6) has 
been focused on improving detail in physical models and consolidating models and 
capabilities of other no longer supported NRC codes such as SCDAP/RELAP, 
CONTAIN, and others. The latest code advancements place special emphasis on 
core degradation modeling. MELCOR development and assessment activities are 
ongoing with a planned release of MELCOR version 2.0 in September 2006. With the 
consolidation of modeling capabilities from other NRC codes, MELCOR today stands 
as the repository of knowledge concerning severe accident and fission product 
release phenomena, benefiting significantly from important international research 
programs, including Phebus, CORA, QUENCH, RASPLAV, MASCA, Artist, HEVA, 
and VERCORS to name a few. The use of parametric models is, in general, limited to 
areas with great uncertainties where there is no consensus concerning an acceptable 
mechanistic approach.  

MELCOR is intended to be applied by the NRC for:  

(1) PSA studies for existing and advanced LWRs.  

(2) Best-estimate accident sequence studies to develop insights into (a) physical 
phenomena, and (b) hardware performance.  

(3) Audit reviews of PSAs.  

(4) Accident management studies that analyse the progression of accidents and 
evaluate the detrimental and beneficial effects of various strategies.  

Today, MELCOR is being used to assist the NRC in the design certification process 
for a number of new plant designs, including AP1000, ESBWR and the US-EPR, and 
to assist the NRC-NRR with the evaluation of numerous license amendment requests 
in the context if risk-informing of regulatory processes. Additionally, MELCOR is 
being used as a code based means of conducting uncertainty analysis in Level 2 
PSA applications. 

The code is based on specially developed models for thermal hydraulics, core melt, 
fission product release and transport processes. In several instances, a number of 
existing codes have been directly integrated into MELCOR architecture, these 
include CORSOR/CORSOR-M/CORSOR-BOOTH [A.4], VANESA [A.5], 
CORCON/MOD3 [A.6], MAEROS [A.7], TRAP-MELT2 [A.8], and SPARC-90 physics 
[A.9].  
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The MELCOR peer review [A.10] identified many code limitations that have been 
largely addressed by USNRC-sponsored programs at SNL since the review was 
completed. Today, ongoing code development is focused on bringing all 
phenomenological models to a commensurate level of treatment, on addressing 
emerging research priorities (e.g. MOX and high burnup fuels, and iodine chemistry), 
improvement of code numerics, and on code modernization. A summary description 
of various MELCOR models follows.  

A.2.2 Thermal-hydraulic Modelling 

In MELCOR, the thermal-hydraulic processes are modelled by the Control Volume 
Hydrodynamics (CVH) and Flow Path (FL) packages, while the thermodynamic 
calculations are performed within the Control Volume Thermodynamics (CVT) 
package. The CVH/FL packages are based on a highly versatile architecture and a 
general control volume hydrodynamic network concept which provide thermal-
hydraulic boundary conditions to other MELCOR phenomenological packages.  

A general "volume/altitude" and "virtual volume" approach is employed to define, 
through user input, the control volume geometry. Hence, component and subsystem 
models must be built-in through user input. This provides a valuable tool for 
application of MELCOR to variety of nuclear reactor designs.  

Control volumes are interconnected via "flow paths" through which hydrodynamic 
material may pass without any residence time (assumption of negligible volume). 
Flow path area can be modified by input to model valves, obstructions, etc. The 
material and energy contents of both coolant and non-condensible gases are 
assumed to reside within control volumes. Mass and energy sources and sinks are 
treated as boundary conditions to CVH/FL. This includes decay heat; heat from 
structures; water from condensation and evaporation on structures; non-condensible 
gas sources from core-concrete-interactions (CAV), oxidation, and other sources.  

In CVH/FL, hydrodynamic materials are assumed to separate by gravity into a lower 
pool region (which may contain steam bubbles, but not non-condensible gases), and 
an overlying atmosphere (which may contain liquid droplets, gases, vapour). The 
pool and atmosphere velocities and directions may be different. The mass exchange 
models include options for (1) a thermal and mechanical equilibrium model which 
assumes the same pressure and temperature for both pool and atmosphere, and (2) 
a thermal non-equilibrium model which assumes the same pressure, but different 
temperatures for pool and atmosphere (vapour superheat and liquid subcooling).  

The basic hydrodynamics methods embodied within CVH/FL package are closer in 
principle to those of RELAP4 than TRAC or RELAP5 computer codes. The CVH/FL 
models are an adaptation of the approach employed by HECTR [A.11] and 
CONTAIN [A.12] containment analysis codes.  

A.2.3 Core Geometry and Core Melt Modelling  

The core and the lower plenum in MELCOR are divided into a number of user 
specified concentric radial rings and axial segments. A number of component types 
and materials are modelled. Heat transfer during heat up is modelled using 
correlations published in the literature for conduction, convection, radiation and 
oxidation. A model for the COR package calculates the downward flow and 
subsequent resolidification of the materials.  
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Oxidation and heat transfer by radiation, conduction, and convection are calculated 
separately for each component. A simple, candling model treats the downward flow 
and refreezing of molten core materials, thereby forming layers of solidified debris on 
lower cell components, which may lead to flow blockages and molten pools. 

MELCOR 1.8.6 contains many significant improvements in treatments for initial Zr 
melt formation and release, and subsequent fuel rod collapse and debris bed 
formation. Failure criteria allow for both thermal threshold failure behavior as well as 
time at temperature. New in the latest version of MELCOR are specific models for the 
release of Ag-In-Cd aerosol from damaged control rods and for the oxidation 
behavior particular to PWR-type boron-carbide control rods.  

Modeling for late phases of core damage provide for prediction of molten pools either 
in the core regions of in the lower plenum, accounting for molten fuel pool natural 
convection, perimeter pool crust formation, and separation of pool components in 
metallic and ceramic molten phases. These refined melt progression models couple 
with an improved lower vessel model that allows detailed representation of vessel 
head curvature and 2-D heat conduction in the vessel head material, coupling to 
external head heat transfer, either to the cavity atmosphere or to water-flooded cavity 
conditions. These modeling improvements draw heavily upon insights from the TMI-2 
accident and on experimental findings from the Phebus program. 

Failure of the core structures such as the core plate, as well as lower head heat up 
and failure followed by debris ejection, are treated stress-based failure models 
accounting from creep failure modes as well as temperature criterion.   

A.2.4 Other Physical Processes  

Besides the processes already mentioned, MELCOR includes models for: the 
forming of non-condensible gases, combustion of gases (using the HECTR models 
[A.11]), the thermal-hydraulic part of core-concrete interactions (using the 
CORCON/MOD3), and direct containment heating (using a parametric model).  

The interaction of the debris released from the vessel with the concrete basemat in 
the cavity is modelled using the CORCON/MOD3 code. The molten debris may 
contain large amounts of un-oxidised metals such as zirconium and chromium as 
well as oxides such as ZrO2 and UO2. Provisions are included that allow for various 
configurations of the metallic and oxidic constituents of the ejecting debris. These 
include, instantaneous stratification of layers, mixing of layers, etc. CORCON/MOD3 
calculates the rate of erosion in the concrete basemat, the temperature and 
composition of the molten layers, the temperature, flow rate and composition of 
gases such as CO2, CO, H2, and water vapour evolving from the concrete.  

Heat is exchanged between (1) the melt and the concrete, (2) layers of the melt and 
(3) the top surface of the melt and the atmosphere, water (if any) and the structures 
above it. The melt concrete heat transfer includes options for a gas film model and an 
intermittent film model. The gas film model assumes the occurrence of Taylor 
instability bubbling on the pool bottom as long as the pool bottom remains horizontal, 
and the existence of flowing gas film along the steeper portions on the side of the 
pool. Inter-layer heat transfer in the presence of gas bubbling (due to gases 
produced by ablation) are modelled. If a coolant layer is present over the oxide layer, 
boiling heat transfer to the overlying coolant layer is also modelled. The actual boiloff 
is treated in the CVH/FL packages. The concrete ablation products (e.g., steam and 
CO2) are modelled to react with the un-oxidised metals present in the melt. The heat 
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generation in the molten pool is both due to decay heat and the heats of reactions. 
As mentioned, the CORCON/MOD3 also includes improved models for heat transfer 
processes at melt concrete interface, improved phase diagrams, and a full integration 
of CORCON and VANESA codes, and several other improvements.  

The major phenomenological calculations by VANESA include: 

(1)  CO2 and H2O which arise from the concrete attack, react with the major 
constituents of the metallic layer (Fe, Cr, Ni and Zr). An equilibrium analysis is 
performed and the resulting oxides are transferred to the oxidic layer. This 
determines the oxidic composition of the melt.  

(2) The steam, CO2, CO and H2 are assumed to rise as bubbles, with bubble velocity 
calculated using standard equations.  

(3) Vaporisation of fission products and other melt constituents from the melt into gas 
bubbles.  

Many of these releases involve chemical reactions. For instance, La2O3 vaporises 
from the molten core debris primarily as LaO. These chemical reactions are modelled 
as equilibrium chemical reactions, characterised by a thermodynamic equilibrium 
constant. Vapour species will exist as bubbles in the approximate proportion of their 
vapour pressures. When the gas bubbles burst through the melt surface, many of the 
vapour species will immediately condense in the cooler environment forming aerosol 
particles. The distribution of aerosol particles is given by an empirical size (mean 
diameter) equation that is a function of concentration and density. In addition to the 
condensing vapours, the mechanical action of the bursting bubbles is also predicted 
to produce aerosols. 

The CORCON/MOD3 (VANESA submodel) also includes an option for treatment of 
non-ideal chemistry, which is not yet fully tested and operational. The experimental 
bases for CORCON/MOD3 is consistent with the available data base as documented 
in References [A.13] and [A.14]. 

A.2.5 Radionuclide Behaviour  

The release of aerosols and vapours from the core materials is treated by the 
CORSOR correlations with a dynamic surface-to-volume multiplier. Releases from 
core-concrete interactions are treated by the VANESA submodels of 
CORCON/MOD3. Aerosol agglomeration and deposition are calculated by MAEROS 
models. Transport of aerosols and vapours between control volumes occurs with the 
bulk fluids, gases or water, with zero slip, and aerosols can be removed as they pass 
through water pools, based on models from the SPARC code. User-specified 
chemical reactions can be treated, which should be based on the results of more 
detailed codes or on experiments.  

During the heat up phase of the accident, additional fission products are released by 
vaporisation or other thermally activated process. In addition, materials from 
structural cladding and control rods heat up, vaporise and leave the core. The 
release of fission products from the fuel is modelled using either CORSOR , 
CORSOR-M or CORSOR-BOOTH representations of radiological release data for 
irradiated fuels.  
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The only difference between CORSOR and CORSOR-M is in their functional fit to 
experimental data. In CORSOR, the release rate coefficient is formulated as follows:  

K [fraction/min] = A Exp{BT}  

where A and B are empirical group-dependent coefficients, and T is the temperature. 
On the other hand, the CORSOR-M uses an Arrhenius representation (of the same 
experimental data) of the form,  

K [fraction/min] = Ko Exp{-Q/RT}  

Here Ko and Q are empirical group-dependent coefficients, R is universal gas 
constant, and T is temperature. With the exception of Te releases which is 
dependent on Zr oxidation fraction, the rates of release for the remaining fission 
product groups are dependent, only on fuel temperature.  

Refinements in CORSOR release model (i.e., CORSOR-BOOTH) have been 
formulated recently by Ramamurthi and Kuhlman [A.4] in light of the substantial 
database that currently exist of fission product release observations in experimental 
fuel rod tests conducted over the past decade. The new and refined release model is 
expected to be incorporated into the MELCOR architecture in the near future.  

The transport behaviour of fission product vapours and aerosols in RCS and 
containment is modelled by adaptation of the MAEROS [A.7] aerosol physics into the 
RN package. Given an aerosol source rate as calculated from CORSOR/CORSOR-
M and/or VANESA, RN aerosol transport calculations are performed to determine: (1) 
the suspended mass concentration as a function of time, (2) the size distribution of 
airborne particles as a function of time (mass concentration of water and particles in 
each size class), (3) the cumulative settled out quantity, (4) the cumulative plated out 
quantity and (5) the cumulative leaked out masses. The phenomena treated include: 
(1) agglomeration (random movement, gravity, turbulence), (2) removal (random 
movement, gravity, movement in a condensing steam, thermophoresis and sprays), 
(3) steam condensation onto aerosols, and (4) homogenous nucleation of water 
droplets. The modelling of aerosol transport in containment is supplemented by 
calculation of aerosol behaviour as it passes through suppression pools, using the 
SPARC physics.  

A.3 ASTEC [A.15] 

A.3.1 General 

ASTEC (Accident Source Term Evaluation Code) is jointly developed by the French 
Institut de Radioprotection et de Sûreté Nucléaire (IRSN) and by the German 
Gesellschaft für Anlagen und Reaktorsicherheit mbH (GRS) to describe the 
behaviour of a whole nuclear power plant in severe accident (SA) conditions 
including engineered safety systems and procedures used in SA management, from 
the initiating accidental event until the possible radiological release of radionuclides 
out of the containment building. Its development was based in a first stage (1995-
1998) on former codes, respectively at IRSN the ESCADRE system of codes and at 
GRS the containment codes RALOC and FIPLOC. From that time, ASTEC has 
progressively reached a larger European dimension, notably within the 5th 
Framework Programme (FwP) with the EVITA project [A.16] devoted to code 
validation by independent users. 
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This dimension is still increasing in the frame of the SARNET (Severe Accident 
Research and management NETwork) [A.17] network that has started in April 2004 
for at least 4 years in the 6th FwP. The ASTEC V1.2rev1 latest version was released 
end of 2005 to 27 SARNET partners. Its content and capabilities are described here. 
Some examples of applications of this version include the first phases of the TMI2 
accident, on the VANAM M3 experiment (performed in German Battelle facility) on 
containment thermal-hydraulics and on a SA sequence in a French PWR 900 MWe. 

A.3.2 Description of ASTEC V1.2 code 

ASTEC V1.2 models most of the physical phenomena involved in SA (except steam 
explosion). To allow a great number of accident scenarios to be studied in a safety 
analysis, a compromise must be found between modelling detail and calculation time: 
one day of accident is simulated in a few hours on a PC computer or a UNIX 
workstation. This satisfies the target that has been agreed in the VASA (Validation 
Approach of Severe Accidents) project of 4th FwP: to perform a simulation of a 
severe accident in less than 12 hours, including post-processing of results. This need 
to find the right compromise is a considerable challenge for integral codes such as 
ASTEC. 

It has a modular structure, each of its modules simulating a reactor zone or a set of 
physical phenomena (Figure A.1).  

Figure A.1 ASTEC V1.2 Modules and Structure 

 

Data is exchanged between the ASTEC modules through a dynamic memory at 
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• CESAR module deals with 2-phase thermal-hydraulics in the Reactor Coolant 
System (RCS). The RCS discretization is an assembly of 0D elements 
(homogeneous or with a swollen level for two-phase flow situations) and 1D 
elements (axial mesh) connected with junction elements. Two phases are 
considered: water and gases (in the current version: steam and H2). The 
numerical approach is a 5-equation one with a drift flux correlation for water 
velocity.  

• DIVA module simulates the in-vessel core degradation (most models are derived 
from the ICARE2 IRSN mechanistic code for core degradation). The main 
phenomena are modelled, namely: fuel-rod ballooning and failure, exothermic 
oxidation of Zircaloy cladding by steam and concurrent hydrogen production, core 
heat-up and formation of mixtures of molten materials (called corium) at high 
temperatures (as high as 3000K) with corium pool formation and growth, corium 
slumping through internal core structures until it reaches the vessel lower head, 
corium accumulation heating the lower head until melt-through or mechanical 
failure. Degradation of control rods (Ag-In-Cd or B4C materials) is also modelled. 

• ELSA module calculates the release of fission products (FP), actinides and 
structural materials (Ag, In, Cd, Sn, etc) from the core. The semi-empirical 
approaches deal with 3 FP classes (volatile, semi-volatile and non-volatile) for 
solid fuel (intact rods, debris) by only modelling the dominant phenomena for 
each class (for example in the case of volatiles: species intra-granular diffusion 
through UO2 fuel grains, taking account of fuel oxidation and of the grain-size 
distribution). Actinides and low volatile FP are released after a severe 
degradation of the fuel rods. The release from a corium molten pool is modelled 
by a non-ideal solution for phase distribution and an ideal solution for FP release. 

• SOPHAEROS module computes the aerosol and vapour transport through the 
RCS via gas flow to the containment. Using twelve families of species and five 
states (suspended aerosols, suspended vapours, vapour condensed on walls, 
deposited aerosols, sorbed vapours), the mechanistic or semi-empirical 
approaches model the main vapour-phase phenomena (such as equilibrium 
chemistry, homogeneous and heterogeneous nucleation) and aerosol 
phenomena (agglomeration, turbulent diffusion, thermophoresis, diffusiophoresis, 
impaction in bends and constrictions and remobilization of deposits). The latest 
improvements concern aerosol mechanical resuspension (based on the JRC 
approach) and deposition in abrupt changes of pipe sections. 

• RUPUICUV module aims at evaluating Direct Containment Heating (DCH). After 
vessel lower head rupture, corium is discharged at high temperature driven by 
primary pressure into the cavity (vessel blowdown, cavity pressurization), where 
some part of the ejected corium may be entrained into the containment and 
contribute to its heat-up. Two kinds of cavity are accounted for: one with an 
annular space around the vessel like in European PWRs and one with several 
intermediate compartments between cavity and containment like in USA PWRs. 

• MEDICIS module for Molten-Core-Concrete Interaction (MCCI) with a lumped-
parameter approach for corium layers. Corium remaining in the cavity interacts 
with substrate concrete leading to concrete ablation and release of incondensable 
gases (H2, CO, CO2) into the containment. Water injection upon the corium 
surface is accounted for (including water ingression and melt eruption). Corium 
pool configurations may be either mixed or stratified (metal/oxide).  
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• CPA module for containment thermal hydraulics and aerosol behaviour, based on 
a �lumped-parameter� approach. Most models are derived from former GRS 
codes RALOC and FIPLOC. The containment can be nodalized as several 0-D 
zones, each representing one real compartment surrounded by walls (such as 
dome or casemates). The containment atmosphere heats up under the effect of 
sources of steam, FP gases and aerosols, and pressure increases. CPA 
describes phenomena such as gas distribution, pressure build up, hydrogen 
combustion and the behaviour of engineered safety systems such as Passive 
Autocatalytic Recombiners (PAR) or sprays. The code describes aerosol and FP 
transport and depletion where, for example, much of the aerosol settles on 
horizontal surfaces. 

• IODE module for iodine behaviour in the containment. This module describes in a 
kinetic way (i.e., non-equilibrium) chemical transformations of iodine in aqueous 
and gas phases, iodine mass transfer between sump and atmosphere and its 
adsorption/desorption on painted and metal walls. 

The Material Data Bank (MDB) library groups together all material characteristics: 
properties of simple materials and corium mixtures (such as enthalpy or density), 
ideal chemistry (equilibrium reactions), iodine chemistry (kinetics), FP isotopes 
(decay heat and transmutation rates). In the ASTEC V1.2 version, MDB is only used 
in ELSA, SOPHAEROS, IODE, ISODOP and MEDICIS. The extension of its use to 
all modules is planned in the next ASTEC versions. 

A.3.3 Types of plant applications 

The ASTEC modules are currently being intensively used for IRSN level 2 
Probabilistic Safety Analysis of 900 MWe French PWRs and soon in 2006 of 1300 
MWe ones. A significant number of scenarios that differ in initiating event and in the 
actuation of safety systems are being analysed. Furthermore, in the EVITA frame, 
several benchmarks on plant applications have been performed including 
comparison with other integral tools such as the MELCOR and MAAP4 codes. These 
were performed on several reactor types: French PWR 900, German Konvoi 1300, 
Westinghouse AP1000, VVER-440/V-213 and V-230, and VVER-1000. These 
benchmarks are currently completed or extended in the SARNET frame. 

A.4 THALES-2 

A.4.1 General  

The THALES-2 code [A.18] is an integrated severe accident analysis code developed 
at the Japan Atomic Energy Agency (JAEA), formerly JAERI(Japan Atomic Energy 
Research Institute)) in order to simulate the accident progression and transport of 
radioactive materials for the PSA of nuclear power plants. In 1982, JAERI developed, 
as a first step, the computer code system THALES [A.19] (Thermal-Hydraulic 
Analysis of Loss of Coolant Emergency Core Cooling and Severe Core Damage) for 
the analysis of accident progression. In 1988, the code was combined with the ART 
(Analysis of Radionuclide Transport) code [A.20] developed also by JAEA and the 
THALES/ART code system started. After that, the code system was improved by 
coupling the radionuclide transports models with the thermal hydraulic ones and a 
prototype of single code, namely, the THALES-2 code [A.18, A.21] was completed in 
1991. Then, the abbreviation THALES was changed to the Thermal Hydraulics and 
radionuclide behaviour Analysis of Light water reactor to Estimate Source terms 
under severe accident conditions. The THALES-2 code currently consists of BWR 
and PWR versions. 
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A.4.2 Thermal-hydraulic Modelling 

The thermal hydraulics model of THALES-2 uses a control volume and flow path 
approach. In each volume, a mixture level is considered which separates the volume 
into a gas region and a liquid region with void. For junctions a counter-current flow 
model can be applied. The containment can be divided into several volumes as a 
user option.  

In the thermal hydraulic calculation of the volume, the conservation equations of 
mass and energy are solved but the momentum calculation is not performed to 
reduce the computation time. The basic assumptions adopted in the calculation are 
uniform pressure and thermal equilibrium in a volume. The system pressure is 
determined so as to keep the total system volume constant, and the temperature in 
each volume is determined from the mass and energy conservation law.  

A.4.3 Core Geometry and Core Melt Modelling  

In the THALES-2 code, a core region of a 3 dimension is represented by the groups 
of fuel assembly (maximum 5) and vertical nodes (maximum 25). Fuel rods begin 
heat up when they are exposed to the steam over the mixture level. When the 
temperature of a fuel rod rises high enough for activating Zr-water reaction, cladding 
oxidation occurs and hydrogen is generated. Since this reaction is exothermic, it 
accelerates the core heat up. Further heat up of the core results in core meltdown; 
fuel rods lose their own shape by melting or fragmentation, and slump into lower part 
of the core. The slumping debris boils off the water remaining in the lower part of the 
pressure vessel and heats up the support plate and the bottom bead. Heated up 
support plate and bottom head lose their strength and finally the bottom head melt-
through occurs. After pressure vessel melt-through, corium-core debris together with 
structure materials drops into the reactor cavity. 

 

A.4.4 Other Physical Processes 

Models are provided for metal/water reaction, molten fuel relocation, debris relocation 
to selected containment volumes at the reactor vessel failure, hydrogen burning, core 
/concrete interaction at each location to which debris dispersed. Actuation logics of 
various plant systems and operator actions can be simulated. 

Containment pressure and temperature rise with blow down of the primary coolant, 
gases generated by concrete decomposition and hydrogen burning. After the reactor 
vessel failure, the molten material falls down into the reactor cavity and core/concrete 
interaction is initiated. During the core/concrete interaction, non-condensable gases 
are produced by the core/concrete interaction and the pressure in the containment 
atmosphere begins to increase. When the sufficient cooling with the engineered 
safety features such as the containment spray is unavailable, containment failure will 
occur and the gases in the containment are released to the environment. 

A.4.5 Radionuclide Behaviour  

In the THALES-2, 20 radionuclides are classified into several groups (maximum 10) 
in terms of their chemical characteristics. Typical elements or compounds of each 
group are Xe, CsI, CsOH, Te, Sr, Ru, La and other particulates. An aerosol form is 
assumed in the code for Sr, Ru and La because their vapor pressures are very low in 
severe accident conditions. 
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For radionuclide release from fuel before the reactor vessel failure (in-vessel 
release), the CORSOR-M model [A.22] is applied to calculate release rates of 
radionuclides. A release model with pressure effect proposed by the VEGA program 
[A.23] at JAEA can be also applied as an option. After the vessel failure (ex-vessel 
release), the empirical model proposed by W. Murfin [A.24] is used to calculate 
generation rates of aerosols of concrete components during core/concrete 
interaction. In addition, the CORSOR-M model is also applied to calculate release 
rates of radionuclides during the ex-vessel release. 

Radionuclides transport calculation in THALES-2 is made by the ART module [A.25] 
which has a set of mechanistic aerosol model described in the section for ART-mod2. 
Thermal-hydraulic conditions in each volume are directly used for radionuclide 
transport calculations in the particular volume and the decay heat of radionuclide is 
transferred as a heat source to the gas, liquid or structures depending on the form of 
radionuclides. In each volume, radionuclides can take the forms of gas, aerosol, 
deposition onto structure, and solution in water. 

ART module can consider removal of radionuclides by natural deposition and by the 
engineered safety features such as spray, filter and scrubbing by water pool. The 
natural deposition mechanisms considered by the code are gravitational settling, 
thermophoresis, diffusiophoresis, brownian diffusion, diffusion under laminar or 
turbulent flows and resuspension for aerosol, and condensation, adsorption and 
revaporization for gaseous radionuclide. Aerosol growth by agglomeration and 
condensation/evaporation of volatile material at the aerosol surface are considered. 
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