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ORGANISATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT

The OECD is a unique forum where the governments of 33 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, Chile, the Czech Republic, Denmark, Finland, France,
Germany, Greece, Hungary, Iceland, Ireland, Israel, Italy, Japan, Korea, Luxembourg, Mexico, the Netherlands, New Zealand, Norway,
Poland, Portugal, the Slovak Republic, Slovenia, Spain, Sweden, Switzerland, Turkey, the United Kingdom and the United States. The
European Commission 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 1% February 1958 under the name of the OEEC European Nuclear
Energy Agency. It received its present designation on 20™ 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, Korea, Luxembourg, Mexico, the Netherlands, Norway, Portugal, the
Slovak Republic, Spain, Sweden, Switzerland, Turkey, the United Kingdom and the United States. The European Commission 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.

Corrigenda to OECD publications may be found online at: www.oecd.org/publishing/corrigenda.
© OECD 2010

You can copy, download or print OECD content for your own use, and you can include excerpts from OECD publications, databases and multimedia products in your own documents,
presentations, blogs, websites and teaching materials, provided that suitable acknowledgment of OECD as source and copyright owner is given. All requests for public or commercial use and
translation rights should be submitted to rights@oecd.org. Requests for permission to photocopy portions of this material for public or commercial use shall be addressed directly to the Copyright
Clearance Center (CCC) at info@copyright.com or the Centre frangais d'exploitation du droit de copie (CFC) contact@cfcopies.com.
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COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS

Within the OECD framework, 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, as well as 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 NEA
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; and to promote the co-ordination of work that serves to maintain
competence in nuclear safety matters, including the establishment of joint undertakings.

The clear priority of the committee is on the safety of nuclear installations and the design and construction
of new reactors and installations. For advanced reactor designs the committee provides a forum for
improving safety related knowledge and a vehicle for joint research.

In implementing its programme, the CSNI establishes co-operate mechanisms with the NEA’s Committee
on Nuclear Regulatory Activities (CNRA) which is 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 the other NEA’s Standing Committees as well as with key international organizations (e.g.
the IAEA) on matters of common interest.
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Organisation for Economic Co-operation and Development

The Convention establishing the Organisation for Economic Co-operation and Development
(OECD) was signed on 14th December 1960.

Pursuant to Article 1 of the Convention, the OECD shall promote policies designed:

- to achieve the highest sustainable economic growth and employment and a rising
standard of living in Member countries, while maintaining financial stability, and thus to
contribute to the development of the world economy;

— to contribute to sound economic expansion in Member as well as non-member countries
in the process of economic development; and

- to contribute to the expansion of world trade on a multilateral, non-discriminatory basis in
accordance with international obligations.

The original Member countries are Austria, Belgium, Canada, Denmark, France, Germany,
Greece, Iceland, Ireland, Italy, Luxembourg, the Netherlands, Norway, Portugal, Spain, Sweden,
Switzerland, Turkey, the United Kingdom and the United States. The following countries became
Members subsequently through accession at the dates indicated hereafter : Japan (28th April 1964),
Finland (28th January 1969), Australia (7th June 1971), New Zealand (29th May 1973), Mexico (18th
May 1994), the Czech Republic (21st December 1995), Hungary (7th May 1996), Poland (22nd
November 1996) and the Republic of Korea (12th December 1996). The Commission of the European
Communities takes part in the work of the OECD (Article 13 of the OECD Convention).

The Nuclear Energy Agency

The Nuclear Energy Agency (NEA) is a specialised agency within the Organisation for
Economic Co-operation and Development (OECD), an intergovernmental organisation of
industrialised countries based in Paris, France.

The OECD’s fundamental mission is to enable Members to consult and co-operate with each
other so as to achieve the highest possible sustainable economic growth, improve the economic and
social well-being of their populations, and contribute to development worldwide.

The primary objective 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.

The NEA was established in 1958. Current membership consists of 27 countries, drawn from
Europe, North America and the Asia-Pacific region. The Commission of the European Communities
takes part in the work of the Agency.

NEA works in close collaboration with the International Atomic Energy Agency in Vienna,
with which it has concluded a Co-operation Agreement, as well as with other international
organisations in the nuclear field.
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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 up 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.
CSNI’s main tasks are to exchange technical information and to promote collaboration
between research, development, engineering and regulation organisations; to review the state
of knowledge on selected topics of nuclear safety technology and safety assessments,
including operating experience; to initiate and conduct programmes to overcome
discrepancies, develop improvements and reach consensus on technical issues; to promote co-
ordination of work, including the establishment of joint undertakings.

Working Group on Analysis and Management of Accidents

The Working Group on the Analysis and Management of Accidents
(GAMA) is mainly composed of technical specialists in the areas of coolant system thermal-
hydraulics, in-vessel protection, containment protection, and fission product retention. Its
general functions include the exchange of information on national and international activities
in these areas, the exchange of detailed technical information, and the discussion of progress
achieved in respect of specific technical issues. Severe accident management is one of the
important tasks of the group.
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OECD WORKSHOP ON
THE IMPLEMENTATION OF SEVERE ACCIDENT MANAGEMENT MEASURES
ISAMM 2009

Organised in collaboration with Paul Scherrer Institute and Swiss Utilities Running Nuclear Power Plants
Beznau, Leibstadt, Gosgen and Miihleberg

Schloss Bottstein, Switzerland

26-28 October 2009.

EXECUTIVE SUMMARY
Background and scope of the Workshop:

The subject of severe accident management (SAM) is part of a sequence of actions that are taken by
utilities and national authorities to appropriately plan for a postulated severe accident at a nuclear power
plant (NPP). Such actions involve a large number of steps such as preventive actions, installation of
hardware, development and implementation of software, development and implementation of severe
accident management strategies and programmes, training of those who would be called upon to deal with
a severe accident, severe accident management, emergency centres, mitigation of consequences,
emergency preparedness and emergency response plans. Several international organisations, including the
Nuclear Energy Agency (NEA) and the International Atomic Energy Agency (IAEA), have
responsibilities and are active in this area (publication of a large number of related documents,
organisation of periodic international emergency exercises, etc.)

In this respect, a joint OECD workshop of the Working Group on the Analysis and Management of
Accidents (WGAMA) and the Working Group on Risk Assessment (WGRISK) on implementation of
severe accident management measures was sponsored by the Committee on the Safety of Nuclear
Installations (CSNI) of the Organization for Economic Cooperation and Development (OECD) NEA and
was held in Schloss Bottstein on October 26 to 28, 2009, in Switzerland in cooperation with Paul Scherrer
Institute (PSI) and the Swiss Utilities running NPPs Beznau, Leibstadt, Gosgen and Miihleberg.

This Workshop is a “follow-up” on the past CSNI activities in the area of severe accident management
implementation, and to take stock of the progress made since the Rome Meeting on Severe Accident
Management Programme Development held in September 1991 [CSNI reports NEA/CSNI/R(1991)16
and (1992)6], the Niantic Specialist Meeting on Severe Accident Management Implementation held in
June 1995 [NEA/CSNI/R(1995)5 and 16], the Winnipeg Workshop on the Implementation of Hydrogen
Mitigation Techniques held in May 1996 [NEA/CSNI/R(1996)8 and 9], the PSI-Villigen Workshop in
September 2001 [NEA/CSNI/R(2001)20] and the Workshop on Evaluation of Uncertainties in Relation to
Severe Accidents and Level-2 Probabilistic Safety Analysis, Aix-en-Provence, 7-9 November 2005 [NEA
Report 6053]. A series of CSNI-sponsored meetings on dedicated topics covering iodine chemistry, fuel
coolant interaction, operator aids for severe accident management, hydrogen mitigation, etc, were held
over the last two decades.

In particular, the present workshop represents an update of the status of severe accident management
measures and their implications since the OECD/CSNI workshop held in 2001 at PSI Switzerland. Since
the 2001 workshop, additional work has been performed to integrate emergency procedures and SAM
measures into risk assessments in order to better reflect operator responses to recover the plant from a
damaged state. Therefore, a major focus of the workshop was to address SAM measures for both
operating plants and new plant designs (as available) and the integration of SAM measures into
contemporary/future probabilistic risk assessments.

Among the initially proposed 44 papers, 41 were presented in 8 sessions and addressed the following 6
areas:

*  Current Status & Insights of SAM (in two sessions)
*  PSA Modelling Issues
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*  Code Analysis for Supporting SAMGs (in two sessions)

*  Decision making, Tools, Training, Risk Targets and Entrance to SAM
* Design Modifications for Implementation of SAM

*  Physical phenomena

The last part of the workshop was devoted to presentation of the most striking highlights of the papers in
the above topical areas, followed by two panellists giving presentations on:

*  Human and Organizational Aspects of SAM: their importance vs. technical issues

+ Effectiveness of current SAMG implementation - How can consequence analyses be used to improve
the effectiveness of SAM.

The program of the workshop is reproduced in Appendix 1. Over 110 participants from OECD and non-
OECD countries, i.e., Russian Federation, China and IAEA, attended the workshop, which contributed to
the success of the workshop in terms of exchanging knowledge and experience among participants.
Interesting discussions followed each paper, as well as the two presentations made in the panels. A list of
participants is reproduced in Appendix 2.

Short summary of sessions

The Annex contains expanded summaries of each topical area. These summaries were prepared by the
Session Chairpersons and discussed by the whole writing group.

During the two sessions, Session 1 and 2, of the topical area “Current Status & Insights of SAM”, 11
papers from regulatory bodies, Technical Safety Organizations (TSOs), several utilities and national
research institutes were presented to outline the status of implementation of SAM programmes in
countries like Canada, Germany, Japan, France, United States of America, Republic of Korea,
Switzerland, Finland, and Hungary. Some of the papers also described the expansion of the SAM
programmes to low power and shut down states. Finally one paper described the development of technical
bases for SAM programmes in new generation III reactors based on the US process of reviewing design
certification applications.

Session 3, for the topical area “Modelling PSA Issues” addressed the modelling of implemented SAMGs
in Level 2 PSA, progress in Level 2 PSA, and the results of these studies. Three papers discussed
different PSA modelling issues; development of some international efforts to progress in the
harmonization of Level 2 PSA development and their implications within international organizations
developing guidelines, the role of severe accident management in the advancement of Level 2 PSA
modelling, and an overview of the modelling of severe accident management in the Swiss probabilistic
safety analyses. Assessment of human failure events in Level 2 PSA and accident management and risk
evaluation of shutdown states were the other topics covered in the other two papers.

During the two sessions, Session 4 and 5, of the topical area “Code Analysis for Supporting SAMGs”,
nine papers presented different uses of best estimate codes for severe accident and source term
calculations for unmitigated accident scenarios and treatment of accident mitigation measures. Specific
applications were the determination of time windows for operator actions to mitigate large early release
from steam generator tube rupture (SGTR) sequences, effectiveness of control rod guide tube cooling as a
severe accident management measure for BWRs, and deterministic evaluation of quantitative health
objectives and targets of severe accident management. The U.S. Nuclear Regulatory Commission’s State-
of-the-Art Reactor Consequence Analyses project and verification of the SAMG developed for the PAKS
plant were the subject of the other three papers. Best practices applied to deterministic severe accident
and source term analyses from Gesellschaft fiir Anlagen und Reaktorsicherheit (GRS) provided the
German experience for the use of MELCOR code for Level 2 PSA analyses and assessment of SAMGs.

Five papers presented in Session 6 covered each subtopic of the topical area “Decision Making, Tools,
Training, Risk Targets and Entrance to SAM.” The paper on criteria for the transition to severe accident
management provided an overview on available means helping plant operators to decide when to leave
the emergency operational domain and enter the severe accident domain. The paper on the safety goals
and risk targets for severe accidents in view of IAEA recommendations provided perhaps the most

2
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debated discussions on the safety goals, risk targets, and use of a common safety index. The other three
papers focussed on (i) an accident diagnosis tool in the Netherlands, (ii) a perspective on the development
validation and training of SAM measures, and (iii) SAM training activities in Spain.

In the topical area of “Design Modifications for Implementation of SAM” two presentations covered
design modifications of Mochovce Units 3 & 4 for an effective SAM, and a new technique to be added to
existing containment venting filter systems to suppress efficiently the release of all volatile iodine species.
Development of Leibstadt NPP Severe Accident Management Guidelines for Shutdown Conditions was
the subject of the third paper.

Eight papers were presented in Session 8 for the topical area “Physical Phenomena Affecting SAM” and
covered the results of the recent research affecting SAM measures. Specific topics included experimental
investigation of melt debris agglomeration and respective modelling, the status of the OECD project on
fuel coolant interaction, a summary of the outcome of a very recent OECD workshop on ‘In-vessel
coolability,” simulation of ex-vessel debris bed formation and coolability, substantiation of a strategy of
water supply recovery to steam generators at the in-vessel severe accident phase for VVER-1000, ambient
pressure-dependent radionuclide release from fuel observed in the VEGA tests under severe accident
condition and influence on source term evaluation. One paper specifically dealt with the implementation
of the research results for the improved molten core cooling strategy in a severe accident management
guideline.

During the final session of the workshop, two invited speakers made presentations. Mr. C. Huh, from the
Korea Institute of Nuclear Safety, made a presentation focusing on organizational aspects of decision
making during postulated accidents. This presentation highlighted technical and organizational aspects of
current SAMGs, the effects of group decision-making in the TSC, and provided an illustrative simulation
of group decision-making. A second presentation, made by Mr. M. Leonard (dycoda, LLC), focused on
the potential benefits of looking at severe accident management from an “outside-in” approach rather than
an “inside-out” approach driven primarily by PSA results. As an example, the presentation made the point
that drawing the link between potential mitigation actions and the associated averted offsite consequences
might open up new perspectives on what types of actions should be pursued. A particular question that
was posed is whether advances in modelling scope and fidelity in contemporary PSAs, combined with
improvements in plant design and SAMG implementation, have driven the frequency of core damage
sequences down to levels that rival those of events that are not treated by PSAs.

General conclusions

The overall picture achieved at the end of the workshop is that significant progress has been made since
the 2001 OECD workshop on "The Implementation of Severe Accident Management Measures" in
implementing and completing Severe Accident Management (SAM) programmes in many countries for
full power states. Also, the workshop objective of prompting more interaction between probabilistic and
deterministic analysts has been achieved, based on the breadth of papers submitted and the discussions
that took place regarding the interface of these two approaches.

IAEA has published a safety guide on severe accident management programmes for nuclear power plants
in 2009 to provide recommendations for the development and implementation of an accident management
programme. The guide contains detailed recommendations for all steps in developing accident
management guidelines. In addition, two safety guides on PSA have been approved by the Commission
on Safety Standards (CSS) and are expected to be published by the end of 2009. The Safety Guides on
PSA provides recommendations for performing or managing a Level 1 and Level 2 PSA and for using the
PSA to support the safe design and operation of NPPs.

Numerous initiatives at different levels (national, European, international) are currently in progress in
order to define standards and/or best practices for development of Level 2 PSA. One of the benefits of
developing these standards is to give the experts the opportunity to share experiences. It was emphasized
that intended use and applications of Level 2 PSA should drive the choices for modelling alternatives and
level of details of Level 2 PSA. The severe accident management measures have become an integral part
of Level 2 PSA, which in turn implicitly defines the needs and the scope for the SAMM.
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The way implementation of SAM programmes has been made and the measures implemented vary as
reported by the different countries presentations. Harmonisation, to the extent it may be desirable, does
not seem feasible at this stage as was the case in 2001. All approaches cover both preventive and
mitigative aspects for beyond-design basis and severe accidents at full power level.

The common goal of the SAM approaches implemented is to develop strategies to mitigate the
consequences of accidents leading to significant core degradation. However, the measure of consequences
varies between the countries since safety goals and risk targets vary between them. Adopting a risk
measure definition that utilizes a common scale, such as IAEA’s International Nuclear and Radiological
Event Scale (INES) scale, was proposed by a paper as a way to promote consistency of individual
applications with IAEA guidance.

The development and implementation of a SAM programme has been required or recommended by the
safety authorities, but not necessarily translated into rules and regulations. It is ultimately the duty of the
safety authority to review the work of the utilities. Therefore, the approaches followed in the different
countries do not fit one single pattern. This situation has not been changed since the 2001 workshop.
However, as a common rule, the responsibility of the plant owner for the safety of his plant remains
untouched. The general aim of SAM strategy development is still to ensure containment integrity and
mitigate release for containment by-pass sequences. Actual differences between SAM programmes in the
same areas as highlighted in 2001 Workshop exist as:

. status of progress of work on specific programmes,

. the extent to which hardware modifications are part of the SAM approach at a plant,

. the availability and scope of SAM guidance in the mitigative domain,

. the extent to which the decision-making process at a specific plant is left in the hands of the
operators in the main control room or becomes the responsibility of a specific Technical Support
Centre.

Regarding implementation of SAM in probabilistic risk analyses, a major difficulty includes the large
number of unique sequences, which requires screening out “unimportant” operator actions, and strategies
for merging sequences. Operator response models need to be further developed for the severe accident
regime. In order to realise the advantages of advanced Level 2 modelling approaches, additional work is
needed.

The fact that once implemented, the SAM guidelines should be considered as a living product, as stated in
the 2001 workshop, has been restated in the 2009 Workshop. Periodic review and update, verification and
assessment, and improvements as new knowledge becomes available are the crucial reasons why SAM
guidelines should remain as a living product.

The need for the extension of the SAM programmes to low power and shutdown states was highlighted in
the 2001 workshop. It was apparent from several presentations that a lot of progress has been made in this
area and several utilities have already developed Level 2 PSAs for shutdown and low power severe
accident situations. Based on such Level 2 PSAs and in comparison to the full power Level 2 PSA states,
it was apparent that for some plants the core damage frequencies (CDF) might be the same order of
magnitude for both states. In the recent studies, it has been found that the risk of a large release of
radionuclides might be comparable or even higher for severe accidents at low power and shut down states
than for those that might occur at full power operation.

The role of research regarding in-vessel and ex-vessel debris coolability and fuel coolant interactions with
respect to SAM was heavily discussed. Further R&D results in the melt coolability, in-vessel melt pool
retention and fuel coolant interaction should reduce (but not eliminate) some of the remaining important
uncertainties and should give more confidence in the robustness of guidelines, either existing or to be
developed. It should provide some basis to better demonstrate the optimization of the SAM options:

A presentation and later discussions on the question of whether the operators should attempt to flood the
degraded core if the water injection flow rate is below a certain value provided much controversy;
discussions highlighted the adverse effect of low water flow rate on possibly enhancing core degradation,
RCS pressure, hydrogen generation and fission product release, and raised the question of how to know
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how much water flow rate is actually entering into the core. It should be noted that most of the guidelines
as implemented would instruct operators to inject water regardless of knowing its amount, whenever
water injection is possible.

The importance of validation and training of SAM measures has been stressed and the need for focused
attention to consider errors of commission and to prioritize activities toward making the reliability of
SAM guidance commensurate with that of hardware through better validation and training was also
highlighted.

In particular, the timing of emergency response organisation staffing relative to accident progression was
discussed. The case was made that guidance should account for the impact that this relationship will have
on decision-making for rapidly-evolving accident sequences. For these cases, the operators in the control
room need instructions and training much like they have for emergency procedures in order to manage the
initial phase of these accidents successfully.

SAM measures for new generation Il reactors were covered only in one paper; the details on the SAM
guidance have not been presented.

Recommendations

The presentations made during the technical and panel sessions and accompanying discussions have
resulted in the following recommendations:

*+  SAM programme development remains a living process. SAM strategies and associated procedures
and guidance should be reviewed periodically to make them as practical and efficient as possible.
New knowledge, gained from experience or from research, should be integrated regularly in to the
assessment, for the purpose of improvement. Regular operator training and emergency exercises are
integral parts of the implementation of the severe accident management.

* It may be worthwhile to examine whether the present consensus in PSA, to credit actions to recover
systems and functions only when these are supported by procedures, should apply for the severe
accident context modelled in Level 2 PRA. This consensus is currently oriented to the preventive
domain treated in Level 1 PRA; however, a number of decisions in severe accidents relate to the
prioritization of recoveries and the implementation of some SAM strategies depends on these
recoveries.

»  Efforts should be pursued to complete the SAM programs for low power and shutdown states. SAM
strategies developed for full power states could be used as guidance but shutdown specificities must
be taken into account.

*  Work should be undertaken to identify what existing methods and gaps exist for extending presently
used Level 1 PSA human reliability methods to Level 2 PSA / SAM.

*  The validation of SAM measures from the standpoint of the necessary operator action timings and the
instructions to operators for the first 2 hours of an accident should be addressed more rigorously,
relative to the verification of the efficacy of hardware

* The approaches followed at different plants do not fit one single pattern. Harmonisation, to the extent
it may be desirable, does not seem feasible so far. An effort should be pursued to catalogue
differences and provide explanations for alternate approaches and philosophies.

* A potential activity for CSNI would be the coordination of an activity to gather information and
formulate lessons learned regarding the degree to which external events (and their effects) have been
explicitly considered as part of SAM development. Such an effort would include both the effects of
external events on equipment and structure damage, as well as the effects on evacuation and offsite
mitigation resources.

* An effort is needed to discuss of equipment survivability and operator access (during severe accident
conditions) issues, and identifying what experiments, data, and other information exist or need to be
developed to better address this issue. In addition, another aspect that needs to be covered is the
treatment of these issues within a PSA or SAM verification analysis. The next OECD/NEA SAM
workshop should have this topic as one of its focuses.
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* An international effort should be undertaken to investigate and better understand the relationship
between the metrics used to quantify the benefit of SAM measures and the metrics used to satisfy
offsite radiological consequence targets (e.g., dose, land contamination), in addition to traditional
metrics available from severe accident analysis.

*+ Some comparison and information exchange activities regarding the technical basis for SAMG
strategies should be maintained at an international level, especially for in-vessel water injection,
cavity pit flooding, containment spray system actuation and filtration efficiency of containment
venting. These activities should focus on the balance between the advantages and disadvantages of
each chosen SAMG strategies, depending on reactor design specificities. The aim of this effort is to
develop an international consensus on the effectiveness of SAM measures.

*  The next workshop on SAM should cover the information exchange on SAM guidance and measures
for generation III reactors in more detail.
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Sessions 1 and 2
Current Status and Insights of SAM
Session Chairpersons:
N. Suh (KINS)
A. Torri (Risk Management Associates, Inc)
H. Fujimoto (JNES)
M. Sonnenkalb (GRS)
Session summary

During the first and second session of “Current Status & Insights of SAM”, 11 papers from regulatory
bodies, TSOs, several utilities and national research institutes were presented to outline the status of
implementation of SAM programmes in countries like Canada, Germany, Japan, France, United States of
America, Republic of Korea, Switzerland, Finland, and Hungary. Some of the papers as well described
the expansion of the SAM programmes to low power and shut down states. Finally one paper described
the development of technical bases for SAM programmes in new generation III reactors based on the US
process of reviewing design certification applications.

Summaries of the presentations

Recent IAEA Activities in the Area of Severe Accident Management and Level-2 PSA,
A. Lyubarskiy, IAEA

The paper introduced the activities of the IAEA to develop safety guides for severe accident management,
PSA and other IAEA activities. The IAEA has published a safety guide on severe accident management
for nuclear power plants in 2009 to provide recommendations for the development and implementation of
an accident management programme. The guide contains detailed recommendations for all steps in
developing accident management guidelines. One of the guidelines recommends considering the
capabilities of the plant personnel in handling a severe accident. A question was raised on how to
consider the capabilities of personnel because there is no way to know how the operators would behave
under the real situation of a severe accident. There was also a question on how decisions would be made
based on the plant information gathered. Training of the operators was said to increase their capabilities
but the IAEA safety guide only describes very general principles, so it cannot answer this kind of detailed
issues. Two safety guides on PSA have already been approved by the Commission on Safety Standards
(CSS) and are expected to be published by the end of 2009. The Safety Guide on PSA provides
recommendations for performing or managing a Level-1 and Level-2 PSA for a NPP and for using the
PSA to support the safe design and operation of NPPs.

Technical Challenges in Applying SAMG Methodology to Operating CANDU Plants
K. Dinnie, AMEC NSS, UK

The paper explained that the unique CANDU plant design features made the development of CANDU
SAMGs a challenge. SAMGs for CANDU reactors was successfully developed based on a modified
Westinghouse Owners’ Group (WOG) SAMG. Because a CANDU has no direct measurement of the core
temperature available and fuel damage at the design basis limit alone is not an indication of an imminent
transition to a severe accident, CANDU specific entry conditions were needed that are different from that
of an LWR. The loss of moderator level below that of the upper fuel channels in conjunction with a loss
of primary core cooling was identified as primary SAMG entry condition. Also for preventing the
SAMGs from being entered prematurely or unnecessarily, the measured dose rate corresponding to
calculation at specified locations assuming 3% FP release to containment was also chosen as a
“rationality check”. There was a question and discussion on the validity of 3% FP release saying that the
FP percentage from the gap release should be considered in judging the onset of a severe accident. The
author explained that 3% of the total FP released corresponds to about 3 times the gap release and
therefore the entry condition represents a core damage state well beyond the initial fuel damage. The
order of the seven CANDU SAGs are 1) Inject into the Heat Transport System, 2) Control Moderator
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Conditions, 3) Control Shield Tank Conditions, 4) Reduce Fission Product Releases, 5) Control
Containment Conditions, 6) Reduce Containment Hydrogen and 7) Inject into Containment. This
prioritization of barriers to a severe accident progression was chosen to make best use of the resources
available and maximize the chances of terminating an accident progression. Hydrogen management and
filtered venting are still challenging technical issues and efforts are continuing to improve the
understanding of these issues.

Accident Management in German NPPs: Status of Implementation and the Associated Role of PSA
Level 2

P. Scheib, M. K. Schneider, Bundesamt fiir Strahlenschutz (Federal Office for Radiation Protection,
Germany

The paper explained that in Germany it is mandatory to perform Periodic Safety Reviews including a
plant-specific PSA in ten years intervals and that the efficiency of AM measures regarding the mitigation
of the consequences of severe accidents is evaluated in the frame of Level 2 PSA. The RSK
recommended the implementation of several AM measures in 1988 like additional off-site power supplies
via underground cables and the implementation of primary and secondary bleed and feed in PWRs, etc.
The requested measures have been implemented in German NPPs as part of backfitting actions. PARs in
PWRs have mostly been implemented around the year 2000. But there is an ongoing discussion on the
use of PARs because the PARs might act as igniters for the hydrogen-air-mix. Recently Level 2 PSAs for
three reference plants have been performed to advance the methodology of PSA and to give feedback to
the regulators in order to improve the regulatory framework. One of the insights on the effectiveness of
AM measures from these analyses is that filtered containment venting is an effective measure for PWRs
and not very effective for BWRs.

Circumstances and Present Situation of Accident Management Implementation in Japan
H. Fujimoto, K. Kondo, T. Ito, Y. Kasagawa, O. Kawabata, M. Ogino and M. Yamashita, JNES, Japan

The paper described that the implementation of AM measures in the fifty-two operating NPPs had already
been completed by 2002 involving plant modifications. The effectiveness of AM measures was evaluated
by utilities and the results are reported to the regulatory body. According to the results, the reduction ratio
of CDF by AM measures, which is defined by the ratio of CDF after AM implementation to CDF before
AM implementation, varies in the range of 0.3 to 0.6 for PWR. This confirms the effectiveness of the
selected AM measures.

Progress in the Implementation of Severe Accident Measures on the operated French PWRs —
Some IRSN Views and Activities
E. Raimond, G. Cenerino, N. Rahni, M. Dubreuil, F. Pichereau, IRSN, France

The paper presented the progress obtained in the severe accident management of French PWRs with
practical implementations of measures to limit the accident consequences or to make the management of
an accident easier. Since 1990, severe accident management guidelines have been developed in France to
help the PWR plant operators and emergency teams in limiting the consequences of any postulated severe
accident. Some key systems and material provisions implemented to limit the accident consequences or to
facilitate accident management are containment filtered venting system, hydrogen recombiners,
reinforcement of material-access-closure-systems, and instrumentation for hydrogen release measurement
in the containment or means for vessel rupture detection. The severe accident guidelines for French
PWRs place a high importance on the prevention of early containment failure and propose to terminate
water injection to an already damaged core if this would increase the possibility of early containment
failure. Also EDF has developed a two part severe accident safety standard consisting of 1) safety
requirements and 2) synthesis of the operating plants status related to severe accidents. The Level 2 PSAs
and the severe accident standard are now seen as helpful tools for the review of severe accident issues and
the identification of new plant improvements.



Perspectives on Severe Accident Alternatives for US Plant License Renewal
T. Ghosh, R. Palla, D. Helton , US-NRC, USA

The paper presented severe accident mitigation alternative (SAMA) analysis, which is performed in the
license renewal of the US plants by licensees. Major steps of SAMA include identification of leading
contributors to risk, identification of candidate SAMAs, risk reduction/implementation cost estimates,
potentially cost-beneficial SAMAs, and more detailed analysis for remaining SAMAs. Up to now,
SAMAs for more than 50 plants have been completed. Numerous potentially cost-beneficial SAMAs
have been identified. SAMASs can be categorized into five types, i.e. SAMASs related to SBO or loss of
power sequences; internal floods, fire and external events; protection systems; support systems; and
procedures and training. Specific examples include procurement of an additional portable 480V AC
station DG for backup to EDGs; installation of watertight doors/wall around vulnerable equipment;
provision of an alternate/additional compressor; and use of firewater systems as backup for containment

spray.

From the floor, questions and comments on the cost effectiveness of SAM measures; treatment of
shutdown state, fire, and seismic event in SAMA were raised and discussed.

Effect of SAMG on the Level 2 PSA of Korean Standard Nuclear Power,
Y. Jin, K.I. Ahn ,KAERI, Korea

The paper presented status of severe accident management programmes and effect of SAMG on Ulchin
Unit 3&4 (UCN 3&4). In Korea, following the policy statement announced by MOST in 2001, KHNP,
the operator of nuclear plants, had been completed PSAs for all operating and is conducting severe
accident management programmes for his plants. For UCN 3&4, Level 2 PSA, which had been completed
by 2004, was re-evaluated reflecting revision of EOPs and preparation of SAMG. HEP in sequence 37 of
SGTR was much reduced, 0.59 to 0.02568, by the revision of EOP and, accordingly, the frequency of
SGTR-37 and the bypass frequency were reduced. Consideration of restoration of spray system and use of
fan cooler which are described in SAMG introduced a large reduction of late containment failure
frequency.

From the floor, questions and comments on the consideration of degradation of material in the evaluation
of SGTR occurrence frequency, and basis of allowable time in SGTR were made and discussed.

Insight from a full-scope Level 1/Level 2 all operational states PRA with respect to the efficacy of
Severe Accident Management actions

J.U. Kliigell, S. B. Rao’, T. Mikschl’, D. Wakeﬁeldz, A. Torri, V, Pokorny3

'Kernkraftwerk Goesgen-Daeniken Switzerland,

ABS Consulting, Irvine, USA,

SRisk Management Associates, Encenitas, USA

The paper presented scope and structure of Goesgen PSA model, main results of PSA, and insight gained
from the results. All states and all events were integrated in Level 1/Level 2 Goesgen PSAs, which
include 156 initiating events for power operation consisting of internal events subdivided into LOCAs,
transients, SGTR, and ATWS; internal hazards subdivided into internal floods and fires; and external
hazards subdivided into airplane crash, earthquakes, external floods, and loss of service water intakes; and
173 initiating events which are related to wind and tornado etc. The result of CDF was validated by the
comparison with results of the Convoy and KKB plants. Insight gained from source term analysis shows
that the availability of two SGs before transferring to the reduced inventory shutdown operation states is
very beneficial. In addition, pre-damage post accident actions are more important for a reduction of LERF
than the “direct” SAMG.

From the floor, questions and comments on accident management measures for shutdown state; multi-
SGTR; safety goal and the need to evaluate SAM for the low frequency sequence; use of safety monitor
to reduce shutdown risk; effectiveness of venting system; and shock model of operator action were made
and discussed.



PRA Level 2 Perspectives on the SAM during Shutdown States at Loviisa NPP
S. Siltanen, T. Routamo, T. Purho, H. Tuomisto, Fortum Nuclear Services Ltd, Finland

The paper presented SAM strategy applied to Loviisa plant, its extension to the shutdown states, and
Level 2 PSA results of shutdown states. Loviisa employed an integrated ROAAM, Risk Oriented
Accident Analysis Methodology, approach to power operating states. Although there are some specific
aspects to the shutdown condition, e.g. low level of decay heat, missing of containment function, and
existence of maintenance works, same safety functions can be applied to the shutdown condition. Among
these functions, she presented the results on the mitigation of hydrogen considering the effect of forcing
open of the ice condenser doors, recombiners, and igniters.

From the floor, questions and comments on water source to be injected; condition of ice condenser in the
shutdown condition; impact of open CV in shutdown; hydrogen management; existence of air in the core
were made and discussed.

Development of the SAM strategy for Paks NPP on the basis of Level 2 PSA
J. Elter', G. Lajthd’, E. Téth', Z. Téchy’
'Paks Nuclear Power Plant, "NUBICI (former VEIKI), Hungary

The paper presented specific design features of the plant, Level 2 PSA results, AM strategies, and two
phase plant modification plan. Analyses cover all sources of potential radioactivity releases, all plant
operational states, and all types of initiating events. Using Level 2 PSA results, containment failure state
and their reasons were identified and possible AM measures were derived. Two AM strategies taking
account of recombiners, filtered venting, prevention of the reactor cavity door damage, reactor cavity
flooding, and protection of basemat melt-through were established and evaluated. For the four key
elements of AM strategies, i.e. prevention of the core damage, prevention of RPV failure by in-vessel
retention, ex-vessel debris cooling, and release and containment management, specific components were
identified. Plant modifications is planned to be made in 2 phase approach.

From the floor, questions and comments on leakage tightness of CV; failure of cavity due to high
temperature; feed and bleed for SGTR; actuation criteria of cavity flooding system; plant modification for
in-vessel retention were made and discussed.

Development of Technical Bases for Severe Accident Management in New Reactors
E. L. Fuller, H G. Hamzehee, USNRC, US4

The paper presented AM programmes for existing reactors and their basis, SAM review for new reactors
by USNRC, and insights obtained from design certification reviews. USNRC considers that the AM
approach based on SECY-89-012, NEI 91-04, and EPRI TR-101869 used for the existing reactors can be
applied to the design certification review of the new reactors. The new reactor designs address issues
identified in SECY-90-016 and SECY-93-087, i.e. hydrogen control, core debris coolability, high-
pressure core melt ejection, containment performance, containment bypass, and equipment survivability.
In the presentation, insights from the review of AP1000, ESBWR and EPR designs were explained.

From the floor, questions and comments on detection of ex-vessel cooling; debris coolability; basis for 24
hrs to keep CV integrity were made and discussed.

General discussion and conclusions

- The overall picture received at the end of the session is that significant progress has been made since the
2001 OECD workshop on "The Implementation of Severe Accident Management Measures" in
implementing and completing Severe Accident Management (SAM) programmes in many countries for
full power states.

- IAEA has published a safety guide on severe accident management programme for nuclear power plant
in 2009 to provide recommendations for the development and implementation of an accident
management programme. The guide contains detailed recommendations for all steps in developing
accident management guideline. On the other hand, two safety guides on PSA have been approved by
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the Commission on Safety Standards (CSS) and are expected to be published by the end of 2009. The
Safety Guide on PSA provides recommendation for performing or managing a Level 1 and Level 2
PSA and for using the PSA to support the safe design and operation of NPPs.

- The way the implementation of SAM programmes is made and the measures implemented vary as
reported by the different countries presentations. All approaches cover both preventive and mitigative
aspects for beyond-design basis and severe accidents at full power level. The common goal of the SAM
approaches implemented is to make up strategies to mitigate the consequences of beyond-design basis
accidents.

- The approaches followed in the different countries do not fit one single pattern. As a common rule, the
responsibility of the plant owner for the safety of his plant remains untouched. The general aim of SAM
strategy development is still to ensure containment integrity during severe accidents, also, detailed
safety objectives vary. Actual differences between SAM programmes exist also in terms of:

o status of progress of work on specific programmes,
o the extent to which hardware modifications are part of the SAM approach at a plant,
o the availability and scope of SAM guidance in the mitigative domain,

e the extent to which the decision-making process at a specific plant is left in the hands of the
operators in the main control room or becomes the responsibility of a specific Technical Support
Centre.

- In many plants, hardware modifications have been implemented in the frame of the SAM programmes,
while in most of the plants SAM guidance is implemented at least in the mitigative domain.

The development and implementation of a SAM programme has been required or recommended by the
safety authorities, but not necessarily translated into rules and regulations. It is finally the duty of the
safety authority to review the work of the utilities.

- Once implemented, the SAM guidelines should be considered as a living product. They should be
periodically reviewed and updated, and improved if necessary, as new knowledge becomes available
and new assessment methods are developed.

- A clear tendency became obvious from several presentations to the extension of the SAM programmes
to low power and shutdown states. Based on Level 2 PSA results which are available in most countries
for full power states and now in several countries as well for low power and shut down (e.g. refuelling
outages) states, it became obvious that the core damage frequencies (CDF) might be in the same order
of magnitude for both states. In recently performed studies, it was found that the risk of a large
radionuclide release might be comparable or even higher for low power and shut down states than for
full power operation.

- For NPPs in Finland, Hungary, and some in Switzerland an extension of developed SAM programmes
to the mentioned low power and shut down states has been presented. The basic idea of existing SAM
strategy application assessment was to identify the sequences or states during low power and shutdown,
for which the existing SAM measures were considered inefficient or not applicable. The accidents
initiating from shutdown states involve much lower primary pressure and decay heat, and may take
more time until the heat-up of the reactor core starts. The shutdown states are in many ways different
from power operation states: the containment may be opened, the reactor vessel head may be open, the
emergency systems as well as some SAM dedicated systems may not be available due to maintenance.
As well additional openings and release paths which may exist allow coolant and radio nuclides to
escape from the containment through different buildings into the environment. From such situations the
return to a state, where containment integrity can be ensured and mitigation actions are available and
efficient during severe accidents, may be very lengthy and may require many recovery actions. Some of
the recovery actions have to be started rather soon after the initiating event, as at later stages the
containment condition may prevent carrying out the operations.



- SAM measures for new generation III reactors were covered in one paper. Details on the SAM guidance
have not been presented.



Session 3
Modelling PRA Issues
Session Chairpersons:

J. Primet (EdF, R&D)
V. Dang (PSI)

Session summary

Session 3 addressed the modelling of the implemented SAMGs in Level 2 PSA, progress in Level 2 PSA,
and the results of these studies. One contribution reported that in view of the contribution of shutdown
states to risk, SAMGs were developed for these plant states. The results of the Level 2 PSA for shutdown
states were also reported. A second contribution is an overview of the Swiss Level 2 PSA studies, all of
which have been or are undergoing updates to account for the SAMG. It contrasted the different
methodologies being used and noted some of the open issues for modelling, especially in connection with
the treatment of human failure events in accident management. A third contribution presented the
extension of EDF’s HRA method MERMOS to allow its application for actions in severe accidents and a
first application of this method. These applications highlighted that decision-making in the severe
accident phase may be a critical factor, due to the distribution of responsibilities among the crew and the
various crisis centres. Several international efforts to harmonize Level 2 PSA were reviewed in another
contribution, covering initiated efforts in Europe, the US, OECD and IAEA. These efforts address the
collection of best practices, the development of standards, and coordinated efforts to identify and address
Level 2 issues. Looking forward, a fifth contribution discussed advanced modelling techniques for severe
accident modelling, highlighting the potential benefits of dynamic models that integrate
phenomenological severe accident models with probabilistic tools and can include operator response
modelling. It noted that there are significant challenges but also a significant body of earlier and on-going
work that may support the implementation of such techniques.

This session and the related discussions highlighted

- The progress in Level 2 PSA models but also significant differences in approaches. These concern the
Level 1/2 PSA model interface and the modelling of the human actions in severe accident
management.

- Concerning the modelling of human actions, some PSAs are treating these in a level of detail
comparable to the preventive actions in Level 1 PSAs. The methods in these analyses have to some
degree been extended on a study-by-study basis.

- The workshop discussions suggested that there are significant differences in the degree to which
different implementations of SAMGs are procedurised. Correspondingly, there were also diverging
views concerning the extent of the flexibility and discretion with which Emergency Response Teams
would apply the SAMG.

Summaries of the presentations
This session consisted of five presentations. Some general conclusions are drawn from the discussions.

Accident management and risk evaluation of shutdown states at Beznau NPP
M. Richner!, S. Zimmermann', J. Birchleyz. T. Hasté’, N. Dessars’

'4dxpo AG, Beznau NPP, Switzerland,

’Paul Scherrer Institute, Switzerland,

Westinghouse Electric Belgium

Beznau NPP is the oldest NPP in operation in the world. Since start-up a set of backfits have been
implemented resulting in significant safety benefit, reflected by a reduction of CDF by two orders of
magnitude. Beznau has also launched a comprehensive accident management programme including a
wide range of hardware modifications as well as procedure changes and improvements.



However, shutdown states, which represent a significant risk contributor for light water reactors (LWRs),
were not covered by Beznau specific set of procedures, the so-called Accident Management Procedures
(AMPs) until 2005. That is why several accident management features were implemented at Beznau
Nuclear Power plant to improve shutdown safety. In parallel, Severe Accident Management Guidelines
(SAMGs) for full-power operation were extended to shutdown states.

In support and addition to this programme, a more realistic evaluation of shutdown risk was carried out.
First it was shown that core degradation does not occur at start of core uncovery but at a reactor water
level dropped much lower. This extends the time window for the operators to intervene in cases of loss of
core cooling. It also enables operator actions according to the Severe Accident Management Guidelines
(SAMGs) to restore core cooling during shutdown conditions even after the start of uncovery, using
charging pump as an alternate recovery action. Due to the long time window, recovery of core cooling is
also possible using mobile equipment such as firewater pumps.

The safety benefits of these measures were assessed by updating the Level 1 and 2 PSA models. The AM
measures resulted in a reduction factor of at least 2 for cold shutdown CDF and LERF.

Overview of the modelling of severe accident management in the Swiss PSAs
V. N. Dang], G. M. Schoen’, B. Reer’,
'pSI °ENSI, Switzerland

The presentation was given in two parts. The first one presented the regulatory basis of SAMG and PSA
in Switzerland, the status of implementation of SAMG and PSA and main objectives of SAM actions.
The second part focused on modelling and quantification of SAM actions in Level 2 PSA, main
differences with Level 1 HRA that need to be considered and some results from Swiss PSA.

The Swiss regulatory framework is constructed in three stages: Nuclear Energy Law, Accompanying
ordinance and regulatory guidelines. The accompanying ordinance consists of high-level requirements
and precise decision guidance for severe accident management and high-level requirements for PSA
development and applications. Three guidelines complement the ordinance about PSA and SAMG:

e ENSI-A05 - PSA : Quality and Scope
e ENSI-A06 — PSA : Applications
e ENSI-B12 — Emergency Preparedness for Nuclear Installations

Implementation of SAMG followed several step, starting in 1997 with a survey study and ending 2009 by
stating detailed requirements in the regulatory guideline. Full Power SAMGs were implemented in Swiss
NPP from 2001 to 2006 and Shutdown SAMG from 2005 to 2009.

As far as PSA is concerned, all 4 Swiss NPPs have developed specific Level 1/Level 2 PSA covering all
kinds of events (internal and external), and all reactor states, except some development which are still
needed for Level 2 low power and shutdown states for certain units.

SAM actions, which have to be stated in PSA Level 2, aim at terminating core degradation, ensure
containment integrity and mitigate radiological releases. Examples of such actions are: alternative water
supplies, especially alignment of firewater, flood for heat removal, flood or spray for radionuclide
retention and containment venting. Number of SAM actions types and cases in each Swiss Full Power
level PSA were presented and differ strongly from PSA to another, mainly due type of analysis (HRA
type or APET state). It was also underlined that some PSA are currently being updated, which can result
in significant changes for the results which were presented.

Following specific factors influencing performance of SAM actions were presented and discussed:
e transition to new, mitigation-oriented objectives;
e increased expertise available to and within the ERT;
e Open (by necessity) aspects of the mitigative response plan (less prescriptive than EOP);
e Increased uncertainty regarding plant state;

e Need for more parties to agree, more complex decision-making process;



e Personnel radiation exposure (for local actions) ;
e Possible dependencies between MCR crew and ERT.

Some statistics about failure probability for SAM actions were presented: it appears that only a very small
part of the probabilities below 0,01 and that they are in majority in the 0.01-0.1 and 0.1-1 range. These
values are in general higher than the human error probabilities in Level 1 PSA. However, the results may
be biased by differences in the treatment of SAM actions in the PSAs, by analysis assumptions, or by
limitations of HRA methods for Level 2 PSA applications.

Some international efforts to progress in the harmonization of Level 2 PSA development and their
applications (European (ASAMPSA2), US-NRC, OECD-NEA and IAEA activities).

E. Raimond', S. Giintayz, C. Bassi’, D. Helton’, A. Lyubarsliy5 ,

'IRSN, France,

’PSI. Switzerland,

3CEA, France

'US-NRC, US4

'TAEA, Austria

The presentation drew attention to the fact that the expectations from a Level 2 PSA may indeed be large
and can include:

e validation of severe accident measures,

e achieving safety goals or acceptability of the level of risk,

e cost-benefit analysis,

e support for decision regarding plant life extension,

e identification of R&D needs for unresolved generic safety issues,
e capitalization of knowledge,

e cmergency preparedness.

Such expectations require robust and validated studies and authors consider that there is still a need in the
international community to share experience in the development and applications of Level 2 and that the
development of standards, best-practice guidelines and state-of-the-art methods can be a useful way to do
so. The paper presented a summary of several initiatives from EC, US-NRC, OECD and IAEA, which are
shortly repeated hereafter:

e SARNET (Severe Accident Research NETwork of Excellence)

This EC initiative covers two period 2004-2008 (SARNETI, 51 organizations) and 2009-2012
(SARNET?2, 41 organizations). The main objectives of SARNET 2 are to spread knowledge and to
propose research on high priority issues concerning severe accidents.

o ASAMPSA2 (Advanced Safety Assessment Methodology : Level 2 PSA)

This is a coordination project, which started in 2008 for 3 years and gathers 22 organizations (plant
operators, Vendors, TSOs, Safety authorities, etc.). The objective of ASAMPSA2 is to develop best
practice guidelines for the performance of Level 2 PSA methodologies with a view to harmonisation at
EU level. The expected impact is that Level 2 PSA methodologies could be used with greater confidence
in the further development of SAM procedures and could greatly assist in the decision-making associated
with plant life management.

e State-of-the-Art Reactor Consequence Analysis (SOARCA) project

The goal of SOARCA is to generate realistic estimates of the offsite radiological consequences for severe
accidents at US operating reactors using a methodology based on state-of-the-art analytical tools. Details
about SOARCA project were provided during sessions 4 and 5 and are presented in the associated section
of this document



e Development of New PSA standards

In the US, a consensus standard exists for the limited scope Level 2 model (so called “LERF model”).
Currently three new standards are in development that are of interest for the accident management
community: low power and shutdown PSA, Level 2 PSA and Level 3 PSA.

e OECD-NEA activities

OECD/NEA CSNI Risk and GAMA WG are supporting many collaborative actions related to severe
accident and Level 2 PSA. Audience was informed about two NEA/CSNI recent papers on Level 2 PSA
and SAM.

e JAEA activities

The IAEA activities were presented in a specific paper in session 1. Several document references were
presented, included to safety guides for development of Level 1 and Level 2 development and application
final versions of which are to be published in the near future.

Extended Use of MERMOS to assess Human Failure Events in Level 2 PSA
H. Pesme, P. Le Bot, EDF, France

This contribution presented the extension of EDF’s Human Reliability Analysis (HRA) method
MERMOS to address Human Failure Events in Level 2 PSA. The MERMOS method applications was
extended for Level 2 PSA and evaluated on the basis of case studies dealing with Loss of (Steam
Generator) Feedwater accident scenarios with the unavailability of Safety Injection. The studies
considered scenarios with and without Station Blackout (SBO). Experts in severe accidents provided
qualitative and quantitative inputs to the case studies. The studies highlighted the role of the crisis
organization as one of the key aspects specific to HRA for Level 2 HRA. In particular, the examples
discussed show that the complexity of the decision circuit is one of the ways in which Level 2 Human
actions may fail.

Four main characteristics of Level 2 PSA drive the modifications of the MERMOS method. First, the
Emergency Operating System (EOS), which in Level 1 PSA consists of the control room operators, their
procedures, and their interface to the plant, is extended to include the emergency response organization.
This organization consists of the on-site plant organization, EDF resources at the national level, and local
(prefecture) and national public authorities. MERMOS Level 2 PSA applications thus include in the EOS
the site’s MCC, the local emergency response team, and the national emergency response team. Second,
the procedures of this extended EOS supplement the Emergency Operating Procedures and need to be
taken into account. These include the severe accident response guide (GIAG) used by the control room
operators. Third, in severe accident conditions, MERMOS considers a prognosis function in addition to
the usual functions of diagnosis, strategy, and actions. It consists of evaluating not only the scenario
developments but also the plausible aggravating factors and proposed countermeasures. Fourth, the lack
of data (fortunately) on real severe accidents, the small number of severe accident simulations (exercises)
and their limitations for collecting HRA data, and the expertise on severe accidents in EDF’s PSA teams
increase the reliance on expert judgment. In the case studies, inputs were elicited from experts in severe
accident and members of the national emergency response team.

The example of Loss of Feedwater combined with SBO from the case studies highlights that the failure
probability for depressurization of the primary (Reactor Coolant System) by opening the pressurizer
valves is not insignificant. The main scenarios involve failures related to in-situ actions (outside the
control room), which are penalized by the short time available (15 minutes), and the complexity of the
decision circuit, which limits the support of the crisis organization. In one of the contributing failure
scenarios, the MCC is not available in time to confirm the decision to depressurize. The discussion
addressed the assumptions concerning how long the emergency response teams (local and offsite) need to
assemble and then to become capable to make decisions.



The Role of Severe Accident Management in the Advancement of Level 2 PRA Modelling
Techniques

D. Helton, J. Changl, N. Siu!, K. Coynel, M.Leonard’

"US-NRC, *Dytona, USA

This contribution explored the potential role of advanced methods for Level 2 PSA modelling for better
capturing the effects of accident management (AM) guidance on severe accident risk. Some key aspects
being considered as part of an exploratory long-term research project are the ability to model human
actions as part of accident management and the coupling of these actions to deterministic models of
severe accident progression to obtain more realistic and higher-fidelity results. The paper surveyed
potential Level 2/3 PSA approaches and current and potential Level 1 PSA approaches in terms of human
response modelling. Dynamic event tree methods are further examined as a promising technology for
treating the human response in Level 2/3 PSA.

The presentation noted that post-core damage operator actions have either been neglected or incorporated
in subjective probability assignments. The approach of relying on a subjective mixture of deterministic
analysis, experimental data, and practical knowledge in the treatment of AM facilitates the treatment of a
large number of sequences. Several advanced Level 2 approaches were compared in a scoping study with
traditional methods: modified traditional approaches, hybrid event approaches that couple event trees
statically to deterministic tools, dynamic event tree simulation methods, and sampling-based direct
simulation methods. The dynamic event tree and sampling-based direct simulation methods were
identified as the most promising. Some key advantages are the direct use of MELCOR in event tree
construction, the elimination of pre-determined top events provided by dynamic event trees, and the
coupling of an operator response model. These address the main limitations of the subjective traditional
approaches to modelling AM actions in Level 2 PSA in terms of dealing with complex system/operator
interactions and ensuring Level 1 / Level 2 consistency. Dynamic PSA modelling aims for a more time-
based representation of sequence evolution and the direct modelling of accident scenario development,
including all relevant phenomena, operator decision-making and actions, and physical accident
development.

The major difficulties in implementation include the large number of unique sequences, which requires
screening out “unimportant” operator actions, and strategies for merging sequences and truncating the
dynamic event tree at prescribed frequencies. Operator response models need to be further developed. In
applications of the dynamic models (in the analyses), oversight is needed to catch instances where the
model may enter untested regimes. Strong non-linearities are expected that may magnify small modelling
errors and lead to unrealistic contexts for operator actions. The benefits for pre-core damage modelling
include clear links between actions and their proximate causes, the capability to model core damage based
on actual fuel response rather than surrogates, and sequence-by-sequence modelling of EOP to SAMG
transitions. In the post-core damage regime, the dynamic models provide the capability to define the
context for SAMG decisions on a sequence-by-sequence basis. As a result, a more realistic source term is
expected, combined with improved resolution concerning the importance of AM actions that impact the
source term. In order to realise the advantages of advanced Level 2 modelling approaches, additional
work is needed to implement these simulations. The existing body of work discussed in the paper as well
as other on-going efforts can contribute to this objective.

The discussion highlighted the role of advanced Level 2 modelling approaches as detailed approaches to
address specific issues and applications rather than a replacement for the full scope of Level 2 PSA. The
significant difficulties and the level of effort to develop the inputs would tend to focus the applications to
specific scenarios and sequences. The contributors also noted that the paper reflects on the status of Level
2 PSAs in the U.S., which may contain a different level of modelling detail than some of their
international analogues. It was noted, for instance, some PSAs discussed in the workshop already use an
integrated Level 1/2 methodology where AM and SAM actions have been modelled on a sequence-
specific basis. While these may not address all of the objectives of the advanced Level 2 approaches
discussed, the realisation of such approaches may also be viewed as an ambitious but challenging further
step.



General discussion and conclusions on Session 3

The PSA has been an input to the development and implementation of the Severe Accident measures
(hardware features) and the accompanying guidelines, the SAMGs. Updates of Level 2 PSAs have been
performed to account for these technical measures and the strategies, mainly for full power but in some
cases also for shutdown states. The Level 2 PSA practice is diverse, due to the Level 2 PSA approach and
intended applications as well as the implementation of the SAMGs themselves. Based on these Level 2
PSA experiences, there are efforts a) to establish standards and b) to collect effective PSA practices. An
outline of the general discussions and conclusions are provided below:

- The intended use and applications of the Level 2 PSA should drive the selection of the Level 2 PSA
approach. Although many plants have Level 2 PSAs, a number of organizations are or will be initiating
Level 2 PSA studies. The advantages and limitations of the respective approaches, in view of the intended
use and applications of the Level 2 PSA, should be an important factor in this selection:

e In part due to scenarios where containment hatches are open and cannot be closed quickly (loss of
power), shutdown scenarios may be significant contributors to risk in terms of release frequencies.
Since 2001, SAMGs have been implemented for shutdown conditions for a number of plants. The
development of Level 2 PSAs for shutdown is encouraged. It provides an updated risk perspective
on shutdown L2 risk, insights for, and importance relative to release scenarios from full-power
operation.

e It was recommended to model SAMG in Level 2 PSA and to assess and, if needed, to optimize
SAM and SAMG.

e There are different views as to whether it is appropriate to incorporate SAMG-guided action in the
Level 2 PSA. For those who believe that this should be done, there is no mature set of methods for
comprehensively addressing human reliability aspects for SAM measures.

- Work should be undertaken to identify what existing methods and gaps exist for extending presently
used Level 1 PSA human reliability methods to Level 2 PSA / SAM. As a first step, one could try to
reach consensus on the question of whether existing methods can be extended, or whether the situation for
Level 2 PSA / SAM is so different that entirely new methods are required.

- Whether a SAM measure is taken in a severe accident depends not only on hardware system availability
and failure but also on the ERT decision to pursue the SAM measure. When the failure of the decision-
making process is considered to be one of the possible contributor to the SAM measure failure, this has to
be addressed in Level 2 PSA.

- The modelling of SAMG-guided actions for Level 2 PSA needs to address a number of characteristics
specific to the Severe Accident context (accounting for the needs of the PSA application). These include

e.g.
e Delay from ERT / ERO / TSC assembly to effective readiness
e Transition from preventive to mitigative objectives
o Transfer of some responsibilities from the main control room to the TSC / ERT.
¢ Timing of the entry into SAMG, after the entry conditions are satisfied
e Concurrent use of EOPs and SAMG:s, at least for some time (in some SAMG concepts)
e Distributed decision process, complex “decision-path”
e Increased uncertainty regarding plant state
e Coordination of multiple teams (e.g. local operators, fire brigade)

- Most of the available HRA methods are mainly focused on modelling the failure of preventive actions
guided by EOPs, i.e. those modelled in Level 1 PSA. As a result of a lack of guidance to model SAMG
guided action in Level 2 PSA has led some studies not to account for the SAMGs and actions in the PSA
to the degree expected, while others have developed approaches specific to their SAM and SAMG



concepts. There is therefore a clear need to develop guidance on crediting and modelling SAMG-guided
actions.

- Very different views were expressed concerning how much latitude the SAMG leave to the decision-
maker(s), in order to allow for the uncertainties of severe accident contexts. Some stressed that the
SAMG decision criteria are very clear-cut while other views highlighted the subjectivity of the decision-
making process and the possible influence of group decision-making behaviours.

- Concerning actions to recover systems and functions, the present consensus in PRA is to credit these
only when they are supported by procedures. This consensus is currently oriented to the preventive
domain treated in Level 1 PRA. It may be worthwhile to examine whether this should apply for the severe
accident context modelled in Level 2 PRA.

- SAMG training and emergency exercises go hand-in-hand with the implementation of hardware
measures and SAM guidelines. The collection of observations from training and exercises could help to
establish a basis for a consistent crediting of SAMG-guided actions.

- SAM implementations differ in how decision-making responsibilities are organized and in the structure
of the guidance (e.g., philosophy of the entry criteria, concurrent or exclusive application of
EOPs/SAMGs, and inclusion of back-up decision criteria). Assessments of SAM effectiveness need to
take the specifics of an implementation into consideration and perhaps include comparisons with other
implementations.

- The validation of SAM measures from the standpoint of the necessary operator action timings could be
addressed more rigorously, relative to the verification of the efficacy of hardware. Further, errors of
commission (which were important in the Three Mile Island and Chernobyl accidents) are still routinely
neglected in PSA. Tools exist which can be used to scope these issues in the absence of (or in addition to)
a full-scope simulator.



Sessions 4 and 5
Code Analysis for Supporting SAMGs
Session Chairpersons:
E. Raimond (IRSN)
Y. Liao (PSI)
M. Leonard (Dytona)
M. G. Cenerino (IRSN)

SESSION SUMMARY

Nine papers were presented in Sessions 4 and 5, on the general subject of “Code Analysis for Supporting
SAMGs.” The papers addressed a wide spectrum of topics and described deterministic analysis of a
several different reactor designs. The papers stimulated several useful and interesting comments and
discussions.

Discussion on the various topics can be summarized in three broad areas: (1) Deterministic consequence
analysis, (2) Use of deterministic analysis to identify and verify SAM measures, and (3) Investigations of
particular severe accident phenomena. Important aspects of these discussions are noted below.

Deterministic Consequence Analysis

Many types of deterministic analysis presented at the workshop clearly demonstrate measureable
reductions in risk have been achieved by implementation of severe accident management measures. These
reductions have been achieved by crediting or adding new resources for coolant injection and heat
removal to prevent core damage, and by actively mitigating the consequences of core damage. Recent
analysis by the U.S. NRC (SOARCA) identified any severe accident sequences in a representative BWR
and PWR that would result in a ‘large early’ release to the environment. That is, their results suggest the
QHO (or its surrogate, LERF) is satisfied in these U.S. reactors. However, comments from the audience
noted that the PWR source term (9% of the initial core inventory of Caesium released to the environment
within 10 hrs after core damage) for one of the U.S. PWR sequences would constitute a large early
release in Switzerland. This highlighted the observation made at other times during the workshop that
interpretation of the QHO in the form of surrogate parameters, such as LERF, are not uniform across the
countries participating in the workshop. A contradictory conclusion was reached in a paper presented by
KINS (Korea). The Korean study found that the QHO could only be achieved if radiological release to the
environment was limited by design basis leakage from containment (0.1% volume/day), and was
mitigated by early operation of containment sprays.

Verification of SAM Measures

Many workshop participants expressed the view that SAMGs should encourage restoration of water to
core debris regardless of the conditions of the core, or the available coolant flow rate. This was however
not a consensus view. Some participants expressed the view that the detrimental effects of adding water at
low a flow rate might outweigh potential benefits. In particular, if the maximum available rate of coolant
injection is significantly less than the amount needed to fully quench and cool debris, the water injection
may increase the hydrogen generation (and its flow rate) and the risk of early containment failure.
Depending on the design on the plant and on the considered accident, late in-vessel water injection may
also increase the risk of direct containment heating if the vessel is already damaged by the relocated
corium and fails while RCS pressure rises after water injection.

Investigations of Particular Severe Accident Phenomena

Severe accident sequences involving induced steam generator tube rupture (SGTR) remain an important
contributor to risk for some PWRs and a significant challenge for developing SAM measures. Divergent
assumptions in the analysis of induced SGTR, including the probability distribution among such events as
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cascading failure, tube failure followed by subsequent hot leg failure or no tube failure, and the differing
assumption about the number of tubes involved can lead to significantly different results. Many studies
continue to assume induced tube failure only affects a small number of tubes. In contrast; analysis by PSI
in Switzerland assumed failure of a single tube with a sufficiently long crack could quickly propagate to
failure of adjacent tubes. This, in turn, increases to effective break area in the reactor coolant system,
causing depressurization and transfer of water from the accumulators into the SG secondary. Differences
in these assumptions lead to differences in the effective decontamination factor for fission product
retention in the SG secondary.

GENERAL CONCLUSIONS

o Technical progress was reported in modelling severe accident and consequence analysis, permitting
realistic updates or revisions to past analysis of quantitative estimates of offsite radiological accident
consequences. However, applications of these models to representative severe accident sequences led
to very different conclusions regarding the extent to which quantitative health objectives (QHOs)
have been achieved after severe accident measure implementation.

o Differences of opinion remain in the confidence with which SAM guidance can recommend the re-
introduction of water to molten core debris, during either the in-vessel or the ex-vessel phase of the
accident. Concerns regarding the detrimental side effects of the interaction between water and core
debris (especially at coolant low flow rates), have not been fully resolved.

o Severe accident sequences involving induced steam generator tube rupture (SGTR) remain an
important contributor to risk for some PWRs and a significant challenge for developing SAM
measures. The relationship between the time of this event and the time at which creep rupture occurs
at other locations in the RCS (e.g., hot leg) has a first-order impact on the radiological source term to
the environment. If hot leg creep rupture occurs soon after tube rupture, a substantial fraction of
fission products are discharged into containment, reducing the activity available for release to the
environment through the ruptured SG tube(s).

RECOMMENDATIONS

O An international effort should be undertaken to investigate and better understand the relationship
between the metrics used to quantify the benefit of SAM measures toward satisfying offsite
radiological consequence targets (e.g., dose, land contamination) in addition to traditional metrics
available from severe accident analysis.

o Some comparison and information exchange activities regarding the technical basis for SAMG
strategies should be maintained at international level, especially for in-vessel water injection, cavity
pit flooding, containment spray system actuation and filtration efficiency of containment venting.
These activities should focus on the balance between the advantage and disadvantages of each chosen
SAMG strategies, depending on reactors design specificities. The aim of this effort would be to
develop an international consensus on the effectiveness of SAM measures.

Summaries of the presentations

Best-Estimate Calculations of Unmitigated Severe Accidents in State-of-the-Art Reactor
Consequence Analyses

C. G. Tinklel’, K.C. Wagnerz, M. T. Leonard’, J. H. Schaperowl

"U.S-NRC, *Sandia National Laboratories, 3dycoda, LLC, USA

The paper described analysis of severe accident offsite radiological releases using state-of-the-art
analytical tools for accident progression and consequence analyses (primarily MELCOR and MACCS).
Calculations were performed for two U.S. plants (one PWR and one BWR), and addressed accident
sequences identified as the dominant contributors to core damage frequency for internal and external
initiating events. Calculations of accident progression, radiological source terms and offsite health
consequences explicitly accounted for operator actions to follow SAMGs and use new plant hardware
recently installed as mitigative measures to address security related hazards.



The analysis is an update to past (1982) analysis of offsite consequences at U.S. nuclear power plants and
demonstrated significant reductions in radiological release and its impact on public health. None of the
sequences resulted in a ‘large early’ release to the environment, based on U.S. standards definition.

Deterministic Evaluation of Quantitative Health Objective and Target of Severe Accident Management
C. Huh', N. Suh’, G. Jung’,
'Korea Institute of Nuclear Safety, ’FNC Technology, Republic of Korea

This paper examined the conditions necessary to achieve a safety goal in expressed in a form of
quantitative health objective (QHO) such that an additive risk of early fatality. In particular, the common
QHO that the frequency of acute fatality or long-term cancer fatality caused by accident or operation of
nuclear power plant should not exceed 0.1% of public risk to other common hazards. MELCOR and
MACCS deterministic calculations were described, which suggested the only way to achieve the QHO in
Korea for a representative severe accident (e.g., station blackout) is to limit releases to the environment to
a value corresponding to maximum allowable containment leak rate with operation of containment sprays.
Releases associated with filtered containment venting, or with containment leakage larger than allowable
(Tech Spec) limits, combined with the nominal frequency of severe accidents, would not satisfy this QHO.

Verification of the SAMG for Paks NPP with MAAP Code Calculations
G. Lajtha’, Z. Téchy',J. Elter’, E. Toth’
'NUBIKI, *Paks NPP, Hungary

The paper described a wide range of applications of the MAAP code, which verified of the efficiency of
SAMGs in the Paks NPP. Specific actions studied included:

depressurisation of the primary circuit,

water injection into the primary system,

in-vessel melt retention by external cooling of the vessel,
preventing excessive vacuum in the containment,

preventing containment overpressure,
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decreasing fission product release using the ventilation systems.

Treatment of Accident Mitigation Measures in State-of-the-Art Reactor Consequence Analyses
C. G. Tinkler!, K.C. Wagnerz, M. T. Leonard’, J. H. Schaperow1
'U.S-NRC, *Sandia National Laboratories, > dycoda, LLC, USA

The paper presented the effectiveness of resources for preventing core damage or mitigating radiological
releases to the environment examined in deterministic calculations. The resources included plant systems
that were not explicitly represented in the plant-specific PSAs and new equipment installed for
responding to nuclear plant security requirements. When these resources were credited (assumed to
function), core damage was avoided in most of the accident sequences identified in the plant-specific
PSAs.

Best Practices Applied to Deterministic Severe Accident and Source Term Analyses for PSA Level
2 for German NPPs
M. Sonnenkalb, N. Reinke, H. Nowack GRS, Cologne, Germany

The paper described methods applying integral deterministic severe accident analyses to study severe
accident phenomena in German NPPs. The description highlighted the importance of detail in spatial
nodalization for severe accident codes like MELCOR or ASTEC, and appropriate modelling of relevant
fission product release paths from the NPP buildings to the environment. Experiences gained in applying
MELCOR in past analyses are being applied to future work using ASTEC.



Severe Code Damage Analysis for a CANDU Plant
P. Mani Mathew, S.M. Petoukhov, M.J. Brown, B. Awadh, AECL, Canada

The paper described a special version of MAAP4 which is being applied by AECL for CANDU-6 severe
accident analysis. A key feature of the CANDU version of MAAP is explicit accounting for differences in
core configuration from a traditional LWR (i.e., a horizontal fuel tubes within a horizontal cylindrical
moderator tank, rather than a vertical configuration). This difference in physical configuration results in
significant changes in fuel damage morphology and material relocation within the reactor vessel.

Preliminary calculations indicated the time frames for CANDUG6 are much longer than LWRs of a similar
power level. Initial calculations were performed for wide spectrum of sequences to understand event
chronology and to identify opportunities for SAM measures. The paper highlighted specific natural SAM
measure aspects regarding the in-vessel retention resulting from the fact that the reactor vessel (calandria
tank) is submerged in a large light water shield tank.

Time Window for Steam Generator Secondary Side Reflooding to Mitigate Large Early Release
Following SBO-Induced SGTR Accidents
Y. Liao, S. Guentay, Paul Scherer Institute, Switzerland

Steam generator secondary side reflooding has been implemented in some PWR power plants as a
practical severe accident management measure to mitigate fission product release for spontaneous steam
generator tube rupture severe accidents. The PSI work focused on station blackout induced SGTR
accidents, which would progress much faster with the reactor uncovered and fission products released
much earlier than spontaneous SGTR accidents. Therefore, the plant staff would have a much shorter time
in response to SBO-induced SGTR. The time window available for the plant staff to prepare mobile pump
and firewater for injection of water into the SG secondary side is a critical parameter governing if this
SAM measure could be successfully achieved. The work used the MELCOR severe accident analysis
code to analyze the SBO induced SGTR accident progression and to characterize the boundary conditions
for fission product retention onto the SG secondary side. The main hypothesis was the propagation of
damage from 1 tube to multiple tubes because of jet impingement due to high pressure RCS and
disruption of steam generator inlet plenum mixing due to a large tube rupture flow. This resulted in a
“cascade” of tube failures allowing a quick RCS depressurization until the accumulator started to inject
coolant into the reactor core. As a conclusion, the paper highlighted the inherent plant safety features,
such as establishment of a pool on SG secondary side following accumulator injection, which enables
effectively retention of aerosols by inertial impaction as well as turbulence deposition on SG tube and
structure surfaces. The effective SG retention was found to postpone a large early release by a number of
hours, making time for accident management to refill SG to probably avoid large early release of fission
product to environment

The following items were discussed after the presentation:

o Some concern was raised about the possibility for the accumulator water reaching the height of the
SG breach if situated at the top of the tube sheet;

o Some participant questioned the quality of calculations on the jet velocity and particle size and
velocity of big aerosols impacting the adjacent tubes surrounding the failed tube.

On the Effectiveness of BWR Control Rod Guide Tube Cooling as a SAM Measure for BWRs
W.-M. Ma., C.-T. Tran, KTH, Stockholm, Sweden

The paper reported the preliminary calculations performed to evaluate the potential for cooling core
debris in the lower plenum of a BWR by operating (recovering) coolant flow through forest of control rod
drive tubes (CRGTs). Unlike traditional forms of debris bed cooling, which provided direct contact
between debris and water, this method would be in direct. Cooling would involve heat transfer from the
debris bed through the walls of the cylindrical CRGTs and carried away by water flowing within the tubes.
A simple, lumped-parameter model was developed for the MELCOR computer code to investigate the
amount of coolant flow necessary to cool the debris bed. The CRGT flow was found to be adequate if it
was restored soon after reactor scram; much larger flow rates were necessary if coolant flow was restored
2 hours after the initiating event (SBO).



Ex-Vessel Corium Management for the VVER-1000 Reactor
B. Kujal, Nuclear Research Institute Rez plc, Czech Republic

This paper was unfortunately not presented due to illness of the author. However, it is shortly summarised
below to complement the related presentations made in the session. The paper describes an extensive
work to analyze the effectiveness of ex-vessel corium management measures in the VVER-1000
containment. The VVER 1000 containment is built on the non-hermetic lower part of reactor building:
The thickness of containment basement slab is only 2.4 m. The paper raises a concern due to the limited
thickness of the basement slab that in the course of severe accident corium can melt through and hence
may cause release of fission products into the non-hermetic lower part of the reactor building and
eventually into the environment. As a result of this threat, two strategies are proposed for ex-vessel
corium management in the VVER-1000 reactor cavity: i) corium spreading out of the cavity on
containment floor and ii) water cooling of melt pool. Extensive calculations with the CORCON and the
MEDICIS corium concrete interaction codes showed that the most effective measure is the combination
of both the strategies. Nevertheless, this procedure does not provide assurance of terminating the corium-
concrete interaction definitely, however, only retards the corium penetration through containment
basement. On the other hand, supplementary studies conducted using the MELCOR code confirm the
melting through and break down of containment basement slab as expected in one or a few days from the
start of the accident. As a consequence, a massive fission products release is predicted to occur into the
environment. A strategy with an attempt to mitigate the massive environmental release is proposed and
presented. It consists of the following remedial measures: reinforcement and additional sealing of seven
doors leading from lower part of the reactor building into environment, removal of cover and lids on the
intermediate floors to facilitate corium transfer to the final destination, containment depressurization
before containment basement slab failure, assuring long term heat removal from containment/reactor
building and prevention of hydrogen detonation.






Session 6
Decision-making, Tools, Training, Risk targets and Entrance to SAM
Session Chairpersons:
D. Helton (US NRC)
P. Le Bot (EdF)

Session summary
Five papers were presented during Session 6. These papers covered a broad range of topics including:

e transition criteria used for moving from emergency procedures to severe accident procedures,

e an accident diagnosis and emergency response decision-making tool,

e views on the use of risk targets and safety goals in view of IAEA recommendations, and

e development, validation and training of SAM.
These papers/presentations are summarized below.
Summaries of the presentations

Criteria for the Transition to Severe Accident Management
B. Prior, Jacobsen Engineering Ltd (JEL), UK

The presentation on criteria for transition to SAM has provided a good survey of transition criteria and
considerations. He has demonstrated that a wide, but explainable, variation exists with regard to the
transition criteria employed. A WGAMA report providing additional information on this topic is
forthcoming. An aspect of this issue, that is likely to receive more attention, is the extension of SAM
entrance criteria to the shutdown states. A member of the audience noted that the OSSA criterion has
changed relative to what is shown in the paper/presentation, but the new criterion has not yet been
published.

Use of The Software Module Sprint in The Netherlands
M. Slootman, NRG, Arnhem, The Netherlands

The presentation on the use of the Sprint code in the Netherlands provided an overview of a useful tool
for translating the state-of-knowledge in Level 2 PSA and deterministic severe accident analysis in to an
accident diagnosis and emergency response decision-making tool. Of particular note was the strengths
that Bayesian Belief Nets Offer in terms of probabilistic modelling of alternate scenario outcomes and
accounting for missing or incomplete information. Limited discussion following the presentation focused
on the need for understanding the strengths and limitations of the tool, and ensuring appropriate training
is enacted (e.g., familiarizing TSC members with the probabilistic concepts employed).

Safety Goals and Risk Targets for Severe Accidents in View of IAEA Recommendations
J. Vitazkova, E. Cazzoli , CCA, Switzerland

The presentation outlined international usage of safety goals and targets. It included a view as to how this
usage is inconsistent with [AEA guidance and does not appropriately account for effects other than
human health (specifically land contamination). The paper went on to provide illustrative offsite
consequence analysis and recommended a means of adopting a risk target definition that utilizes the INES
scale, through which consistency with IAEA guidance is promoted. It suggested that the definition of
safety goals and risk targets is general enough to be used for both existing and future plants. Some
ensuing comments related to clarifying use of risk surrogates relative to complementary deterministic
goals, and acknowledgment of the benefit of debating these issues.



Development, Validation and Training of Severe Accident Management Measures
A. Torri, V. Pokorny, and U. Liittringhaus, Risk Management Associates, Inc., USA

The presentation provided information on the historical development of, and status of design-basis
emergency procedures and SAM measures and the linkage between the two. The remarks provided in the
presentation focused attention on the need to consider errors of commission (based on the Chernobyl and
TMI accidents), and to prioritize activities toward making the reliability of SAM guidance commensurate
with that of hardware through better validation and training. The paper pointed out that many important
accident sequences coming out of PSAs lead to core damage within 2 hours when for 70% of the time the
emergency response organisation is not fully functional to make decisions and the control room operators
must have the instruction and training much like they have for EOPs to manage the early accident phase
alone. The paper went on to describe weaknesses in the current means of validating the use of SAM
guidance by the plant operators, and provided a proposal for how this could be dealt with through the
coupling of an operator action model with an accident simulation tool. A demonstration of this tool was
provided during the presentation. Also of particular emphasis in Dr. Torri’s arguments, particularly in the
additional comments provided during the presentation, is the notion that the existing practices do not
appropriately account for the necessary timings of operator action in relation to accident sequence
evolution in guidance development, validation, and training.

Severe Accident Training in Spain: Experiences and Relevant Features
R. Martinez!, J. Benavides’, J. M. de Blas®, M. A. Catena®, I. Sol’,

T, ecnatom,

2C.N. Trillo,

5 C.N. Santa Maria de Garoiia, Nuclenor

‘C.N. Almaraz,

"A.N. Asc6-Vandellos 11

Spain

The presentation covered severe accident management training activities in Spain, including description
of a rotating curricula for the annual retraining. It also described hardware and software upgrades that
have been being made to the technical support centres of each NPP, as well as updates that have been
recently completed or underway for the NPP’s severe accident management guidance. Finally, it
described the Tecnatom’s implementation of a full-scope (meaning both design-basis and severe accident
capabilities) simulator at the Laguna Verde NPP in Mexico, which uses the MAAP code to augment the
previously existing design-basis simulation capability.

General discussion and conclusions

- The transition from emergency operating procedures to severe accident management domain varies
by plant designs. These variations are generally explainable. An upcoming WGAMA report will
provide views on the appropriateness of core exit temperature as the transition criteria in use.

- Work on the use of Bayesian Belief Network (BBN)-based tools for real-time source term estimation
and emergency response continues, and these tools have seen specific and positive use in the
Netherlands.

- A diverse set of views exist on the appropriateness of current risk targets and safety goals, including
the appropriateness of surrogates (e.g., large early release frequency) used to show compliance with
these goals.

- The validation of SAM measures from the standpoint of the necessary operator action timings could
be addressed more rigorously relative to the verification of the efficacy of hardware.

- Training and facility upgrade continues to be an important aspect of SAMG implementation.



Session 7
Design Modifications for Implementation of SAM
Session Chairpersons:
J. Primet (EDF)
A. Lyubarskiy (IAEA)
Session summary

Three presentations were delivered during this relatively short session. Two of the presentations discussed
the proposed design changes that will increase the efficiency of severe accident mitigation and the third
provided the details of the SAM procedures developed for shutdown conditions.

All presentations were appreciated by the participants of the workshop and several clarification questions
were asked following each presentation.

It should be mentioned that during the discussion after presentation of the paper “Design modifications of
the Mochovce units 3 & 4 dedicated to mitigation of severe accident consequences” it could be a common
practice to evaluate the safety benefits of the proposed design modifications using results of Level-2 PSA
and/or cost-benefits analysis, whenever it is possible.

The brief summaries of the papers are provided below.

Summaries of the presentations

A Novel Process for Efficient Retention of Volatile Iodine Species in Aqueous Solutions during
Reactor Accidents,

S. Guentayl, H. Bruchertseiferz, H. Venz’, F.Wallimann®, B. Jaeckel’
"Paul Scherrer Institut, 5232 Villigen-PSI

’Private consultant, Frick,

3Nordostschweizerische Kraftwerke, 5312 Doettingen,

Switzerland

In severe accidents, elemental iodine and organic iodides are the main gaseous iodine species in the
containment atmosphere. Although a great progress in the understanding and modelling of several basic
aspects of iodine chemistry has been achieved, there still exists a deficit in the scientific understanding of
the underlying processes, which determine ultimately speciation and magnitude of the gaseous iodine
species in the containment; e.g., elemental iodine and organic iodides. Long-term research has not led to a
consensus within the international research community on the generation mechanisms of highly volatile
organic iodides and numerous dedicated research projects did not lead to effective measures to provide a
sufficiently good retention of highly volatile organic iodides after their thermal and radiolytic generation
in the containment. The specific research and development programs conducted for Filtered Containment
Venting Systems (FCVS) already installed at many plants to avoid containment failure at high pressure
already demonstrated high retention of the particulates, including metallic iodides by these engineered
systems. However, demonstration of the high retention of volatile gaseous iodine species and in particular
organic iodides under certain conditions was either not secured or not systematically studied.

In order to manage iodine retention during, a severe accident a new efficient technical process leading to
a fast, comprehensive and reliable retention of volatile iodine species in a containment of a nuclear
reactor during a severe accident has been developed in Paul Scherrer Institut (PSI).

The PSI research demonstrated that the concurrent use of a phase transfer catalyst, specifically,
Aliquat336 eliminates the problems of unsatisfactory, undefined and ineffective retention of organic
iodides in the existing designs of FCVSs in a wide range of severe accidents conditions. At the same time
the researches has proved that the efficiency of the containment venting filter for removing aerosol
particles and iodine is not impaired when doped with the additive mixture of Aliquat336.

This research has resulted in the development of a passive add-on to existing containment venting filter
systems. The hardware modification of existing containment venting filter systems is also proposed in the



paper. The implementation of the novel process will lead to significant safety benefits and will not require
major changes in the existing designs of FCVSs.

Design modifications of the Mochovce units 3 & 4 dedicated to mitigation of severe accident
consequences, providing conditions for effective SAM

M. Cvan' , D. Siko’

"VUJE, Slovenské elektrdarne, Slovenia

The paper outlined the design modifications foreseen in the four units of VVER440/V213 (Bohunice
units 3 and 4 and Mochovce units land 2) which are in operation in Slovakia and for those planned for
the additional two other units (Mochovce units 3 and 4), which are already in an advanced state of
construction and are candidates for completion in the near future.

The NPP operator initiated the projects focused on the identification of the potential design modifications
aimed at enhancement of mitigation capabilities for the consequences of the severe accident and at
development of SAMGs (Severe Accident Management Guidelines).

After the decision to complete Mochovce 3 and 4 units (MO34), specification of the relevant design
modifications of these units was the first priority. The MO34 units are planned to be put into operation in
2012/2013. Within the completion phase, the full scope SAMGs will be developed, tested and included
into basic set of operation procedures. The paper presents and summarizes the proposed design
modifications that will be further considered in the SAM guidelines.

The following key modifications are proposed for the incorporation into the design of MOV3, 4 units:
1. Modifications aimed to manage containment atmosphere

- Group of measures to manage hydrogen concentration inside containment

- Measures to prevent decompression of the containment
2. Modifications aimed to enhance in-vessel retention of corium

- Modification of shielding at the bottom of the reactor pressure vessel

- Provision of sufficient coolant inventory and circulation of coolant in the channel along the
RPV wall

- Modification of the drain line from the reactor cavity
3. Modifications aimed to improve the mitigation of the severe accidents when reactor vessel is opened

- Adding of delivery pump for supply of coolant into the spent fuel pool or into the open
reactor.

4. Installation of external sources of coolant

- A system of three tanks together with all necessary auxiliary systems for mixing
of the solution, heating, draining and operation, appropriate pipelines and valves.

5. Modifications aimed to increase reliability of electricity supply for the systems used for severe
accidents mitigation, and

6. Measures aimed at improved monitoring of the parameters needed to control of severe accidents.

The proposed modifications of the original design of the Mochovce 3 and 4 units dedicated to severe
accident mitigation are expected to provide sound basis for effective SAMGs and finally the effective
mitigation and control of severe accidents.

Development of shutdown severe accident management guidelines (SSAMG) for the Leibstadt NPP
W. Hoesel, Kernkraftwerk Leibstadt AG, Switzerland.

In 2004 the Leibstadt NPP introduced SAMGs that cover all plant operating states from full to low power
with the exception of shutdown conditions. Following the completion of the Leibstadt Shutdown PSA, the
Swiss authority has required the development of additional Shutdown SAMG (SSAMG) by the end of
2009.



The important strategy and main procedure for severe accident management of the Leibstadt BWR-
6/MARK-III boiling water reactor is containment flooding. The same strategy is implemented for the
shutdown conditions although specific difficulties could be expected due to removed of the hatch that
otherwise prevents an effective flooding of the containment.

As a basis for managing core degradation situations, understanding of plant-specific severe accident
conditions are compulsory. Based on the Shutdown PSA results a set of eight scenarios was defined and
analyzed using the MELCOR/MELSIM code equipped with Leibstadt specific complete models of all
safety systems, all relevant plant I&C systems, and consideration of management actions.

The Leibstadt specific insights of these analyses are currently utilized to expand the existing EOP and
SAMG procedures to cover the shutdown conditions.

General discussion and conclusions

o There is still a room for new, alternative measures to support SAM. In particular, as many efforts
have already been carried out to reduce frequency or conditional probability of containment failure,
more attention could be focussed to improve actual measures or to investigate new ones capable of
reducing the severity of potential releases by retaining the fission products inside the containment.

e Before a plant starts its operation, there are more possibilities to make comprehensive hardware
modifications and to optimise SAM. Thus, a good practice would be to start considering SAM as
early as possible in the design and construction phases;

e Shutdown states have some particularities that are to be taken into account for development of
shutdown Level 2 PSA, such as longer delays in general, various possible initial conditions,
including status of containment hatch and RPV status (open or not).

e It may be necessary to develop specific entry criteria for SAMG to address different potential initial
conditions and taking into account the fact that core exit thermocouples may be unavailable during
shutdown.

e For many plants, shutdown states constitute significant contributors to risk (CDF and/or LERF).

e A comprehensive SAM programme should address the shutdown states specifically. This could
lead to adapt existing Full Power SAM measures or define new shutdown-specific ones. A Level 2
PSA including shutdown states could be a useful tool to support this work.

e Level 1 and Level 2 PSAs are good tools to evaluate safety benefit of already implemented or
potential SAM Measures. They can be useful in the earlier stage of SAM programme development
to rank different alternatives in terms of safety benefit and cost/benefit ratio and to support
decision-making.






Session 8
Physical Phenomena affecting SAM
Session Chairpersons:
F. Kappler (EDF)
D. Leteinturier (IRSN)

Summary of the session

Eight papers were presented during the session and the technical scope of the session appeared somewhat
larger than suggested by the title. The papers covered:

a) Physical phenomena related to debris coolability and modelling,

b) Physical phenomena related to the source term in Severe accident,
¢) Status of SERENA experiment on steam explosion,

d) Conclusions of the OECD /NEA workshop on in-vessel Coolability,
e) Example of strategies implementation on SAM examples.

General outcome of the accompanying discussions showed that while there is a common understanding
on the physical phenomena, the comprehension of importance given to the phenomena dealt in the session
by the different countries may largely vary and may therefore naturally impacts the strategies of SAM in
the countries.

Examples given on SAMGs optimization have raised the question of having a clear harmonized reference
document recalling the basic principles of SAM and the degree of freedom given in this domain (with
regard to complexity, information, etc.).

- Physical phenomena dealing with debris coolability and modelling
Three presentations were provided on the debris coolability which focussed mainly on Swedish BWRs.

Many experiments have been performed in the field of corium concrete and fuel coolant interactions,
within which some important issues have already been concluded but others are still under investigation.

The presentations showed an improved understanding of debris bed behaviour in a pool of water and
demonstrated possibilities for debris coolability. Based on a conservative-mechanistic modelling of the
debris agglomeration state it may be well possible to expect the debris coolability in a very deep pool of
water (> 10 m). However, it remains necessary to complete the approach with regard to the reactor case
involving shallower water pools and other debris temperatures.

- Physical phenomena related to the source term in severe accident

Presentation made by the representative of JAEA provided an interesting complementary set of data for
fission product release from fuel under SA conditions obtained from experiments aiming at measuring the
pressure influence on Caesium releases from PWR UO2, ATR/MOX and BWR UQO2 fuel subjected to
high burn up. Results show that pressure has minor influence on the fission product release from MOX
and ATR fuels; however, a 30% reduction was measured from UO2 fuel. Impact of the experimental
findings on the general expression of the global fission product source term should thus be minimal.
However, the investigations have provided opportunity to the international community to evaluate the
radiological consequences using a more validated set of data at elevated pressures.

- Status of SERENA experiment on steam explosion

The presentation made by CEA provided the status of the former OECD SERENA 1 and of the present
OECD SERENA 2 programmes. Objective of the currently undergoing programme is to evaluate the risk
of confinement failure due to corium ejection in a flooded reactor pit in case of reactor pressure vessel
breach.



- Conclusions of the OECD /NEA workshop on in-vessel Coolability

The reader should refer to the resume of the in vessel coolability Workshop introduced below for details.
The main outcome of the workshop is the consensus expressed by the majority of the participants
favouring for water injection without consideration of flow amounts.

Concerning in-vessel reflooding a large common practice has been established favouring for reflooding
with all the available means without considering any restrictions for flows. Even if the consequence of a
non-reflooding would automatically involve vessel failure and possible consequent melt concrete
interaction, the examination of the potential negative effects has to be undertaken seriously. Objective is
to identify, on a realistic basis, if any potential cliff edge effects could lead to early large releases.

Following the same objective of identifying any potential coolability threshold effects, SAMG related to

reactor cavity flooding before a potential vessel failure will have to be further investigated with regard to
the results of the dedicated test programs (OECD SERENA2 and KTH DEFOR).

- Example of strategies implementation on SAM examples
Two presentations were made in this area:

The Korean presentation from KINS and KAERI dealt with an improved molten core strategy in SAMG
on the basis NPP KORI 1, and ULCHIN 1-2. The approach presented raised the idea of taking advantage
of a high probability of return of external power sources after a SBO scenario to favour core or corium
coolability rather than a quick depressurization process. The conclusion of the study concluded on a better
corium concrete erosion stabilization than with the strict application of SAMG depressurization chart.
The presentation led to an animated discussion with regard to not aggressively follow the depressurizing
principle in SAMGs. Controversial discussions also started related to the MCCI model to estimate the
basemat erosion, stressing out the issue of code qualification for very difficult phenomena on which the
R&D programme has not yet concluded.

The second presentation by the Kurchakov Institute of Moscow presented the analyses of the advantages
of the secondary feed & bleed for recovering the core coolability. The MELCOR simulation provided
very interesting results showing a quite good recovery and stabilization of the situation without reaching
the core relocation. Nevertheless the analysis needs to be completed regarding engineering feasibility and
implementation time of the secondary side feed & bleed in SAMGs (very short grace period) or EOPs
(anticipation process in the EOPs of SAMGs type decisions ).

Summaries of the presentations

Experimental Investigation of Melt Debris Agglomeration with High Melting Temperature
Simulant Materials
P. Kudinov, A. Karbojian, C.-T. Tran, KTH, Stockholm, Sweden

Reactor cavity flooding is the cornerstone of severe accident management strategy adopted in Swedish
and Finnish BWRs in case of a severe accident involving core melting and reactor vessel melt through. It
is assumed that the melt ejected into a deep water pool will fragment and eventually form a coolable
porous debris bed. If the coolability cannot be achieved then corium debris will reheat, remelt and
ultimately attack the containment base-mat, by which the containment integrity might be threatened.
Coolability of the debris bed depends on its properties as a porous media. Agglomeration of the debris in
the process of fuel coolant interaction and further formation of debris bed may significantly affect
hydraulic resistance for the coolant ingression inside the bed and thus have an effect on coolability of the
corium debris. Although agglomeration of debris and formation of “cake” were observed in previous fuel-
coolant interaction (FCI) experiments with prototypic corium mixtures and with corium simulant
materials there is a lack of understanding of the governing physical phenomena. Presented work is a part
of the DEFOR (Debris Bed Formation) research programme initiated at the Division of Nuclear Power
Safety (NPS) Royal Institute of Technology (KTH). The aim of the DEFOR programme is understanding
and quantification of phenomena that govern formation of the debris bed in different scenarios of corium
melt release into a deep water pool.



First of a kind systematic experimental data on the mass fraction of agglomerated debris as a function of
water pool depth was obtained in the experiments with high melting temperature simulant materials.
Particle size distribution is in a good agreement with the data from the FARO fuel coolant interaction
experiments with corium, which confirms that the simulant material well represents corium fragmentation
behaviour.

Main finding is that fraction of agglomerated debris decreases rapidly as the depth of the coolant is
increasing. Debris collected at depth 1.5m was completely fragmented in all DEFOR-A experiments. The
highest mass fractions of agglomerates were obtained in experiments with relatively small jets and
relatively high water subcooling and melt superheat. Further investigation of the mechanisms which lead
to such result is necessary. Preliminary analysis suggests that steam production rate and upward steam
flow may significantly affect sedimentation velocity of the particles and eventually fraction of
agglomerated debris.

Approach to prediction of melt debris agglomeration states in a LWR severe accident

P. Kudinov, KTH, Stockholm, Sweden

M. Davydov, Electrogorsk Research and Engineering Center on Nuclear Power Plants Safety (EREC),
Electrogorsk, Russia

The goal of the presentation was to show the development and validation of approach for prediction of
debris agglomeration in severe accident analysis. Key element of the proposed approach is so called
“debris agglomeration mode map” which is obtained by parametric study for prototypical ranges of
conditions of severe accident in Swedish type BWR. Present work is focused on further development and
validation of simulation tools used in development of the map for prediction of different agglomeration
states of debris at various conditions of melt coolant interaction.

The VAPEX code is used as computational model for the fuel coolant interaction (FCI) simulations in the
present work. Thermo-mechanical state of the debris immediately before deposition (pre-deposited) on
the debris bed is considered as the main factor for onset of different agglomeration states. High sensitivity
of pre-deposited state of the melt debris to the parameter of melt-coolant interaction and especially to jet
breakup state was identified. Two different possible mechanisms of melt jet breakup are considered; (i)
erosion of jet side surface due to stripping of Kelvin-Helmholtz instabilities, and (ii) leading edge breakup
due to Rayleigh-Taylor instability. Epistemic uncertainty in pre-deposited state of corium debris due to
the influence of different states of jet breakup is addressed in the work with bounding approach.
Validation of simulation methods is performed on the data from specially designed for study of melt
debris agglomeration experiment DEFOR-A (Debris Bed Formation and Agglomeration). In the DEFOR-
A experiment up to 3 litres of high density, high melting temperature oxides mixture simulating corium
were poured in a test section filled with water. Comparison of experimental and simulation data shows
reasonable agreement and degree of conservatism in agglomeration prediction with taking into account
the influence on agglomeration of epistemic uncertainty in the jet breakup state and intrinsic uncertainties
of the experiment. Validated tools were applied for prediction of debris agglomeration in various plant
prototypic conditions of melt ejection during the severe accident.

One of the factors which may significantly affect ex-vessel debris bed coolability is debris agglomeration.
There are considerable aleatory and epistemic uncertainties in scenarios and physical phenomena of the
debris agglomeration and cake formation. Therefore, in the present work conservative-mechanistic
approach for quantification of the debris agglomeration state map has been developed. The approach is
based on combined use of conservative assumptions in modelling and mechanistic simulations tool the
VAPEX-P code. Experimental data from the DEFOR-A experiments are used for development and
validation of semi-empirical conservative-mechanistic closure. It is demonstrated that conservative
treatment of epistemic uncertainties in agglomeration phenomena and aleatory uncertainties in scenario
(melt properties and superheat) creates sufficient margin and simulation data are enveloping the set of
physically reasonable mass fractions of agglomerated debris obtained at various conditions. Application
of the developed models to the plant accident conditions allows quantification of “partial agglomeration”
domain on the agglomeration state map. Plant scale analysis confirms that it is possible in principle to
achieve completely fragmented debris bed within the present design of Swedish BWRs. Important and
encouraging finding is that mass fraction of agglomerated debris reduces rapidly with increasing of the
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pool depth or decreasing melt jet diameter even if there is a considerable degree of conservatism in the
analysis.



OECD SERENA phase 2: A Fuel Coolant Interaction Program devoted to ex-vessel situation
reactor case

J.M. Bonnet', P. Piluso’, M. Biirgerz, M. Buck’, W. H. Seong3, M. Leskovar®

'Commissariat a | ’Energie Atomique, Cadarache, France

*Institut fiir Kernenergetik und Energiesysteme, Universitit Stuttgart, Germany

3Korea Atomic Energy Research Institute, Korea

*Josef Stefan Institute, Slovénia.

The presentation presented the results of Phase 1 of OECD SERENA programme on fuel-coolant
interaction under the aspect of the implications that uncertainties on FCI phenomena may have an impact
on the predictability of steam explosion induced loads. SERENA, in its Phase 1, produced a status of the
predictive capabilities of the FCI codes through comparative calculations of most relevant existing
experiments and reactor cases. All the codes were able to calculate reactors situations. Concerning in-
vessel steam explosion, all the calculated loads are far below the capacity of a typical pressure vessel,
which allows concluding that the safety margin for keeping in-vessel FCI induced loads is sufficient. For
ex-vessel steam explosion, calculated loads, although low, are partly above the capacity of typical cavity
walls. The scatter of the results have raised the problem of the quantification of the safety margin for ex-
vessel FCI. OECD SERENA phase 2 has started at October 1, 2007 and will be finished September 30,
2011. The role of void (gas content and distribution) and corium melt properties on initial conditions (pre-
mixing) and propagation of the explosion are the key issues to be resolved to reduce the scatter of the
predictions to acceptable levels. OECD SERENA phase 2 is designed to resolve the uncertainties in these
issues by performing a limited number of well-designed tests with advanced instrumentation reflecting a
large spectrum of ex-vessel melt compositions and conditions, and by the required analytical work to
bring the code capabilities to a sufficient level for use in reactor case analyses. These goals will be
achieved by using the complementary features of KROTOS (CEA) and TROI (KAERI) test facilities
including fitness for purpose oriented analytical activities.

Improved Molten Core Cooling Strategy in a Severe Accident Management Guideline
J. Songl, N. Sul’, C. Hul’,
"KAERI, 2KINS, Korea

The basic philosophy of SAMG is to utilize the available equipments to minimize the consequences of
severe accidents under given circumstances. The experience from reviewing the SAMG by KINS (Korea
Institute of Nuclear Safety) tells us that the present SAMG provides a reasonable guideline to cope with
severe accidents in harsh conditions, but it is not clear whether these SAMGs could really contribute to
mitigation of severe accidents or not. A flooding of the reactor cavity is suggested as an accident
management strategy. However, the success probability of a stabilization of the molten core is still
subjective due to the complexity of the phenomena including the molten core concrete interaction and the
energetic fuel and coolant interaction, which are still unresolved safety issues.

The analysis above provides three insights about what is lacking in the present strategy.

e The first one is the need of an appropriate way to detect either the breach of the reactor vessel or
discharge of corium into the reactor cavity. It would be very helpful if one can implement a
proper instrumentation to detect a breach of a reactor vessel and the subsequent corium discharge
into the reactor cavity.

e The second one is the need for a calculational aid, which would give a direction as to whether one
should initiate a pre-flooding or a post-flooding. If there is little chance of delaying the failure of
the reactor vessel by a pre-flooding, for example, due to a shortage of the water inventory or an
inadequacy of the reactor vessel structural details regarding the insulation geometry in providing
effective path for steam flow, there is clearly no need for pre-flooding the cavity.

e The last one is that when an operator should depressurize the reactor coolant system, should he
carefully consider an optimal number of valves to be opened relying on a calculation aid, since
such delicate operations can easily affect the timing of reactor vessel breach and coolability of the
molten corium in a reactor cavity. Therefore, a calculation aid at the site is compulsory for
implementing the depressurization strategy to determine the optimal capacity of depressurization.

5



From the evaluation of the molten core cooling strategies as implemented in the SAMG of the operating
Korean plant, it was observed that the current SAMG has weak points in handling the cooling of the
molten core either inside the reactor vessel or inside the reactor cavity. To improve the current SAMG, it
was suggested to have an appropriate way to detect either the breach of the reactor vessel or discharge of
corium into the reactor cavity, and a calculation aid which would give us a direction as to whether
initiation of a pre-flooding or a post-flooding is to be decided. It was also suggested that an optimal
choice of depressurization capacity would delay the timing of the reactor vessel breach and increase the
coolability margin of the molten corium in a reactor cavity, which can be easily implemented using a
calculation aid.

Main Outcomes of the OECD/SARNET Workshop On In-Vessel Coolability
B. Clement, IRSN, France

Since, the In-vessel coolability workshop was held a few weeks before this workshop only the outcome of
the workshop is reported in this presentation. Therefore, the reader should refer the proceedings of this
workshop for the details.

The presentation summarized the main outcomes as introduced below:

e Present studies reinforce the view that introducing water in a degrading core (the reflooding issue)
is not straightforward due to many not resolved issues, such as:

- The efficiency of reflooding for significantly delaying or stopping core degradation is not
demonstrated for all situations;

- In particular effective cooling becomes increasingly problematic as the core degradation
escalates

- Thorough investigations on degraded core reflood taking into account available
experimental data and analytical work resulted in a preliminary reflood map to
identifying main parameters influential for in-core coolability

- About 1g/s/rod flooding rate was given as a guideline figure for minimum water flow rate
(that given value was deeply questioned during the ISAMM workshop)

- In addition to the phenomenological issues related to cooling a degraded core, the
probability for recovery of water sources has to be addressed

e Similarly, presented results reinforce the view that trying to cool the RPV externally to assure In-
Vessel Retention is also not straightforward since:

- The maximum amount of molten corium that can be retained in the RPV lower head has
been estimated by different methods to lie between about 30 and 100% of total core mass
— at a first glance, not all the results seem to be consistent, but for small and medium size
reactors below 1000 MWe size, there is a good prospect for success.

e The possibility of stopping/delaying the progression of a core melt accident by the use of a
recovered water source or taking benefit of specific engineered systems is taken into account in a
number of PSA studies:

- It is understood that the plant and its engineered systems are not designed specifically for
severe accident conditions, and there is no guaranteed successful cooling. The measures
are very plant specific.

- In addition to the phenomenological issues related to cooling of a degraded core, the
probability for recovery of water sources has to be addressed.

- The uncertainty on the likelihood to stop the progression of a core meltdown by water
injection is generally considered high and however, depends on reactor specific features.

- This need calls for a sustained R&D effort, both on experimental and analytical point of
views.



- Ongoing, starting or planned experimental programmes address the coolability issue in
different configurations, i.e. reflooding of bundles, debris beds, molten pools, RPV
external cooling.

- Difficulty with present models persists in the assurance of reliable prediction of cladding
oxidation runaway — oxidation of melts to be or not to be triggered by reflooding
attempted during early core degradation and prediction of the related many thermal-
hydraulics phenomena.

- Code developments are promisingly directed towards a more mechanistic approach using
porous medium modelling able to treat different configurations; — validation is expected
again the results of ongoing experimental programmes

- Transposition of results to reactor scale, where multi-dimensional effects are expected to
become important, needs to be evaluated; however, larger scale experiments are probably
not feasible.

e The questions of uncertainty and adequacy of the codes were discussed, revealed some divergence
of view:

- While some irreducible uncertainty is unavoidable, uncertainties should be interpretable
in terms of inherently stochastic effects or to modelling limitations that point out to needs
for new data.

e Another way to cope with uncertainties is to implement specific engineered features and/or
management procedures to act on influential parameters such as increase the available water flow
rate, specific examples were given during the workshop:

- There are good prospects for external RPV cooling in VVER-440/213,
- Use of spray found to be efficient for Sizewell PWR for reducing source term,
- Potential of CRD flow to cool molten pool in the lower plenum of BWRs,

- Feedback experience from the analysis of safety cases of NPPs having, planning and/or
contemplating the implementation of specific engineered features would be of great
benefit.

Simulation of Ex-Vessel Debris Bed Formation and Coolability in a LWR Severe Accident
S. Yakush, Institute for Problems in Mechanics, Russian Academy of Sciences, Moscow, Russia
P. Kudinov, KTH, Stockholm, Sweden

The presentation reported that severe accident management strategy for Swedish type BWRs adopts
reactor cavity flooding for termination of ex-vessel accident progression. It is assumed that core melt
materials ejected from the reactor vessel into a deep pool in the reactor cavity will be fragmented,
quenched and will form a porous debris bed coolable by natural circulation. A criterion generally
accepted for successful long-term cooling of the porous medium with decay heat release is that the flow
rate of coolant through the debris bed should be sufficiently high, so that no local dry out occurs. The
possibility of local dryout occurrence in the natural circulation (gravity-driven) flow is determined by the
distribution of coolant and vapour volume fractions which depend on debris bed geometry, as well as on
the properties of the porous medium (particle size, porosity, homogeneity etc).

Numerical simulations performed by DECOSIM code have been performed for two severe accident
scenarios. In the case of gradual melt release, it is shown that “self-organization” plays an important role
in particle sedimentation and debris bed formation. Generally, interaction of particles with the natural
circulation flow results in lateral spreading of particles over the pool bottom, which prevents formation of
a tall compact debris bed and improves coolability of debris. It was shown that smaller particles are more
affected by the flow, so that their lateral spreading is more pronounced. A consequence of this is that
debris bed expected to be non-homogeneous, both in vertical and horizontal directions in case of
polydisperse particles. Implications of this effect for debris bed coolability have to be studied.



In the scenario of massive melt release, it is expected that the debris bed will have some heap-like shape,
although, ad hoc specification of the shape is used currently in all coolability studies. Here, Gaussian-
shaped debris bed is considered, for which the effects of particle diameter, internal porosity and “cake”
are studied. It is shown that generally, dryout in the heap-like debris bed occurs more readily than in an
equivalent flat layer, even despite the fact that side ingress of coolant is possible. Formation of a low-
permeability “cake” on the top of debris bed has a pronounced negative effect. The effect of encapsulated
particle porosity on the coolability of debris bed was found to be system pressure-dependent and requires
more thorough analysis.

Substantiation of strategy of water supply recovery to steam generators at in-vessel severe accident
phase for VVER-1000 Balakovo NPP
A.Suslov, V.Mitkin, RRC “Kurchatov Institute”, Russia

The presentation reported that the Severe Accident Management Guidance (SAMG) for Balakovo NPP,
Unit 4 with VVER-1000/V-320 reactor was developed in 2008. It also provided a brief description of
SAMG development and reviewed the current related activities.

Results of PSA Level 1 for the units of Balakovo NPP show that initial events and failures leading to
dryout of steam generators in secondary circuit make a large contribution into frequency of core
meltdown. In such scenarios, the decay heat cannot be removed from the primary circuit and
consequently the severe accident begins at high primary pressure. In these scenarios, it is necessary to
consider possibility of SG tube creep failure under impact of hot gases flowing from the core and also
possibility of core melt release from the failing reactor vessel at high primary pressure. These phenomena
and their consequences with respect to severe accident progression were discussed. Recovery of heat
removal from primary circuit is possible if water supply to steam generators is successful. At Balakovo
NPP the strategy of water supply into steam generators from fire engines has been implemented. This
strategy has been included into the SAMG of Balakovo NPP, Unit 4 and was presented.

To evaluate efficiency of this strategy depending on water flow rate and time of water supply the
computer analyses have been performed. The results show the influence of water supply from fire engines
on severe accident progression during the in-vessel SA phase. The analyses have been conducted using
the MELCOR 1.8.5 code and show a positive influence of water supply from fire engines on the severe
accident progression during the in-vessel SA phase.

Ambient Pressure-dependent Radionuclide Release from Fuel Observed in VEGA Tests under
Severe Accident Condition and Influence on Source Term Evaluation
A. Hidaka, Japan Atomic Energy Agency, Japan

The radionuclide release from fuel during severe accidents is a primary issue for the source term
evaluation. Although numbers of experiments’ have been conducted in this domain of research in the
world, information is still insufficient for the precise evaluation. For example, radionuclide release could
mostly occur at high temperature under elevated pressure but very few studies have investigated the
pressure effect so far due to difficulties in experimental operation. This presentation described the
dependency of radionuclide release on ambient pressure observed in VEGA tests, proposed release
mechanisms and release model with pressure effect, limitations of VEGA tests and future issues, possible
influences on source term evaluation and accident management measures. In the VEGA programme,
totally 10 tests were performed under the highest pressure and/or temperature conditions from 1999 to
2004. Tests with PWR fuel at 1.0MPa showed experimentally first that Cs release rate was suppressed by
about 30% compared with that at 0.1MPa. Observed pressure effect could be explained by two-stage
diffusion in UO2 grains & pores, and predicted by a simplified 1/NP CORSOR-M model. In BWR and
MOX fuel tests, however, this effect was not observed clearly due to domination of vaporization from Cs
deposited at peripheral pellet as a result of higher linear heating rate during reactor operation, differences
in test conditions such as fuel oxidation and eutectic reaction with cladding. Relationship between the
pressure effect and the factors described above is desirable to be further examined by other future tests
considering the scale effect and irradiation history of fuel.

The decrease in radionuclide release under elevated pressure may affect PWR source terms, accident
management such as intentional primary system depressurization. Present analyses suggested that the
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intentional depressurization has many advantages such as delay in accident progression and mitigation of
the source terms at time of early CV failure in spite of increase in radionuclide release into primary
system. The effect of pressure on consequences needs to be evaluated systematically for various
combinations of accident sequences and AM measures considering their occurrence probabilities.

General discussion and conclusions

Application of the results to configurations with shallow pools would require additional
investigations to confirm the fragmentation and coolability.

On the issue of Steam Explosion following statements were made:

v Concerning In-vessel steam explosion: it has been recalled that no risk for vessel integrity in
case of steam explosion has been identified by the participants in the SERENA programme.

v" Concerning Ex-vessel Steam Explosion: the issue is still under investigation. Specific new
measurements devices have been introduced in the mock-ups in France and Korea to have a
better view on the premixing zone of a corium jet entering the water.

Analysis of code results in the SERENA 1 showed a significant set of discrepancies within the code
results. For SERENA 2 a final decision-making process related to a reasonable risk evaluation should
be implemented using experimental available data while the uncertainties of the codes models are still
high.

SAMGs optimization should be guided in an upper level document recalling the basic principles of
SAM and the degree of flexibility allowed.

Before implementing optimization of SAMGs strategies it has to be checked that the codes used to
draw conclusions are well adapted to the phenomena subject to the analysis. The currently available
experimental data sets and the modelling of the phenomena within codes may lead to differences in
the evaluation of critical issues and hence a better common approach should be aimed at addressing,
as far as possible, the critical issues.
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1. INTRODUCTION

Consideration of beyond design basis accidents of nuclear power plants (NPPs) is an essential component
of the defence in depth approach underpins nuclear safety [1-3]. Beyond design basis accidents that may
involve significant core degradation are of particular interest for accident management - a set of actions
taken during the evolution of a beyond design basis accident made to prevent the escalation of the event
into a severe accident; to mitigate the consequences of a severe accident and to achieve a long term safe
stable state. The IAEA Safety Standards Safety Guide' “Severe Accident Management Programmes for
Nuclear Power Plants” [4] provides recommendations on meeting the requirements of Refs. [5,6,7] for the
establishing of an accident management programme to prevent and mitigate the consequences of beyond
design basis accidents including severe accidents. The guiding principles for design and operation of
NPPs are deterministic requirements with the implications that if deterministic criteria are met, the plant
would be safe enough, and the risk of unacceptable radiological releases would be sufficiently low. The
PSA technology provides the possibility to assess the risk dealing with a particular NPP. The application
of PSA techniques to severe accidents is of particular importance due to very low probability of
occurrence of a severe accident, but significant consequences resulting from degradation of the nuclear
fuel. In order to address the need for standardization of the technical content of PSA the IAEA is
developing two new Safety Guides: “Development and Application of Level-1 Probabilistic Safety
Assessment for Nuclear Power Plants” [8] and “Development and Application of Level-2 Probabilistic
Safety Assessment for Nuclear Power Plants” [9]. The Safety Guide on Level-2 PSA among others
applications addresses the use of PSA for identification and evaluation of the measures in place and the
actions that can be carried out to mitigate the effects of a severe accident after core damage has occurred.

2. THE GENERAL PROCESS OF DEVELOPMENT OF IAEA SAFETY STANDARDS

The general process of development of the publications in the IAEA Safety Standards Series foresees
several stages that ensure close involvement of Member States, thorough review, and achieving a
consensus position. Two safety Guides on PSA have been approved by the Commission on Safety
Standards (CSS) and are expected to be published by the end of 2009.

' The IAEA Safety Standards Safety Guides are publications that provide recommendations on different aspects of
NPP design and operation. They are governed by the general principles and objectives stated in Safety Fundamentals
(Ref. [1]) and safety requirements presented in Safety Requirements publications.



3. THE SAFETY GUIDE ON SEVERE ACCIDENT MANAGEMENT PROGRAM

The Safety Guide on Severe Accident Management Program published this year provides
recommendations on meeting the requirements for accident management, including severe accidents that
are established in IAEA Safety Requirements [5,6,7]. The Safety Guide focuses on the development and
implementation of severe accident management programmes for NPPs. Although the recommendations of
this Safety Guide have been developed primarily for use for light water reactors, they are anticipated to be
valid for a wide range of nuclear reactors, both existing and new.

The recommendations of this Safety Guide have been developed primarily for accident management
during at-power states; however, it is also applicable, in principle, to other modes of operation, including
shutdown states. Safety Guide consists of two main parts that are briefly described below.

3.1 Concept of the Accident Management Programme

A structured top down approach that should be used to develop the accident management guidance and
main principles that should be followed while developing accident management guidance are presented in
the Safety Guide. The top down approach should begin with the definition of objectives and strategies,
follow a systematic process throughout the development course, and finally result in procedures and
guidelines that generally should cover both the preventive and the mitigatory domains.

The Safety Guide presents recommendations to the structure and features of the accident management
guidance for different possible domains (Preventive, Mitigatory or both Preventive and Mitigatory
domains) and discusses the effective organization of the accident management process, the roles and
responsibilities for the different members of the emergency response organization at the plant or the
utility involved in accident management and communication between members of the emergency
response organization. General recommendations to the upgrade of the equipment that is necessary for the
development of a meaningful severe accident management programme and recommendations to the
update of the accident management guidance where existing equipment or instrumentation is upgraded
are also given in the Safety Guide.

3.2 Development of an Accident Management Programme

The recommendations to the process of the development and implementation of an accident management
programme are presented in the Safety Guide. A brief summary of the key aspects of the process is given
below.

Identification of sufficiently comprehensive spectrum of credible beyond design basis accidents (BDBA) is
the main goal of the process for the preventive regime. An effective tool achieve this goal is to use
insights from Level-1 PSA.

Identification of the full spectrum of credible challenges to fission product boundaries due to severe
accidents is the primary task for mitigatory regime. Safety Guide recommends to use insights from Level-
2 PSA for determination of the full spectrum of challenge mechanisms and to check whether risks are
reduced accordingly after the accident management guidance has been completed. In view of the inherent
uncertainties in determining the credible events, the PSA should not be used a priori to exclude accident
scenarios from the development of severe accident management guidance. The Safety Guide considers
the following main steps to set up an accident management programme:

1. Identification of plant vulnerabilities to find mechanisms through which critical safety functions
may be challenged;

2. Identification of plant capabilities under challenges to critical safety functions and fission product

barriers;

Development of suitable accident management strategies and measures; and

4. Development of the procedures and guidelines to execute the strategies.
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STEP 1 The identification of plant vulnerabilities should be based on a comprehensive set of insights
on the behavior of the plant during a beyond design basis accident and severe accident,
including identified phenomena that may occur and their expected timing and severity are
discussed.

STEP 2 Plant capabilities available to fulfill the safety functions, including unconventional line-ups,
temporary connections and adaptation of equipment necessary to use these capabilities should
be also identified. At this process the capabilities of plant personnel to contribute to
unconventional measures to mitigate plant vulnerabilities should be considered.

STEP 3 The accident management strategies should be developed for each individual challenge or plant
vulnerability in both the preventive and mitigatory domains. The development of strategies in
the preventive domain should be aimed to preserve safety functions important to prevent core
damage, and in the mitigatory domain - to enable terminating the progress of core damage once
it has started, maintaining the integrity of the containment as long as possible; minimizing
releases of radioactive material; and achieving a long term stable state. The systematic
evaluation and documentation of the possible strategies that can be applied and particular
consideration of the strategies that have both positive and negative impacts is essential. The
overall goal of this systematic evaluation is to provide the basis for a decision about which
strategies constitute a proper response under a given plant damage condition.

STEP 4 Development of the procedures and guidelines is the next step of the process. The strategies
and measures should be converted to the Emergency Operating Procedures (EOPs) for the
preventive domain and to the Severe Accident Management Guidelines (SAMGs) for the
mitigatory domain. Procedures and guidelines should contain the necessary information and
instructions for the responsible personnel, including the use of equipment and associated
limitations as well as cautions and benefits. The guidelines should also address the various
positive and negative consequences of proposed actions and offer options. Interfaces between
the EOPs and the SAMGs should be addressed, and proper transition from EOPs into SAMGs
should be provided for, where appropriate. However, where EOPs and SAMGs are executed in
parallel it is important that hierarchy between EOPs and SAMGs is established. The recovery
of failed equipment and/or recovery from erroneous operator actions that led to a beyond
design basis accident or severe accident should be a primary strategy in accident management,
and this should be reflected in the accident management guidelines. Safety Guide recommends
to develop precalculated graphs or to use simple formulas (‘computational aids’) to avoid the
need to perform complex calculations during the accident. It is also recommended to definite
“rules of usage” for the actual application of SAMGs. The adequate background material that
provides the technical basis for strategies must also be presented.

Hardware provisions for accident management (e.g. specific safety systems dealing with accidents) are
essential to fulfill the fundamental safety functions (control of reactivity, removal of heat from the fuel,
confinement of radioactive material) for beyond design basis accidents and severe accidents. For the new
plants there are usually design features present that practically eliminate some severe accident
phenomena; however, for existing plants, it may not be possible to develop a meaningful severe accident
management programme that would make use of the existing hardware configuration; therefore,
modification of the plant should be considered accordingly. Changes in design should also be proposed
where uncertainties in the analytical prediction of challenges to fission product barriers cannot be reduced
to an acceptable level. Equipment upgrades aimed at enhancing preventive features of the plant should be
considered with high priority. For the mitigatory domain, in upgrading equipment the focus should be
placed on preservation of the containment functions.




The role of instrumentation and control in the accident management is defined by the ability of the
instrumentation to estimate the magnitude of key plant parameters needed for both preventive and
mitigatory accident management measures. The instrumentation qualified for global conditions may not
function properly under local conditions; therefore it’s failures in severe accident conditions should be
identified and method to verify that the reading from the dedicated instrument is reasonable should be
developed. In the development of the SAMGs, the potential failure of important nonqualified
instrumentation during the evolution of the accident should be considered and, where possible, alternative
strategies that do not use this instrumentation should be developed.

The functions and responsibilities in accident management, in both preventive and mitigatory domains,
need to be defined within the documentation of the accident management programme. A typical layout of
the on-site emergency response organization is shown in the Safety Guide. The Safety Guide gives
detailed recommendations to the responsible persons for the decision making in different domains, key
recommendations to the technical support centre personnel, decision makers and implementers. In
addition, the Safety Guide recommends to clearly define any involvement of the regulatory body in the
decision making process.

The verification and validation process of all procedures and guidelines is aimed:
e to confirm correctness of the written procedure or guideline;
e to ensure that technical and human factors have been properly incorporated; and
e to confirm that the actions specified in the procedures and guidelines can be followed by trained
staff to manage emergency events.

The review of plant specific procedures and guidelines and proper quality assurance programme is an
essential part of the process.

An important factor is the education and training. It is recommended that education and training should be
given for each group involved in accident management, including the management of the operating
organization and other decision making levels, and, where applicable, also regulatory personnel. The
training should be commensurate with the tasks and responsibilities of the functions (e.g. in-depth
training should be provided for those performing the key functions in the severe accident management
programme; others should be trained so that they fully understand the basis of proposed utility decisions).
The training programme should be put in place prior to the accident management programme being
introduced. The results from exercises and drills should be fed back into the training programme and, if
applicable, into the procedures and guidelines as well as into organizational aspects of accident
management.

The next point emphasized in the Safety Guide is dealing with processing new information and supporting
analysis. This is an essential part of the procedures and guidelines development process. The revisions of
EOPs and SAMGs and organizational aspects of accident management should be made in any change in
plant configuration or change in background information used in the development of the procedures and
guidelines (e.g. update of the PSA that identifies new accident sequences that were not a part of the basis
of the existing accident management guidance; new insights from the research on severe accident
phenomena).

The key aspects of the analysis of a potential beyond design basis accident or severe accident sequence
performed in support for SAMGs are considered in Safety Guide for three consequential steps. In the first
step of the analysis a full set of sequences should be analysed that would, without credit for operator
intervention in the beyond design basis accident or severe accident domain, lead to core damage
(typically identified in the PSA). In the second step - the effectiveness of proposed strategies and their
potential negative consequences should be investigated. In the third step of the analysis, once the
procedures and guidelines have been developed, they should be verified and validated. It is generally
recommended that supporting analysis should be of a best estimate type performed with the appropriate
computer codes and a consideration should be given to uncertainties in the determination of the timing
and severity of the phenomena.




Several examples and recommendations given for the practical use of severe accident management
guidelines and categorization scheme for accident sequences are presented in the Safety Guide (in
Appendixes).

4. THE SAFETY GUIDES ON PSA PERFORMANCE AND APPLICATION

The Safety Guides on PSA [8,9] provide recommendations for performing or managing a Level-1 and
Level-2 PSA for a NPP and for using the PSA to support the safe design and operation of NPPs. The
recommendations aim to provide technical consistency of PSA studies to reliably support PSA
applications and risk-informed decisions.

An additional aim is to promote a standard framework that can facilitate a regulatory or external peer
review of a Level-1 and Level-2 PSAs and their various applications. The Safety Guides addresses the
necessary technical features of a Level-1 and Level-2 PSAs for NPPs, as well as its applications, based on
internationally recognized good practices. This paper briefly describes the Safety Guide on Level-1 PSA
and with more details the Safety Guide on Level-2 PSA (with emphasis on application for severe accident
management).

4.1 Safety Guide on Level-1 PSA and Applications

The PSA scope addressed in the Safety Guide includes all plant operational modes (i. e. full power, low
power, and shutdown), internal initiating events (i.e. initiating events caused by random component
failures and human errors) internal hazards (e.g. internal fires and floods, turbine missiles) and external
hazards, both natural (e. g. earthquake, high winds, external floods) and man-made (e.g. airplane crash,
accidents at nearby industrial facilities). The Safety Guide is focused on the damage to the reactor core; it
does not cover other sources of radioactive material on the site, e. g. the spent fuel pool. However, while
considering PSA for low power and shutdown operational modes, the risk from the fuel removed from the
reactor is also addressed. The consideration of hazards dealing with malevolent actions is out of the scope
of the Safety Guide. In Level-1 PSA aimed at assessing the core damage frequency, the most common
practice is to perform the analysis for different hazards and operational modes in separate modules having
a Level-1 PSA for full power operating conditions for internal initiating events as a basis. The Safety
Guide on Level-1 PSA and applications follows this consideration.

4.2 Safety Guide on Level-2 PSA and Applications

This Safety Guide includes all the steps in the Level 2 PSA process up to, and including, the
determination of the detailed source terms that would be required as input to a Level 3 PSA. Different
plant designs use different provisions to prevent or limit the release of radioactive material following a
severe accident. Most designs include a containment structure as one of the passive measures for this
purpose. The phenomena associated with severe accidents are also very much influenced by the design
and composition of the reactor core. The recommendations of this Safety Guide are intended to be
technology neutral to the extent possible. However, the number and content of the various steps of the
analysis assume the existence of some type of containment structure. General aspects of performance,
project management, documentation and peer review of a PSA and implementation of a management
system are described in the Safety Guide on Level 1 PSA [8] and are therefore not addressed here. This
Safety Guide addresses only the aspects of PSA that are specific to Level 2 PSA. The Safety Guide
describes all aspects of the Level 2 PSA that need to be carried out if the starting point is a full scope
Level 1 PSA as described in Ref. [8]. The objective of this Safety Guide is to provide recommendations
for meeting the requirements of Refs. [5,7] in performing or managing a Level 2 PSA project for a NPP.
The Safety Guide is structured in accordance with the major task as discussed below.

PSA project management and organization: Specific recommendations relating to the management and
organization of a Level-2 PSA project are provided in the Safety Guide. In particular the following
aspects are addressed: definition of the objectives of Level 2 PSA; scope of the Level 2 PSA; project
management for PSA; and team selection.



Familiarization with the plant and identification of aspects important to severe accidents: The aim of this
task should be to identify plant systems, structures, components and operating procedures that can
influence the progression of severe accidents, the containment response and the transport of radioactive
material inside the containment. Safety Guide provides detailed recommendations dealing with
acquisition of information important to severe accident analysis.

Interface with Level-1 PSA: grouping of sequences: This task is aimed at establishing the interface
between Level-1 and Level-2 PSAs to definite plant damage states. The Safety Guide addresses
recommendations for plant damage states definition for all initiating events and hazards, and plant
operational states. The recommendations on how the existing Level-1 should be expanded to address
specific aspects of the Level 2 PSA (when it is an extension of a Level 1 PSA performed originally
without the intention to perform a Level 2 or Level 3 PSA) are also provided.

Accident progression and containment analysis: The key recommendations regarding the analysis of
containment performance during severe accidents, analysis of the progression of severe accidents,
development and quantification of accident progression event trees or containment event trees, treatment
of uncertainties, and interpretation of containment event tree quantification results are provided in Safety
Guide.

Source terms for severe accidents: The important step in the Level 2 PSA is the calculation of the source
terms associated with the end states of the containment event tree. Source terms determine the quantity of
radioactive material released from the plant into the environment. Since the containment event trees have
a large number of end states, for practical reasons this requires the end states to be grouped into release
categories for which the source term analysis is then carried out. Safety Guide gives detailed
recommendations for definition of the release categories, grouping of containment event tree end states
into release categories, source term analysis, uncertainty evaluation, and interpretation of results of the
source term analysis.

Documentation of the analysis: The specific issues related to the presentation and interpretation of results
and to organization of Level-2 PSA documentation are also in focus of Safety Guide.

Use and applications of the PSA: The Safety Guide provides the key recommendations for a number of
Level-2 PSA applications. The following applications are covered among others: design evaluation;
severe accident management; emergency planning; off-site consequences analysis; prioritization of
research.

Three annexes of the Safety Guide provide an example of a typical schedule for a Level-2 PSA,
information on computer codes for severe accidents, and details of the severe accident phenomena.

4.3 Application of Level-2 PSA for Severe Accident Management



The Safety Guide [9] provides recommendations on the use of Level 2 PSA for the evaluation of the
measures in place and the actions that can be carried out to mitigate the effects of a severe accident after
core damage has occurred. The aim of mitigatory measures and actions should be to arrest the progression
of the severe accident or mitigate its consequences by preventing the accident from leading to failure of
the reactor pressure vessel or the containment, and controlling the transport and release of radioactive
material with the aim of minimizing off-site consequences. In particular the Safety Guide recommends to
use the results of Level 2 PSA to determine the effectiveness of the severe accident management
measures that are described in the severe accident management guidelines or procedures, whether they
have been specified using the Level 2 PSA or by any other method. In addition Safety Guide emphasize
that an accident management measure that is aimed at mitigating a particular phenomenon might make
another phenomenon more likely due to the fact that the phenomena that occur in the course of a severe
accident are highly uncertain and often interrelated. Therefore it is recommended to identify using the
Level 2 PSA all interdependencies between the various phenomena that can occur during a severe
accident to take them into account in the development of the severe accident management guidelines.
Several examples illustrate this statement: depressurization of the primary circuit may prevent high
pressure melt ejection but might increase the probability of an in-vessel steam explosion; introducing
water into the containment may provide a cooling medium for molten core material after it has come out
of the reactor pressure vessel but might increase the probability of an ex-vessel steam explosion; and
operation of the containment sprays may provide a means of removing heat and radioactive material from
the containment atmosphere but might increase the flammability of the containment atmosphere by
condensing steam. It is also recommended that the updates of the Level 2 PSA and updates of the severe
accident management guidelines should be performed in an iterative manner to facilitate the progressive
optimization of the severe accident management guidelines. These recommendations correspond to those,
provided in Ref. [4].

5. RELATED IAEA SERVICES

The TAEA mandate authorizes the TAEA to develop Safety Standards and to provide support for the
application of these standards. A number of Services are made available by the IAEA for the Member
States; amongst them there are also those related to severe accident management and Level-2 PSA.
The IAEA RAMP service is an activity to support individual Member States with the Review of Accident
Management Programmes at their plants. Review of AM program at particular plant is performed on
request by a Member State. The review team usually includes four experts plus an IAEA staff-member.
The review focuses on studying the relevant documents, interviews with plant staff and regulators. The
output of the review is a detailed report with assessment and recommendations for the
improvements/refinements to the existing Accident Management Programme. IAEA has prepared a
manual in support of RAMP service (Ref. [12]) that contains a detailed questionnaire for the self
assessment of the existing accident management programme. The following topics are covered in the
manual:

— Selection and definition of AMP

— Accident analysis for AMP

— Assessment of plant vulnerabilities

— Development of severe accident management strategies

— Evaluation of plant equipment and instrumentation

— Development of procedures and guidelines

— Verification and validation of procedures and guidelines

— Integration of AMP and plant Emergency Arrangements

— Staffing and qualification

— Training needs and performance

— AM Programme revisions.

Several successful RAMP missions have been already conducted during which extensive review activities
have been performed, a feedback provided, and findings discussed with the plant specialists. A formal
review report was produced by the IAEA and forwarded to the counterpart.



Numerous workshops, training seminar and expert missions were provide by IAEA to China, Romania,
Russia, Ukraine, Pakistan, Slovakia, Lithuania, etc. before the RAMP mission. The first RAMP mission
was held at Krisko NPP in Slovenia in 2001, and other missions to Chinese PWR in China and Ignalina
NPP in Lithuania were also conducted in 2006 and 2007, respectively. In 2009 the RAMP was
performed for KANUPP (Pakistan). So far the mission for PWR, PHWR and RBMK were conducted.
The RAMP for Cernavoda NPP (Romania) etc. are expecting for future service.

e For Ignalina NPP, several design modifications (core exit temperature measurement and an additional
shutdown system) were made during the establishment of SAMP. It is the first SAMGs for RBMK
reactors. It will therefore constitute a source of valuable information for other RBMK reactors.

e For Krisko NPP, assessing the possible impact of non-uniform hydrogen distribution and of the
adequacy of the hydrogen source term and reconsidering the availability of the systems due to their
potential failure during scenarios dominating core damage frequency were recommended during the
mission.

International Probabilistic Safety Assessment Review Team (IPSART) service was established in 1988.
The dedicated guideline [13] is used for conduct of the review missions. Review of PSAs for plants from
different countries, of various designs, and all PSA levels, hazard scopes, and operational modes is
performed on specific request submitted to the IAEA by the Member State. Depending on the scope of
the PSA the review duration is 1 to 2 weeks and review team composition is from four to seven
international independent experts plus an IAEA staff-member. The review focuses on the check of
methodological aspects, completeness, consistency, coherence, etc. of the PSA. The output of the review
is the IPSART Mission Report that describes the review performed, the review findings, the technical
aspects of the PSA study, strengths, and limitations and provides suggestions and recommendations for
improvement of the PSA quality and its sound use for enhancing plant safety and risk management
applications.

The IPSART service helps to achieve high quality of PSA and therefore assists in further enhancing the
nuclear safety. More than 60 IPSART mission have been conducted so far in many countries all around
the world helping to achieve high quality of PSA and proliferating advanced methodology and knowledge
in nuclear safety assessment.

6. CONCLUSIONS

The IAEA has developed a comprehensive set of new Safety Standards including Safety Guides for
Level-1 and Level-2 PSAs and severe accident management. The Safety Guides provide a common
standardized platform for safety assessment and severe accident management that represent widely
accepted good practices and consensus amongst Member States. These publications will promote a
consistent development of the severe accident management programme, and development, application
and review of PSA studies, as well as the use of PSA results and insights in different applications,
including application for severe accident programme development.
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1. Introduction

The Canadian Industry, through the CANDU Owners’ Group, undertook a Joint Project to develop and
implement SAMG to operating plants in Canada. This project began in 2001 with a review of
available SAMG approaches, which recommended that an approach based on a modified
Westinghouse Owners’ Group (WOG) be used. A set of generic SAMG Guidance was produced in
2006 and subsequently plant-specific versions were developed for all seven plants operating in
Canada. Canadian Utilities are currently in various stages of customizing the guidance for
implementation.  This paper reviews some of the major challenges encountered in SAMG
development and implementation, and discusses how these challenges were addressed.

Overall, the application of the modified WOG approach to SAMG to CANDU plants is regarded as
successful and as having the potential to contribute significantly to the reduction of residual risk.
Some areas where SAMG implementation will have an impact on the conduct and results of
Probabilistic Safety Analysis (PSA) are discussed.

2. Features of Multi-Unit CANDU Station Design Relevant to SAMG

CANDU reactor cores (Fig. 1) in the operating units contain either 380 (CANDU 6, Pickering B), 390
(Pickering A) or 480 (Bruce, Darlington) individual horizontal fuel channels comprising a pressure
tube containing fuel and primary coolant, surrounded by a calandria tube forming the boundary with
the low pressure moderator system. Heavy water coolant passes through the channels in the core,

' CANDU® is a registered trademark of Atomic Energy of Canada Ltd.



which are connected by feeder pipes at each
end to headers located above the reactor
(Fig. 2), and then to pumps and steam
generators.

The channels span the length of a
cylindrical vessel containing the heavy
water moderator known as the “calandria”.
This vessel is in turn surrounded by a large
biological shield tank containing light
water. In CANDU 6 and similar plants, this
tank is a thick walled concrete vault,
whereas in Bruce/Darlington designs the
tank is a relatively thin-walled steel
structure. In the multi-unit
Bruce/Darlington designs, this tank sits
above a large duct used for on-line fuelling
access to all units. For the remainder of the
paper, the focus will be on the
Bruce/Darlington design, although plant-
specific SAMG has been developed for all
variants of the operating CANDU fleet”.

Figure 2: CANDTU Fuel Channel Schematics
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Figure 1: CANDU Reactor Assembly

3. SAMG Entry Criteria

The most direct indicator that core cooling
conditions are degraded is the temperature of the
fuel. Most LWR cores use the exit thermocouple
readings located above the core as a surrogate for
this. In a horizontal pressure tube reactor there is
no equivalent measurement. The only available
temperature measurement is from thermocouples
on the feeder pipes outside the reactor structure,
whose response under degraded core conditions is
unknown.

In addition, the design basis of CANDU plants
includes certain accidents for which limited but
significant fuel damage could occur, for example
from a LOCA and failure of emergency core
cooling. The stable core state after loss of
core cooling is by rejection of decay heat to
the moderator system (upper part of Fig. 3). The

2 R Fluke, K. Dinnie, M. Chai, R. Jaitly, M. O’Neill, “Developing Guidelines for Severe Accident Management”,

Conference of the Canadian Nuclear Society, June 2005.
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plant Emergency Operating Procedures (EOPs) contain guidance to respond to this type of event and
there was clear direction from the Canadian industry that SAMG not encroach on this territory.
Only if this heat removal pathway is lost would severe accident conditions beyond the design basis
exist (lower part of Fig. 3).

Two types of indications were available on which to base the SAMG entry criteria:
1. System conditions (loss of core cooling plus loss of moderator cooling), and

2. Evidence of fuel damage beyond that expected in design basis events.

Fortunately, there is very good
instrumentation available regarding
the status of the moderator system
due to its importance to core Nenperatine

EXCURSION

Figure 3: CANDU Fuel Channel Under Degraded Cooling Conditions

reactivity and power distribution. It
has been shown that ensuring that
fuel channels are covered by
moderator water is sufficient to
remove decay heat if primary i M PRESSURE
cooling is lost. Therefore, loss of
moderator level below that of the
upper fuel channels in conjunction
with loss of primary core cooling
were identified as primary SAMG
entry criteria.
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possible to predict the oxidation of a significant fraction of fuel cladding with the accompanying
hydrogen generation and fission product release to containment. Such conditions do not represent the
expected behaviour but if they were to occur would represent containment conditions much more
closely aligned with those addressed by SAMG. This unexpected behaviour might indicate the
presence of accident progression or phenomena different from those assumed to exist in the design
basis analysis. Accordingly, it was concluded that, should there be indications of fuel damage well
beyond that expected in design basis accidents, then entry to SAMG would be appropriate. Such
indications would be in the form of elevated dose rate measurements outside the containment
boundary. This condition also provides a “rationality check™ that would prevent SAMG from being
entered prematurely or unnecessarily.
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The above considerations led to the development of generic CANDU SAMG entry criteria as shown in
Table 1.



Table 1: SAMG Entry Conditions

Condition Parameter Typical Instrumentation
1. Loss of core cooling No subcooling margin in inlet Heat transport system (HTS)
headers for >15 minutes temperature and pressure
instrumentation
AND  cither
2. Loss of moderator Moderator level below top of Moderator level instrumentation
cooling to fuel highest channels
channels
or
3. Major release of Plant radiation levels Ex-containment gamma measurements
fission products from > setpoints
the fuel

The remaining challenge was to establish locations and associated setpoints for the radiation
measurements used as a surrogate for degree of core damage. It has been a long-established practice
at multi-unit stations to measure post-accident gamma dose at pre-determined locations outside
containment for which pre-calculated correlations to core damage levels associated with specific
accidents were already available. This information is intended to adjust release source terms to
support offsite emergency response but could be readily adapted to infer a first-order indication of the
likely degree of core damage. Curves of measured dose vs. time after reactor shutdown were provided
in the form of a Computational Aid.

Choosing an appropriate setpoint was one of the most controversial issues in the development of
CANDU SAMG. Best-estimates of likely degree of core damage associated with design basis
accidents suggested that up to about 1% of the core inventory of volatile fission products could be
released, although some worst case estimates were higher. Another consideration was the large
uncertainty associated with the dose calculations and core damage correlations. Eventually, a dose
rate measurement correlated to 3% release of volatile fission products was selected. This represents
the logarithmic mean between an expected design basis source term of ~1% release and a 10% release
that would clearly be in the severe accident domain.

4. Prioritization of Barriers to Severe Accident Progression

CANDU fuel channels are housed in a cylindrical calandria vessel containing heavy water moderator,
which is itself surrounded by a large shield tank filled with light water (Fig. 4). These three
components represent barriers to accident progression that can be "defended” by actions taken as part
of SAMG. The question to be resolved was in what order should these barriers be prioritized in
SAMG to make best use of the resources available and maximize the chances of terminating accident
progression?

In conventional PWRs, the first two decisions in the Diagnostic Flow Chart (DFC) relate to protecting
steam generator tubes from consequential rupture and depressurizing the Reactor Coolant System.
These Severe Accident Guides (SAGs) are not required in CANDU plants because a) steam generators
are well buffered from the conditions in the core by long pipe runs and headers and, b) the thin walled
pressure tubes that fail early in a severe accident sequence, automatically causing the primary circuit
to depressurize.

In the WOG SAMG, the next SAG is related to protecting RCS integrity and involves actions
designed to maintain coolant inventory. For CANDU, the challenge to be addressed was whether
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priority should be given to protecting the intact barriers of the shield tank and calandria structures or
whether actions should be taken to attempt to restore fuel cooling through the primary circuit, even
though it is likely that the systems involved would be unavailable initially (otherwise there would be

no severe accident).

In their current form, the seven CANDU SAGs are as follows:

1. Inject into the Heat Transport System

Control Moderator Conditions

Control Shield Tank Conditions

Control Containment Conditions

2

3

4. Reduce Fission Product Releases
5

6. Reduce Containment Hydrogen
7

Inject into Containment.

Figure 4: Barriers to Accident Progression

OVERFLOW

101
==
n CalakORIa
=)
-
b\"‘
iy N
! \‘ [T =]
W OF CALAMD®I A
) sap TUBES
o TaNK - \O
3 U, »} o
W w00 AP 00 D) e

155 6PE (5. By

P
s

o

Ve
4

r

180 =Pa (261 paigy

DESA MLATE

In its initial development, the
order of the first three SAGs was
reversed with the first being to
maintain shield tank inventory.
The idea behind this approach
was that priority would be given
to protecting the intact barriers.
In the early stages of accident
progression, the entry criteria for
SAG-1 and SAG-2 would likely
not be met and attention directed
towards adding water to the fuel
channels. If the fuel channels are
already failed and fuel debris is
in the moderator, the entry
criteria for SAG-2 would be met
and the calandria vessel would be
the priority barrier to be
protected and should this fail, the
shield tank. The "nested"
geometry of the three boundaries
makes this approach attractive.

This prioritization has
disadvantages, because the SAG
priorities carry across to recovery

actions and it is always better to initiate efforts to recover the emergency core cooling (ECC) system
as soon as possible. In the original order this would not necessarily be the case.

In the alternative approach, with "inject into the HTS" as SAG-1, there is the risk that needed actions
to protect the calandria may be delayed because of attempts to add water to the HTS, which in all
likelihood will be unsuccessful during the early stages of accident progression (otherwise SAMG
would not be entered at all). On the other hand, if water can be injected into the HTS, it will find its

way to the intact barrier.



After debate it was decided to place "inject into the HTS" first. During the first validation exercise,
admittedly with an inexperienced TSG, the concern discussed above regarding delay in completing
SAG-1 was encountered and one of the outcomes of the exercise was to provide clearer direction
about what to do if the initial pass through SAG-1 ("Inject into the HTS") indicated that no water
sources were available. The general nature of this guidance is "initiate actions to recover ECC and
exit SAG-1".

5. Diagnosing and Mitigating Challenges to Containment

A third category of challenges is related to the response of the multi-unit, negative-pressure
containment (Fig. 5). While the two single unit stations in Canada possess fairly conventional reactor
containment designs, the large multi-unit stations in Ontario employ a low pressure, large-volume
containment envelope shared by up to four units, protected initially by a Vacuum Building (VB)
providing a large energy sink. The degree to which steam and other gases produced during accident
progression are capable of challenging the structural integrity of the containment boundary and its sub-
compartments remains an area of uncertainty, partly due to diagnosis and measurement limitations, to
the extent that the single unit stations are proposing to add a filtered vent system to protect the
containment structure from over-pressurization. Global containment analysis for the multi-unit plants
suggests this is not required but local accident progression effects are still being evaluated including
the role of the existing emergency filter system.

Two of the more challenging technical issues are discussed below: hydrogen management and filtered
venting

5.1 Control of Hydrogen

CANDU reactor cores contain a large mass of zirconium and its alloys, of the order of 50 Mg, used to
fabricate the fuel pellets, fuel bundles, pressure tubes and calandria tubes. Oxidation of a large
fraction of this during severe accident progression, should it occur, has the potential to result in
significant concentrations of hydrogen in the containment atmosphere. Actual concentrations would
depend crucially not only on how much oxidation takes place but how hydrogen/deuterium is
distributed throughout the four reactor units, the fuelling machine duct, pressure relief ducts and the
vacuum building (Figs 5 and 6). Each unit also contains a system of glow-plug igniters. There is
currently no engineered hardware measurement or sampling capability.



Figure 5: Darlington Multi Unit Containment

In the current SAMG, the hydrogen source term is evaluated by means of a Computational Aid (CA).
This in turn relies on:

(a)

(b)

(©)

(d)

(e)

MAAP4-CANDU? sensitivity calculations on source term related to rate of accident
progression;

correlations between hydrogen production and degree of fission product release to
containment;

an expectation that hydrogen will be well-mixed in the accident unit and that there will be
mass transfer between the accident unit and other containment volumes (can be estimated
by comparing relative radiation measurements at similar locations outside each reactor
building);

tracking of mass transfer to the VB (analogous to “venting” from the containment to the
VB) for which pressure and temperature measurements are available;

an assumption that igniters, when available, will maintain local hydrogen concentrations
close to the flammability limit.

The resulting CA is complex and requires staff to be trained as a specialist in its use. Even the
availability of measurement capability would not necessarily eliminate the need for a CA, due to the
complexity of the containment geometry.

Maximum predicted quantities of hydrogen are well below typical PWR assumptions of 75% of active
cladding. This, together with a well-mixed containment atmosphere, would result in containment
conditions in which hydrogen burning is not expected to threaten containment integrity. Retention of

* MAAP4-CANDU — Modular Accident Analysis Program for CANDU Power Plant Volume 1 &2 (User
Guidance and Code Structure and Theory), Prepared by FAI, April 1998.



most of the hydrogen in a single reactor unit would represent a concern if igniters were unavailable or
ineffective for a period of time. Efforts are continuing to improve the understanding of hydrogen
generation and distribution into the long term phase.

5.2 Role of Containment Venting

The primary objective of the negative pressure containment design was to limit positive design
pressure by providing a large energy sink (a large volume maintained at negative pressure to which
steam released during an accident could be directed and condensed). Subsequently, the issue of
containment pressure control in the long-term led to the design of a low pressure pumped filtered
venting system whose purpose was to maintain containment pressure slightly subatmospheric by
means of a controlled, monitored and filtered discharge to atmosphere from the vacuum building. The
system is called the (emergency) filtered air discharge system or EFADS.

Figure 6: Outline of the Multi-Unit Containment Envelope
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The EFADS was designed to be used following a design basis accident in which most of the energy
release to containment would occur in the early stages of accident progression (typically within
1000s). The vacuum is slowly depleted over time due to various sources of inleakage until the
EFADS is required to be initiated as the containment approaches atmospheric pressure per the existing
Emergency Operating Procedures. The filters themselves are located outside containment in a
conventional metal housing. The design pressure of the housing is 7 kPa(g) and the pressure across
the filter limited to about 2.5 kPa (d).

The challenge facing SAMG is that the energy release to containment may occur over a protracted
period of time, potentially many hours or even days, and conditions that would require operation of
EFADS under EOPs may be reached before accident progression is complete. Even though the
EFADS is buffered from the events in the main containment by the VB and associated pressure relief
valves, occurrence of any significant pressure surge while the EFADS is operating has the potential to
damage the filter and cause significant fission product release (does not apply to the Pickering
containment due to design differences).



In SAMG, the Technical Support Group has to assess the state of accident progression and the
likelihood of a future steam surge or hydrogen burn. The possibility of filter damage must be weighed
against the impact of leakage from containment and expectations of external emergency response
organizations to ensure any releases are controlled and monitored.

6. Impact of SAMG on PSA

The fact that SAMG has yet to be formally implemented at any plant in Canada at the present time to
some extent makes the issue a hypothetical one, because this is a prerequisite to credit SAMG actions
in any of the plant PSAs. However, it is worthy of note that, because current EOPs already address the
prevention and mitigation of events leading to limited fuel damage, current PSAs contain some of the
early preventative and mitigative actions typically found in SAMG.

Because of this, the focus for crediting SAMG in PSA will be primarily in support of Level 2 and the
establishment of a long term stable plant state. In the current versions of Level 2 analysis, the only
human actions credited are the operation of EFADS per the EOPs and an implicit assumption that
recovery actions can be taken to reduce the likelihood of long term failure to no more than a 5%
chance.

The process of
Figure 7: Containment Pressure vs. Time for Total Loss of Heatsinks developing SAMG has
indicated that there may
be a greater role for
SAMG-based recovery
o000 actions in PRA.
Analysis using recent
150000 versions of MAAP4-
CANDU has shown that
100000 there is potential for
/ unusual failure modes.
50080 { For  example, the
J pressure plot in Fig. 7
________ J shows the pressure
0 2 4 8 8 10 12 14 1% 18 2 7 2 inside the major
Time [Hours] containment  volumes
[=—Rv2 ---VBL ---v8U | (RV2 — reactor vault,
VBU - vacuum building
upper chamber, VBL — vacuum building lower chamber). Following a total loss of heatsink event, the
current EOP would require that EFADS is initiated as the VBL pressure approaches atmospheric at
about 7 hours. Shortly after there is a pressure spike associated with accident progression that would
be sufficient to risk damaging the filter system, which is designed only for operation close to
atmospheric pressure. Action to isolate EFADS from containment on entry to SAMG would reduce
the likelihood of this failure mode in the Level 2 model.
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The ability to credit human interactions in a containment event tree requires well-defined diagnosis
information, clear decision criteria and enabling procedures. These requirements may not be met for
many of the strategies considered in SAMG, especially those involving transient conditions where
there may be a number of possible alternative options for mitigation. Therefore, inclusion in the event
tree of SAMG actions requiring TSG judgement remains problematic.

SAMG is expected to be helpful in supporting PRA assumptions related to the initial conditions for
Level 2, attempting recovery actions and establishing confidence regarding the achievement of a long
term stable state. On the other hand, the Level 2 is expected to be able to provide insight to customize
SAMG to anticipate station-specific phenomena and actions to mitigate them.



7. Conclusions

A number of design, procedural and operational aspects of CANDU plants present challenges in
implementing SAMG as it has been applied in most LWRs. The CANDU approach has been to retain
the principles of the international approaches while introducing modifications to address the unique
aspects of CANDU plant design. The complexity of the multi-unit containment structures and the
associated diagnostic processes needed to support SAMG remain a continuing area of investigation.

The initial role of SAMG in Level 2 PSA is expected to be in providing a higher level of confidence
that existing actions in the containment event tree will be completed successfully. Actions to mitigate
specific phenomena will be included if they can be defined with sufficient clarity to meet the
requirements of PSA.

10



Accident Management in German NPPs:
Status of Implementation and the Associated Role of PSA Level 2

P. Scheib
Bundesamt fiir Strahlenschutz (Federal Office for Radiation Protection), Salzgitter, Germany

M. Schneider
Bundesamt fiir Strahlenschutz (Federal Office for Radiation Protection), Salzgitter, Germany

M. Krauf}
Bundesamt fiir Strahlenschutz (Federal Office for Radiation Protection), Salzgitter, Germany

1. History of Accident Management in Germany

Triggered by WASH 1400, the first PSA in Germany (German Risk Study Phase A') was started by
Gesellschaft fiir Anlagen- und Reaktorsicherheit (GRS) in 1976 and published 1979. This survey had a
more generic character, trying to estimate the risk caused by German NPPs in general and applying
PSA methods. A plant-specific survey - the so-called Phase B> has been elaborated in 1981 through
1989. During this second phase more detailed studies on the progress of accidents were conducted.
Concerning accident sequences, the progression in time, the resulting loads and the necessary actions
by the safety systems were investigated. During these studies it was discovered that existing safety
margins could be used to prevent core damage or at least mitigate the consequences. The measures
conducted for this purpose are commonly known as accident management (AM) measures by now and
added a fourth layer to the defence in depth concept.

After the Tschernobyl accident the German Reaktor-Sicherheitskommission (RSK, Reactor Safety
Advisory Committee) stated that AM-measures should be implemented into the existing NPPs if it
would be possible with reasonable effort. The RSK also gave first recommendations on what kind of
measures should be included. In addition, the RSK was also asked by the responsible Federal Ministry
of the Interior to conduct a comprehensive safety review of all NPPs operating and being constructed.
The RSK reported to the newly created Federal Ministry for the Environment, Nature Conservation
and Nuclear Safety (BMU), which is responsible for nuclear safety since mid-1986, in November
1988. As part of this report’ the recommendations to introduce AM-measures were compiled and
supplemented.

2. Safety Review and associated PSA requirements

Based on the recommendation of the RSK to make every operating NPP subject to comprehensive
safety review, regulatory guides have been filed for the different elements of a PSR by a task force of

! Deutsche Risikostudie Kernkraftwerke, ISBN 3-921059-67-4, BMFT 1979

2 Deutsche Risikostudie Kernkraftwerke Phase B, ISBN 3-88585-809-6, BMFT 1990

3 Abschlussbericht iiber die Ergebnisse der Sicherheitsiiberpriifung der Kernkraftwerke in der Bundesrepublik Deutschland
durch die RSK, Bundesanzeiger Nr. 47a, 08.03.1989



the Federal States Committee for Atomic Nuclear Energy, headed by the BMU, in the middle of the
1990s: the basic principles of PSR, the guide on safety status analysis, the guide on analysis of
physical protection and the guide on probabilistic safety analysis (PSA).
The first German regulatory PSA guide, which has been issued in 1997, covered the fundamental and
minimal requirements concerning the performance of PSAs. The technical details regarding the
performance of PSA were set out in two technical documents, PSA Methods* and PSA Data’. These
were developed by a working group of PSA experts (Facharbeitskreis Probabilistische
Sicherheitsanalyse fiir Kernkraftwerke - FAK PSA) coordinated by the Bundesamt fiir Strahlenschutz
(BfS). In these documents, PSA requirements were restricted to Level 1+ (loss of design basis accident
safety functions plus active containment systems at full power states but without consideration of core
degradation) covering internal events as well as internal flooding events. Fire PSA was required, low-
power and shutdown (LPSD) states and external events were not yet included explicitly.
Since a major amendment of the Atomic Energy Act in 2002 it is mandatory to perform PSRs
including plant-specific PSA at ten years interval. Based on the experiences of performed plant-
specific PSAs and PSA studies performed in Germany, the guide on PSA® as well as the technical
documents”® were published in a revised version end of 2005. Essentially, it contained the following
major extension of scope compared to the 1997 version:

e calculation of core damage states’, taking into account preventive accident management

measures,

o extension of Level 1 PSA to LPSD,

e extension of the event spectrum to external hazards,

e performance of Level 2 PSA for full power operation.
Also, as part of Level 1 PSA, the entire safety related design features and the approved procedures of
the operating manual get evaluated in order to achieve a well balanced safety concept. This includes
the AM-measures described in the emergency manual and the evaluation of the efficiency of AM in
preventing accident progression. In the frame of Level 2 PSA the efficiency of AM-measures
regarding the mitigation of the consequences of severe accidents is evaluated.

3. Status of Implementation of AM-measures

As mentioned in paragraph 1, the RSK recommended the implementation of several AM-measures in
its report to the BMU in 1988°. In order to deal with loss of offsite power, it was asked for additional
off-site power via underground cable. Additionally, it was stated that the battery capacity for
instrumentation should be sufficient to deal with a station black-out for two to three hours. Another
preventive measure was to implement primary and secondary bleed and feed in PWRs.

Also first recommendations on how to deal with severe accidents were given. In order to limit the risk
of hydrogen combustion, the inertisation of the containment was demanded for BWRs. For PWRs
research about the effectiveness of igniters and passive autocatalytic recombiners (PARs) was started.
A sampling system in the containment was also considered necessary in order to gain more precise
information about the condition of the reactor core in case of a beyond design basis accident. Since

# Facharbeitskreis Probabilistische Sicherheitsanalyse fiir Kernkraftwerke: Methoden zur probabilistischen Sicherheitsanalyse
fiir Kernkraftwerke, BfS-KT-16/97, 1997

> Facharbeitskreis Probabilistische Sicherheitsanalyse fiir Kernkraftwerke: Daten zur Quantifizierung von
Ereignisablaufdiagrammen und Fehlerbdumen, BfS-KT-18/97, 1997

8 Sicherheitsiiberpriifung fiir Kernkraftwerke gemiB §19a des Atomgesetzes -Leitfaden Probabilistische Sicherheitsanalyse-,
Bundesanzeiger 207a, 2005, English Version available:

http://www.bfs.de/de/bfs/recht/rsh/volltext/A1 Englisch/A1 08 05.pdf

7 Facharbeitskreis Probabilistische Sicherheitsanalyse fiir Kernkraftwerke: Methoden zur probabilistischen Sicherheitsanalyse
fiir Kernkraftwerke, BfS-SCHR-37/05, 2005

8 Facharbeitskreis Probabilistische Sicherheitsanalyse fiir Kernkraftwerke: Daten zur probabilistischen Sicherheitsanalyse fiir
Kernkraftwerke, BfS-SCHR-38/05, 2005

°Prior it was common for German Level 1 PSAs to end with so-called “hazard-states®, which do not take AM-measures into
account.



maintaining the integrity of the containment is of highest priority in case of a severe accident, also the
implementation of filtered containment venting (FCV) was requested.

The requested measures have been implemented in German NPPs as part of backfitting actions since
then. Table 1 and Table 2 show the current status of implementation. Most AM-measures have been
implemented in the 1990s or in some cases already in the late 1980s. PARs in PWRs have mostly been
implemented around the year 2000. The installation of sampling systems in the containment was
started in 1999 and is not yet finished for all plants.

Table 1: Implementation of Accident Management Measures at PWRs (dated Feb. 2009)

Measure

KWB B

Emergency management manual

Secondary side bleed

Secondary side feed

Primary side bleed

Primary side feed

Assured containment isolation

Filtered containment venting

Passive autocatalytic recombiners

(K BE BN BN BN BE BE BN ] KKI 2

Supply-air filtering for the control room

<
>
N>
°
°
°
°
°
°
°
g
°
°

..........GKNI

(0|0 |0 22 0|0 |20 GKN 2
D)je|eo e/ e e|0o|0 @ 0 KKU
D)je|eo e/ e e|0o|0 @ 0 KKG
0 e|e|le = e|e e e |6 KWG
o o000 =00 0 O KKP 2
D)je|eo e/ e e|06|0 @ 0 KBR

O<|le @[22 0|0 |20 KKE

Emergency power supply from
neighbouring plant

Increased capacity of the batteries

[ ]
[ ]
<|®
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]

Restoration of off-site power supply °

[
[
o0 ||
[
[
[
[ ]

Additional off-site power supply e (o (o |0 |0 |o
(underground cable)

Sampling system in the containment o (o (o |0 |0 |0 |0 |0 |o

\ design e realised through backfitting measures g license granted O not applicable

Empty fields: not yet applied for (KWB A + B) or not planned (KKI 2).
In case of KKI 2 the emergency power supply from the neighbouring plant (KKI 1) is not considered
necessary since there is a direct connection to a nearby water power plant (see also Table 2).



Table 2: Implementation of Accident Management Measures at BWRs (dated Feb. 2009)

Measure
— — =] ®]
] A ==} /M
2 B |E |8 |88
Emergency management manual ° ° ° ° ° °
Independent injection system ° ° ° ° i O
Additional injection and refilling of | @ ° ° ° ) °
the RPV
Assured containment isolation o ° ° o N N
Diverse pressure limitation for the ° ° . ) ° °
RPV
Filtered containment venting ° [ ° ° ° °
Containment inertisation ° ° ° ° ot o*
Supply-air filtering for the control ° ° . ) ° °
room
Emergency power supply from i ° i ° °
neighbouring plant
Increased capacity for batteries ° \ ° ) \ \
Restoration of off-site power supply | @ ° \ ° ° °
Additional off-site power supply ° ° ° ° ) °
(underground cable)
Sampling system in the containment ° ° o o
V design e realised through backfitting measures o applied for O not applicable

* wetwell inerted, drywell equipped with catalytic recombiners

Empty fields: not applied for (KKB + KKK) or not planned (KKI 1).

KRB B+C: The independent injection system is for older BWRs (SWR-69) only in order to cover the
whole pressure range between 1.5 MPa and operating pressure. This is not necessary for BWRs of the
series 72, since injection systems for the complete pressure range are already implemented.

Concerning the use of PARs there is an ongoing discussion about the usefulness of these devices. This
started in May 2005, when the BMU informed the RSK that there were doubts about the use of PARs
in German PWRs because the PARs might act as ignitor for the hydrogen-air-mix and asked the RSK
to answer its questions about whether the installation of PARs is safety-oriented or not. By now the
responsible committee on plant- and system-engineering finished its statement and the RSK is
discussing this statement. The statement includes insight gained from Level 2 PSA of the plant used as
reference plant to determine the original design of the PARs for German PWRs. In this context it
should be mentioned that quantitative results of Level 2 PSAs have not been used during the
assessment which mitigative AM-measures should be implemented in German NPPs.

4. Conduct of Level 2 PSA in Germany

The following paragraph deals with the requirements concerning Level 2 PSA as described in PSA
Methods’.

As mentioned before, since 2005 it is mandatory to perform PSA Level 2 for full power operation as
part of periodic safety review. This can either be done as part of an integrated PSA project comprising



Level 1 PSA and Level 2 PSA or an existing Level 1 PSA can be used as starting point. The latter is
more common since Level 1 PSAs already existed for all German NPPs before it became mandatory to
perform Level 2 PSA. Performing Level 2 PSA based on an existing Level 1 PSA will be called 2-step
approach throughout this paper. In order to use the 2-step approach there must be an interface between
Level 1 and Level 2 PSA. That means that certain information about availability of systems or the
status of the containment is needed. This information will be fed into the grouping of the core damage
states into plant damage states (PDS). It is not necessary to model plant damage states with low
frequencies explicitly in the accident progression tree (APET) analysis if the sum of the frequencies of
the PDSs screened out is less than 1% of the sum of the frequencies of plant damage states with
similar properties. PSA Methods’ contains tables for PWRs and BWRs showing which characteristics
of the core damage states are needed for the grouping into plant damage states (PDS) for both the
integrated and the 2-step approach. For the 2-step approach, the PDSs are the only link between the
Level 2 and the Level 1 model, so this approach leads to a larger and more complex set of PDSs than
the integrated approach.
Starting with these plant damage states, the accident progression event tree analysis is to be
performed. This analysis should cover the timeframe until the release of radioactive material is
basically over. The necessary deterministic accident analyses can either be done using integral
computer codes, like MELCOR or MAAP or by using more specific models. The recommend
procedure is to use integral deterministic accident analyses and, when necessary, supplement those by
using more detailed codes.
The APET has to address all relevant features important to behaviour of containment, its failure and
the source terms. It is recommend to distinguish different time phases, deduced from key events in the
accident progression like:

e processes in the primary circuit before loss of RPV integrity,

e processes in the containment before loss of RPV integrity,

e processes in the containment during RPV bottom destruction by molten core material,

e processes in the containment after loss of RPV integrity.
The APET should also include branches for processes outside the containment and for containment
bypass.
The resulting end states of the accident progression event tree are to be grouped into release categories
(RC) which result in similar releases of radionuclides to the environment. For these RCs the source
term analysis has to be performed. Therefor the radioactive inventory at the middle of a fuel cycle can
be used. In general, approximately 10 release categories should be sufficient to cover all relevant end
states. This is in accordance with international standards as in the current draft of the new IEAE safety
standard on Level 2 PSA, which states typically tens of release categories'. The presentation of the
results of the PSA should also include sensitivity analyses, which also cover the effectiveness of AM-
measures.
PSA Methods’ also gives hints on how the results of Level 2 PSA could be presented in order to
support emergency planning, though it does not give any requirements. It is up to now not the case that
emergency management gets oriented to PSA results.

5. Recent PSA Results on SAM Efficiency

On behalf of the BMU and the BfS, Level 2 PSAs for three different kinds of NPPs have been
performed. It is not the scope of these PSAs to conduct a risk assessment of the reference plant but
rather to advance the methodology of PSA and give feedback to the regulators in order to improve the
regulatory framework. The NPP types used for these studies were BWR Series 69, BWR Series 72 and
the Konvoi type PWR. Besides that, first Level 2 PSAs performed as part of PSR are completed by the
licenses. The following paragraphs shall give an overview about the insights gained on the

19 performance and Application of Level 2 Probabilisitc Safety Assessment for Nuclear Power Plants, Draft Safety Guide ,
DS393 Draft 10, dated 05 March 2009



effectiveness of accident management measures in general and severe accident management measures
in special.

Results for Konvoi-type PWR'':

For the Konvoi type PWR the effect of PARs and FCV on the probability for the containment to stay
intact was examined for three accident scenarios. Especially FCV shows a great influence on the
containment performance.

Scenario 1 consists of a total loss of the steam generator feed using primary bleed and feed. During the
in-vessel phase of the accident there is an inertisation of the containment due to high steam content.
After failure of the RPV the pressure and the steam content inside the containment drop. Combustion
of Hydrogen becomes possible. In the long term, the pressure inside the containment rises again until
venting has to be initiated after two days. This explains why PARs alone are not very useful in this
scenario. That the mean for the use of this measure is not equal to zero is caused by the possibility in
the APET that emergency core cooling is recovered early enough to retain the core inside the RPV.
The second scenario, a break of the pressurizer connecting pipe, shows a large effect of the
recombiners combined with FCV because the steam content inside the containment is fairly small in
this case and so the probability for hydrogen combustion is higher than in the two other cases.
Scenario 3 describes a small leak in the hot leg. The conditions inside the containment are similar to
scenario 1, just the progression in time differs. That explains why the probabilities for the containment
to stay intact are comparable for scenarios 1 and 3.

Figure 1-3: Effect of PARs and FCV on selected accident scenerios''
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' G. Bonigke et al.: Untersuchungen von Mafinahmen des anlageninternen Notfallschutzes zur Schadensbegrenzung fiir
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Results for SWR 69':

The SWR 69 is one of two types of BWRs used in Germany, although they exist in different versions
with power ratings between 800 and 1400 MW. The reverence plant for the survey has a rated power
of 890 MW net. The Level 2 PSA, which was conducted in form of a 2-step approach, shows that in
case of a core damage there is a high probability for large and early release since the plant has low
potential to prevent containment failure after failure of the RPV. Considering the RPV, there is also a
low probability to restrain the core inside. This is only possible in the case that core degradation is not

12 H. Loffler, M. Sonnenkalb: Methods and Results of a PSA Level 2 for a German BWR of the 900 MWe Class, presented at
EUROSAFE 2006, Paris



far advanced and the core damage starts at high system pressure. The restraint is either possible using
flushing water for control rods and pump seal water and keeping the pressure above 1 MPa or by
releasing the pressure and using the low-pressure injection system. However, since the probability for
high pressure core melt scenarios is low, the overall probability that one of these measures is
successful is only about 0.015. Another measure intended to keep the integrity of the RPV would be to
flood the control rod driving room (CRDR) with water using the drywell spray system. Analyses show
that this is not effective to keep the RPV intact. Because of steam preventing water to reach crucial
parts of the RPV, it will eventually fail on a large area instead of locally like it would if it is not cooled
from the outside. A large-area failure of the RPV would damage the containment mechanically. After
the failure of the RPV, which in most cases happens at low system pressure locally due to melt attack
at the multiple penetrations in the bottom head, the melt and remaining water are released into the
CRDR, where the steel shell of the containment will melt through after short time. This will happen at
elevated but lower than initiating pressure for FCV. The shock pressure and combustion of released
hydrogen will damage the reactor building with high probability, creating new release paths to the
environment.

As part of the Level 2 PSA additional strategies to limit the consequences of a core melt accident were
discussed. Emphasis is on preventing or at least delaying containment failure. This could be done by
modifications inside the CRDR in order to ensure fragmentation of the core melt and increasing the
flooding rate for the CRDR. Also, it should be possible to cool the outside of the CRDR with water.
Another proposal to mitigate the effect of containment failure is to use FCV down to lower pressure
than according to the emergency manual in order to reduce the shock pressure when the containment
fails in order to reduce the damage to adjacent building. Venting would also reduce the risk due to
hydrogen combustion since part of the hydrogen stored in the containment could be released to the
environment in controlled conditions.

Results for GKN 17

GKN 1 is one of Germanys older PWRs. It entered commercial operation in 1976. It is a 3-loop PWR
with a rated power of 840MWe. The plant has AM-measures implemented according to Table 1. The
Level 2 PSA for GKN 1 has been conducted as part of PSR due December 2007, which is currently
being reviewed by the responsible authority. As the Level 2 PSA for the SWR 69, it was conducted in
a 2-step approach based on an existing Level 1 PSA. Assessment of the containment showed that gross
failure of the containment under static or dynamic overpressure condition is the dominant failure mode
since there is no preferred location for the development of a small leakage.

The results of the Level 2 PSA show large influence of FCV. Table 3 shows the release categories
defined in the PSA. The dominant characteristics for the classification of the release categories were
time and mode of containment failure. The table also shows the percentage of the plant damage states
that lead to each release category and the relative contribution of each RC to the total activity risk,
which is defined as the sum of the activity released for all release categories. This sum, however, does
not include the noble gases. About % of all initiating events leading to core damage eventual lead to a
RC involving FCV in order to prevent gross failure of the containment. These end states, however,
account for only 1.6% of the total release if the noble gases, whose release cannot be prevented by
FCV, are neglected. The main contributors to the risk —about 95% of the risk— are scenarios for which
the containment already fails before core damage (RC-D) or is bypassed by a LOCA outside the
containment or steam generator tube rupture (RC-A,B,E) or FCV is initiated and the filtration
capability fails (RC-I). Since these events account for only 12.5% of all initiating events leading to
core damage, one can see that in most cases the consequences of a severe accident can be
significantely reduced.

'3 A. Strohm et al.: An Approach to quantification of Uncertainties in the Risk of Severe Accidents ant Neckarwestheim Unit
1 Nuclear Power Plant and the Risk Impact of Severe Accident Management Measures, presented at PSAM 9, 2008



According to the quoted paper, more detailed studies about the effectiveness of AM-measures have
been done as part of the sensitivity studies by considering the following assumptions and/or
conditions: recovery of alternating current, recovery of containment isolation failure, additional credit
to reactor coolant system depressurization, steam generator decontamination factor, failure to actuate
filtered containment venting system, impact of on-demand annulus filtration, containment leaking
control, passive autocatalytic recombiners. Unfortunately there is no information available since the
PSA is still being reviewed and no details have been published yet.

Table 3: Release Categories used for GKN 1 (Values according to %)

Release Containment Description of release Relative Relative
Category | failure mode path proportions of the | contribution of RC
total PDS to the total activity
frequency risk (excluding
noble gases)
RC-A LOCA outside Large containment 0.31% 21.50%
containment bypass — annulus —
Unfiltered release
RC-B Uncovered steam | Release via uncovered 0.05% 3.02%
generator tube steam generator tubes
rupture (SGTR)
RC-C Early containment | Containment failure at or | 0.04% 1.58%
rupture before vessel breach —
Annulus — unfiltered
release
RC-D Containment Containment failure 1.42% 12.58%
isolation failure before core damage —
Annulus — unfiltered
release
RC-E Covered SGTR Release via covered 6.66% 51.43%
steam generator tubes
RC-F Sump line failure | Containment failure after | 0.02% 0.03%

vessel breach — Annulus
— unfiltered release

RC-G Late containment | Containment failure long | 0.22% 0.29%
rupture after vessel breach —
Annulus — unfiltered
release
RC-H Basemat melt- Release via penetration 0.51% 0.62%
through of concrete basemat
RC-1 Unfiltered Containment venting 4.02% 7.36%
containment with loss of filtration
venting capability
RC-J Filtered Containment venting to 77.48% 1.60%
containment stack with filtration
venting
RC-K No containment Small containment 9.27% 0.00%
failure leakage — Annulus —
filtered or unfiltered
release




6. Conclusion and Outlook

Based on recommendations by the RSK, various AM-measures have been implemented in German
NPPs during the last 20 years. Some of the preventive actions for PWRs have been developed as part
of the German Risk study Phase B®. Apart from that, all the measures are based on deterministic
considerations. The analysis of AM-measures in PSA, especially in Level 2 PSA, was not demanded
by the authorities before 2005. So, no detailed picture about the effectiveness of (severe) accident
management measures is available for all German NPPs yet. First examinations have been conducted
in the frame of research initiated by the BMU and by now first Level 2 PSAs for German NPPs
conducted as part of PSR are completed and insights into the effectiveness of AM-measures are
becoming available. One result e.g. is, as can be seen in paragraph 5, that FCV is an effective measure
for PWRs and not very effective for BWRs.

For the Level 2 PSAs conducted as part of PSR, both the integrated approach and the 2-step approach
have been used. Feedback from developers and reviewers will be fed into the next version of the
German PSA guidance documents. To do this, the FAK PSA has just set up a working group on Level
2 PSA, which will start its work in November this year. With this feedback and Level 2 PSAs being
conducted for more plants, more insights into the effectiveness and potential for improvement of AM-
measures should become available.
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Circumstances and Present Situation of Accident Management
Implementation in Japan

Haruo Fujimoto, Keisuke Kondo, Tomomichi Ito, Yusuke Kasagawa,
Osamu Kawabata, Masao Ogino and Masahiro Yamashita
Japan Nuclear Energy Safety Organization (JNES), JAPAN

1. Introduction

The beginning of accident management (AM) implementation in Japan can be traced back to 1992.
Through in-depth researches and discussions regarding the severe accidents and AM, the Nuclear
Safety Commission (NSC) of Japan issued a decision entitled "Accident Management as a Measure
against Severe Accidents at Power Generating Light Water Reactors™* in May 1992. In this decision,
the NSC strongly recommended the regulatory body and utilities to introduce AM measures to nuclear
power plants (NPPs), although sufficient safety level has been maintained by current safety systems at
operating NPPs.

Responding to the decision issued by the NSC, the Ministry of International Trade and Industry
(MITI), which was the regulatory body of NPPs at that time, encouraged the utilities to establish AM
implementation plans using benefit of insights obtained from PSA in July 1992. With an investigation
period of one year, the utilities submitted their plans of AM implementation to MITI in March 1994,
MITI reviewed these utilities” plans from the technical point of view and made a report of “AM for
Light Water NPPs” 2 in October 1994, in which MITI recommended the utilities to undertake the AM
implementation plans with preparation of AM operating procedures and establishment of
administrative framework toward 2000.

The utilities completed implementation of AM to their NPPs by February 2002 and reported to the
Nuclear and Industrial Safety Agency (NISA), which is the new regulatory body of NPPs founded in

1 Nuclear Safety Commission, “Accident Management as a Measure against Severe Accidents at Power Generating Light
Wiater Reactors,” May 28, 1992

2 Ministry of International Trade and Industry, “Accident Management for Light Water Nuclear Power Reactors,” October,
1994



January 2001. In addition, the utilities submitted evaluation of effectiveness of AM measures for eight
representative BWR and PWR plants to NISA. NISA reviewed those results with the assistant of the
Japan Nuclear Energy Safety Organization (JNES) and confirmed validity of them. The results of
evaluation performed by JNES were presented in the previous SAMM conference held in 2001.% *
Meanwhile, NISA recognized it was also important to evaluate effectiveness of AM measures for
NPPs other than eight representative plants and requested utilities to perform evaluation on them.
Following this request, the utilities performed evaluation of effectiveness of AM measures for each
NPP and submitted the results to NISA as “PSA Evaluation Report following AM Implementation” in
March 2004. NISA also reviewed these results with the help of JNES and confirmed appropriateness
of these evaluation. This paper presents the results of this review.

Besides fifty-two operating NPPs, AM have been studied and implemented to four newly constructed
NPPs up to now. This paper also presents current situation of AM implementation for these newly
constructed NPPs.

2. Accident management measures and their effectiveness at the representative plants

The utilities selected AM measures focusing on essential safety functions of NPPs. Specifically,
reactor shutdown, coolant injection to the reactor vessel and the containment vessel, heat removal
from the containment vessel, and supporting function to the safety systems are chosen as the four
essential functions for BWR and then relevant AM measures were selected for each safety function.
Table 1 summarizes those AM measures adopted for BWRs. Similarly, reactor shutdown, core cooling,
confinement of fission products, and supporting function to the safety systems are chosen as the
essential safety functions for PWRs and AM measures were selected, which are shown in Table 2.
Although, similar AM strategies are used for BWR or PWR, respectively, regardless of varieties of
plant design, specific AM plans depend on the design of plant as well as the preference of the utilities.
For example, as an enhancement of electric power supply, which is categorized as one of AM
measures of supporting functions to the safety systems, it is realized in various ways for BWRs as
follows;
® Electric power from the adjacent unit is used by connecting safety buses of both units, in case
of both offsite power and emergency diesel generators (EDG) being unavailable
simultaneously.

3 M. Kajimoto et. al., “Evaluation of Technological Appropriateness of the Implemented Accident Management Measures
for BWR by Level 1 and Level 2 PSA Methods,” Workshop on the Implementation of Severe Accident Management
Measures, September 2001

4 H. Takahashi et. al., “Evaluation of Technological Appropriateness of the Implemented Accident Management Measures
for PWRs by Level 1 and Level 2 PSA Methods,” Workshop on the Implementation of Severe Accident Management
Measures, September 2001



® For the single-unit site, HPCS-DG is used as an alternate AC source to another safety bus.
® In case that one EDG is shared by two adjacent units, an additional EDG is installed so that
each unit is equipped with two dedicated EDGs.
With regard to PWRs, following three alternatives are used for ECCS recirculation;
® Cross-tie between the low pressure injection line and the containment vessel spray injection
line, which can make the low pressure recirculation using a containment spray pump in case of
ECCS recirculation failure
® Alternative recirculation pump put in place in the recirculation sump
® Aredundant valve to the recirculation sump isolation valve
Effectiveness of AM measures is assessed using level 1 and level 2 PSA. Reflecting highly
standardization of plant designs in Japan and considering commonality of them, all BWR plants and
all PWR plants are divided into eight groups, four for BWRs and another four for PWRs, and then
PSA was performed for a representative NPP in each group. Categorization of BWRs and PWRs as
well as their safety features are presented in Table 3 and 4, respectively. Studies on effectiveness of
AM measures were conducted both by utilities and JNES. The result performed by JNES were
presented previous ISAMM meeting held in 2001.

3. Effectiveness of accident management measures of individual plant

Upon the request from NISA, the utilities performed evaluation of effectiveness of AM measures for
individual plant other than the eight representative plants, and submitted the results of these evaluation
to NISA in March 2004 as “PSA Evaluation Report after AM Implementation.” NISA reviewed these
reports with assistance from JNES. In the course of this effort, INES made an investigation focusing
on the large differences in the core damage frequencies (CDFs) between individual plant and the
representative plant in the same group. In addition, PSA models of the representative plant were
modified and sensitivity studies were done in order to clarify the causes of these large differences. The
results of studies on the effectiveness of AM measures of individual plant are shown below.

3.1 BWR plants

Figure 1 shows the comparison of CDFs of individual BWR plant before and after AM measures
implementation. Those values are normalized by CDF of type C (BWR5) representative plant before
AM implementation. Figure 1 also shows reduction ratio of CDF by AM measures in each plant. This
value is defined by the ratio of CDF after AM implementation to CDF before AM implementation in
each plant. Similarly, Figure 2 shows the comparison of the containment functional failure frequencies
(CFFs) of individual NPP and reduction ratios of CFF. These CDFs and CFFs are the results evaluated
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by the utilities.

When comparing CDFs among plant types, CDFs of type D plants before AM implementation are
much less than CDFs of type A, type B and type C plants, while the reduction ratios by AM of type D
plants are greater than the ratios of other plant types. For type D plants, the alternate rod insertion
(ARI) and recirculation pump trip functions, which are designated as AM measures for the other types
of plants, are adopted in the basic design of the plant for the purpose of additional reactor shutdown. In
addition, highly redundant systems are used for the coolant injection and residual heat removal
functions in the basic design of type D plants. These factors make CDFs before AM implementation
much smaller than CDFs of other types. On the other hand, because additional reactor shutdown
measures are already installed and additional AM measures are considered unnecessary for the highly
redundant coolant injection and residual heat removal function, overall reduction ratios of CDF by AM
measures of type D plants are greater than the other.

Some differences can be found among CDFs and CFFs of individual NPP before AM implementation
and the reduction ratios by AM measures even in the same plant type. This is because there are some
small differences in the design and operation of plants and AM measures adopted are sometimes
unique to individual plant. One typical example of this difference is the design and operational of
CCWS. While there are a lot of plants which belong to type C, they can be further divided into three
subgroups. The plants in the first subgroup have a similar design of CCWS to the representative plant
of the group. The design and operation of CCWS in the second subgroup, such as
Kashiwazaki-Kariwa-2, and the third subgroup, such as Hamaoka-3, is not same as the first subgroup.
This difference yield low unavailability of ECCS and, thus, smaller CDFs of the plants. On the other
hand, an example of difference in AM measures can be found in Onagawa-1 in type B. In Onagawa-1,
redundant CCWS pumps are installed as an AM measure, which makes a large reduction of CDF after
AM implementation comparing the other plants in type B.

Because the differences in CFFs chiefly come from the differences in CDFs, thorough investigation on
the differences of CFFs are not performed.

Reduction ratios range from 0.02 to 0.6 for CDFs and from 0.01 to 0.08 for CFFs. The effectiveness of
AM measures can well be confirmed.

3.2 PWR plants

Figure 3 shows the comparison of CDFs of individual PWR plant before and after AM implementation.
These values are normalized by CDF of type D (four-loop PWR with large dry containment vessel)
representative plant before AM implementation as is in the BWR case. Figure 3 also shows the

4



reduction ratios of CDF by implementing AM measures. Similarly, Figure 4 shows the comparison of
CFFs of individual NPP and the reduction ratios. These results are evaluated by the utilities as well.
Some differences can be observed among CDFs of individual NPP and their reduction ratios. They are
originated from the difference in the plant design or AM measures adopted, as discussed in the BWR
case.

An example of the variation of the plant design which causes the difference in CDFs and CFFs is
ECCS system design. CDF of Ikata-3 in type B group is much smaller than CDFs of other NPPs in the
same group. In Ikata-3, the high pressure injection (HPI) pumps do not require boosting by the low
pressure injection (LPI) pumps during ECCS recirculation mode while the other NPPs in the same
group require boosting by LPI pumps. This plant design of lkata-3 leads to smaller overall
unreliability of ECCS during recirculation mode and thus smaller CDF of the plant. Same situation
also can be found in the type D plants. Amongst type D plants, Turuga-2 is the only one plant which
needs the boosting by LPI pump to HPI pump and, therefore, CDF of Turuga-2 is higher than CDFs of
the other plants in type D group.

Another example can be seen in type A group. ECCS switch-over from the injection mode to the
recirculation mode is done automatically for Tomari-1 and 2, while this operation is done by operator
manually in other NPPs of type A group. This design difference makes CDFs of Tomari-1 and 2
smaller than CDFs of the other plants in the type A group.

In contrast, an example of the variation of AM measures which causes the differences in CDFs can be
found in a measure of alternative ECCS recirculation. The CDF reduction ratio of Turuga-2 in type D
group is smaller than the reduction ratios of other plants in the same group. The cross-tie between LPI
line and CSI line is adopted as an AM measure for the alternative ECCS recirculation in type D plants
generally, and this AM measure is applied to only one train for the plants other than Turuga-2. On the
other hand, this AM measure is applied to both two trains of LPI and CSI at Turuga-2, and thus CDF
reduction ratio of this plant is lower than the other.

The differences in CFFs chiefly come from the differences in CDFs and a thorough investigation is not
performed for CFFs.

Although there are some differences in CDFs and CDF reduction ratios among plants according to the
difference in the design of plants and AM measures adopted as mentioned above, reduction ratios of
CDF and CFF lie in the range of 0.3 to 0.6 and 0.1 to 0.6, respectively, and the effectiveness of AM
measures can well be confirmed.

In general, a large variation of CDFs can be found among the types of BWRs even before AM
implementation comparing to CDFs of PWRs. This is because the basic design concept of ECCS is

5



basically similar even in the different types of the plants for PWRs, whereas it depends on the types of
the plants for BWRs. For PWRs, necessity of boosting by LPI pumps to HPI pumps during
recirculation mode has a large effect. In addition, there is a tendency that the reduction ratios by AM
measures are large for BWR plants.

4. Implementation of accident management measures for the newly constructed NPPs

Implementation of AM measures to the operating fifty-two NPPs had been completed by 2002
involving plant modifications. Meanwhile, for the newly constructed NPPs which begin commercial
operation in 2002 or later, it is recommended by the NSC to establish an AM implementation plan and
to submit the plan to the regulatory body for review soon after the detailed design of the plant was
accomplished, and to complete AM implementation before the first fuel loading to the core.”
According to this process, AM measures for Higashidori-1, Hamaoka-5, Shika-2, and Tomari-3 have
been investigated, reported to NISA and reviewed by NISA and the NSC until now.
AM implementation plan and evaluation of effectiveness of AM measures for Tomari-3 were reported
to NISA last year and they were reviewed by NISA and the NSC until the beginning of this year.® ’
Similar AM measures to the operating plants shown in Table 4 are used for this plant, but some of
them, i.e. train separation of CCWS actuated by a low CCW surge tank level signal against loss of
CCWS function and redundant intake lines from CV recirculation sump, are incorporated as a part of
basic design. The reduction ratio of CDF and CFF taking a credit of AM measures including the
measures considered as the basic design described above are 0.4 and 0.1, respectively. Although
Tomari-3 belongs to type B group in Table 2, the design of the plant and the results of CDF, CFF, and
the reduction ratio of CDF and CFF are not close to those of the representative plant of the group,
rather close to those of Ikata-3.
In AM review, possibility of adverse effects on the essential safety functions of the plant and
conformance to the basic requisites stipulated by NISA are examined in addition to the evaluation of
the effectiveness of AM measures using PSA. These reviews are performed for the newly constructed
plants in a similar way to the operating plants.
Specifically, the adverse effects on the essential safety functions of the plant are reviewed from the
following points;

® Conformance to the safety guidelines of NPPs

5 Nuclear Safety Committee, “Future Policy on Implementation of Accident Management for Light Water Nuclear Power
Reactor Facillities,” Ocotrber 20, 1997

6 Nuclear and Industrial Safety Agency, “Report for Studies on Accident Management of Hokkaido Electric Power Company
Tomari Nuclear Power Plant Unit No.3,” October 6, 2008

7 Nuclear Safety Committee, “Implementation of Accident Management for Hokkaido Electric Power Company Tomari
Nuclear Power Plant Unit No.3,” January 19, 2009



Conformance to the safety design guidelines, the safety analysis guidelines, and the seismic
design guidelines was reviewed to check if there is no adverse effect by implementing AM
measures.

Adverse effect on the safety systems

To check if there is no adverse effect on redundancy, independence, and essential functions of
the safety systems in case of modification of these systems being made in order to incorporate
AM measures.

Effect to the results of safety analyses

To check if there is no effect to the results of safety analyses which are reviewed in the plant
licensing in case of any failure in AM features being assumed in normal operation.

With regard to AM basic requisites, the following five points are reviewed by NISA;

AM enforcement structure (organization, roles of staffs)

Facilities and equipments (communication system, plant information transmission system, data
acquisition system like radiation monitors, emergency dose prediction system, manuals
(operating manuals and AM guidelines))

Knowledgebase of AM

Notification and communication

Training of staffs

The results of AM review for Tomari-3 by NISA were reported to the NSC in October, 2008. Upon
receiving this report, the NSC reviewed the results and corroborated adequacy of AM measures for

Tomari-3. The NSC also raised the followings as the future issues of AM implementation:®

Reconsideration of the treatment of AM in the nuclear safety regulatory framework
Efficient scheme of AM development

Improvement of quality to confirm the effectiveness of AM measures

Points of concern to use PSA

Consideration of external events

Contribution to grow up the security of public to the nuclear safety

5. Concluding Remarks

Introduction of AM measures to the Japanese NPPs began with the decision by the NSC issued in

1992, followed by the study of AM measures for the operating plants. Modifications of the plants as

well as the establishment of AM enforcement framework and the preparation of the relevant AM

8 Nuclear Safety Committee, “Future Issues for Implementation of Accident Management,” January 19, 2009



procedures have been completed by 2002. The effectiveness of AM measures is evaluated by utilities
and results of these evaluations are reported to the regulatory body. The effectiveness of AM measures
was confirmed through the reviews on these reports performed by the regulatory body.

Meanwhile, for the newly constructed NPPs, it is recommended to establish AM measures and to
complete installation of AM measures by the first fuel loading to the core of the plant. Up to now, AM
plans for four newly constructed plants are studied and reviewed in this process. In some cases, AM
measures are incorporated as a part of basic design of the plant, reflecting the outcomes achieved by
the AM studies for the operating plants.

In the latest AM review, the NSC pointed out some future issues for AM implementation; i.e.
reconsideration of the treatment of AM in the nuclear safety regulatory framework, improvement of
the quality of PSA, AM for external events and others.



Table 1 Reactor types and safety systems (BWR)

type A type B type C type D
Type of reactor BWR2, 3 BWR4 BWR5 ABWR
Type of containment MARK-I MARK-I Mod. MARK-I RCCV
vessel MARK-II
Mod. MARK-II
Fukushimal-1 Onagawa-1 Onagawa-2, 3 Kashiwazaki
Turuga-1 Fukushimal-2 Fukushimal-6 -Kariwa-6
Fukushimal-3, Fukushima2-1 Kashiwaza
Name of plant 4,5 Fuku_shima2-2, 3,4 -Kikariwa-7
. Hamakoka-1, 2 Tokai-2
(Bold : representative . .
plant) Shimane-1 Ka_shlvyaza
-Kikariwa-1, 2, 3, 4,5
Hamaoka-3, 4
Shika-1
Shimane-2
Safety systems
CRDHS CRDHS CRDHS CRDHS
SLCS SLCS SLCS SLCS
Reactor scram
ARI
FMCRD
High press. HPCI_ HPCI HPCS HPCF(2 trains)
ECCS IC(2 tral_ns) RCIC_ RCIC RCIC .
Low press. CS( 2 trains) CS(2 trains) LPCS LPFL(3 trains)
LPCI(2 trains) LPCI(3 trains)
Containment heat SHC(2 trains) RHR(2 trains) RHR(2 trains) RHR(3 trains)
removal CCS(2 trains)

RCCV:
Fukushima1:
Fukushima2:
CRDHS:
SLCS:

ARI:
FMCRD:
HPCI:

IC:

RCIC:
HPCF:

CS:

LPCI:
LPFL:

SHC:

CCs:

Reinforced concrete containment vessel
Fukushima Site No.1

Fukushima Site No.2

Control rod drive hydraulic control system
Standby liquid control system

Alternate rod insertion

Fine motion control rod drive

High pressure core injection (system)
Isolation condenser

Reactor core isolation cooling (system)
High pressure core flooder

Core spray (system)

Low pressure coolant injection (system)
Low pressure flooder

Shutdown reactor cooling (system)
Containment cooling system




Table 2 Reactor types and safety systems (PWR)

type A type B type C type D
Type of reactor Two-loop Three-loop Four-loop Four-loop
Type of containment vessel Large dry SSCV Large dry SSCV Ice condenser Large dry
PCCV
Tomari-1, 2 Mihama-3 Ohi-1, 2 Turuga-2
Name of plant Mihama-1, 2 Takahama-1, 2 Ohi—3,_4
(Bold: representative plant) Ikata-1 Takahama-3, 4 Genkai-3, 4
Ikata-2 Ikata-3
Genkai-1, 2 Sendai-1, 2
Safety systems
Reactor protection system 2 trains, 2 trains, 2 trains, 4 trains,
Relay type SSPS SSPS SSPS
2(High press. 3(Charging SI 2(Charging SI 2(High press.
injection pump), pump), pump), injection pump)
s | S o
injection '

( No. of pumps )

recirculation mode

recirculation mode

Boosted by LPI
pump during

ECCS recirculation
mode
Low press.
injection 2 2 2 2
( No. of pumps )
No. of 5 3 4 4
accumulators
Auxiliary feedwater
No. of M/D pumps 2 2 2 2
No. of T/D pumps 1 1 2 1
. 2
Containment vessel spray ) ) with 2 RHR )

( No. of pumps )

spray pumps

SSCV.
PCCV:
SSPS:
ECCS:
M/D:
T/D:
RHR:

Steel containment vessel
Pre-stressed concrete containment vessel
Solid state protection system
Emergency core cooling system
Motor-driven

Turbine-driven

Residual heat removal (system)
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Table 3 Accident management measures (BWR)

Safety function

Purpose

Accident management measures to prevent core damage

Accident management measures to mitigate core damage

® ARI(Control rod insertion by high reactor pressure or
low reactor level)
® RPT(same signal)

Reactor Alternate reactivity *These signals are independent to current scram signals or -
shutdown control L
ECCS actuation signals
ABWR adopts alternate reactivity control as the basic
design.
Coolant Automatic reactor | ® ADS automatic actuation by low reactor level(L-1) i
injection to depressurization with delay (except BWR2,3 and ABWR)

reactor and
containment
vessel

Alternate coolant
injection

® MUWC

® Fire extinguish system (except Onagawa), Filtrate water system (Onagawa)

Heat removal
from
containment
vessel

Hard vent system

® Hard vent system

Alternate cooling

® Alternate cooling by dry-well cooler or CUW

Recovery of RHR

® Recovery of RHR

Electric power

® Electric power supply from adjacent unit on 6.9 kV and 480 V (Fukushima Site No.1, Fukushima Site No.2,
Kashiwazaki-Kariwa, Tokai-2, Tsuruga-1) or 460 V (Other Plants)

Supporting supply ° Electric_power sup_ply from HPCS-D(_“; (Single-unit site: Shikq—l ant_j Tokai-2)
function ® |Installation of dedicated emergency diesel generators (Fukushima Site No.1)
Recovery of
emergency diesel ® Recovery of emergency diesel generator
generator
ARI: Alternate rod insertion

RPT:

Recirculation pump trip

MUWC: Makeup water system condensated

CuUw:

Reactor water cleanup (system)
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Table 4 Accident management measures (PWR)

Safety function

Purpose

Accident management measures to prevent core damage

Accident management measures to mitigate core damage

Reactor Reactor shutdown ® Diversity of emergency secondary cooling (use of i
shutdown main feedwater in case of ATWS)
ECCS injection ® Use of LPI with depressurization by turbine bypass )
valves
® Alternative recirculation
. . »  Tie-line between LPI and CSI
Core cooling ECCS recirculation >  Alternate recirculation pump i
» Recirculation sump isolation valve bypass line
Isolation of coolant ® Cooldown and recirculation -
leakage
Confinement of ® Natural convection heat removal ® Natural go.nvef:tlon heat removal
. . Heat removal from ® Coolant injection to CV
radioactive . »  Use of non-safety CV heat removal system - .
materials containment vessel > Outside CV spray ® Forced dep_res_surlzatlon of primary system
® Hydrogen igniter (Ice condenser CV plant)
® Alternate component cooling
»  Air conditioning system
» BOPCCWS -
Supporting Supporting » CV cooling system
function function »  Fire extinguish system
® Electric power supply from adjacent unit
»  Connection between high voltage buses -
» Connection between low voltage buses
LPI: Low pressure injection
Csl: Containment spray injection

BOP:  Balance of plant
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Figure 1 Comparison of core damage frequencies before and after AM implementation (BWR)
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Figure 2 Comparison of containment functional failure frequencies before and after AM implementation (BWR)
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PROGRESS IN THE IMPLEMENTATION OF SEVERE ACCIDENT MEASURES ON THE
OPERATED FRENCH PWRs — SOME IRSN VIEWS AND ACTIVITIES

E. Raimond, G. Cenerino, N. Rahni, M. Dubreuil, F. Pichereau

IRSN
Reactor Safety Division
BP 17 92262 Fontenay-aux-Roses
FRANCE

Since the 1990’s, Severe Accident Management Guidelines have been developed in France to help the
PWR plant operators and emergency teams in limiting the consequences of any postulated severe
accident. These guidelines have been progressively improved by taking into account the results of
R&D activities and reactor studies. Some plants modifications have been decided accordingly and are
(or will be) implemented, such as containment filtered venting system, hydrogen recombiners,
material access closure system reinforcement, instrumentation for hydrogen release measurement in
containment or means for vessel rupture detection. Significant progress has been currently made from
the methodological point of view, with the achievement of L2 PSAs (by EDF and IRSN), and the
development by EDF of a severe accident safety standard. This document presents the current
knowledge on the plant behaviour in the case of a severe accident, and some “severe accident” specific
requirements concerning the systems. The L2 PSAs and the severe accident standard are now seen as
some helpful tools for the review of the severe accident issues and identification of new plant
improvements.

The paper provides some details on specific SAM designed for the French PWRs and the methodology
used in France to review the severe accident safety issues. It presents also some examples to show that
complementary research activity results are still needed to definitely validate some parts of the SAM
strategy (e.g. impact of in-vessel core flooding , advantage and disadvantage of the reactor cavity
flooding before vessel rupture, hydrogen combustion in case of spray system activation, MCCI, ...).

The final part of the paper provides some prospects taking into account the future situation in France
with the simultaneous operation of Gen III reactors (EPR) and Gen II PWR, with large design
differences impacting the risk of severe accident. This situation will certainly maintain the motivation
at IRSN to continue the effort in identifying possible improvements of current PWR design vs. the
severe accident challenge.



1. Introduction

Since the 1990’s, Severe Accident Management Guidelines have been developed in France to help the
PWR plant operators and emergency teams in limiting the consequences of any postulated severe
accident. These guidelines have been progressively improved by taking into account the results of
R&D activities and reactor studies. Some plants modifications have been decided accordingly and are
(or will be) implemented, such as containment filtered venting system, hydrogen recombiners,
material access closure system reinforcement, instrumentation for hydrogen release measurement in
containment or means for vessel rupture detection. Significant progress has been currently made from
the methodological point of view, with the achievement of L2 PSAs (by EDF and IRSN), and the
development by EDF of a severe accident safety standard. This document presents the current
knowledge on the plant behaviour in the case of a severe accident, and some “severe accident” specific
requirements concerning the systems. The L2 PSAs and the severe accident standard are now seen as
some helpful tools for the review of the severe accident issues and identification of new plant
improvements.

The paper provides some details on specific SAM designed for the French PWRs and the methodology
used in France to review the severe accident safety issues. It presents also some examples to show that
complementary research activity results are still needed to definitely validate some parts of the SAM
strategy (e.g. impact of in-vessel core flooding , advantage and disadvantage of the reactor cavity
flooding before vessel rupture, hydrogen combustion in case of spray system activation, MCCI, ...).

The final part of the paper is aimed at provides some prospects taking into account the future situation
in France with the operation of Gen III reactors (EPR) and Gen II PWR, with large design differences
impacting the risk of severe accident. This situation will certainly maintain the motivation at IRSN to
continue the effort in identifying possible improvements of current PWR design vs. the severe
accident challenge.

2. PWRs in operation
Three series of Gen II reactors are operated in France (900 MWe, 1300 MWe and 1450 MWe). Like

most Gen II reactors, the severe accidents were not taken into account in the initial plant design. The
following table provides some information on the design of these plants.

Table 1 — Some features of the French PWRs in operation

900 MWe PWR 1300 MWe PWR 1450 MWe PWR

Started
Loops 3 4 4
Safety injection 2 high pressure trains (HP) 2 medium pressure (MP) 2 MP trains

2 low pressure trains (LP) trains, 2 BP trains 2 BP trains
Accumulators 3 4 4
Specific procedures for Yes, including connection Yes Yes
additional water injection means with neighbouring plant
Containment Single, liner, design pressure: | Double, design pressure: | Double, design pressure:

5 bar abs -CPY series 4,8 bar abs -P4 series, 5,3 bar abs
5,2 bar abs - P’4 series




Regarding severe accident issues, the oldest 900 MWe series is somehow in advance due to the recent
3" periodic safety review (2004-2008), which included a large part for severe accident issues. For the
first time, L2 PSA has been used during a periodic safety review (PSR).

Some of the conclusions from the 900 MWe series are now reported to the 1450 MWe series during
the 1 periodic safety review but the next effort (in the regulation process) will concern the 3™ periodic
safety review of the 1300 MWe series (2010-2014). A reference L2 PSA is being developed by EDF
and an independent LS2 PSA is developed by IRSN (acting as TSO) to support the review.

3. Existing severe accident measures on operated PWRs

Since many years and in different contexts (WASH-1400 in 80’s follow-up, TMI2 accident follow-up
in 90’s and today achievement of PSA?2), activities have been performed in France to understand what
could be the progression of a severe accident for this type of reactor and to identify some reasonable
improvements of the initial design Gen II PWRs in order to mitigate the consequences of such
accidents.

This activity complements the efforts in increasing the plant safety (since TMI2 accident) that have
mainly concerned the prevention of the severe accidents (core degradation).

The following chapters provide some general information on material and provisions useful for the
mitigation of a severe accident and on the current severe accident guidelines.

This information is not exhaustive but tries to introduce the current situation.

3.1. Some key systems and material provisions to limit the accident consequences or to make

easier the accident management

Reactor Containment building

For all French Gen II PWRs, the normal behaviour of containment (in the design) is associated to
leakage rates that are low enough to guaranty that the radiological consequences of a severe
accident would be limited enough to be managed by the emergency organization. Main issues
regarding severe accident concern the situations that may lead to some degraded containment
tightness and the demonstration that the probability of such situations is very low (practically
eliminated).

For all French Gen II PWRs, the design pressure of reactor containment building is about
5 bar abs, which is below the extreme loading that could be calculated for a severe accident with
pessimistic assumptions (in case of DCH and hydrogen deflagration for example). This situation
justifies the achievement of detailed analyse of the beyond design behaviour of the reactor
containment building and the implementation of severe accident measures aiming at limiting the
potential loading on the containment.

For most reactors of the 900 MWe series, the detailed study of the beyond design behaviour has
shown that realistic mechanical resistance is well above the design pressure thanks to the internal
steel liner and that a relative weak point was the closure system of material access penetration. For
each reactor, a reinforcement of this closure system is planned at the 3™ decennial inspection.

For the 1300 MWe series reactors, which were not equipped with an inner steel liner, but with an
annular space with filtration/ventilation ducts, the beyond design behaviour analysis is still in
progress but the ultimate (calculated) resistance pressure of the internal containment should be
somehow lower than for the 900 MWe series reactor. For the most pessimistic severe accident



loading, the containment efficiency is supposed to depend also on the release collection (and
filtration) through the annular space. This issue will be examined in detail during the preparation
of the 3rd PSR for this PWR series (2010-2014).

Pressurizer safety valves

The RCS safety valves have a key role in case of severe accident to limit the in-vessel pressure
(and avoid DCH or induced steam generator tube rupture). Opening the pressurizer safety valves is
one of the first actions that should be achieved by the operator at the beginning of the core
degradation.

To avoid any unwanted closure of these valves (due for example to electrical cables failure after
irradiation) during the in-vessel progression of accident, EDF has proposed a modification of the
electrical command of the valves. This modification will be implemented during the 3rd decennial
visit for 900 MWe reactors and is being examined for other series.

Containment venting system

A containment venting system has been installed on all French PWR in the 90’s to avoid any
containment failure in the long term phase of accident (MCCI). A metallic filter in the
containment can retain a large part of aerosol and a sand filter, outside the containment should
retain the remaining aerosols. The venting line is heated to avoid the steam condensation and to
limit the risk of hydrogen combustion within the venting line.

This system is supposed to retain efficiently the aerosols and limit the long term impact of a severe
accident. Some technical exchanges are now in progress between EDF and the French Safety
Authority plus IRSN on the interest to improve the capabilities of this venting system for iodine
filtration.

For some plants with particular design of the foundations (earthquake), it may be necessary to
depressurize with more efficiency the containment during MCCI phase; the containment venting
has an increased capacity and a specific procedure is available. Some technical reviews are still in
progress at IRSN to check the compatibility of such procedures with emergency preparedness.

Passive Autocatalytic Recombiners (PARS)

PARs have now been installed on all operated French PWRs and are designed on the following
basis:

» hydrogen combustion pressure peak in the containment should not exceed the beyond
design containment strength,

» the molar hydrogen mean concentration in the containment should stay below 8 %,
» the local molar hydrogen concentration should stay below 10 % (indicative value).

The development of L2 PSA provides today the opportunity to validate the design of PARS and to
identify some low probability sequences that may conduct to exceed the design criteria (in
particular the situations that may lead to high kinetics of hydrogen production).

Instrumentation for hydrogen

Following a requirement of the French Safety Authority, EDF has developed some specific
instrumentation that should help the operators and emergency teams in understanding the situation
regarding hydrogen release during a severe accident. This instrumentation is based on
thermocouples installed on PARs and uses the high temperature of the catalyser plates during the
hydrogen recombination with oxygen.



It will be installed for the 900 MWe series during the 3rd PSR but some technical elements are
still expected from the utility (justification of the number of captors and their localization,
guideline for the operators or emergency teams).

Instrumentation for the vessel failure detection

Following a requirement of the French Safety Authority, EDF has developed a specific
instrumentation able to inform the operators and emergency teams on the occurrence of a vessel
rupture. This instrumentation is based on a thermal couple located in the reactor cavity. Some
technical elements are still expected from EDF on the availability of the measure in all situations
but it will be installed also during the 3rd PSR of 900 MWe series.

Containment Heat Removal System (spray system)

For IRSN, the containment heat removal system must be considered as a key system in case of
severe accident because it allows the deposit of fission product and may be the unique solution to
avoid the containment pressurization.

Today, the only requirement specific to severe accident on this system concerns the abilities to
close the isolation valves in severe accident conditions in case of leakage in the auxiliary building.

Role of the CHRS for the short and long term phase of a severe accident has been discussed and
proposals are expected from EDF by the Safety Authority. This issue may be difficult to deal with,
in particular for the demonstration of operability of a long term sump recirculation.

Isolation system

Some specific procedures have been established by EDF (within EOPs) to control the efficiency of
the containment isolation system. Specific requirements are being defined for the circuits (called
“3rd barrier extension’) that may stay open during the accident.

The studies have been mainly based on a deterministic basis and, for IRSN, the development of L2
PSA should provide the possibility to check the efficiency of the system and procedure. Some
modelling proposals are expected from EDF for the next version of L2 PSA. Nevertheless this
topic is considered by IRSN as technically difficult to deal with, in relation with the periodic test
of isolation components).

Safety Injection system

The safety injection may be crucial in the management of a severe accident, either to stop the in-
vessel accident progression (see TMI2 accident) or to maintain some long term corium cooling.
Like CHRS, the demonstration of the operability of a long term operation of safety injection
system through sump recirculation is still not done.

3.2. Severe accident guidelines

Severe accident management guidelines (SAMG) have been developed by EDF since many years,
with the objective to define actions based on the containment protection (in the emergency operating
procedures (EOP), before SAMG application, the main objective is to assure the short and long terms
core cooling).

The latest versions of SAMG include some specific recommendations regarding in-vessel water
injection to limit the risks on the reactor containment, for example:

e water injection should be avoided at the beginning of core degradation if the flow rate is not
sufficient to compensate both residual power and oxidation power (the idea is to avoid
hydrogen production with high kinetics regarding PARs (passive autocatalytic recombiners)



capabilities); from a practical point of view, the safety injection system is the only mean able
to cope with this recommendation;

e water injection should be avoided after few hours of core degradation if a sufficient break does
not exist on the reactor cooling system (RCS); this condition has been drafted to avoid RCS
pressurization by injected water vaporization and then DCH;

The spray system activation may also be delayed (6 hours) to keep as far as possible the containment
atmosphere inert during the in-vessel hydrogen production phase.

Regarding the international practice, the severe accident guidelines for the French PWRs may appear
singular because it gives a very high importance on the prevention of early containment failure and
conducts to limit the possibility of core cooling when the water injection is prohibited.

For IRSN, the current situation is justified regarding the state of knowledge on severe accident in
France but a better understanding of the technical basis used in other countries to establish the severe
accident management guidelines (case where water injection is recommended whatever the situation)
would be certainly useful. Unfortunately, this level of information is rarely available in the public
domain ...

Some updated versions of the SAMG are expected from EDF in near future with complements related
to the progress in the severe accident knowledge, the new materials installed on the plants and mostly
the management of the long term phase of an accident.

4. A new tool for the safety regulation: the severe accident safety standard

As explained above, the severe accidents were not included in the initial design of the PWR.
Nevertheless, some specific plant modifications are implemented to improve the plant robustness in
case of accident (mainly for the mitigation of the consequences of a severe accident). Progressively the
situation became difficult to manage in terms of safety regulation due to the lack of clear safety
requirement that should be applied on the operated plants for the severe accidents issues, while many
progresses were obtained on the knowledge on the severe accident phenomenology knowledge.

In that context, and after several meetings of the French “Permanent Group”, the French Safety
Authority asked EDF in 2001 to propose a severe accident safety standard containing at minimum the
approach and objectives for prevention and mitigation of risks associated with serious accidents, the
studies necessary to demonstrate compliance with the objectives and the practical provisions and their
design basis. This standard should also take into account aspects related to radiation protection of
workers and rely on the initial results of level 2 PSA in order to prioritize requirements in function of
the level of potential releases for the accidental scenarios considered.

Several versions for this standard have now been established by EDF and successively reviewed by
IRSN. The last version of the safety standard includes two parts:

» the safety requirements (approach and safety objectives in terms of prevention and mitigation
of severe accident, the studies necessary to demonstrate compliance with the objectives, the
current practical provisions and their design basis, the requirement applied to materials),

» the synthesis of the operated plants status related to severe accident (synthesis of existing
knowledge on severe accident progression, the status of material behaviour in severe accident
conditions, a demonstration that the probabilistic safety goals are achieved and the results of
radiological consequences assessment for reference scenarios); this synthesis is supposed to
show that the safety requirements are met.



The last review by IRSN and positions of the “French Permanent Group” has conducted the Safety
Authority to ask for some complements (objective of a continuous improvement of plant safety, in
particular for radiological consequences or probabilistic safety goals; requirements linked to the long
term management of the plant in case of severe accident, materials classification...) but the main
conclusion is that this standard is now seen as a progress and can be used for the identification of the
plant improvements related to accident prevention and consequences limitation. It should be
applicable during the next PSR of the 1300 MWe PWRs.

For IRSN, the use of a safety standard for the severe accident, in conjunction with both deterministic
studies, progress of R&D and development of L2 PSA will certainly help in the analyse of the severe
accident issues and also in the capitalization of knowledge needed in a perspective of potential plant
life extension.

5. Severe accident risk quantification and reduction — Present and future activities at IRSN

for the PWR severe accident management

The severe accident risk quantification and identification of reduction possibilities for the French
PWRs will orientate IRSN futures activities in that field for Gen II reactors. This activity remains
based on IRSN independent analyses (R&D programmes, codes developments, L2 PSA developments,
deterministic studies...) whose conclusions are used during the safety review process.

The present chapter provides some insights on these activities.

5.1. Some conclusions from the L2 PSA of the 900 MWe PWRs developed by IRSN

Last version of the 900 MWe PWR L2 PSA developed by IRSN was achieved beginning of 2009' and
help in ranking the different remaining risks. It covers the internal accident initiators for shutdown and
power state of reactor. This study is not the reference study for the plants (provided by EDF) but tries
to gather the different contributions of the IRSN teams involved in severe accident activities. An
equivalent study is being performed for the 1300 MWe series but the first global results will be
available only at the end of 2009.

It is therefore intended through level 2 PSA developments to contribute to the continuous
improvement of reactor safety approach. The results obtained are used to identify relatively weak
points in facilities, or specific issues for which additional knowledge may be required.

Few examples from the 900 MWe PWR are described below:

» the frequency of the heterogeneous dilution sequences remain relatively high, considering the
potential associated impact of such accident and the utility efforts to limit as far as possible the
possibility to send some non borated water in the reactor and justify to pursue activities on this
topic (elimination of such situation, assessment of the consequences);

» the calculated frequency of the loss-of-containment-integrity sequence after a steam explosion
in the reactor pit appears relatively high; this point is commented in next chapter;this issue is
currently the subject of technical effort by EDF and IRSN and will be reviewed again in a near
future. Additional studies regarding induced loads and containment strength under this type of
loading seem to be necessary (IRSN participates actively in SERENA programme to improve
the validation of MC3D code for steam explosion loading calculation and develops some 3D
modelling of the structure around the vessel pit to obtain a better characterization of their

! Rapport Scientifique et Technique de I'TRSN — 2008 - L’EPS de niveau 2 pour les REP 900 : du développement aux
enseignements de 1’étude. E. Raimond, N. Rahni, T.Durin, K. Chevalier-Jabet (www.irsn.fr).



mechanical strength); in addition, the presence of water in the reactor pit and its favourable
effect on cooling the corium after vessel failure and preventing basemat penetration must also
be considered and make this issue quite difficult to close;

» the study indicates a risk of containment failure due to hydrogen combustion after in-vessel
water injection; the calculated frequency of this type of scenario is low, due to the precautions
already taken by the operator and emergency teams through SAMG application (prohibition of
low-flow water injection at the beginning of core degradation); nevertheless, IRSN considers
that the actions recommended in the severe accident guidelines could and should be
optimized;

» certain sequences correspond to core-meltdown-with high vessel pressure, with risk of
containment bypass in the case of steam generator tube rupture, despite the implementation of
specific control measures to depressurize the reactor coolant system before (or during, at the
latest) core degradation; these sequences will be re-examined in detail with the objective to
check if current provision to prevent release in such situation are sufficient;

» some sequences seem potentially leading to the opening of the containment venting system in
less than 24 hours after to the beginning of core degradation (while the SAMG recommends to
avoid opening the containment venting system before 24 hours); this will be re-examined in
detail in relation with the validation of the severe accident codes;

» the study shows the importance of the ultimate pressure capacity of the containment (i.e.
beyond the initial design pressure) to limit the accident consequences for the more extreme
loading (mainly H2 combustion and DCH) and recalls the importance of maintaining
containment structures in excellent condition during plant life. It also shows the relevance of
making changes to reinforce containment structures beyond their initial design strength
(reinforced equipment hatch).

Generally speaking, the level 2 PSA study and the associated supporting studies provided a vast
amount of knowledge on the potential consequences of a severe accident on the PWR reactor. This
knowledge is established using state-of-the-art R&D techniques and numerical simulation tools. It has
improved communication with EDF on these very complex issues but exhibits also some limits in the
state-of-the-art. The following chapter provides some examples.

5.2. The management of water during a severe accident : a key issue with no sufficient

technical basis?

As explained above, the management of the water during a severe accident is seen as a topic where
some optimization of the management in severe accident is needed. Some details have been provided
during recent the joint OECD-NEA / EC-SARNET meeting on the in-vessel coolability’ and are
summarized here.

Water injection on the corium during the severe accident progression would be the more efficient way
to stop the accident progression on a Gen II PWR (like in TMI2 accident). It may be crucial because
these plants were not designed with a core catcher for the case of vessel rupture and the demonstration
that the basemat will not be penetrated by the corium is still to be done. The gravity of an accident
with basemat penetration would nevertheless be higher (ground contamination, uncontrolled leakage)
than without, and the “accident managers” would certainly keep this in mind.

? Importance of the in and ex-vessel coolability in case of severe accident for the French PWRs. Some views from L2 PSA
and perspectives. E.Raimond, C. Caroli, R. Meignen, N. Rahni, B. Laurent. OECD-NEA / EC-SARNET workshop on in-
vessel coolability, Issy-Les-Moulineaux, France, Oct 2009.



But for IRSN (and also EDF), this cannot justify to introduce in the SAMG any risk of early
containment failure due to the water injection.

At IRSN, we have to consider that today, and after 30 years of research on severe accident, the
technical basis to deal with some of the following issues remains poor:

» what would be the increase of hydrogen production rate in case of in-vessel water injection?
Does it really justify avoiding water injection in some reactor configurations? Can the spray
system be used to decrease the containment pressure and limit the amplitude combustion
peak?

» what would be the RCS pressure rise in case of late in-vessel water injection? what would be
the vessel behaviour? what is the link with the DCH risk?

» s the presence of water in the reactor pit (before vessel rupture) positive (corium cooling) or
negative (steam explosion, containment pressurisation, corium spread area) on the accident
progression?

This situation had an impact on the IRSN priority for existing severe accident programmes in order to
complete the needed technical basis for SAMG:

» the development of a validated 2D modelling for degraded core is now in progress in ICARE-
CATHARE then ASTEC V2 codes, supported by the experimental PEARL programme;
hopefully will the new versions of ASTEC V2 help in reducing the uncertainties on positive
and negative consequences of in-vessel water injection,

» the comprehension of the hydrogen combustion development mechanism under spray
conditions is studied through collaborations with CNRS,

» the comprehension of the vessel failure condition (delay and break size) is still studied with
some specific experimental and modelling effort,

» the analysis of ex-vessel steam explosion risk remained at high priority through the
improvement and the validation of the simulation tools (MC3D code, SERENA
programme...).

The spreading capacity of the corium when it falls in the water of the reactor cavity is now seen as a
subject of interest (from 1300 MWe PWR L2 PSA, because for these reactors, the reactor cavity is
connected to a corridor that increase significantly the corium spreading area) and with no experimental
data. Some modelling efforts have been planed at IRSN in 2010 (with MC3D and ASTEC V2 codes)
and may conduct to some complementary need in terms of experiments. Exchange of experience with
other countries may have interest.

Following the IRSN and the French permanent Group recommendations, the French Safety Authority
also required from EDF to present, at the 3™ PSR of the 1300 MWe series, a synthesis of the
advantages and disadvantages of the different strategies for the flooding of reactor cavity, and also the
specific means associated to each strategy. This synthesis must be reinforced by the results of a level 2
PSA. The French Safety Authority also required comparing the following strategies:

» to let the reactor cavity be filled by the CSHRS water (spray system),
» to fill voluntary the reactor cavity to the primary loop level or to sump level,

» to keep the reactor cavity empty until vessel rupture and to flood voluntary the reactor cavity
after the vessel rupture.



5.3. The source term assessment

In France, the emergency preparedness (distances of counter-measures applications) was defined on
the basis on a reference source term (S3) for severe accident (core degradation and vessel rupture with
late containment venting). This approach is evolving progressively with the development and use of
L2 PSA allowing a more precise categorisation of the accident scenarios and source term calculations.

The integration of the results of the ISTP programme in the basic assumptions for the source term
calculation is now in progress (either in ASTEC code or in the very fast-running release code of L2
PSA). The new modelling developed at IRSN for iodine and ruthenium behaviour in containment and
will justify an update of the reference source term calculations in 2010.

Further evolutions of these assumptions and calculations are already planned (integration of the CHIP
programme result on the iodine form transferred from RCS to containment) and some complements to
the ISTP programmes are also proposed, in particular to validate the assumptions concerning the long
term phase of a severe accident or examine some specific mean for the release reduction.

The position of the updated reference source terms regarding the objectives defined in the severe
accident safety standard will be examined during the next periodic safety reviews. Some
complementary provisions may be examined to limit as far as possible the amplitude of the release.

6. Towards some higher requirements in relation with plant life extension?

For 900 MWe and 1300 MWe reactors, the preparation of the 3™ decennial review has and will
provide an opportunity to make an inventory of the severe accident risks, with a better formalization
(development of severe accident safety standard and L2 PSAs). Some plant design modifications have
been defined (or will be for the 1300 MWe reactors) for issues with undeniable ratio cost / safety
benefits.

The exercise shows also clearly some field where the situation remains complex, in particular the
management of water during severe accident progression, and where some progress from the R&D are
needed.

But, in near future, will be examined in France the EDF request for plant extension of life beyond 40
years. Gen II and Gen III (EPR) reactors will cohabit during a long period of time and this will
conduct to a societal wish of progress in the safety of Gen II reactors. For IRSN, both accident
prevention and accident consequence mitigation will have to be examined. Future safety
improvements cannot be limited to prevention and the consequence mitigation of a severe accident is
considered as a key issue. In the framework of plant life extension, the current difficulties on topics
like water injection will have to be solved.

The severe accident safety standard should be a relevant tool to define possible additional
requirements in relation with the Safety Authority demands. For IRSN, this near future should be a
turning point in the severe accident activities, passing from a long period of knowledge acquisition to
the definition of practical (reasonable) provisions allowing a better control of the accident
consequences.

First discussions between EDF, the Safety Authority and IRSN have been initiated in 2009 in the
broader framework of plant life extension and will be intensified in 2010.
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7. Conclusion

The paper tries to present the progress obtained in the severe accident management on French Gen II
PWR with practical implementations of measures to limit the accident consequences or to make easier
the accident management. It shows also that some results from the R&D field are still expected for
some specific issues, in particular for the water management during the accident and the source term
assessment. The future activities will be linked to the plant life extension with the definition of
possible additional safety requirement and a research of practical and reasonable provisions allowing a
better control of the accident consequences.
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As part of the environmental review performed for license renewal for U.S. plants, licensees perform a
severe accident mitigation alternative (SAMA) analysis. A SAMA analysis is a systematic search for
potentially cost beneficial enhancements to further reduce nuclear power plant risk. This paper will
provide the history of events that led to the requirement for conducting SAMA analyses and the
process by which this analysis is performed. The paper will review the results from the SAMA
analyses completed to date, including: (i) the onsite and offsite economic impacts of a severe accident
and their typical estimated values; (ii) the types of enhancements considered/evaluated in a SAMA
analysis; (iii) examples of the potentially cost-beneficial improvements (SAMAs) identified through
the analyses; and (iv) the level of risk reduction that can be achieved through SAMA implementation.
Finally, the paper will offer perspectives and insights on the process and results.

1. Historical context and regulatory basis

Section 5.4 of the U.S. Nuclear Regulatory Commission’s (NRC), “Generic Environmental Impact
Statement for License Renewal of Nuclear Plants” (NUREG-1437") provides background information
on the genesis of the SAMA regulatory requirement. This discussion is summarized briefly here for
the purpose of providing the necessary context to the reader. Note that NUREG-1437 is in the process
of being revised, but this does not affect the historical discussion provided below.

In 1980 NRC issued an interim policy statement on the consideration of severe accidents in
environmental impact statements (EISs) applicable to Construction Permit and Operating License
applications submitted on or after July 1, 1980 The policy statement states that it is “the intent of the
Commission that the staff take steps to identify additional cases that might warrant early consideration
of either additional features or other actions which would prevent or mitigate the consequences of
severe accidents.” These features have become known as severe accident mitigation design

! NUREG-1437, Volume 1, “Generic Environmental Impact Statement for License Renewal of Nuclear Plants,” U.S. Nuclear
Regulatory Commission, May, 1996.

2 45 Federal Register 40101, Statement of Interim Policy, “Nuclear Power Plant Accident Considerations Under the National
Environmental Policy Act of 1969,” June 13“1, 1980.



alternatives (SAMDASs) when applied at the design stage, or SAMAs when applied in the context of
extending an existing license. But the scope of the analyses is the same.

In August 1985, NRC issued its policy statement on severe reactor accidents. That policy statement
presented NRC’s conclusions that existing plants pose no undue risk to public health and safety and
that there was no present basis for immediate action on generic rulemaking or other regulatory changes
for those plants because of severe accident risk. Nevertheless, it called for each licensee to perform an
analysis designed to discover instances of particular vulnerability to core melt or unusually poor
containment performance given a core-melt accident. NRC believed that this policy statement was a
sufficient basis for not requiring a consideration of SAMDASs at the operating license review stage for
previously constructed plants. However, a 1989 court decision ruled that such a policy statement was
not sufficient to preclude a consideration of SAMDASs and that such a consideration is required for
plant operation’.

Relative to the evaluation of potential improvements for existing reactors in the U.S., the NRC gained
considerable experience during the 1980s and 1990s via (a) staff assessments of SAMDASs for the
Limerick, Comanche Peak, and Watts Bar plants performed as a result of the aforementioned Limerick
Ecology Action court decision, (b) the containment performance improvement program®, (c) the
individual plant examination (IPE) program’, and (d) the implementation of severe accident
management programs at all nuclear power plants as part of an industry initiative. These regulatory
programs and initiatives provide assurance that any major vulnerabilities to severe accidents have been
identified and addressed, and that the residual level of risk is low. As a result, major plant
modifications would not be expected as a result of a SAMA analysis. As stated in NUREG-1437, “the
NRC expects that a site-specific consideration of severe accident mitigation for license renewal will
only identify procedural and programmatic improvements (and perhaps minor hardware changes) as
being cost-beneficial in reducing severe accident risk or consequence.” This expectation has generally
been met as discussed below.

2. Definition and scope

As described above, the term SAMA refers to an additional feature or action which would prevent or
mitigate the consequences of serious accidents. SAMA analysis includes consideration of (i) hardware
modifications, procedure changes, and training program improvements, (ii) SAMAs that would
prevent core damage as well as SAMAs that would mitigate severe accident consequences, and (iii)
the full scope of potential accidents (meaning both internal and external events).

3 Limerick Ecology Action v. NRC, 869 F.d 719 (3rd Cir. 1989)

* NRC examined each of five U.S. reactor containment types (BWR Mark I, II and III; PWR Ice Condenser; and PWR Dry)
with the purpose of examining the potential failure modes, potential enhancements, and the cost benefit of such
enhancements. This examination has been called the containment performance improvement (CPI) program and was
documented in a series of reports (NUREG/CR-5225; NUREG/CR-5278; NUREG/CR-5528; NUREG/ CR-5529;
NUREG/CR-5565; NUREG/CR-5567; NUREG/CR-5575; NUREG/CR-5586; NUREG/CR-5589; NUREG/CR-5602;
NUREG/CR-5623; NUREG/ CR-5630).

5 In accordance with NRC's policy statement on severe accidents, each U.S. licensee was requested to perform an individual
plant examination (IPE) to look for vulnerabilities to both internal and external initiating events (Generic Letter 88-20,
Supplements 1-4). These examinations consider potential improvements on a plant-specific basis. Results are described in
NUREG-1560 and NUREG-1742, respectively.



3. Major steps in a SAMA evaluation
3.1 Identification and characterization of leading contributors to risk

The first step of a SAMA evaluation is to identify and characterize the leading contributors to core
damage frequency (CDF) and offsite risk based on a plant-specific risk study or applicable studies for
other plants. In practice, maximum use is made of the plant-specific risk model for characterizing the
dominant contributors to risk and identifying candidate SAMAs to address these contributors. The
contribution of external events is considered to the extent that it can be supported by available risk
methods, because external events can affect whether or not a SAMA is cost-beneficial (greater
reduction of risk). In some cases, the SAMA may specifically relate only to external events (e.g., a
modification related to a piece of hardware that is only damaged during seismic events). In other
cases, a SAMA that may have been identified based on internal event considerations (e.g., use of
portable generators to power equipment in a station blackout (SBO)) may also have benefits in
externally initiated events (e.g., a seismic induced SBO).

3.2 Identification of candidate SAMASs

The next step in the process is to identify candidate SAMAs. Although the greatest level of risk
reduction might be achieved by a major plant modification, lower cost alternatives might eliminate a
substantial fraction of the risk and have a greater net benefit. In identifying SAMAs, the lowest cost
means of achieving the functional objectives should not be overlooked. As an example, developing
procedures to connect hydrogen igniters to portable on-site generators, rather than installing additional
igniters with dedicated batteries, would be more cost-beneficial if it achieved the same reduction in
risk. One key tool used in identifying SAMAs is the use of PRA importance measures (e.g., Risk
Achievement Worth, or RAW) to identify important basic events from the PRA (e.g., equipment
failures and operator actions) and candidate SAMAs to address these basic events. In addition, a list of
SAMAs that have been found to be cost-beneficial at other plants in the past should be reviewed to
identify candidate SAMAs for the plant being analyzed.

33 Estimation of risk reduction and implementation cost estimates

Once candidate SAMAs have been identified, an initial screening is performed to determine which
SAMAs can not be cost-beneficial. A rough implementation cost estimate is developed for each
SAMA. If the cost estimate exceeds the bounding condition of the maximum attainable benefit
(i.e., the benefit of eliminating all plant risk) then the SAMA is screened out from further
consideration because it cannot be cost-beneficial. In addition, candidate SAMAs from other plants
that are not applicable to the plant being analyzed (e.g., due to design or risk-profile differences) are
screened out.

For each SAMA that survives this initial screening, a benefit assessment is performed to address how
the change would affect relevant risk measures (core damage frequency, offsite population dose in
person-Sv [person-rem], offsite economic cost risk - OECR). This includes a description of how the
change was implemented/credited in the PRA model (i.e., what changes were made to the basic events,
fault trees, or event trees). For example, the impact of a procedural change might be estimated by
reducing the associated human error probabilities. In some cases, bounding assumptions are used that
capture the maximum possible benefit of the change, such as assuming that improvements to assure
reactor cavity flooding would eliminate all containment failures due to core-concrete interactions.

A cost assessment is also performed for each SAMA. Cost estimates for hardware modifications can
be taken from past studies performed for a similar plant, or developed on a plant-specific basis. Cost

3



estimates are generally conservative in that they neglect certain cost factors (e.g.,
surveillance/maintenance, the cost of replacement power during implementation), therefore tending to
increase the number of potentially cost beneficial SAMAs. Typically screening estimates are used for
initial assessments and refined as appropriate if a SAMA is potentially cost-beneficial. In general,
hardware costs are several hundred thousand to a million dollars; procedure changes range from
~$50K to $200K for complex changes with analysis and operator training impacts.

The licensee is expected to assess the impact of major uncertainties on the results, to demonstrate the
robustness of the conclusions. Sensitivity analyses are typically performed, examples of which
include: (1) the estimated benefits are increased by the ratio of the 95" percentile CDF to mean CDF
(to address uncertainty in the CDF analysis) and (2) alternative discount rates are used in the cost-
benefit analysis (e.g., 7% versus 3%) to assess sensitivity of results to the assumed discount rate.

34 Identification of SAMASs that are potentially cost-beneficial

To identify SAMAs that may be cost-beneficial, the net value of each SAMA is estimated. The NRC
maintains two documents that provide guidance in this area: NUREG/BR-0058° and NUREG/BR-
0184,

The net value of a particular SAMA can be generated from the following basic equation:
Net Value = (APE + AOC + AOE + AOSC)- COE

where:

APE = averted public exposure costs

AOC = averted offsite property damage costs

AOQOE = averted occupational exposure costs

AOSC = averted onsite costs = averted cleanup and decontamination costs (ACC) + averted
replacement power costs (ARPC)

COE = cost of enhancement

Table 1 provides information on each of the averted cost components (offsite and onsite economic
components of the maximum attainable benefit [MAB]), including references to the relevant sections
of NUREG/BR-0184, the relevant supporting parameters, and aggregated values from the licensee
submittals for all approved U.S. license renewals as of August 2009. The costs represent the dollar
value of completely eliminating all internal event risk®. The MAB cost factors and total can vary
widely from plant to plant due to differences in baseline risk (e.g., baseline CDF), and differences in
population and land values surrounding the plant site.

8 NUREG/BR-0058, Revision 4, “Regulatory Analysis Guidelines of the U.S. Nuclear Regulatory Commission,” U.S.
Nuclear Regulatory Commission, September 2004.

" NUREG/BR-0184, “Regulatory Analysis Technical Evaluation Handbook,” U.S. Nuclear Regulatory Commission, January
1997.

¥ With the exception of data from a few licensees whose dollar values include eliminating external event risk as well.



Table 1. Supporting Information for Averted Cost Components

Average (and Ranges) of
Maximum Attainable
Benefits from Licensee

NUREG/ Submittals for All
Cost BR-0184 Approved License
Factor | Significance Section Related Parameters Renewals

Aperson-Sv [Aperson-rem]|
APE Offsite exposure 5.7.1 (from the Level 3 PRA
analysis)

$370K
($12K — $1,500K)

AOffsite Economic Cost (from
AOC Offsite economic 5.7.5 Level 3 PRA) and accident
frequency (from Level 2 PRA)

$400K
($10K — $2,700K)

Immediate occupational dose
(33 person-Sv

[3,300 person-rem]”) $17K
Long term occupational dose ($1K - $130K)
(200 person-Sv
[20,000 person-rem]”)

AOE Onsite exposure 5.7.3

Onsite cleanup and

ACC Onsite economic 5.7.6.1 | decontamination cost ($1.1-10° $870K
single event®, present worth) ($37K — $6,300K)
ARPC | Onsite economic 5.7.6.2 | Plant power level
b $1,700K
Total

($110K - $8,700K)

* From NUREG/BR-0184

® The range for total costs represents the range of total costs cited in the licensee submittals, not a summation of the ranges
for the individual components.

3.5 More detailed analysis for remaining SAMASs

The final step in the process is a more detailed analysis of the SAMAs that were identified as being
potentially cost-beneficial in the steps above. This may include a more detailed (i.e., more realistic and
less bounding) evaluation of the potential benefits of the SAMA (i.e., rather than assuming that the
SAMA eliminates all CDF contributors, only those sequences relevant to the SAMA are included). It
may also include a more detailed development of the cost associated with the proposed modification
(including such things as engineering support, training, hardware costs, and implementation costs).
Additional guidance for conducting this step is available in a Nuclear Energy Institute (NEI) document
NEI-05-01, Revision A’. The NRC staff has recommended that applicants for license renewal follow
the guidance provided in NEI-05-01, Revision A, in the staff’s Final License Renewal Interim Staff
Guidance LR-ISG-2006-03".

 NEI-05-01 [Rev. A], “Severe Accident Mitigation Alternatives (SAMA) Analysis: Guidance Document,” Nuclear Energy
Institute, November 2005.

19 1 R-ISG-2006-03, “Final License Renewal Interim Staff Guidance LR-ISG-2006-03: Staff Guidance for Preparing Severe
Accident Mitigation Alternatives Analyses,” U.S. Nuclear Regulatory Commission, August 2, 2007.




4. Current Status of SAMA Reviews (as of August 2009)

SAMA/SAMDA evaluations have been completed for initial plant licensing of the following three
operating plants'': (1) Limerick (1989); (2) Comanche Peak (1989); and (3) Watts Bar 1 (1995).
SAMDA evaluations have been completed for the following advanced light-water reactor certified
plant designs: (1) CE System 80+ (1995); (2) General Electric Advanced Boiling Water Reactor —
ABWR (1995); (3) Westinghouse Advanced Passive 600MW — AP600 (1999); and (4) Westinghouse
Advanced Passive 1000MW — AP1000 (2004). To date, SAMA evaluations have been completed for
operating plant license renewal applications that were approved for over 30 sites encompassing over
50 units. Table 2 lists the completed SAMA evaluations by plant, nuclear steam supply system

(NSSS), and containment type.

Table 2. Completed SAMA Evaluations for Plants with Approved License Renewal

Plant | NSSS Containment Type Plant Name Year of License

Type Renewal
Approval

BWR GE2 Mark 1 Nine Mile Point 1 2006

Oyster Creek 2009

GE 3 Mark I Dresden 2 & 3 2004

Quad Cities 1 & 2 2004

Monticello 2006

GE 4 Mark 1 Edwin 1. Hatch 1 & 2 2002

Peach Bottom 2 & 3 2003

Browns Ferry 1,2 & 3 2006

Brunswick 1 & 2 2006

James A. FitzPatrick 2008

GE 5 Mark 11 Nine Mile Point 2 2006

I NUREG-1437, “Generic Environmental Impact Statement for License Renewal of Nuclear Power Plants,” U.S. Nuclear
http://www.nrc.gov/reading-rm/doc-

Regulatory Commission,

Main Report

collections/nuregs/staff/sr1437/.

and  Supplements

available at:




Plant | NSSS Containment Type Plant Name Year of License
Type Renewal
Approval
PWR | W 2- Dry Ambient R.E. Ginna 2004
Loop Point Beach 1 & 2 2005
W 3- Dry Ambient Turkey Point 3 & 4 2002
Loop H.B. Robinson 2 2004
V.C. Summer 2004
Joseph M. Farley 1 & 2 2005
Shearon Harris 1 2008
Dry Subatmospheric Surry 1 & 2 2003
North Anna 1 & 2 2003
W 4- Dry Ambient Wolf Creek 1 2008
Loop Vogtle 1 &2 2009
Dry Subatmospheric Millstone 3 2005
Ice Condenser McGuire 1 & 2 2003
Catawba 1 & 2 2003
D.C. Cook 1 & 2 2005
CE Dry Ambient Calvert Cliffs 1 & 2 2000
St. Lucie 1 & 2 2003
Fort Calhoun 2003
Arkansas Nuclear One 2 2005
Millstone 2 2005
Palisades 2007
B&W Dry Ambient Oconee 1,2 & 3 2000
Arkansas Nuclear One 1 2001
B&W: Babcock and Wilcox BWR: Boiling-Water Reactor
CE: Combustion Engineering GE: General Electric
PWR: Pressurized-Water Reactor W: Westinghouse
5. Insights from SAMA Evaluations

In general, the estimated CDFs for operating plants are relatively low (i.e., less than 10 per year). In
addition, many of the weaknesses uncovered through the IPE and individual plant examination of
external events (IPEEE) programs have already been addressed. It is therefore difficult to identify
additional changes that both reduce risk substantially and are cost-beneficial, for the above reasons and
because: (1) risk is generally driven by multiple sequences while a SAMA generally acts on only one
contributor; (2) risk reduction potential is highest at operating plants (versus new reactors still under
design), but the cost of implementing design changes within an operating plant is much higher too;
and (3) the cost of design changes are lower in advanced light-water reactors given that the plant has
not yet been constructed, but the calculated residual risk is so low that even complete elimination of all
severe accident risk, if it were possible, would not warrant spending substantial funds.

Identification of cost-beneficial changes is most likely for operating plants, where reductions in CDF
could be on the order of 10” per year. At these plants, reduction in averted onsite costs and offiste
impacts could justify the expenditure of several hundred thousand dollars. Cost-beneficial SAMAs
would most likely be limited to procedure changes and minimal hardware changes. Averted onsite
costs (AOSC) is a critical factor in cost-benefit analyses and tends to make preventive SAMAS more
attractive than mitigative SAMAs (which improve containment performance but do not impact CDF).



Table 3 shows the average and ranges of CDF, population dose, $/event, $/person-Sv [$/person-rem],
and MAB computed for all approved U.S. license renewals as of August 2009. Figure 1 shows typical
cost benefit thresholds for different reductions in CDF per year and person-Sv per year, assuming a
3% discount rate, a 20 year term, and other cost factors provided in NUREG/BR-0184 and

NUREG/BR-0058.

Table 3. CDF, Population Dose, and Maximum Attainable Benefit Associated with Completely
Eliminating Severe Accidents

Average Range
CDF (/yr) 4.0x 10° 19x10°-3.3x 10"
Population Dose
(person-Sv/year 0.15[15] 0.006 — 0.69 [0.6 — 69]
[person-rem/year])
$/event $2.8 billion $49 million — $12 billion
$/person-Sv $220,000 $69,000 - $670,000
[$/person-rem] [$2,200] [$690 — $6,700]

Total MAB

$1.7 million

$110K — $8.7 million

Figure 1. Typical Cost Benefit Threshold (3% Discount, 20 Year Term)
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The SAMA identification and evaluation process has matured over the years, and typical analyses for
nuclear power plant license renewal are now identifying multiple cost-beneficial SAMAs for most
plants.

6. Potentially cost-beneficial SAMASs

Numerous potentially cost-beneficial SAMAs have been identified to date in U.S. operating nuclear
power plant license renewal applications that have been approved. Most of these SAMASs are low-cost
improvements such as modifications to plant procedures or training, minimal hardware changes to
enable cross-tying existing pipes or electrical buses, and using portable equipment (e.g., generators
and pumps) as backups. Below we provide examples of the specific potentially cost-beneficial
SAMAs that have been identified for different operating U.S. plants.

SAMAs related to station blackout or loss of power sequences:

o Use portable generator or portable battery charger to extend coping time in loss of AC power
events, or extend DC power availability

e Procure an additional portable 480VAC station diesel generator for backup to EDGs

e Install minimal hardware modifications and modify procedures to provide cross-tie capability
between 4 kv AC emergency buses

e Modify plant procedures to allow use of a portable power supply for battery chargers, which
would improve the availability of the DC power system
Use the security diesel generator to extend the life of the 125 VDC batteries

e Modify plant procedures to use DC bus cross-ties to enhance the reliability of the DC power
system

o Install key-locked control switches to enable AC bus cross-ties

e Develop procedures and operator training for cross-tying an opposite unit diesel generator

SAMAS related to internal floods, fire, seismic, and other external events:

e For internal floods, install watertight door or watertight wall around vulnerable equipment

e Install interlocks to open doors on high water level in order to divert flood water to a safe area,
and change door swing direction to prevent opening a flood path to battery rooms

o  Waterproof motor operators for vulnerable valves to mitigate floods caused by service water
line breaks

e Enhance protection of critical fire targets by improving separation or providing cable tray
protection

e Modify RHR valve yokes to reduce risk from seismically-induced ISLOCA
Provide additional diesel fire pump for fire service water system (develop procedure for the
use of a fire truck to pressurize and provide flow to the fire main)

e Increase fire pump house building integrity and combustion turbine building integrity to
withstand higher winds, so that fire system and combustion turbines would be capable of
withstanding a severe weather event

SAMAs related to protection systems:
e Change logic in under-voltage, block, and/or actuation signals, e.g., to 3 out of 4 logic
e Modify procedures to allow operators to defeat the low reactor pressure interlock circuitry that
inhibits opening the LPCI or core spray injection valves following sensor or logic failures that
prevent all low pressure injection valves from opening
e Install additional fuses in control panel to enable direct torus vent valve function during loss of
containment heat removal accident sequences



SAMAs related to support systems:

Various SAMASs to improve cooling of EDG rooms, e.g., revise operator procedure to provide
additional space cooling to the EDG room via the use of portable equipment; modify plant
procedures to open the doors of the EDG building upon receipt of a high temperature alarm;
install diverse fan actuation logic for starting EDG room fans or operating exhaust dampers
Provide an alternate/additional compressor that can be aligned to the instrument air supply
header

SAMAs related to procedures and training:

7.

Increase operator training on the systems and operator actions determined to be important
from the PRA

Modify procedures and training to operate the isolation condensers with no support systems
available

Develop guidance/procedures for local, manual control of RCIC following loss of DC power
Emphasize timely recirculation swap-over in operator training

Develop emergency procedures for refilling the condensate storage tank using the fire service
water system

Use firewater systems as backup for containment spray

Develop procedure for local manual operation of AFW when control power is lost

Conclusion

PRA has been used to identify cost-beneficial improvements at numerous operating U.S. nuclear
power plants. Importance measures are used to identify risk-significant basic events from the PRA,
and SAMAss are identified to address these basic events. SAMASs that are found to be potentially cost-
beneficial tend to be low-cost improvements such as modifications to plant procedures or training,
minimal hardware changes, and use of portable equipment.
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Effect of SAMG on the Level 2 PSA of Korean Standard Nuclear Power
Plant

Youngho Jin, K.I. Ahn

Korea Atomic Energy Research Institute, KOREA

1. Introduction

Korea government pronounced a severe accident policy in 2001[1]. This policy requests the
utility to perform Probabilistic Safety Assessment (PSA) and to develop severe accident management
plan. KHNP which operates the nuclear power plants in Korea, submitted his implementation plan to
comply with this policy. According to his plan, KHNP had performed PSA for all nuclear power
plants and had developed severe accident management plan including development severe accident
management guidance (SAMG) for all pressurized water reactors (PWRs) and is developing severe
accident management plan for pressurized heavy water reactors (PHWRs) in Korea. Level 2 PSA
had completed for Ulchin Nuclear Power Plant Units 3&4 (UCN 3&4) in 2003, which are Korean
standard nuclear power plants. At that time SAMG for UCN 3&4 had not developed yet, so PSA result
did not reflect SAMG.

SAMG for UCN 3&4 was developed in 2006. This SAMG includes strategies for the prevention of the
failure of reactor vessel, the prevention of containment failure, and the reduction of fission product
release[2]. How much each action affects to the frequency of the containment failure is evaluated in
this paper.

2. Strategies for the prevention of the reactor vessel failure

Strategies for the prevention of the reactor vessel failure composed of three actions, i.e. the
injection into the RCS, the injection into steam generators, and the injection into reactor cavity.
Level 2 PSA starts from the onset of the core damage. Most safety systems have already failed when
the core damage occurred. It does not take much time from the onset of the core damage to the failure
of the reactor vessel. MAAP predicts that it takes less than 3 hours from the core uncover to the vessel
failure without a supply of feedwater and a safety injection. The possibility to restore the failed
equipment and supply water to the steam generators or the reactor vessel within this short time is very
low. So the benefits of these strategies are not evaluated quantitatively.

3. Strategies for the prevention of the early containment failure
The major mechanism which causes an early containment failure for a large dry containment is a

direct containment heating (DCH). During high melt ejection process a hydrogen burn occurs
simultaneously. The peak pressure depends on the amount of corium ejected out of the reactor cavity,



temperature of the corium, and an amount of hydrogen accumulated in the containment.
Depressurization of the RCS before the reactor vessel rupture is important to eliminate the DCH
phenomena. UCN 3&4 has a safety depressurization system. This system operates manually. A
containment of the UCN 3&4 is very robust. The median pressure in the fragility curve of the UCN
3&4 is 179 psig. The peak pressure at the reactor vessel failure for the high RCS pressure sequence is
far below the median failure pressure. The early containment failure frequency is very low, i.e. 0.2 %
of the total core damage frequency (CDF). The total CDF of is 5.3 x 10°/ry. So the actions in SAMG
(depressurization of the RCS) are applied not to reduce the early containment failure frequency.

4. Strategies for the prevention of the late containment failure

UCN 3&4 have a relatively high late containment failure frequency. It is 5.38 x 107/ry (10.1%
of the total CDF). This high frequency comes from a long mission time which is 3 days from the
accident happened, no credit to the recovery of failed equipment, and no credit to the non-safety
graded equipment.

UCN 3&4 have four fan coolers which are non-safety grade equipments. We did not give any
credit to the non-safety grade equipment when we perform a Level 2 PSA. But SAMG encourages the
use of any available equipment, even though they are non-safety grade equipments. When the
containment spray system failed, the fan coolers can be used to control the pressure and temperature
within the containment. The fan coolers may experience a harsh environment during a severe accident
progression. The failure frequency of the fan cooler is low during a normal operation, but may
increase significantly under a harsh condition. We don’t know the failure frequency of fan cooler
under a harsh condition. If fan coolers start to operate just after a spray system failure, the failure
frequency of the fan coolers may be low because the temperature and pressure is not too high. The
failure frequency may increase as the operation of fan coolers delays after a spray system failed. We
assign a value of 0.5 to the failure frequency of the fan coolers because it is hard to quantify when an
operator start fan coolers after a spray system failed and the containment conditions exactly.
Consideration of fan cooler reduces the late containment failure probability to 2.992 x 107/ry (5.6 %
of total CDF)

SAMG has steps which orders operators to recover the failed equipment or system. At present
PSA model, the recovery of failed equipment is not considered except a power recovery for a station
blackout accident. In addition to the power recovery, we may give credit to recovery of the failed
system if we have enough time to repair it. The spray system is the representative one. The time
required to repair the spray system depends on what component in the spray system is failed. The
repair time of failed valve is relatively short and the repair time of failed pump is long. The failed
spray pump requires much time to repair it. The spray pump requires 47 hours to disassemble and
assemble again completely. The maintenance staffs may restore the spray pump within this time even
though they experience high stress. The available time to repair is key factor in the estimation of
human reliability for the pump recovery. If the spray pump failed on demand, then we have sufficient
time to fix it. If it failed while operating, we may not have enough time. If spray pump is restored
before the containment failure, the containment failure due to overpressurization can be prevented.
Considering these factors which affect spray pump recovery, we assign 0.9 to the spray system
recovery. When considering the restoration of the spray system, the late containment failure frequency
reduced to 1/10 of the base case.

The consideration of the fan coolers and the recovery of the failed spray system reduce the late
containment failure frequency to the half of the original frequency. But the frequency of the basemat
melt-through increased slightly.
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Table 1. The variation of the containment failure frequency when considering

SAMG activities
. Fan Coolers &
Containment Spray
. Base Case Fan Coolers Spray
failure mode Recovery
Recovery
Intact 3.635E-06 3.856E-06 4.067E-06 4.091E-06
(0.686)* (0.728) (0.768) (0.772)
Early containment | 1.192E-08 1.192E-08 1.192E-08 1.192E-08
failure (0.002) (0.002) (0.002) (0.002)
Late containment 5.376E-07 2.992E-07 5.938E-08 3.259E-08
failure (0.101) (0.056) (0.011) (0.006)
Basemat Melt- 1.286E-07 1.462E-07 1.750E-07 1.775E-07
through (0.024) (0.028) (0.033) (0.034)
Containment 9.841E-07 9.841E-07 9.841E-07 9.841E-07
Bypass (0.186) (0.186) (0.186) (0.186)
Total (f/iey‘i“e“"y 5297E-06 | 5.298E-06 | 5297E-06 | 5.297E-06

* Note : Values in the parenthesis is the contribution to the total frequency
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Figure 7. DEFOR-AS test: Top layer of fragmented debris in Catcher-1

Figure 8. DEFOR-AS test: cake in Catcher-1
6
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Figﬁre 9. DEFOR-AG® test: cake in C tcher;i‘

Figure 10 summarizes measured dependency of mass fraction of agglomerates on water depth
obtained in DEFOR-A2, A5, A6, DEFOR-S5, S8 and S10 tests. Data presented in Figure 10 suggests
that fraction of agglomerated debris decreases rapidly as the depth of the coolant increases. Debris
collected at Catcher 4 (1.5 m deep), are completely fragmented in all DEFOR-A experiments. It worth
mentioning that data on fraction of agglomerated debris from the DEFOR-A tests agrees well with the
data from the DEFOR-S experiments (Figure 10) where smaller amount of melt (~1 liter) was used.
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Figure 10. Dependence of agglomeration fraction on water pool depth

Despite considerable variation of mass fraction of agglomerates (mostly cakes) observed in
Catcher-1 (0.6 m deep) in different experiments some common trends in the influence of water
subcooling, jet diameter and melt superheat can be identified. First of all, in two experiments
(DEFOR-A6 and DEFOR-S8) with similar conditions, namely relatively small jet (12 mm), moderate
subcooling of water (25°C - 27°C), and melt superheat around 136°C - 150°C, the highest mass
fraction of agglomerates is obtained. In the tests with lower subcooling of water (DEFOR-A2, AS) and
with bigger jets (DEFOR-A2 and DEFOR-S5) mass fraction of agglomerates is smaller than in
DEFOR-A6 and DEFOR-S8. Some preliminary hypotheses about the mechanisms which are
responsible for such behavior of the agglomeration are presented in®. Namely analysis performed in®
suggests that steam production (which decreases with reduction of jet diameter and with increasing of
water subcooling) may considerably affect mass fraction of agglomerates. This phenomenon has to be
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further investigated in experiment and analysis. The question about the role of melt superheat is also to
be studied in new series of experiments.

Cumulative size distribution of completely fragmented debris obtained in DEFOR-A2
experiment in Catcher 4 is presented in Figure 11. Particle size distribution is important for code
validation purposes®. Rather small deviations from the size distribution presented in Figure 11 were
observed in the other DEFOR-A experiments. Data about particle size distributions obtained in the
FARO test' are also presented for comparison in Figure 11. Overall there is a good agreement between
particle size distributions observed in the FARO and in the DEFOR-A experiments. That confirms that
Bi,0;—WO;, as a simulant material, reasonably well represents corium fragmentation behavior.

100% . /‘/—f—h
80% // |
60% 1
0% / O FARO

J/ 4 —+— DEFOR-A2-C4
20%

L
0% ﬂj/ : : : : : :

0 2 4 6 8 10 12 14

Cumulative mass fraction

Particle size, mm

Figure 11. Particle size distribution (red solid line) measured in DEFOR-A experiment and in FARO'

5. Conclusions

First of a kind systematic experimental data on the mass fraction of agglomerated debris as a
function of water pool depth was obtained in the DEFOR-A experiments with 3 liters of high melting
temperature simulant materials. Observed particle size distribution is in a good agreement with the
data from the FARO fuel-coolant interaction experiments with corium, which confirms that the
simulant material well represents corium fragmentation behavior.

Increase of water temperature during melt pouring was 5°C. Also data on fraction of
agglomerated debris from the DEFOR-A tests agrees well with the data from the DEFOR-S
experiments with smaller amount of melt (~1 liter). Thus DEFOR-A data is valuable for a separate
effect code validation and model development.

Main finding of the DEFOR-A tests is that fraction of agglomerated debris decreases rapidly
as the depth of the coolant is increasing. Debris collected in Catcher-4 (1.5m deep) in all DEFOR-A
experiments are completely fragmented. The highest mass fractions of agglomerates were obtained in
experiments with relatively small jets at moderate water subcooling and with high melt superheat.
Further investigation of the physical mechanisms which are responsible for such behavior of
agglomerated debris is necessary. Preliminary analysis® suggest that steam production rate may
significantly affect fraction of agglomerated debris.
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Approach to Prediction of Melt Debris Agglomeration Modes
in a LWR Severe Accident

P. Kudinov
Division of Nuclear Power Safety, Royal Institute of Technology (KTH), Stockholm, Sweden

M. Davydov
Electrogorsk Research and Engineering Center on Nuclear Power Plants Safety (EREC),
Electrogorsk, Russia

1. Introduction

Severe accident management strategy adopted in Swedish and Finish BWRs relies on reactor
cavity flooding as a means for termination of ex-vessel accident progression. It is assumed that the
melt ejected into a deep water pool will fragment quench and form a debris bed heated by decay heat
and cooled by natural circulation. If the debris bed is not coolable then debris will reheat, remelt and
attack the containment base-mat threatening plant’s containment integrity.

Debris agglomeration and “cake” formation may lead to degradation of the debris bed
coolability margin. Until recently, debris agglomeration and cake formation have not been studied
systematically, although cake has been observed in a number of experiments with prototypical corium
mixtures (e.g. in FARO' and CCM? tests), as well as in test with corium simulant materials.

There are significant epistemic uncertainties in physical phenomena and lack of mechanistic
models for prediction of cake formation and debris agglomeration. In our previous work® we proposed
concept of “agglomeration mode map” which defines domains of different agglomeration modes in the
space of severe accident scenario parameters. Thermo-physical state of the debris immediately before
deposition on top of the debris bed (pre-deposition state) is considered as the initial conditions for
onset of different agglomeration modes. High sensitivity of pre-deposition state of the debris to the
parameters of melt-coolant interaction and especially to jet breakup mode was identified in’. Epistemic
uncertainty in pre-deposition state of corium debris due to the influence of different modes of jet
breakup was addressed with conservative-mechanistic approach, while mass fraction of agglomerated
debris was not estimated in the previous work’.

The goal of the present paper is development of conservative-mechanistic approach for
prediction of mass fraction of agglomerated debris and its application to prediction of ex-vessel debris
bed formation in prototypical plant accident conditions. The VAPEX-P** code is used in the present

! Magallon, D., Huhtiniemi, 1., and Hohmann, H., 1997, “Lessons Learnt from FARO/TERMOS Corium Melt Quenching
Experiments,” Proceedings of the OECD/CSNI Specialists Meeting on Fuel-Coolant Interactions, Tokai-Mura, Japan,
NEA/CSNI/R(97)26, Part I, pp.431-446.

2 Spencer, B.W., Wang, K., Blomquist, C.A., McUmber, L.M., Schneider, J.P., 1994, “Fragmentation and quench behaviour
of corium melt streams in water”, NUREG/CR-6133 ANL-93/32, Argonne National Laboratory.

3 Kudinov P., Davydov M., “Development of Ex-Vessel Debris Agglomeration Mode Map for a LWR Severe Accident
Conditions,” Proceedings of the 17th International Conference on Nuclear Engineering, July 12-16, 2009, Brussels,
Belgium, Paper ICONE17-75080.

4 Nigmatulin, B.I., Melikhov, V.I., Melikhov, O.1., 1995, “VAPEX Code for Analysis of Steam Explosions under Severe
Accidents”, Heat and Mass Transfer in Severe Nuclear Reactor Accidents, New York, Wallingford (UK), Begell House,
pp.540-551.



work as computational vehicle for mechanistic simulations of the molten fuel-coolant interaction (FCI)
phenomena. Present work is a part of the DEFOR (Debris Bed Formation) research program®’#%1%-!!
initiated at the Division of Nuclear Power Safety (NPS) Royal Institute of Technology (KTH). The
aim of the DEFOR program is understanding and quantification of phenomena that govern formation
of the debris bed in different scenarios of corium melt release into a deep water pool. First series of the
DEFOR-A'" (Agglomeration) experiments has been performed in order to study systematically
influence of melt jet diameter, melt superheat, water pool depth and subcooling on mass fraction of
agglomerated debris. In the DEFOR-A experiment up to 3 liters of high density, high melting
temperature oxides mixture simulating corium were poured in a test section filled with water. Four
debris catchers were installed at different depths in the test section. In each DEFOR-A experiment
dependency of mass fraction of agglomerated debris on water pool depth was obtained at well defined
conditions, thus eliminating possible uncertainties due to variations in test conditions.

In the present paper we use DEFOR-A experimental data in order to provide necessary
information for a semi-empirical closure for prediction of mass fraction of agglomerated debris and
then for demonstration of conservatism in the developed models. Application of the developed
approach for plant conditions is also discussed in the paper.

2. Approach to Estimation of Agglomerated Debris Fraction

In the previous work® we introduced three different characteristic modes of agglomeration
according to their potential impact on coolability:

1) No agglomeration. The bed consists of completely fragmented debris.

2) Agglomeration. The bed consists of debris which are partially agglomerated and connected
by fragile inter-particle bonds.

3) Cake. The bed represents a chunk of solidified melt. No debris particles are distinguishable.
No open porosity on the outer surface of the bed for coolant ingression into the cake interior.

Jet Jet

Liquid ¢ $¥es
Droplets § * e ovs Liquid
sg8%a o lid Droplets

b)
Figure 1. Modes of debris agglomeration: a) no agglomeration; b) agglomeration; c) cake.

5 Davydov, M.V., Melikhov, V.I., and Melikhov, O.1. [1998], Numerical Analysis of Multiphase Premixing of Steam
Explosions, Proc. 3rd Int. Conf. Multiphase Flow (ICMF-98), 8-12 June 1998, Lyon, France.

¢ Kudinov, P., Karbojian, A., Ma, W., Davydov, M., and Dinh, T.-N., 2007, “A Study of Ex-Vessel Debris Formation in a
LWR Severe Accident,” Proceeding of ICAPP’07, N 7512, 12 p. Nice, France.

7 Karbojian A., Ma, W., Kudinov, P., and Dinh, T.-N., “A Scoping Study of Debris Bed Formation in the DEFOR Test
Facility”, Nuclear Engineering and Design, 239, 2009, 1653-1659.

8 Kudinov, P., Karbojian, A., Ma, W., and Dinh, T.-N. “The DEFOR-S Experimental Study of Debris Formation with Corium
Simulant Materials,” Nuclear Technology, 2009 (accepted, in press).

o Dombrovsky, L.A., Davydov, M.V., and Kudinov, P., “Thermal radiation modeling in numerical simulation of melt-coolant
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19 yakush, S., Kudinov, P., and Dinh, T.-N., “Multiscale Simulations of Self-organization Phenomena in the Formation and
Coolability of Corium Debris Bed,” Proceeding of NURETH-13, September 27-October 2, 2009. Kanazawa City, Ishikawa
Prefecture, Japan, Paper N13P1143.

" Kudinov, P., Karbojian, A., and Tran, C.-T., “Experimental Investigation of Melt Debris Agglomeration with High Melting
Temperature Simulant Materials,” Proceedings of ISAMM-2009, Béttstein, Switzerland, October 26 - 28, 2009.
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We used conservative assumptions about onset of different debris agglomeration modes.
Namely it is assumed that agglomeration modes are defined by the pre-deposition state of the debris as
it is shown in the Figure 1. No-agglomeration or completely fragmented debris bed (first mode, Figure
la) occurs when debris particles solidify completely before deposition on the bed. Partial
agglomeration (second mode, Figure 1b) occurs when some fraction of the debris may reach the top of
the debris bed in liquid state. A cake is formed when jet breakup length is bigger than depth of water
pool (third mode, Figure 1c).

In the present work we propose an approach for prediction of the mass fraction of
agglomerated debris. We assume that agglomeration is a result of physical processes which occur at
particle scale when liquid droplets interact with each other and with neighboring solid particles
immediately after their deposition on top of the debris bed. The approach is based on hypothesis that
jet breakup related phenomena do not affect agglomeration related phenomena in any other way
except providing “initial conditions” for agglomeration. Namely, melt fragmentation and solidification
define relative crust thickness distribution for the melt particles as initial conditions for the onset of
debris agglomeration and mass fraction of agglomerated debris is completely defined by these initial
conditions (pre-deposition state of the debris). We further assume that mass fraction of agglomerates is
proportional to the total mass fraction of completely liquid droplets and thin-crust particles (we will
name it fraction of “glue” or “liquid” particles)

My = O T, (1

where m,,, is mass fraction of agglomerated debris, m,, is mass fraction of liquid particles,

aggl
a=f (mh.q) is coefficient of agglomeration, which also can be a function of mass fraction of liquid

particles.

Formula (1) is simple and has pretty obvious interpretation: agglomerates are produced by
“gluing” of liquid particles with each other and with neighboring solid particles. Unfortunately it is not
possible to obtain pure empirical closure for the coefficient of agglomeration « . While it is easy to

measure m,,, after the test, it is very difficult, if at all possible, to measure during the experiment pre-

deposition state of the debris in terms of crust thickness distribution to determine the fraction of liquid
particles m;, . On the other hand, even if such measurements would be feasible, one can expect

significant variations of values of agglomeration coefficient & due to various sources of uncertainties
which are in plenty both in experiment and in plant accident scenario. Therefore instead of attempting
to provide best estimation for the coefficient of agglomeration & we aim to make a conservative-
mechanistic assessment for it. The goal is to ensure conservative but still physically reasonable
prediction of fraction of agglomerated debris with taking into account intrinsic epistemic uncertainties
of agglomeration phenomena. The approach to conservative-mechanistic estimation for the coefficient
of agglomeration is based on combined use of mechanistic simulation tool VAPEX and experimental
data from DEFOR-A tests. In the next sections the approach is discussed in detail.

3. Sensitivity Study and Influence of Water Subcooling and Jet Diameter

First of all, we recognize and respect uncertainties in the code prediction results and in the
experimental data. Therefore we start with study of liquid particles fraction sensitivity to different
options in the code modeling and to different test conditions. The goal of such study is to identify
“bounding scenarios” which give lowest and highest mass fraction of the liquid particles necessary to
provide an estimation for o . We also use sensitivity study to explain phenomena observed in the
DEFOR-A experiment.



In the simulations we use computational domain and conditions as in the DEFOR-A
experimental facility'' (water pool depth 1.5 m, cross section 0.25 m?®, atmospheric pressure above
water level). Particle crust thickness distributions were calculated at the same depths at which debris
catchers were installed in the DEFOR-A test section (Catcher 1: 0.6 m; Catcher 2: 0.9 m; Catcher 3:
1.2 m; Catcher 4: 1.5 m). On the base of preliminary calculations we selected jet diameter and water
subcooling as most influential parameters for the fraction of the liquid particles. Four baseline cases
were selected for simulations to cover diapasons of DEFOR-A experimental conditions:

Table 1. Baseline cases for sensitivity study

Case Melt jet diameter Coolant state
Case-1 Dj=10 mm Subcooling
Case-2 Dj=10 mm Saturation
Case-3 Dj=20 mm Subcooling
Case-4 Dj=20 mm Saturation

Calculated baseline cases give us useful insights into dynamics of the debris solidification in
the test section during melt poring. Namely it was found that water subcooling significantly affects
steam production rate, which, in turn, has significant effect on particle sedimentation and solidification
dynamics. Accurate prediction of steam production due to FCI and condensation in subcooled water
pool is a challenging problem for numerical methods and is a big source of uncertainty in best estimate
codes. Therefore we used bounding approach for the modeling of cases with subcooled water. Namely
it was assumed that all generated steam condenses immediately and all heat released by the melt is
spent only on heating up the water. Such assumption can be thought of as the limiting case of very big
subcooling.

0,4 —— catcher 4
catcher 3
0,3 —— catcher 2 [Case-1]
—— catcher 1
0,2
= 0,1
i)
©
o
L 04
03 [Case-4]
0,2
0,1
0,0

00 01 02 03 04 05 06 07 08 09 1,0

Crust thickness (-)

Figure 2. Mass fraction distribution of particles with different relative crust thicknesses.
Catcher 1: 0.6 m; Catcher 2: 0.9 m; Catcher 3: 1.2 m; Catcher 4: 1.5 m.
Baseline Case-1 and Case-4

In the process of sensitivity study it was found that mass fraction of liquid and thin-crust
particles (6, =3, /Ry, <0.1, where &, — absolute crust thickness, R,,, — radius of the

crust drop

particle) in Case-1 with subcooled coolant and 10 mm melt jet diameter is bigger than in Case-4 with
4



saturated water and melt jet diameter 20 mm (Figure 2). This observation, which may seem surprising
at first glance, is also confirmed by the DEFOR-A data'' on the debris agglomeration. A physical
explanation for such phenomenon can be found in Figure 3 where volume fraction and mass averaged
velocities of the debris are presented.

Intensive heat transfer from relatively big melt to water in Case-4 with saturated coolant leads
to very intensive steam generation and appearance of strong upward stream of water-steam mixture.
Such upward flow is slowing melt droplet sedimentation and can even push the droplets upward (see
vectors of particle velocities in Figure 3). As a result, droplets of the melt levitate for longer time in
coolant and have better chance to be cooled down and solidified before deposition on top of the debris
bed. Similar effect of steam upward flow rate on fraction of liquid particle at pre-deposition state was
identified in our previous work® in case of plant scale problem.

In case of subcooled water and relatively small jet (Case-1) there is no significant steam
production and no considerable upward motion of the coolant. Thus melt droplets are falling down
much faster and are much hotter at the time when they are reaching top of the debris bed.

Case-1 Case-4
time= 13.000 s time= 13.000 s
1m/s 1mis
Al3dr Al3dr
0.0197 0.0197
0.0186 0.0186
0.0175 0.0175
0.0164 0.0164
0.0153 0.0153
0.0142 0.0142
0.0131 0.0131
0.0120 0.0120
0.0109 0.0109
0.0099 0.0098
0.0088 0.0088
0.0077 0.0077
0.0066 0.0066
0.0055 0.0055
0.0044 0.0044
0.0033 0.0033
0.0022 0.0022
0.0011 0.0011
00 0.25 00 0.25
R, m R, m

Figure 3. Comparison of volume fractions and mass averaged velocities of the debris.
Baseline Case-1 and Case-4
4. Development of Conservative Closure for Coefficient of Agglomeration

The goal of this section is to develop a conservative-mechanistic approach for estimation of
maximum physically reasonable value of the coefficient of agglomeration as a function of liquid
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particle fraction. For such estimation we combine data on mechanistically predicted fractions of liquid
particles obtained in the set of selected baseline cases with experimental data on fractions of
agglomerated debris in the DEFOR-A and DEFOR-S experiments. As a result we obtain a set of semi-
J

empirical dependencies «,; =m,,, / m;iq each of those is calculated by combining one data set from

mechanistic simulations for mléq with one experimental data set for m;gl. Then we define

conservative-mechanistic estimation of & as a curve which envelops the domain covered by the set of
a; dependencies. The results of calculations for «; are presented in Figure 4. For sensitivity analysis

purposes we selected two bounding estimations for « represented by formulas (2) and (3)
respectively.

4-m,,, m, <0.5
iq lig
alm, )= 2
( llq) {l/mhq , mliq >0.5 ( )
( ) {25/4 : mhq, mhq <04 (3)
a Mg )=
l/mhq . my, >0.4
Y —
[l Data
H =A== Case-1 (1)
25 [|—m—Case-1(2) Estimation L
—~ 777 l{==e==Case-2 (1) AN = 0= Formula (2)
- [|==p==Case-2 (2) ’ N - += Formula (3)
c t| —e—Case-3 (1) e N
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= i Case3(3)| o 8| "~
8 [|==d=Case-4 (1) ,’ I :: 3
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Fraction of liquid droplets (-)

Figure 4. Coefficient of agglomeration as a function of liquid particle fraction. Case-i(j) indicates a
combination of i base-line simulation case for m}i , andj experimental data for m [{gl

Formulas (2) and (3) are based on the following considerations and assumptions:
(i) Typical mass fraction distributions of particles with different relative crust thicknesses at
different depths in the pool were presented in (Figure 2). We consider particles as contributing to the

fraction of “liquid” or “glue” particles (m,, ) if relative crust thickness is less than 0.1 (first two
groups of particles in Figure 2).
(i1) In the limiting case of large mass fraction of liquid particles all solid particles will be glued

with and eventually devoured by the liquid particles. Formulas (1), (2) and (3) gives m,,, =1if ny,
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is larger than threshold (0.5 in (2) and 0.4 in (3)). Solid cake is formed when mass fraction of
agglomerated debris is equal to 1. We made assumption that the threshold for transition to the cake
bed is around 0.4 — 0.5 based on the following consideration. If we assume that cake is produced by
filling of empty spaces between solid particles with liquid melt then fraction of liquid particles has to

be more than 50%. Results of simulations for ¢, (Figure 4) are suggesting that estimation used in

formula (2) for the & at m,,, > 0.5 is conservative. The threshold m,, > 0.4 in formula (3) is rather
over conservative and was selected to assess sensitivity of the agglomeration mode map to the selected
threshold.

(1) For m,,, < 0.5 there is big epistemic uncertainty in physical phenomena of formation of
the debris agglomerates. There are also considerable uncertainty in the code prediction and quite high
sensitivity of the predicted liquid particle fraction to FCI conditions. We require that estimation of «
should be conservative with taking into account these uncertainties. Particularly we conbine
experimental data on m,,, from DEFOR-A experiments with the simulations results obtained with

same jet diameter to calculate set of dependencies for ¢, as it shown in Figure 4. Coolant conditions
and jet breakup mode (as most uncertain and most influential parameters) were varied to obtain n1,,
as function of the pool depth. According to formula (1) the lowest values of m,,, will result in highest

values for « at the same experimental value of m,, . In the present work the lowest values for m,,,

(highest for « ) where obtained with assumption about Kelvin-Helmholtz jet breakup mode (see
also®). Figure 4 demonstrates that formula (2) provides enveloping estimation even for the Case-2(1)
where m,, was calculated for saturated coolant conditions (which results in 7, around 0.45 on the

Catcher 1) and experimental data taken from the case with subcooled water and more around 90% of
agglomerated debris fraction in the Catcher 1.

(iv) To reduce uncertainties related to the influence of liquid droplet breakup models, we use
particle size distribution obtained in the DEFOR-A experiments (Figure 5) for estimation of
enveloping values of « .

Cumulative mass fraction
100%

80% |

60%

O FARO
40%
1 —+ DEFOR-A
20% 1
0% T T T T T T
0 2 4 6 8 10 12 14

Particle size, mm

Figure 5. Particle size distribution (red line) measured in DEFOR-A experiment and used in the
present simulations. Diapasons of particle-size distribution from FARO tests are shown for reference



(v) Some sources of uncertainty exist in the DEFOR-A experimental data itself. First of all,
not all of the thermo-physical properties of the corium melt simulant material used in the DEFOR-A
are well known at the moment. Second, measured melt temperature (superheat) was varying during the
melt pouring process. It worth mentioning that melt composition (properties) and superheat are also
intrinsically uncertain elements in the plant accident scenario. Therefore sensitivity study was
performed to assess potential effect of these uncertainties on the prediction of liquid particle fraction
and « . In the simulations melt thermo-physical properties (heat capacity C,, heat of fusion Hg,
thermal conductivity A) and melt superheat (T,) were varied according to Table 2. Results of
sensitivity study for coefficient of agglomeration to thermo-physical properties and melt superheat are
presented in Figure 6, which also confirms that formula (2) provides bounding estimate for « .

Table 2. Variations of melt thermo-physical properties for sensitivity study

Melt thermo-physical properties
Case
Cp, J/(kg'K) Hp kg | A, W/(mK) | Tap, C
Baseline Case-4 280 83 5.3 100
“C, case” 200 83 53 100
“Hyys case” 280 25 5.3 100
“A case” 280 83 3.0 100
“Tqup min case” 280 83 53 70
“Tyyp max case” 280 83 53 150
2,5
| | =m==Base case
H Cp case
+~ 2,0 H =a=Hfus case H
= I ) case L N
.i) L —<—Tsupmin case ’ N 4
Q r T_ max case H A
&= 1,5 H s 7 S
) L | - o= Estimation ’ (M .
o) , Se ]
o I ;]' 0. il
S [ A ) "0~ so ]
= 1,0 / =0
o [ >~ r 1
5 r
§ I / /
3 05 / /
< [ /
L K

0,0 03 05 0,6 0,7 08 09 1,0
Fraction of liquid droplets (-)

Figure 6. Sensitivity study for coefficient of agglomeration to thermo-physical properties and melt
superheat. Red line is baseline Case-4
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Figure 7. Comparison of simulation and experimental data for mass fraction of agglomerated debris as
a function of water pool depth. Melt jet diameter 10 mm
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Figure 8. Comparison of simulation and experimental data for mass fraction of agglomerated debris as
a function of water pool depth. Melt jet diameter 20 mm

(vi) Degree of conservatism in the prediction of fraction of agglomerated debris is
demonstrated by comparison of the DEFOR-A and DEFOR-S experimental data with results of the
VAPEX-P code simulations obtained with conservative-mechanistic estimation of « provided by
formula (2). Also conservative assumptions about other parameters and models such as jet breakup
model and water subcooling were used in simulation. Namely water was assumed to be at subcooled
conditions and jet breakup mode was assumed to be leading edge Rayleigh-Taylor instability. The
fraction of liquid particles is expected to be largest at such assumptions as it has been shown in the
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present and in the previous work®. Results for two cases with 10 mm and 20 mm melt jet diameter are
presented in Figure 7 and Figure 8 respectively. Predicted values of the mass fraction of agglomerates
are well above the experimentally measured ones. This is a demonstration of conservatism in
modeling and resultant margin sufficient to cover possible uncertainties in the code prediction or in the
scenario parameters. On the other hand, predicted dependencies are in good qualitative agreement with
the experimental ones. Namely predicted fraction of the agglomerated debris decreases rapidly with
increasing of the water pool depth, as it is also observed in the experiments. This is important
advantage of conservative-mechanistic approach which provides both necessary margin, and, at the
same time, takes into account mechanistic limiting mechanisms in the system behavior.

5. Application to Plant Accident Analysis

In this section we apply developed model for prediction of mass fraction of agglomerated
debris for development of the agglomeration mode map at plant accident conditions. Parameters used
in simulations are presented in Table 3. As in the previous work® we applied conservative assumption
that jet breakup mode is Rayleigh-Taylor (R-T) instability. Results of simulation for the agglomeration
mode map are presented in Figure 9. Red line represents the boundary of “cake” domain. Other lines
in the figure represent cases of partially agglomerated debris with 5%, 10% u 20% mass fraction of
agglomerates.

Results of study of the agglomeration mode map sensitivity to the & closure are presented in
Figure 10. Relative difference between results obtained with formulas (2) and (3) is no more than 3%

in terms of jet diameter at which m__, =5%. That shows that results of prediction are robust and

aggl
insensitive to variations of bounding closure for « .

Table 3. Plant accident conditions for agglomeration mode map development

Parameter | Value
Pool parameters
Diameter, m 9
Depth, m 7-12
Initial pressure, bar 1
Water temperature, K 373
Melt parameters
Composition Eutectic corium
Total mass, t 180
Initial temperature, K 3000
Initial met superheat, K 189
Jet diameter, mm 70-300
Jet release height, m 6

It is important to mention that predicted mass fraction of agglomerated debris reduces rapidly
with increasing of the pool depth or decreasing of melt jet diameter (Figure 9), even with conservative
estimation (2) for the coefficient of agglomeration. Safety implication of this finding is that main
threat of agglomeration occurrence comes from incompletely disintegrated jet. Liquid droplets, once
formed, solidify pretty fast. Thus no significant agglomeration is expected to occur at 1-2 meters
below the leading edge of the melt jet. Therefore it is important in severe accident management
strategy to avoid conditions at which jet breakup length can be larger or equal to the pool depth.
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Figure 10. Sensitivity of agglomeration mode map to agglomeration coefficient

5. Conclusions and safety implications of results

One of the factors which may significantly affect ex-vessel debris bed coolability is debris
agglomeration. There are considerable aleatory and epistemic uncertainties in scenarios and physical
phenomena of the debris agglomeration and cake formation. In the present work we develop
conservative-mechanistic approach for quantification of the debris agglomeration mode map. The
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approach is based on conservative assumptions in modeling by mechanistic FCI simulation tool
(VAPEX-P code).

An approach for estimation of the fraction of agglomerated debris is proposed. Experimental
data from the DEFOR-A experiments are used for development and validation of semi-empirical
conservative-mechanistic closure. It is demonstrated that conservative treatment of epistemic
uncertainties in agglomeration phenomena and aleatory uncertainties in scenario (melt properties and
superheat) creates sufficient margin and simulation data are enveloping the set of mass fractions of
agglomerated debris obtained at various experimental conditions.

Application of the developed models to the plant accident conditions allows us to quantify
“partial agglomeration” domain on the agglomeration mode map’® in terms of mass fraction of
agglomerated debris. Plant scale analysis suggests that it is possible in principle to achieve completely
fragmented debris bed within the present design of Swedish BWRs. Important and encouraging
finding is that mass fraction of agglomerated debris reduces rapidly with increasing of the pool depth
or decreasing melt jet diameter even if there is considerable degree of conservatism in analysis. No
significant agglomeration is expected to occur at 1-2 meters below the leading edge of the melt jet.

In the next steps new data from the coming DEFOR-A experiments will be used for more
rigorous validation of developed approach. Sensitivity study for location of boundaries between
domains of the agglomeration mode map at different scenarios of melt release (initial melt superheat,
composition, etc.) is to be performed.
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OECD SERENA:

A Fuel Coolant Interaction Programme (FCI) devoted to reactor case.

P. Piluso
Commissariat a I'Energie Atomique, Cadarache, France
S.W. Hong
Korea Atomic Energy Research Institute, Korea

1. Introduction

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

Organisations participating in Phase 1 were Commissariat a 1'Energie Atomique (CEA) jointly with
Institut de Radioprotection et de Siareté Nucléaire (IRSN), France, Korea Atomic Energy Research
Institute (KAERI) jointly with Korea Maritime University (KMU), Nuclear Regulatory Commission
(NRC), USA, University of Wisconsin (UW) and University of California Santa Barbara (UCSB)
sponsored by NRC, Institute fiir Kernenergetik und Energiesysteme (IKE) sponsored by Gesellschaft fuer
Anlagen und Reaktorsicherheit (GRS), Germany, Forschungszentrum Karlsruhe (FZK), Germany,
Electrogorsk Research and Engineering Centre (EREC), Russian Federation, Japan Atomic Energy
Research Institute (JAERI), Japan and Nuclear Power Engineering Corporation (NUPEC), Japan.

The FCI codes used were ESPROSE-m (UCSB), IDEMO (IKE), IFCI (KINS), IKEMIX (IKE),
JASMINE (JAERI), MATTINA (FZK), MC3D (CEA-IRSN, IKE), PM-ALPHA (UCSB), TEXAS-V
(UW, KAERI), TRACER (KMU) and VESUVIUS (NUPEC), respectively.

! Magallon D., Bang K.-H., Basu S., Berthoud G., Buerger M., Corradini M.L., Jacobs H., Meignen R.,Melikhov O. Naitoh M.,
Moriyama K., Sairanen R., Song J-H., Suh N. and Theofanous T.G. 2003.0ECD Programme SERENA (Steam Explosion
Resolution for Nuclear Applications): Work Programme and First Results. NURETH-10, Seoul, Korea, October 5-9.

2 Annunziato A., Addabbo C. and Leva G. 1997. OECD/CSNI International Standard problem No. 39 on FARO Test L-14.
NEA/CSNI/R(1997)31.



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

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

Organisations participating in Phase 2 are Commissariat & 1’Energie Atomique (CEA) jointly with the
Institut de Radioprotection et de Sireté Nucléaire; the Korea Atomic Energy Research Institute (KAERI),
in association with Korea Institute of Nuclear Safety; Tractebel Engineering, a division of Suez-Tractebel
S.A., Belgium; the Atomic Energy of Canada Limited; the Valtion Teknillinen Tutkimuskeskus, Finland;
the Gesellschaft fiir Anlagen- und Reaktorsicherheit, Germany; the Japan Nuclear Energy Safety
Organisation, Japan; the Jozef Stefan Institute, Slovenia; the Statens Karnkraftinspektionl, Sweden; the
Paul Scherrer Institute, Switzerland; the United States Nuclear Regulatory Commission, USA.

For ex-vessel steam explosion, calculated loads with the current models, although low, are partly above
the capacity of typical cavity walls. The scatter of the results raises the problem of the quantification of
the safety margin for ex-vessel FCI. OECD SERENA phase 2 has started at October 1, 2007 and will be
finished September 30, 2011. The role of void (gas content and distribution) and corium melt properties
on initial conditions (pre-mixing) and propagation of the explosion are the key issues to be resolved to
reduce the scatter of the predictions to acceptable levels. OECD SERENA phase 2 is formulated to
resolve the uncertainties on these issues by performing a limited number of well-designed tests with
advanced instrumentation reflecting a large spectrum of ex-vessel melt compositions and conditions, and
by the required analytical work to aim the code capabilities to a sufficient level for use in reactor case
analyses. These goals will be achieved by using the complementary features of KROTOS (1D mock-
up/CEA) and TROI (2D — mock-up/KAERI) corium facilities including fitness for purpose oriented
analytical activities. A first validation of models on KROTOS (before validation on TROI) data and
verification of code capabilities are performed with regard to the reactor case.

The scope of the paper is to give a general picture of the present FCI code capabilities to reproduce
existing data, to summarise the conclusions that have been reached to tentatively explain the observed
differences, and to deduce the consequences for reactor application in the frame of SERENA (phase 1). It
is not intended to draw conclusions on which code performs better than another, or the best, if any. For
these reasons, calculation results are presented without any reference to the codes. A comparative review
of the codes and models has been performed in the frame of SERENA®. In the second part, SERENA
(phase 2) will be presented, the tow test facilities (TROI and KROTOS) and the experimental grid.

2. Methodology-SERENA (phase 1)

First, generic situations corresponding to plausible melt relocation scenarios and capable to produce
potentially damaging steam explosion were identified. For ex-vessel, large pour equivalent to some tens
of centimetres in diameter of UO2-ZrO2-Zr-Steel melt into a cavity flooded with subcooled water was
selected as a situation matching the above criteria. For in-vessel, multi-jets arriving offcentrein the lower
head was considered the most challenging for the vessel. Then, existing experiments as far as possible in

3 Meignen R., Magallon D., Bang K.-H., Basu S., Berthoud G., Buerger M., Corradini M.L., Jacobs H.,Melikhov O., Naitoh M.,
Moriyama K., Sairanen R., Song J-H., Suh N. and Theofanous T.G.2005. Comparative Review of FCI Computer Models Used in
the OECD-SERENA Program.Proceedings of ICAPP-05, Seoul, KOREA, May 15-19, Paper 5087.



relation with these reactor situations were selected. Noting that no relevant multi-pour experiment exists,
the best we could extract today from experimental database in relation to the SERENA Phase 1 objectives
was found in the FARO, KROTOS and TROI programmes. Participants were given same sets of initial
conditions and reference data. They translated these initial conditions into adequate inputs for their codes.
Participants were let free to set model options and parameters as they used to. However, they were asked
to provide at least one calculation with using standard parameters, to document their choices and possibly
make sensitivity calculations.

Explosion phases of the experiments were calculated both for imposed and calculated pre-mixing
whenever required. Comparison was made on a set of pre-established quantities, either for codes-todata
comparison or code-to-code comparison. These quantities included nodalisation, pressure and impulse,
vaporization/condensation rates, energy release, component fraction, debris characteristics.

The calculation work was divided into 3 tasks, namely, calculation of pre-mixing experiments,
calculation of explosion experiments, reactor applications. In SERENA, phenomena were considered
important as far as they induce large uncertainties on the loads calculated for reactor configurations.

For this reason, conclusions drawn from code application to experiments about the importance of a

given phenomena were considered as provisional until reactor application were performed.

3. Pre-mixing calculation-SERENA (phase 1)

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

Figures 1 and 2 compare the various predictions for pressure and energy release with the experimental
records for FARO L-28 and FARO L-33, respectively. Actually, experimental energy data were
calculated by using the pressure and temperature records. Time zero corresponds to start of melt delivery
to the water. In FARO L-28 melt delivery duration is approximately 6 s, and the melt front reaches the
bottom of the test section after about 1 s. In FARO L-33, pre-mixing ceases at about 1.1 s when the
explosion is triggered, corresponding approximately to melt-bottom contact. Figure 3 shows the global
void fractions at 1s and 4s. Experimental values in Figure 3 have been calculated by using the level swell
records. Figure 1 shows that the codes have difficulties to reproduce the pressure data both for the initial
phase of the pressurisation up to melt-bottom contact and for the linear increase of the pressure, which
roughly corresponds to a steady state phase. They tend to underestimate heat transfer (Figure 3) and
overestimate void.

4 Magallon D., Huhtiniemi I., Dietrich P., Berthoud G., Valette M., Schiitz W., Jacobs H., Kolev N., Graziosi G., Sehgal R.,
Biirger M., Buck M., Berg E.V., Colombo G., Turland B., Dobson G. and Monhardt D. 2000. MFCI Project—Final Report. INV-
MEC 1(99)-P007, EUR 19567 EN.



Table 1: Conditions of experiments for premixing calculations

Experiment FARO L-28 FARO L-33
(Premuxing test) (Integral test)
Melt and composition | 80 wt% UO, 80 wt% UO,
20 wt% Zr0O, 20 wit% ZrO,
Melt mass released 175 kg 100 kg (40 kg at trigger)
Melt temperature 3053 K 3070 K
Melt superheat 203K 220K
System pressure 0.51 MPa 0.41 MPa
Water temperature 424K 294 K
Water subcooling 0K 124 K
Release diameter 0.05m 0.05m
Ap melt delivery Gravity Gravity
Free fall in gas space 089 m 077 m
Water depth 1.44m 1.62 m
Water pool diameter 0.71m 0.71 m
Free-board Closed volume (3.5 m’) | Closed volume (3.5 m°)
Trnigger No Yes (applied at bottom at
melt-bottom contact)

Figure 1: Comparison of calculated vessel pressure and energy release with data (bold curves) for
FARO L-28 (pre-mixing of 175 kg of corium melt in 1.5-m-deep saturated water pool; melt-bottom
contact at ~1s)
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Figure 2: Comparison of calculated vessel pressure and energy release with data (bold curves) for
FARO L-33(1.5-m-deep subcooled water pool; triggering at 1.1 s, i.e., approximately at melt bottom
contact with 25 kg of corium melt in pre-mixing).
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Figure 3: Comparison of radially-averaged void fraction calculated by the codes with global value
calculated from experimental level swell (bold lines) for FARO L-28 at time 1.0 s and time 4.0 s.
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Sensitivity calculations showed that reducing significantly interfacial steam/water friction, or changing
the transition range between water and steam continuous regimes allowed reducing void to values
comparable to the data. Reducing the initial particle diameter or forcing heat exchange in continuous
steam flow regime improved the pressurisation curve. However, no physical basis exists, which could
justify one or another modification. In addition, large uncertainties affect experimental data in the absence
of detailed information of the pre-mixing zone internals: experimental void fraction is global value
retrieved form water level swell measurements, which does not allow to identify where the void is located
actually. The reasons for the initial strong pressure increase in L-28 and the contribution of the debris
cooling to the overall void level are not well understood. The major uncertainty on pre-mixing as can be
deduced form application to the selected experiments stands in void (prediction and data). The major
question in relation to the scope of SERENA is whether the differences in modelling and the scatter of the
predictions are relevant for reactor applications. This question will be answered after analysis of reactor
calculations. One can simply say for now that most codes overestimate void fraction with respect to that
calculated from the integral experimental data, especially in saturated conditions. Confirmation that
voiding is calculated properly and finding the same trends for the reactor cases would practically exclude
steam explosion as an in-vessel issue with respect to dynamic loading.

4. Explosion calculation for SERENA (phase 1)

In addition to FARO L-33, two other experiments were selected for testing the code performance for the
explosion phase, namely, KROTOS-44 with alumina melt >(Huhtiniemi ez al., 1999) and TROI-13 with
70 wt% UO0,-30 wt% ZrO, melt®. Table 2 summarises the main conditions of these tests. An experiment
with alumina melt was chosen because it was a well-characterised 1-D steam explosion with well defined
external trigger, producing a very energetic interaction and thus well appropriate to test the explosion
models. Then, TROI-13 dealing with a similar quantity of corium and 2-D geometry, represented an
extension to more realistic conditions. Finally FARO L-33 with 25 kg of corium melt in water at the time
of the trigger and 2-D geometry represented a step further in scale. Calculations were performed either for

> Huhtiniemi I., Magallon D. and Hohmann H. 1999. Results of recent KROTOS FCI tests: alumina versus corium tests. Nucl.
Eng. Des. 189, 379-389.

6 Song J.H., Park LK., Shin Y.S., Kim J.H., Hong S.W., Min B.T. and Kim H.D. 2003. Fuel coolant interaction experiments in
TROI using a UO2/ZrO2 mixture. Nucl. Eng. Des., 222, 1-15.



a given pre-mixture (K-44), or for both a given and a calculated pre-mixture (TROI-13, L-33). Note that a
blind exercise was done also on a TROI test, subsequently performed as TROI-34. Results do not
significantly differ from TROI-13.

Table 2: Conditions of KROTOS and TROI experiments used for explosion calculations

Experiment TROI-13 KROTOS-44
Melt and composition |70 wt% UO,-30 wt%a | 100 % AlL,O,
Z10;
Melt mass released 7. 7kg 1.5kg
Interacting melt mass | 1.14 kg 1.44 kg
Melt temperature ~3300 K 2613 K
Melt superheat ~300 K 9K
System pressure 0.1 MPa 0.1 MPa
Water temperature 202K 363K
Water subcooling 81 K 10 K
Release diameter 002m 0.03
Ap melt delivery Gravity Gravity after crucible impact
Free fall in gas space |[39m 043 m
Water depth 0.69m 1.115m
Water pool diameter | 0.60 m 020 m
Free-board Closed volume (8.03 m®) | Closed volume (0.23 m°)
Trngger No Yes (at bottom)

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

Figure 4: Comparison of dynamic pressure and corresponding impulse calculated by the codes with
experimental value (bold lines) at mid-height in the water pool for KROTOS-44.
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For TROI-13 (Figure 5) and FAROL-33 (Figure 6 and 7) tests, the agreement seems of the same order
than for KROTOS, despite the events in these experiments were significantly less energetic than in
KROTOS K-44, with however a larger overestimate of the loads for TROI-13 than for L-33.



Actually, these loads have been obtained with reducing more or less arbitrarily key effects such as heat
transfer and fragmentation. Possible physical explanations for the observed reduced explosion energetics
are melt freezing and hydrogen production during pre-mixing. But differences in test and/or pre-mixing
geometry (radially 2-D in FARO and TROI instead of 1-D in KROTOS alumina) may also have a
educing effect because they allow venting during the explosion. Visualisation performed in KROTOS has
shown that such differences in pre-mixing lateral extension exist between alumina and corium. It should
be noted that the data concern two similar types of oxidic corium only, namely, 70 wt% UO2-30 wt%
ZrO2 and 80 wt% UO2-20 wt% ZrOz2. Therefore, it would be hazardous to extend the conclusion of “low
explosivity” to other corium melt compositions before understanding the very reasons that led to mild
explosions in the FARO, KROTOS and TROI corium experiments.

Figure 5: Comparison of dynamic pressure and corresponding impulse calculated by the codes with
experimental value (bold lines) for TROI-13.
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Figure 6: Comparison of dynamic pressure and corresponding impulse calculated by the codes with
experimental value (bold lines) at level 1390 mm in the water pool for FARO L-33 (highest value
measured). Full calculations premixing+explosion.
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It should be noted also that for the two basic descriptions of the explosion used in the codes, namely the
micro interaction and the non-equilibrium heat transfer models, a number of parameters have to be given
for the fragmentation, heat release and partition between steam and water. Playing with these parameters
allows in general finding back the order of magnitude of the data, but basic physical explanation is
missing.

For FARO L-33, when comparing full calculations (pre-mixing and explosion calculated both) and
explosions calculations performed with common pre-mixing conditions (Figures 6 and 7, respectively),
no significant differences are observed on the level of the loads, except in two cases. Actually, in sub-
cooled water pre-mixing void differences that may exist between codes and data are such that the flow
regime does not change in the calculations, and thus, impact on the overall explosion behaviour is less
significant than for saturated water. Concluding, one can say that the major uncertainties on explosion as
can be deduced form application to the selected experiments stands in pre-mixing geometry and material
behaviour during propagation of the explosion as a function if its state in pre-mixing at the time the
explosion triggers (material effect). Again this is important relatively to the objective of SERENA as far
as it is relevant for reactor estimates. This question is addressed in the next section.

5. Reactor case calculation -SERENA (phase 1)

Figures 8 summarises the initial and boundary conditions used for in- and ex-vessel cases, respectively,
according to the “generic situations of most interest” established at the beginning of the programme .
When looking at these conditions, one has to keep in mind that the scope was not to calculate a specific
scenario in a reactor specific geometry and draw conclusions about the FCI risk for that geometry. The
scope was to verify whether the codes used by the partners as their tools for FCI analysis are able to
calculate plausible reactor situations, and to compare the results in order to identify the differences and
the actions required to understand and reduce them. In both cases, a gravity pour was considered. For in-
vessel, the multi-jet configuration is obviously fully 3-D, while most codes have to be run 2-D axi-
symmetric even when applied to reactor situations. This was made deliberately in order to include in the
simulation all the aspects related to code application to reactor cases, and, in particular, the
simplifications that have to be made to reduce to 2-D the actual 3-D situations. Note that for the ex-vessel
case, oxidic melt was also chosen not to introduce metal oxidation process that most codes are not
modelling at present stage. The calculations were made for both the pre-mixing and the explosion phases.
The choice of the parameters for explosion was not made consistently with respect to Task 3. Some
partners used the reduced parameters. Some used the standard ones, as they were considered to be
conservative. A trigger was applied when the melt front reached the bottom of the vessel or cavity. For
the in-vessel case, this occurs approximately after 1 s. It was planned to perform a calculation with a
trigger applied after 4 s. However, it was found that this case had little interest as practically no liquid
water was present in the mixing zone at that time, and in any case negligible loads were calculated.

Figures 9 shows the dynamic pressure histories calculated at the wall for both the in-vessel and ex-vessel
cases. For each code, it corresponds to the pressure history at the location where the maximum value was
obtained at a time during the explosion. Figure 10 shows the corresponding impulses. In general those



impulses were also the maximum obtained. In a few cases, the impulse was slightly higher at another
location, but not such as to bias the conclusions that can be drawn from the exercise.

Figure 8: Calculated reactor situations
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The in-vessel results show noticeable differences in predicting the peak pressure at the RPV
bottom (ranging from ~10 MPa to ~120 MPa) and a rather reduced prediction range for the
impulse (from some tens of kPa.s to ~200 kPa.s). These loads are far below the capacity of the
defined-model intact vessel and, therefore, the safety margin for in-vessel steam explosion may
be considered as sufficient. This conclusion is challenged by the large scatter of the results and
the uncertainties on the void predictions revealed by experiment calculations. Figure 11 shows
that the level of the averaged void is high for both in- and ex-vessel cases. In addition, only one
in-vessel case has been calculated that might not be the worst possible (This is somehow in
contradiction with the choice of a multi-jet configuration which was supposed a priori to give the
largest mass in pre-mixing, but which is compensated in part by the large voiding of the pre-
mixing region as calculated).

The ex-vessel results show noticeable differences in the predictions for both the explosion
pressure and the impulse. The calculated maximum pressure loads at the cavity lateral wall vary
from a few MPa to ~40 MPa and the impulses from a few kPa.s to ~100 kPa.s (except one case
where the impulse is significantly higher due to the fact that the pressure level remains high for a
long time).

These loads, even low, are above the capacity of cavity walls. The question of the safety margin for
exvessel steam explosion already raises here prior to any further consideration related to the scatter of

the results, the level of void (very high here too, see Figure 11), or the melt relocation scenario.

Therefore, besides reducing the uncertainties on void, it is important to increase the knowledge level

of steam explosion behaviour of corium melts to be able to quantify the safety margin for ex-vessel steam
explosion. This would certainly minimize the scatter of computer code predictions as well.

Despite the variety of the approaches and parameter setting philosophy, all codes calculate loads that are
rather low, which might be due to relatively limited melt mass in pre-mixture, high voids and venting
possibilities existing in large geometry. It is not clear which effect is dominant in the codes.
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Answering this question would have required more sensitivity calculations, which could not be performed
within the time frame of SERENA Phase 1. But the reactor calculations confirm that these effects have to
be accounted for together with the material effects (not modelled in the codes) to analyse the reasons for
the reduced energetics observed in corium experiments.

Figure 9: Calculated pressures for reactor
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Figure 10: Calculated impulses for reactor
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Figure 11: Global component fractions at melt-bottom contact averaged over a cylinder of height
the water depth, and diameter 1 m. Ordinate: component fraction in %; Abscissa: codes. Left: In-
vessel case; Right: Ex-vessel case.
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5. Ex-vessel situations -SERENA (phase 2)

During Serena-phase-1, typical generic in- and ex-vessel FCI situations were simulated. The
programme concluded that in-vessel FCI would not challenge the integrity of the containment
whereas this cannot be excluded for ex-vessel FCI. However, the large scatter of the predictions
indicated lack of understanding in some areas, which makes it difficult to quantify containment
safety margins to ex-vessel steam explosion. The results clearly indicated that uncertainties on the
role of void (gas content and distribution) and corium melt properties on initial conditions (pre-
mixing) and propagation of the explosion were the key issues to be resolved to reduce the scatter of
the predictions to acceptable levels. Past experimental data does not have the required level of details
to answer the question. Concerning void content and effect, only global data are available on pre-
mixing, which revealed not to be sufficient to explain the behaviour of different melts. Concerning
material effect, and particularly the fact that prototypic corium melts would produce rather mild
explosions, the limited number of geometrical configurations and corium compositions tested so far
do not allow to generalise the conclusion neither to justify the use of specific parameters or models.
The present programme is formulated to resolve the uncertainties on these issues by performing a
limited number of well-designed tests with advanced instrumentation reflecting a large spectrum of
ex-vessel melt compositions and conditions, and the required analytical work to bring the code
capabilities to a sufficient level for use in reactor case analyses.

The objective of the experimental programme SERENA is threefold:
1. Provide experimental data to clarify the explosion behaviour of prototypic corium melts,

2. Provide innovative experimental data for validation of explosion models for prototypic materials,
including spatial distribution of fuel and void during the premixing and at the time of explosion, and
explosion dynamics,

3. Provide experimental data for the steam explosion in more reactor-like situations to verify the
geometrical extrapolation capabilities of the codes.

These goals will be achieved by using the complementary features of KROTOS (CEA) and TROI
(KAERI) corium facilities including fitness for purpose oriented analytical activities. KROTOS is
more suited for investigating the intrinsic FCI characteristics in an one-dimensional geometry. TROI
is more suited for testing the FCI behaviour of these materials in reactor-like conditions by having
more mass and multi-dimensional melt water interaction geometry. Validation of models on
KROTOS data and verification of code capabilities to calculate more reactor-oriented situations
simulated in TROI, will strengthen confidence in code applicability to reactor FCI scenarios.

12



5.1 Experimental facilities

TROI is a facility dedicated to steam explosion experiments located in KAERI (South Korea).
KROTOS is currently being rebuilt in the CEA Centre of Cadarache (France) after having been
operated for many years at JRC-Ispra by the European Commission.

Both facilities will implement technological features and advanced instrumentation to improve the
quality of the test conditions and data. In particular, devices for a clean delivery of the melt and a
detailed characterization of premixing (high energy X-ray radioscopy in KROTOS and electric
tomography in TROI) will be implemented.

Both facilities have ability to use a wide variety of fuel materials and advanced capabilities for post-
test physical and chemical analyses of the debris. Such analyses recently revealed important different
physico-chemical behaviours between alumina and corium, which have to be investigated further to
determine their possible contribution to the reduced energetics observed with corium melts with
respect to alumina melts and help understanding the “material effect”.

The KROTOS facility features rather one-dimensional behaviour of mixing and explosion
propagation. This allows a clear characterisation of mixing behaviour (melt and void distribution)
and escalation and propagation behaviour (given path starting from bottom triggering), with the
respective possibilities of direct checking of code results. The wider test section in TROI allows
more prototypic sideways spreading of the mixing region (void and melt) and multi-dimensional
pressure wave propagation. This addresses questions of more extended, less voided (easier steam
release) but also leaner mixtures as well as limitations in the explosion phase (explosion venting
effects).

Six complementary tests in each facility are planned.

The effect of the fuel material properties will be investigated with the use of 4 different
compositions. The basic oxidic corium will be 70%U0O2-30%ZrO2, as it revealed to induce
spontaneous explosions more energetic than with 80%UO02-20%ZrOz2 in TROI conditions. Tests will
be performed with standard ex-vessel conditions, i.e., a pressure of 0.2 MPa and a subcooling of 50
K.
KROTOS tests will be performed with the following common conditions (see Figure 12):

- Corium melt mass ~5 kg

- Pool depth <1.1 m

- Pool diameter 200 mm

- Free fall 50 cm

- New release mechanism and X-Ray radioscopy
TROI tests will be performed with the following common conditions (see Figure 13):

- Corium melt mass ~20 kg

- Pool depth 0.7 — 1.3m

- Pool diameter 600 mm

- Free fall 50 cm — 100 cm with an intermediate catcher.

Figure 12 : KROTOS facility test tube and test vessel section instrumentation
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5.2 Experimental test matrix

The proposed test matrix (table 3) is composed of 6 series of 2 complementary tests, one in
KROTOS with 5 kg of melt and 1-D configuration, and one in TROI with 20 kg of melt and 3-D
configuration. Test 1 will be performed first, but the order and final specifications of the further tests
is decided as a function of the knowledge received in the previous ones. Krotos Tests 1 and 2 have
been completed. Troi Tests 1 to 3 have been completed. Data analysis of the test are in progress.

Table 3 : test matrix experimental grid.
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KROTOS

TROI

Challenging conditions (to be finalised
through discussion with the partners)

Standard geometrical conditions
High melt superheat

High system pressure (0.5 MPa)

High system pressure (0.5 MPa)

Reduced free fall (Melt jet velocity)
and thick melt jet

Mat: to

be decided

Geometry effect
Effect of geometry by comparison
between KROTOS and TROL

Standard conditions: jet of diameter 3
cm

Large jet at penetration (5 cm)

Mat 1: 70%U0,-30%Zr0,

Material effect
Oxidic composition

Standard conditions

Large jet at penefration (5 cm)

Mat 2: 80%U0O;-20%Zr0;

Material effect Oxidation/composition

Standard conditions

Large jet at penetration (5 cm)

Mat 3: 70%UO--30%Z10, +steel +Zr

Material effect

Large solidus/liquidus AT

Standard conditions. Effect of fission
product: higher meli superheat

Large jet at penetration (5 cm).
Failure at the bottom, considering
laver inversion. (2-3 cm)

Mat 4: 70%U0,-30%Zr0, +FP+iron oxide+absorber materials

Reproducibility tests

Idem Test3 or 4

Idem Test 3 or 4

5.3 Analytical activities

An analytical working group is established with the main aim of increasing the capabilities of the CI
models/codes for use in reactor analyses by complementing the work performed in Phase-1 through
ntegrating the results of the Phase-2 experimental programme. The work is oriented at fitting for
purpose for safety analysis and elaboration of the major effects which reduce the explosion strength.
The main tasks of the group are:
Performing pre-, post-test calculations in support of test specification and analysis,
Organizing a benchmark exercise with "blind pre-test" calculations for one test being
performed in the second period of the project,
Improving the common understanding of those key phenomena that are believed to have a
major influence on the FCI process,
Addressing the scaling effect and application to the reactor case,

Giving specific attention to the link between FCI models/codes and general system codes
(e.g. COCOSYY) or integral codes (e.g. ASTEC, MELCOR),
Demonstrating the progress made in SERENA Phase-2 as compared with Phase-1, e.g., by
repeating the “ex-vessel reactor exercise” (deviati ons shall be explained).

Acknowledgments: The authors gratefully thank OECD for the organization of the SERENA project
and would like also express their gratitude to Daniel Magallon, Joint Research Center, EC for his very
important contribution to this paper and to SERENA programme.
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1. Introduction

As the number of nuclear power plants increases, the consequences of severe accidents at
nuclear power plants draw more attention, though the probability of occurrence of severe accident is
very low. It is to be noted that the risk to public health and safety is dominated by severe accidents
while design bases accidents are not risk significant [1]. For these reasons, severe accident
management guideline (SAMG) for the pressurized water reactor has been developed by utilities in
USA [2, 3], France [4], Korea [5], and Finland [6]. In Korea, the accident management program has
been implemented for the operating nuclear power plants between 2001 and 2008.

The basic philosophy of SAMG is to do one’s best by using the available equipments to minimize
the consequences of severe accidents under given circumstances. The experience from reviewing the
SAMG by KINS (Korea Institute of Nuclear Safety) tells us that the present SAMG provides a
reasonable guideline to cope with severe accidents in harsh conditions, but it is not clear whether these
SAMGs could really contribute to mitigation of severe accidents or not [5].

A flooding of the reactor cavity is suggested as an accident management strategy. However, the
success probability of a stabilization of the molten core is still subjective due to the complexity of the
phenomena including the molten core concrete interaction and the energetic fuel and coolant
interaction, which are still unresolved safety issues [7]. For these reason, a new engineering solution of
a core catcher is provided for new reactors, such as VVER-1000 [8], EPR [9], and ESBWR [10] to
stabilize and cool the molten core materials outside the reactor vessel.

In this paper, we would like to revisit various molten core cooling strategies implemented in a
SAMG and evaluate their effectiveness considering the results of recent research results, which are
accumulated more than 10 years after the birth of SAMGs. In section 2, we will briefly describe the
SAMG implemented in operating plants and we will review the recent research results to examine the
fundamental mechanisms behind the various strategies. In section 3, we will evaluate the effectiveness
of current molten core cooling strategy and propose an improvement. Summary and conclusion are
provided in section 4.



2. Implementation of a molten core cooling strategy in a SAMG

2.1 Korean Accident Management Guideline (KAMG)

As a first step, a generic severe accident management guideline called Korean Accident
Management Guideline (KAMG) was developed. Then, a plant specific SAMG is developed for each
nuclear power plant. As Korea has reactors originated from Westinghouse, Combustion Engineering
and Framatome, the KAMG was developed by referencing the generic severe accident management
strategies from Westinghouse Owner’s Group (WOG)[2] and Combustion Engineering Group
(CEOG) [3].

As shown in Table 1, KAMG has seven strategies. It consists of actions for monitoring the safety
parameters, and actions for mitigation. Mitigating actions consist of various operator actions to restore
the safety parameters to their stable ranges. Mitigating actions are described as 7 guidelines.

Table 1 Structure of the KAMG

Guideline /Strategy Objective Equipment

M-01: Inject into Steam

Generator (S/G)

Secure RCS cooling source

S/G feed system

M-02: Depressurize the
Reactor Coolant System
(RCS)

Prevent high pressure melt
ejection, direct containment
heating, Secure core cooling

Pressurizer Pilot Operated
Safety Relief Valve (POSRV)

M-03: Inject into Reactor
Coolant System

Establish core cooling

Safety Injection, Charging
pump

M-04: Inject into
Containment (CV)

Establish in vessel retention,
Prevent molten more concrete

Gravity feed from Refueling
water storage tank (RWT)

interaction

M-05: Mitigate Fission
Product (FP) release

Isolate the leakage

Reduce fission product release Spray, Fan cooler

M-06: Control

containment condition Spray, Fan cooler

Maintain containment integrity

- H, recombiner
- Deliberate ignition
- Inerting

M-07: Control

containment Hydrogen Prevent hydrogen explosion

As an example of a plant specific SAMG, Ulchin 1&2 SAMG is illustrated in Fig. 1. Once the core
exit temperature exceeds 650 °C , we consider that all the emergency operation procedure (EOP)
actions have failed and a damage of reactor core has occurred. From that point on, the plant enters into
severe accident management region and the operators will try to mitigate the accident progression by
using SAMG. According to the flow chart of Fig. 1, the plant safety parameters will be monitored, and
once each parameter exceeds its set-point, then the operators will refer to the corresponding guidelines
and try to mitigate the accident progression.

For example, if the steam generator (SG) water level is higher than the 0.44 m Wide Range (WR),
then the operator will check the next parameter, the RCS pressure. In the case when the level is lower



than 0.44 m Wide Range (WR), the operator will initiate Mitigation-01 and try to increase the S/G
water level based on the guidelines of M-01. Mitigation-01 describes what equipments are available to
inject water into the steam generator, what will be the pros and cons of each operator action, and what
parameters should be monitored to exit the guideline successfully.
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Thus, managing a severe accident using the SAMG means that the operators will monitor 7
parameters, and in case that any parameter value becomes higher than its set-point, the corresponding
mitigating guidelines will be implemented to control the safety parameters back to their safe level.

2.2 Evaluation of various molten core cooling strategies

Here, we revisit the fundamental mechanisms behind the molten core cooling strategies
incorporated in the SAMG and evaluate their effectiveness considering the results of recent research
which are accumulated more than 10 years after the birth of SAMGs.

2.2.1 In-Vessel Retention (IVR) by a pre-flooding of the reactor cavity

A pre-flooding of the reactor cavity is a strategy to cool the molten core from outside the reactor
vessel. It is implemented for Loviisa [6], AP600 [11] and AP1000 [12] with accompanied design
changes. The decay heat and sensible heat from the molten corium in the reactor vessel is transferred
via the reactor vessel wall to the coolant outside the reactor vessel, which results in a boiling of water
filled in a reactor cavity.

Often it is highlighted that the IVR strategy has an advantage that the molten corium is confined in a
reactor vessel not inside the containment, which seems to be better in terms of public acceptance.
However, it has to be noted that either confinement of molten corium inside the reactor vessel or



inside the containment is technically the same as both approaches confine the radiological materials
inside the containment.

Depending on the details of plant design, the success probability of the IVR strategy varies. As an
example, Seiler et al. [13] indicated that the feasibility of the IVR strategy for high power reactors (i.e.
above 1000 MW) is certainly questionable due to a focusing effect.

Also, some of the plants do not have water inventory to fill up the reactor cavity to submerge a
substantial portion of the reactor vessel. If there is not enough water, the reactor cavity should not be
filled with water before the reactor vessel failure. A wet cavity can lead to an energetic steam
explosion which might challenge the structural integrity of the containment and can lead to a non-
uniform spreading of the melt, which can result in a localized ablation of the reactor cavity floor.

2.2.2 Top Flooding

For ex-vessel accident sequences in which the reactor vessel fails and corium is released into the
reactor cavity, an operator would flood water over the molten corium pool formed in the cavity. If a
sufficient cooling is provided, the erosion of the base mat concrete would stop and it would prevent a
further release of fission products into the environment. This is the basis for a provision of cavity
flooding system and provision of a proper amount of spreading area in the reactor cavity. However,
recent research results of OECD/MCCI project [14] indicate that stable cooling of the molten corium
in the reactor cavity with top flooding even with the plant having a sufficient water supply and enough
spreading area needs to be carefully evaluated.

The results of the OECD/MCCI tests were incorporated into an analytical model and the model
was used to predict the coolability on a plant scale [14]. The model determined the total axial ablation
depth at stabilization versus initial melt depth for various corium concrete contents. The results for the
Limestone/Common Sand (LCS) concrete indicate that a melt stabilization can be achieved under one
meter of axial ablation as long as the cavity is flooded before the melt concrete content exceeds 15%
for initial melt depths ranging up to 40 cm. However, if the flooding is delayed past this point, the
possibility of stabilization becomes more unlikely. Under the same set of conditions, the results for
siliceous concrete indicate a much narrower coolability envelope.

2.2.3 Cooling of the debris bed in a pre-flooded cavity

We consider the case where the flooding of the cavity was before the reactor vessel failure. In this
case, the molten corium will be discharged into the reactor cavity filled with probably sub-cooled
water. This can lead to an energetic steam explosion [15] which might challenge the structural
integrity of the containment in case the water pool is deep [16].

Keeping this fact in mind, a pre-flooding of the reactor cavity will be beneficial only in the case
when there is a high success probability of in-vessel retention. If the water inventory is not sufficient
to submerge significant amount of reactor vessel lower head, it will only increase the risk of damaging
the containment. This would potentially increase the Large Early Release Fraction (LERF) because of
higher probability of early containment failure due to an ex-vessel steam explosion.

3. Evaluation of molten core cooling strategies in the SAMG

We chose Kori unit 1 plant and Ulchin 1 &2 to evaluate the effectiveness of molten core cooling
strategy implemented in a SAMG, as these two plants have a substantial contribution from the base-
mat melt though (BMT) for the containment failure among various failure modes of the containment.
The contribution from the BMT was 16.5 % and 30.8 % [17, 18] respectively. These plants have very
limited capability of water supply to the reactor cavity and insufficient space for the spreading of
molten corium in the reactor cavity.



The Kori-1 nuclear power plant is a two-loop Westinghouse pressurized water reactor (PWR) with
2 reactor coolant pumps and 2 steam generators at 1724 MWt. Ulchin 1&2 are 3-loop Framatome
PWRs with 3 reactor coolant pumps and 3 steam generators at power of 2775MWt. The Ulchin 1&2
and Kori-1 SAMG were developed from the same framework as that of KAMG, while modifications
to reflect the plant specific features were incorporated.

Among these 7 mitigating guidelines, M-04 is a guideline to handle the debris coolability. The
purpose of this strategy is 1) to establish a means of a core cooling, 2) to minimize the amount of
corium concrete interaction and 3) to reduce the fission product release. To achieve these objectives,
operators will inject water into the containment cavity using either a spray or a gravity feeding from
the refueling water storage tank (RWT).

In the following we evaluate the strategy to confirm whether the objectives are achievable for Kori-
1 plant, and Ulchin 1&2 plant or not.

The first objective M-04 strategy is to delay the failure of the reactor vessel by in-vessel retention
through an ex-reactor vessel cooling. For this strategy to be successful, the reactor cavity should be
filled with water up to the level of a hot leg and a proper steam flow path should be established
between the reactor vessel wall and the insulation structure.

We found that even all the water source available in the system having been poured into the cavity,
it can barely reach the very low part of the reactor vessel both for Kori unit 1 and Ulchin 1-&2 nuclear
power plant. The method of filling the reactor cavity is either by a spray or a gravity feeding from the
RWT.

The second objective of the M-04 strategy is to cool the debris by injecting water into the cavity.
This strategy is based on the idea that having water in the cavity would be better than having no water
to cool the corium. But this expectation does not guarantee that having water in the cavity could cool
the corium and thus mitigate the corium concrete interaction.

3.1 A quantitative plant analysis for the evaluation of M-04

As discussed in section 2, the success probability of a molten core cooling depends highly on the
plant parameters, such as the initial core power, the amount of molten corium inventory, the cavity
floor area, the type of concrete, and the containment pressure at the time of flooding. And the success
probability of the in-vessel retention depends on the initial core power, the amount of available water
to flood the cavity, and the formation of flow path around the reactor vessel. These points need to be
elaborated to convince the operator that his actions will lead to a permanent stabilization of a plant.
However, a quantitative analysis on a plant scale has hardly been performed before to support the
effectiveness of SAMG.

In the following, we have performed an analysis at a plant scale using a severe accident analysis
computer code MELCOR [19] and applied the recent OECD/MCCI results [14] to evaluate the
effectiveness of SAMG for cooling the molten corium by top-flooding the reactor cavity. We chose
Kori-1 nuclear power plant. MELCOR analysis models for the RCS and containment of Kori -1 is
illustrated in Fig. 2. The accident scenario chosen was a Station Black Out (SBO) without any operator
action.

According to the MELCOR analysis summarized in Table 2 and 3, the reactor vessel breach occurs
at 23,650 seconds and after that time the corium is poured into the reactor cavity. The code provides
information on the amount of corium in the cavity and also on the erosion process as a function of
time. Using this information and geometric data of the reactor cavity, we can calculate the initial
collapsed melt depth, the ratio of concrete content, and finally the ablation depth using the information
from figure 6-9 of OECD Report [16]. Comparing the ablation depth with the intact base mat depth,
we can calculate the margin before base mat melt through.
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Table 2. SBO Sequence of Events for Kori-1

Time (sec) Top Events
0 Reactor Trip
5,350 SG Dry out
9,852 Core Uncover
10,510 Core Dry out
14,530 Clad Melting
23,640 UO, Relocation to Lower Head
23,650 Lower Head Failure
40,209 Cavity Dry out

Table 3. MCCI Condition in the reactor cavity

At 10 hrs after SBO At 24 hrs after SBO
Corium Mass in Cavity 102.8 ton 166.5 ton
Concrete Mass Eroded 38.2 ton 122 ton
Ratio of Concrete Content 27% 42%
Melt Depth (by MELCOR 0.47m 1.17m
Remaining Base mat Depth 1.953m 1.333m

The type of concrete for Kori-1 cavity is Limestone Command Sand (LCS) and the average design
depth of base mat concrete is 2.133 meters. Now suppose the operators have recognized that the vessel
has breached and thus decide to implement the M-04 guideline at 36,000 seconds after initiation of
SBO. At that time, the melt depth is 0.47m and the ratio of concrete content is 27% as is described in
Ttable 2. Fig. 6-9 of OECD report indicates that the total ablation depth at stabilization by a top
flooding will be around 110 cm for the case with the initial collapsed melt depth of 40 cm and the
concrete content of 20%. Therefore, we could say that we have 0.853m of margin before melt through.
This would indicate that if the operators flooded the cavity at about 10 hours after SBO initiation, the
melt in the reactor cavity can be stabilized.



On the other hand, at 24 hours after the initiation of SBO, the melt depth is 1.17m and the ratio of
concrete content is 42%. Using the value for melt depth of 0.4m and the concrete content of 20%
again, we can say that the margin to melt through is far less than 0.233m. This can be interpreted that
even though the operators flood the reactor cavity, it cannot stabilize the melt.

We have uncertainties in this calculation, but it is clear that an operator action of top-flooding
should be performed as soon as possible but not before the reactor vessel breach. Otherwise it can lead
to an unexpected steam explosion or molten core cooling cannot be achieved. One of useful
information from the above analysis is that we have reasonable amount of time for evacuation, as the
containment failure does not occur within 24 hours, if operator would not flood the cavity before the
reactor vessel breach. .

3.2 Evaluation of M-04 in conjunction with optimized M-02

In the RCS depressurization strategy M-02 of the current SAMG, it is recommended that an
operator needs to depressurize rapidly RCS pressure below 2.75 MPa using all pressurizer (PZR) pilot
operated safety relief valves (POSRVs) for high pressure accident like SBO.

However, it was pointed out that it can result in an excessive discharge of the Safety Injection Tank
(SIT) water and thus can lead to a rapid core damage [20]. It triggered an effort to optimize the RCS
depressurization strategy M-02. Here, we compared the current depressurization strategy and an
optimized RCS depressurization strategy to look at the effect of optimized depressurization strategy on
the molten core cooling performance.

A MELCOR analysis was performed for Ulchin 1&2 in a similar manner as that of Kori 1.
According to the MELCOR calculation, the reactor vessel breach occurs at 6.2 hours when we open 3
POSRVs, while it breaches at 9.2 hours when we depressurize by optimum strategy. The pressure at
the time of vessel breach is 0.39 MPa and 0.76 MPa respectively which are far below the DCH cut off
pressure of 1.7MPa.

The code provides information on the amount of corium in the cavity and also on the erosion
process as a function of time. Using this information and geometrical data of the reactor cavity, we can
calculate the initial collapsed melt depth, the ratio of concrete content, and then the ablation depth
using the information of Fig. 6-9 of OECD report [14]. Comparing the ablation depth with the intact
base mat depth, we can calculate the margin before base mat melt through occurs.

The probability of power recovery at 13 hours is 98 %. So even if our depressurization strategy
during SBO could not delay the vessel breach for longer than this time, but if we could show that the
ex-vessel corium could be cooled by top-flooding at the time where the probability of power recovery
is 98 %, our accident management is sufficiently reliable.

The type of concrete for Ulchin unit 1 is Limestone Command Sand (LCS) and the average design
depth of base mat concrete is 3.0 m. Now suppose the power has recovered at 13 hours for the case of
optimum discharge strategy. At that time, the melt depth is 0.472m, the ratio of concrete content is
24% and the remaining thickness of base mat is ~2.8m as is described in Table 4 below. Comparing
the values with MCCI result [16], it is slightly out of range of experimental validity, but it is still
within the marginal point of data and we can deduce from the data that the ablation depth to
stabilization for this case is ~ 1.2 m. Comparing this value with the remaining thickness of 2.8 m, it is
quite sure that the corium could be cooled in case top-flooding becomes possible at this time even if
we recognize the uncertainties in our calculation.

The other case of depressurizing by opening 3 POSRVs is described also in the Table 4. But in this
case, the values are outside the region of experimental validity and by extrapolating the data just to
have a rough estimation, the ablation depth to stabilization for this case is larger than 2.0 m.
Comparing the value with the remaining thickness of base mat ~2.67 m and taking into account the
uncertainties inherent in the calculation, it is not possible to say that the debris coolability can be
assured.



The above results clearly show that the current depressurization does not guarantee coolability of
ex-vessel debris by top-flooding in case of Ulchin 1&2. On the other hand, the optimized
depressurization delays the vessel breach time and the debris coolability is guaranteed when the power
recovers in 13 hours, whose probability was estimated as 98 %. This justifies our efforts of developing
an optimum depressurization strategy in conjunction with M-02.

Table 4 Summary of Top Flooding initiated at 13 hours

Depressurization Depressurization

using Current Strategy using Optimum Discharge
Initial Condition in Cavity Initial Condition in Cavity
corium mass in cavity ; 169 ton corium mass in cavity ; 152 ton
corium height ; 0.6m corium height ; 0.472 m
concrete content ; 32% concrete content ; 24%
remaining thickness of remaining thickness of
basemat ; ~2.67m basemat ; 2.8m

Out of range of data applicability,

A .0 ithin th inal point of
extrapolation gives rough estimation within the marginal point of data

Results Results

ablation depth to stabilization; >2.0m ablation depth to stabilization ; ~1.2m
Uncertainty renders Sufficient margin for

the coolability not guaranteed the coolability guaranteed

3.3. Improvement suggested

The analysis above gives us three insights about what is lacking in the present strategy. The first one
is we need an appropriate way to detect either the breach of the reactor vessel or discharge of corium
into the reactor cavity. It would be very helpful if we can put in a proper instrumentation to detect a
breach of a reactor vessel and the subsequent corium discharge into the reactor cavity.

The second one is the need for a calculation aid, which would give us a direction as to whether we
should initiate a pre-flooding or a post-flooding. If there is little chance of delaying the failure of a
reactor vessel by a pre-flooding, for example, due to a shortage of the water inventory or an
inadequacy of the reactor vessel and the insulator geometry in providing steam flow path, there is no
reason to pre-flood the cavity.

The last one is that when an operator wants to depressurize the reactor coolant system, the operator
should carefully consider an optimal number of valves to be opened relying on a calculation aid, as it
can affect the timing of reactor vessel breach and coolibility of the molten corium in a reactor cavity.
Therefore, a calculation aid need to be provided for implementing the M-02 strategy to determine the
optimal capacity of depressurization, as it can affect the timing of vessel breach and coolibility of the
molten corium outside the reactor vessel.

3.4 Engineering solutions for the molten core cooling

As discussed above, the success probability of the severe accident management strategy depends
highly on the severe accident scenarios and plant specific conditions. There are chances that the
proposed strategy may not work. It is recommended to put in a dedicated engineering solution to
stabilize the molten corium discharged into the containment for a new reactor.



As examples, EPR and VVER already took engineering solutions for the molten core cooling to
ensure the coolability of molten core. In the EPR and VVER core catcher concept, the decay heat from
the molten corium pool is removed indirectly either from the water flow channel provided along the
surface of the reactor pit or core catcher vessel wall. Therefore, if we have a limited space available
for the cooling channel in the reactor cavity, indirect cooling from the bottom may not be adequate for
the cooling of molten corium pool, especially for the operating reactors.

There is another concept, which is not implemented in the real plant yet. COMET concept is based
on water injection into the melt layer from the bottom. 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 [21]. This mode of molten core cooling is expected to
be adequate even in the case where limited space is available for melt spreading in the reactor cavity.
Therefore, the bottom injection concept could be applicable for both the future reactors and operating
reactors.

4. Summary and conclusion

From the evaluation of the molten core cooling strategies implemented in the SAMG of an operating
plant, it was observed that the current SAMG has weak points in handling the cooling of the molten
core either inside the reactor vessel or in side the reactor cavity. To improve the current SAMG, it was
suggested that we need an appropriate way to detect either the breach of the reactor vessel or discharge
of corium into the reactor cavity and we need a calculation aid which would give us a direction as to
whether we should initiate a pre-flooding or a post-flooding. Also it was suggested that an optimal
choice of depressurization capacity would delay the timing of the reactor vessel breach and increase
the coolability margin of the molten corium in a reactor cavity, which can be easily implemented by a
calculation aid.
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1. Introduction

Severe accident management strategy for Swedish type BWRs adopts reactor cavity flooding
for termination of ex-vessel accident progression. It is assumed that core melt materials ejected from
the reactor vessel into a deep pool in the reactor cavity will be fragmented, quenched and will form a
porous debris bed coolable by natural circulation.

A criterion generally accepted for successful long-term cooling of the porous medium with
decay heat release is that the flow rate of coolant through the debris bed should be sufficiently high, so
that no local dryout occurs. The possibility of local dryout occurrence in the natural circulation
(gravity-driven) flow is determined by the distribution of coolant and vapor volume fractions which
depend on debris bed geometry, as well as on the properties of the porous medium (particle size,
porosity, homogeneity etc).

In the studies on debris bed coolability available so far, the heat-releasing porous medium was
usually assumed to be homogeneous with some prescribed shape, porosity and effective particle size.
An assumption of a flat layer' enabling the use of one-dimensional approach was used in the first
works on coolability of heat releasing porous materials. In this case, counterflow conditions are
established in the debris bed, with vapor moving upwards, and liquid coolant flowing downwards. The
flooding limit condition, under which the balance between these two flows no longer can be achieved,
was taken for the calculation of dryout heat flux (DHF), i.e., the maximum heat release rate per unit
area of the debris bed which can be cooled by top flooding.

Further studies of debris bed coolability addressed the multidimensional effects, mostly in the
2D axisymmetric problem statement. Contrary to the case of 1D flat porous layer, there is a possibility
that a natural circulation loop can be established in the 2D debris bed with regions of co-current flow
of liquid coolant and vapor due to water ingress from the side surface of the bed. It was also found that
in the presence of a downcomer which facilitates ingress of the coolant into the debris bed, substantial
increase in the DHF is observed in comparison with the top flooding case.

Despite the progress in the experimental and theoretical study of the debris bed coolability,
some important issues remain uncertain and require more comprehensive research. In all the
coolability studies available so far, the shape of the debris bed was specified ad-hoc, e.g., a cylinder®

'R.J. Lipinski, “A One-dimensional Particle Bed Dryout Model,” Am. Nucl. Soc. Trans., 38, pp. 386-387 (1981).
2 M. Burger, M. Buck, W. Schmidt, W. Widmann, “Validation and Application of the WABE Code: Investigations of
Constitutive Laws and 2D Effects on Debris Coolability,” Nuclear Engineering and Design, 236, pp. 2164—2188 (2006).



(with a possible annular downcomer®), cone, or Gaussian-shaped heap®. However, to obtain a realistic
debris bed shape for a particular scenario of melt release, the process of the debris bed formation has
to be modeled, taking into account that sedimentation and packing of the debris particles is strongly
affected by natural convection flows developing in the pool.

In the DEFOR-A experimental and analytical studies™® possibility of a “cake” formation on
top of the debris bed was shown to be important for plant accident scenarios. Also, experiments have
shown that solid particles formed by freezing of the melt, can possess internal void space
(encapsulated porosity). Due to the encapsulated porosity, the effective mass (and, therefore, effective
density) of the particles is reduced. As a result, for the same mass of corium, the volume of debris bed
increases, while the average heat release rate per unit volume of porous medium is decreased
accordingly. The implications of these two factors on the debris bed coolability have not been studied
so far’.

In the current paper, numerical simulations of the process of ex-vessel debris bed formation
and coolability in a water pool are presented. Two main problems are addressed: transient formation of
debris bed upon gradual release of corium, and parametric studies of coolability of a fixed-shaped
debris bed, including the effects of “cake” and encapsulated porosity. In the latter case, coolability
limits of the heap-shaped debris bed are compared with those for a flat uniform top-flooded porous
layer having the same mass of solid material, but covering the whole base-mat of the pool.

2. DECOSIM code

DECOSIM (Debris COolability SIMulator) is an axisymmetric computational code which
enables coupled calculation of transient multiphase flows in the pool and in the debris bed, including
sedimentation of dispersed particles, their accumulation on the pool bottom and growth of the debris
bed*”. Here, an overview of the modeling approach is presented.

Two distinct flow subregions are considered in DECOSIM, namely, the porous medium flow
in the debris bed, and free turbulent flow outside it. Saturated conditions are assumed, and two-fluid
model is applied to liquid coolant and vapor phases. In the porous medium, the flow is dominated by
the balance between the pressure gradient and drag, while in the free flow full momentum equation is
solved for each phase. To facilitate numerical implementation, the equations are formulated in a
unified manner, with relevant terms set to zero depending on whether the current point is in the porous
medium or in the ambient flow.

The system of governing equations of phase continuity and momentum takes the form

8(62);%)+V(‘9piaiUi): -1 N

5piai(a;i + (Ui : V)Ui) =—ea,VP+ea;Vt, + ea,p,g — K, — F; 2)
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where ¢ is the porosity, p; is the phase density, ¢; is the volume fraction (¢; +, =1), U, is the
phase velocity, I, is the phase transition rate, P is pressure, g is gravity acceleration, T, is the stress

tensor due to turbulent viscosity, K is drag due to solid material, F; is the interphase drag, the
subscripts i =/,v denote the liquid and vapor phases, respectively.
In the porous medium, the left-hand side of Eq. 2 is set to zero, together with the second term

on the right-hand side (viscous stress), F, and F,; are taken from the respective porous and interphase

drag model. Namely, for the porous drag, Ergun’s equation containing linear and quadratic terms in
the phase velocity is used, with relative permeabilities and passabilities depending on phase volume
fractions. The interphase drag is either omitted, or taken into account, depending on the choice of the
model’. The evaporation rate I'=Q/AH, (with [,=T and T, =-T") is evaluated from the heat
release rate per unit volume of porous material Q divided by the latent heat of evaporation. As the
volume fraction of liquid becomes low (¢; <0.05), I is ramped to zero linearly with ¢, to account

for the reduction in the particle area wetted by water for low liquid contents. Note that we assume the
saturation conditions and energy equation for the solid material is not considered. The dryout criterion
is, therefore, based on the void fraction evaluation: it is assumed that dryout occurs as soon as the

maximum void fraction in the porous medium reaches the value of a, > a =0.99.
In the ambient flow we have & =1, the porous drag terms F, =0, while the interphase drag

terms F; are taken from the liquid-gas drag correlations accounting for different flow regime

depending on the void fraction (see details in**). The turbulent viscosity stress tensor T, is calculated
only in the liquid phase, the turbulent viscosity is obtained from the k—¢& model of turbulence
modified by the introduction of volume fraction ¢, . The equations for the turbulent kinetic energy and
its dissipation rate are solved throughout the computational domain, but in the porous medium all their
transport and source terms are ramped to zero, so that both turbulent quantities just remain equal to
some small background values.

Lagrangian model is used for the melt particles when DECOSIM is run in the mode where
formation of debris bed is considered. Each k-th melt particle is characterized by its position vector

r’, and velocity U’; . For each melt particle, the following equations are solved:

dr*
XZUZ, (3)
dUk
Pm dtm Z_Flm_va_(pm_pa)g (4)

where p, =(1-a)p, +ap, is the void fraction-weighted ambient density. The drag forces acting on
the melt particle due to its interaction with i-th phase (i=/,v) are calculated using appropriate
correlations for a spherical particle drag coefficient*’. To account for the turbulent dispersion of
particles, a random walk model is used in which the effects of turbulence are modeled by taking the

effective velocity of liquid phase as a sum of its average value calculated from the momentum
equation (2) and a fluctuating component:

- '

U =U,+U, (5)
The fluctuating component U} is modeled by a random vector with uniform angular distribution; each
of its three components has a Gaussian probability distribution with zero mean value and variance
determined by the local turbulent kinetic energy. The frequency of picking up new fluctuating
component value is determined by the turbulent time scale.

An important feature of the problem of debris bed formation is its multiscale nature. Namely,
the characteristic time scale of a severe accident scenario with gradual corium melt release can be as
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long as several hours, while the characteristic time scales of the phenomena which affect the debris
bed formation are orders of magnitude smaller. For example, the time taken by the particles to reach
the pool bottom, or a characteristic time for the establishment of large scale natural convection flow in
the water pool are of the order of dozens of seconds. Dispersion of particles by turbulent flow has a
characteristic time scale less than a second.

The multiscale nature of the problem poses a computational challenge because full simulation
with direct and simultaneous resolution of all time scales is impractical: to obtain a numerically stable
solution for a single particle motion or for developing two-phase flow, the time steps have to be of the
order of 107 sec, while the physical time of the whole process is of the order of 10* seconds. To
overcome the challenge, a multiscale “Gap-Tooth” algorithm’ was developed for the prediction of
debris bed growth. According to this approach, particle sedimentation and flowfields are calculated
only at several snapshot instants (“teeth”), separated by time intervals (“gaps”) during which the
debris bed growth rate is considered constant. Such an assumption is valid in the case of small mass
flow rate of the melt, when the characteristic time for variation of the debris bed shape is considerably
larger than the characteristic time for the establishment of natural circulation flow which drives the
particle spreading. In this case, the flow in the pool develops in a quasi-steady regime, quickly
adjusting to the slow changes in the debris bed state.

The main parameters of the debris bed are the total mass of corium M, porosity ¢, and
effective diameter D . It is assumed that debris bed particles are composed of corium with the specific
heat release rate W (per unit mass of the material). In this study, the debris bed porosity ¢ = 0.4 was
taken the same in all cases, including the cases of debris bed formation in the gradual release mode.
The permeability and passability of porous material were evaluated from Ergun’s law. In the case
where the debris bed was formed gradually from falling particles, the melt particle diameter was used
as the effective particle diameter in the debris bed. More sophisticated packaging models may be
implemented in the future, especially for polydispersed particles with some prescribed size
distribution.

If the particles possess some internal closed porosity ¢, the effective material density is

int >
p;ff =(1-¢&,,)p., where p, is the density of corium. For such particles, the effective diameter D and

debris bed porosity accessible to fluid flow, &, are assumed the same as for non-porous particles;
however, with the increase in &, , the debris bed sizes increase, while the heat release rate per unit
volume of debris bed is decreased accordingly. In the cases where the influence of “cake” on debris
bed coolability was considered, both the permeability and passability were multiplied by the same

reduction factor y <1 in the domain occupied by the cake.

3. Debris bed formation upon gradual melt release

Consider first the simulation results obtained for the scenario of gradual melt release. The
following parameters are assumed: total melt mass M =200t released over a period of 4 hours into a
9 m-diameter pool filled with water to the level of 8 m. The debris bed porosity was taken constant
and equal to 0.4. Initially, a small Gaussian-shaped debris bed with the height of 0.3 m and
characteristic radius of 1 m (mass of material 3.8 tones) was placed on the bottom plate of the water
pool to initiate the convection. Three particle sizes were used in the calculations: D =3, 5 and 10 mm,
also, the specific heat release rate in corium took two values, W =25 and 62.5 W/kg (which gives the
heat release rates per unit volume of debris bed of 120 and 300 kW/m’, respectively). Available
combinations of these parameters allow us to study different convection intensity and degree of
particle-flow interaction.

As the baseline case, consider formation of debris bed from 5 mm particles with the specific
heat release rate of 62.5 W/kg. In Fig. 1, the flowfields, void fraction distributions, particle paths and
instantaneous debris bed shapes are presented at four consecutive times, ¢t =0.5, 1, 2, and 4 hours. In
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each picture, void fraction distribution is presented by color map; the liquid velocity streamlines are
shown by white color in the left part, while trajectories of ten representative particles are shown in the
right side. The shape of debris bed is shown by the dashed yellow line.
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Fig. 1. Formation of debris bed from gradual release of corium melt: particle diameter 5 mm, specific
heat release rate 62.5 W/kg



It is evident from Fig. 1 that particle sedimentation is strongly affected by the turbulent
convective flow in the pool. Despite the fact that all particles are released from a relatively small
source at the top boundary (the diameter of the source was 0.5 m), they reach the bottom plate at
various locations, so that the dripping melt is spread over the pool bottom. On their way, particles tend
to avoid the bubble plume generated by the already existing debris bed and land at the debris bed
periphery, causing its lateral growth. Therefore, the process of debris bed growth features strong “self-
organization” effects due to feedback between the available debris bed, natural convection and
sedimentation of new particles affecting further growth of the bed.

25 25
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Fig. 2. Debris bed shapes at 2 hours (a) and 4 hours (b) for different particle diameters D and specific
heat release rates W

To demonstrate the influence of particle diameter and specific heat release rate on the debris
bed formation, in Fig. 2a,b the radial distributions of debris bed height are plotted at times #=1 and
4 h, respectively. These graphs represent the intermediate and ultimate shapes of the debris bed after
complete sedimentation of half and all melt particles. It can be seen that larger particles (cf. graphs for
D =10mm) are weakly influenced by the flow and settle near the center of the pool bottom plate,
although the maximum is reached at a distance of about 1.3 m, rather than at the axis, as would be the
case if sedimentation was not affected by the flow. Therefore, for large particles the ultimate debris
bed has a “crater”-type shape. Smaller particles (cf. D =3 mm) trajectories are stronger affected by
the flow and particles are carried farther away from to the side walls of the pool.

The graphs in Fig. 2 also demonstrate the effect of heat release rate on the debris bed shape.
Higher heat release rate in the material leads to the development of a more intensive natural
convection flow in the pool, which, in turn, results in more pronounced spreading of corium particles.
The “self-organization” mechanism plays on the safety side, because it hinders accumulation of
particles in narrow regions and promotes the leveling of corium melt over the pool bottom. Indeed, in
all the calculations presented, the maximum void fractions in the debris bed were well below unity,
i.e., conditions for dryout did not develop. Calculations of debris bed formation and coolability for
higher rates of heat release (up to 200-300 W/kg) relevant to scenario with earlier reactor vessel failure
are the subject for the future work; however, the tendency to the formation of a nearly flat debris bed
allows us to assess the coolability using the results to be presented in the following section for an
idealized 1D debris bed corresponding to uniform distribution of particles over the pool base-mat.



4. Parametric studies of debris bed coolability

In this section, we consider effects of different debris bed parameters on coolability of heat-
releasing porous medium. The following set of parameters is taken as baseline: total mass of melt in
the debris bed M =200t, debris bed porosity &£=0.4, total volume of debris bed

V=M/p.(1-g)=41.7 m’. The debris bed had a Gaussian shape with the maximum height at the axis
of symmetry H =2.49m and characteristic width R, =2.3 m. The pool has the diameter of 9 m and

filled with water to the level of 8 m, the system pressure above the water surface was taken to be 3 bar.
To save the computational efforts, a simplified model for the outer flow was used: the space beyond
the debris bed was filled with passive (not releasing heat) fictitious porous medium with the porosity
0.9 and effective particle diameter 0.1 m (similar approach was used in the coolability studies?). The
modified Tung-Dhir model® was used for the drag in the porous medium, including interphase drag.
The main variable parameters in the calculations presented below are the particle diameter D,
heat release rate per unit mass of corium material W , internal porosity of particles &, and

nt

permeability reduction factor (only for calculations of “cake”) y. To specify the mean particle

diameter D, debris size distributions obtained in DEFOR-A experiments were used. Different
methods of averaging the size distribution gave the following effective diameters: mean mass diameter
3.92 mm, mean area diameter (Sauter) 2.65 mm, mean length diameter: 1.51 mm. Since it is so far
unclear which averaging gives more appropriate effective diameter which must be used in the drag
laws in the porous medium, two values were chosen for the particle diameter in the present DECOSIM
coolability studies: D =2 and 3 mm.

The heat release rate per unit mass of the material, ¥, was varied in the range between 50 and
300 W/kg, which is representative of corium with different contents of molten structural materials and
different times of reactor pressure vessel failure after reactor shutdown. To find out the coolability
limits, the specific heat release rate was increased sequentially with the step of 10 W/kg, and at each
power level the calculation run until a steady state was reached (corresponding to a coolable debris
bed), or the vapor volume fraction increased to unity (non-coolable debris bed).

Consider first the effect of heat release rate on the void fraction distributions in the debris bed
(no internal porosity or cake in this case). In Fig. 3, the results obtained for the particle diameter
D =2mm are presented for the specific heat release rates W =130, 150 and 180 W/kg. One can see
that the highest void fractions are observed in the top part of the debris bed, where dryout occurs for
the heat release rates above 160 W/kg. Similar results obtained for the particle diameter D =3 mm are
presented in Fig. 4 for W =200, 220 and 240 W/kg. Evidently, for larger particle diameter cooling is
easier and dryout occurs at higher specific powers (above 230 W/kg).

To study the effect of debris bed shape on its coolability, calculations were carried out for a
Gaussian-shaped debris bed having the height of 2 m and characteristic radius of 2.6 m. This debris
bed has the same volume as the baseline one, but is lower by 0.5 m. Calculations have shown that this
change in the debris bed shape have pronounced effect on its coolablity: for 2 mm particle diameter
dryout occurred at the specific heat release rate W =220 W/kg instead of 160 W/kg in the baseline
case. For 3 mm particles, no dryout occurred in the 2 m high debris bed in the whole specific power
range studied (up to 350 W/kg).

Even better coolability is observed when the porous material is distributed as a flat layer over
the whole base-mat of water pool. Due to large diameter of the pool (9 m), the height of the flat debris
bed is quite low (60 cm). Calculations showed that, despite the counterflow conditions for coolant and
vapor, the flat layer is much more coolable than the equivalent heap-shaped debris bed: in the least
favorable case of 2 mm particles the dryout occurred at the specific power of 370 W/kg, whereas for
3 mm particles dryout occurred at the power levels as high as 530 W/kg. These figures agree well with
the experimental and theoretical results on top-flooded debris bed coolability (see review?), according



to which the dryout heat flux for a debris bed of 2 mm particles is as high as 600-1000 kW/m®. For the
total pool bottom area of 63.6 m, this gives the heat release rates of about 190-320 W/kg of corium.
The results of above calculations are summarized in Fig. 5, where the maximum void fraction

in the debris bed is plotted against the heat release rate in the material.
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Fig. 3. Void fraction distributions in a Gaussian-shaped debris bed with particle diameter D =2 mm
at heat release rates W =130, 150, and 180 W/kg (left to right); superficial gas velocities are shown

by vector field, dashed line shows the boundary of debris bed
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Fig. 4. Void fraction distributions in a Gaussian-shaped debris bed with particle diameter D =3 mm at
specific heat release rates W =200, 220 and 250 W/kg (left to right); superficial gas velocities are

shown by vector field, dashed line shows the boundary of debris bed
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Fig. 5. Maximum void fraction in the debris bed vs specific heat release rate for different particle sizes
and debris bed geometries

Simulations of a debris bed with a “cake” were carried out by decreasing the permeability and
passability in a region occupying the top 0.9 m of the debris bed by a factor of y =0.5 (moderate

decrease in the permeabiity) and 0.2 (strong decrease). For this geometry, the volume of “cake” was
equal to 5% of the total debris bed volume.

Calculations indicated that in the presence of ‘“cake” coolability of the debris bed is
deteriorated, especially in the case of strongly reduced permeability of porous medium. In Fig. 6, the
distributions of void fraction in the debris bed are shown for the specific heat release rate
W =65 W/kg and different permeability reduction coefficients. The shape of the debris bed and lower
boundary of the “cake” are shown by the dashed lines. One can see that, expectedly, dryout and vapor
accumulation occur primarily in the “cake”.

In Fig. 7, the maximum void fractions in the “cake” are plotted against the specific heat
release rate for particle diameters of 2 and 3 mm. Comparison of this data with those in Fig. 5 shows
that for 2 mm particles dryout occurs at the specific powers of 70-90 W/kg; about the same critical
value of specific power is obtained for 3 mm particles, while for moderately reduced permeability
dryout occurs at about 150W/kg. Thus, except for the latter case, the “cake” can be considered as non-
coolable at the heat release rates characteristic of reactor applications.

Finally, consider the effects of internal porosity of debris bed particles. In the calculations it
was assumed that the overall (internal and accessible to fluids) volume fraction increased from 0.4 in
the baseline case to 0.55. This gave the internal porosity of particles &, =0.25, the total volume of

debris bed increased by 33% to ¥ =55.5 m’, whereas the effective density of the debris particle
material p, decreased from 8:10° to 6:10° kg/m’. The linear parameters of the Gaussian shape of the

int

debris bed were increased proportionatly to accommodate the larger volume: the maximum height
H =2.85m and characteristic width R, =2.5 m.

The results obtained turned out to be dependent on the system pressure. In the preliminary
calculations carried out at a low system pressure of 1 bar, coolability of the debris bed with
encapsulated particle porosity was better than in the case of solid particles. In this case the reduction in
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the volumetric density of heat release rate due to the decrease in the effective density of corium
material outweighs the increase in the linear sizes of the debris bed, i.e., plays on the safety side.
However, calculations carried out at the system pressure of 3 bar give an opposite result: e.g., for the
specific power of 130 W/kg, a debris bed with 2 mm solid particles turned out to be coolable, while an
equivalent debris bed with porous particles was not coolable. Further research is necessary to find out
the parameter ranges in which the coolability of debris bed is improved or deteriorated due to the
encapsulated particle porosity.
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Fig. 6. Void fraction distributions in a Gaussian-shaped debris bed with a “cake” (particle diameter
D =2 mm) at heat release rate W =65 W/kg: the permeability and passability in the “cake” are
reduced by a factor of 0.5 (left) and 0.2 (right)
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Fig. 7. Maximum void fraction in the debris bed with a “cake” vs specific heat release rate for
different particle sizes and permeability reduction factors
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5. Conclusions and safety implications of results

Numerical simulations performed by DECOSIM code have been performed for two scenarios
of severe accident. In the case of gradual melt release, it is shown that “self-organization” plays an
important role in particle sedimentation and debris bed formation. Generally, interaction of particles
with the natural circulation flow results in lateral spreading of particles over the pool bottom, which
prevents formation of a tall compact debris bed and improves coolability of debris. It was shown that
smaller particles are more affected by the flow, so that their lateral spreading is more pronounced. A
consequence of this is that debris bed expected to be non-homogeneous, both in vertical and
horizontal directions in case of polydisperse particles. Implications of this effect for debris bed
coolability have to be studied.

In the scenario of massive melt release, it is expected that the debris bed will have some heap-
like shape, though, ad hoc specification of the shape is used at the moment in all coolability studies.
Here, Gaussian-shaped debris bed is considered, for which the effects of particle diameter, internal
porosity and “cake” are studied. It is shown that generally, dryout in the heap-like debris bed occurs
more readily than in an equivalent flat layer, even despite the fact that side ingress of coolant is
possible. Formation of a low-permeability “cake” on the top of debris bed has a pronounced negative
effect. The effect of encapsulated particle porosity on the coolability of debris bed was found to be
system pressure-dependent and requires more thorough analysis.
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Substantiation of strategy of water supply recovery to steam generators at
in-vessel severe accident phase for VVER-1000 Balakovo NPP
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Summary

The Severe Accident Management Guidance (SAMG) for Balakovo NPP, Unit 4 with VVER-
1000/V-320 reactor has been developed in 2008. Brief description of SAMG development
and current activities is given.

Results of PSA level 1 for the units of Balakovo NPP show that initial events and failures
leading to dryout of steam generators in secondary circuit make a large contribution into
frequency of core meltdown. In such scenarios the decay heat can not be removed from
primary circuit and consequently the severe accident begins at high primary pressure.

In these scenarios it is necessary to consider possibility of SG tubing failure under impact of
hot gases flowing from the core and also possibility of core melt release from reactor vessel at
high primary pressure. These phenomena and their consequences with respect to severe
accident progression are discussed.

Recovery of heat removal from primary circuit is possible if any way of water supply into
steam generators is successful. At Balakovo NPP the strategy of water supply into steam
generators from fire engines has been implemented. This strategy has been included into the
SAMG of Balakovo NPP, Unit 4. Description of the strategy is presented.

To evaluate efficiency of this strategy depending on water flow rate and time of water supply
beginning the computer analyses have been performed. The results of analyses are presented.
The results show influence of water supply from fire engines on severe accident progression
at in-vessel SA phase. The analyses have been fulfilled with MELCOR 1.8.5 code.



1. Introduction

The works on development of Severe Accident Management Guidance (SAMG) for the
operating Russian VVER-1000 plants were started in 2001. The SAMG development working
program was presented in paper’.

The first project oriented on SAMG development for VVER-1000 plants was performed in the
frame of cooperation between the Russian Minatom International Nuclear Safety Centre (RMINSC)
and the US International Nuclear Safety Centre (US INSC) and Argonne National Laboratory (ANL).
The results of this project included selection of severe accident management (SAM) strategies
applicable for VVER-1000 plants, selection of instrumentation for plant diagnostics during severe
accident and development of a set of simple SAM guidelines called later “revision 0 of generic
VVER-1000 SAMG”. The structure and components of the Westinghouse SAMG” were taken as a
basis for the VVER-1000 SAMG development.

Further work on SAMG development for the operating Russian VVER-1000 plants was held
under sponsorship of the Russian utility organization “Concern Energoatom” (former
“Rosenergoatom”). In 2006 the revision 1 of generic SAMG for VVER-1000/V-320 NPPs was
developed’. Based on revision 1 and comments form Balakovo and Kalinin plants the revision 2 of
generic SAMG was prepared.

The generic SAMG was used as a basis for development of SAMG for the Balakovo NPP,
Unit 4. The validation of the Unit 4 SAMG was held in beginning of 2009. The results of validation
were used for improvement of SAMG and development of revision 1.

All the SAMG versions mentioned were developed by the specialists of the Institute for
Nuclear Reactors of RRC “Kurchatov Institute” and RMINSC experts.

2. Description of Balakovo NPP, Unit 4 SAMG
2.1.  Main components of the SAMG

The SAMG of the Balakovo NPP, Unit 4 consists of the following components:

—  the set of SAMG guidelines and computational aids,
—  the set of documents “Rules of accident management”,
—  the document “Executive volume”.

For each SAMG guideline or computational aid the respective document “Rules of accident
management” was developed. For SAMG guidelines this document includes the description of basic
SAM strategies realized in the guideline and description of the guideline steps with explanation of step
purposes. For computational aids (CA) the document includes description of the CA purpose,

! V.Ignatov et al. Development of Severe Accident Management Guidance for VVER-1000 Plants. Workshop on the
Implementation of Severe Accident Management Measures. Paul Scherrer Institut, Villigen-PSI, Switzerland, 10-13
September 2001.

% R Prior. Westinghouse Owners Group. Severe Accident Management Guidance. SAM 99 Meeting, Obninsk, Russia,
October 1999.

3 L.Kabanov et al. Development of the First Version of Generic Severe Accident Management Guidelines for Operating

VVER-1000/V-320 NPPs. Regional IAEA Workshop on Severe Accident Analysis and Accident Management Programme
for NPPs. Kiev, Ukraine, 18-22 June 2007.



description of assumptions made and data used for the CA development and presentation of the CA
itself.

The document “Executive volume” includes description of principles of severe accident
management, the SAMG user manual, description of principles of instrumentation use for the unit
diagnostics in the course of severe accident and presentation of principles of NPP personnel and
specialists interaction in the process of severe accident management.

2.2.  Composition of guidelines and CAs of the Balakovo NPP, Unit 4 SAMG

The composition of the SAMG of Balakovo NPP, Unit 4 corresponds in general to
Westinghouse approach and is the following:
—  Diagnostic Flow Chart (DFC), seven DFC guidelines,
—  Severe Challenge Status Tree (SCST), four SCST guidelines,
—  two guidelines for MCR,
—  two severe accident exit guidelines,
— three auxiliary computational aids.
The following DFC guidelines are included into the SAMG:
—  SAG-1, “Inject into the Steam Generators”
—  SAG-2, “Depressurize the RCS”
—  SAG-3, “Inject into the RCS”
—  SAG-4, «Inject into the Containment”
—  SAG-5, “Reduce Fission Product Releases”
—  SAG-6, “Control Containment Conditions”
—  SAG-7, “Reduce Containment Hydrogen”
The following SCST guidelines are included into the SAMG:
—  SCG-1, “Mitigate Fission Product Releases”
—  SCG-2, “Depressurize Containment”
—  SCG-3, “Control Hydrogen Flammability”
—  SCG-4, “Control Containment Vacuum”
Two guidelines for MCR are:
—  SACRG-1, “Severe Accident Control Room Initial Response”,
—  SACRG-2, “Severe Accident Control Room Guideline for Transients After the TSC is
Functional”.
Two severe accident exit guidelines are:
—  SAEG-1, “TSC Long Term Monitoring Activities”,
—  SAEG-2, “SAMG Termination”.
Three auxiliary computational aids are:
—  CA-1, “RCS Injection to Recover Core”,
—  CA-2, “Injection Rate for Long Term Decay Heat Removal”,
—  CA-3, “Hydrogen Flammability in Containment”.
Specific features of some guidelines of the Balakovo NPP, Unit 4 SAMG should be noted.
The guidelines associated with hydrogen management are based on the auxiliary computational aid
CA-3 because at the Balakovo plant there are no hydrogen concentration measurement devices that
could be available during accidents.



Unlike the Temelin VVER-1000 plant (Czech Republic) SAMG" the SAG-4 guideline of the
Balakovo plant SAMG has been designed for application after core melt release from the reactor
vessel. In operating Russian VVER-1000 plants there is no possibility to inject water directly into the
reactor pit. Supply of non-borated water is possible into containment from some systems. In this case
water supplied into the containment will be mixed with borated water of the containment sump. To
avoid non-borated water delivery into primary circuit at the in-vessel severe accident phase (for
instance, in case of power supply recovery) it was decided to start actions in the frame of the SAG-4
guideline according to criteria indicating that the core melt has been released from the reactor vessel
and the hermetic door of the reactor pit has been knocked out by pressure difference.

Among different ways of feeding the secondary side of steam generators the actions on
ensuring passive water delivery from the feedwater trains and on water supply from fire engines are
implemented in the SAG-1 guideline. These actions and their analytical evaluation are presented
below.

2.3.  Verification and validation of the Balakovo NPP, Unit 4 SAMG

The SAMG verification was held mainly at the stage of the generic SAMG evaluation by
specialists of Balakovo and Kalinin NPPs.

Validation of the Balakovo NPP, Unit 4 SAMG was held in January of 2009. The validation
was preceded by training of the Balakovo NPP specialists in the field of severe accident management.

The training of the Balakovo NPP specialists included the following topics:

— Severe accidents, SA progression and phenomenology with respect to VVER-1000/V-320
reactors,

—  Principles of severe accident management, international experience in SAMG development,

—  General SAMG description;

—  Elements of the Balakovo NPP, Unit 4 SAMG,

—  General information on analytical support of SAMG development including information on the
SA computer codes.

It was decided to concentrate in the course of SAMG validation on those SAMG elements that
allow for mitigation of SA consequences during the in-vessel phase of severe accidents. The following
scenarios were played in three validation exercises:

—  Total loss of feedwater,
—  SBLOCA Dn40 from cold leg with HPIS and LPIS failure,
—  Station blackout.

Prior to validation exercises the computer analyses of these three scenarios were performed
using the MELCOR 1.8.5 code. In station blackout scenario the assumption on possibility to recover
some NPP systems after certain time was used.

2.4.  Further activities associated with SAMG development for VVER-1000 plants

Now the set of documents of Balakovo NPP, Unit 4 SAMG 1is evaluated in
“Atomenergoproekt” organization (The General Architect of VVER plants) and EDO “Gidropress”
organization (the Main Designer of VVER reactor facilities). The comments of these organizations
will be used for further improvement of the Balakovo NPP, Unit 4 SAMG.

* I Kubicek. Severe Accident Management at Temelin NPP. Regional IAEA Workshop on Severe Accident Analysis
and Accident Management Programme for NPPs. Kiev, Ukraine, 18-22 June 2007.



In 2009 the works on SAMG development for Units 1 and 2 of the Kalinin NPP with VVER-
1000/V-338 reactors have been started. The generic SAMG of VVER-1000/V-320 plants has been
taken as a basis for SAMG development for Kalinin NPP, Unit 1 and 2.

3. The strategy “Inject into the steam generators”

The strategy “Inject into the steam generators” realized in the SAG-1 guideline is applied with

the following purposes:

—  ensure heat removal from the primary circuit and thus ensure primary circuit integrity,

—  protect steam generator tubes from damage caused by the creep,

—  scrub fission products which are transported into steam generators through leakages in SG tubes.

If this strategy is not applied the consequences are the following. In accidents with the core
dryout and heatup the overheated steam and hot gases are transported from the core to hot legs and SG
tubing. This can lead to induced hot leg and SG tubing failures due to creep. If damage of hot legs
occurs the containment pressure rises quickly and the containment shell integrity is challenged. If SG
tubing failure occurs due to creep then fission products together with gas-steam mixture come into
steam lines and further into environment.

In VVER-1000/V-320 plants the water can supplied into the steam generators with three
groups of feedwater pumps: main feedwater, auxiliary feedwater and emergency feedwater. If all these
pumps are not available the following non-standard means can be used:

—  passive feeding steam generators by water from feedwater trains and deaerators,
— feeding steam generators from mobile pumps (fire engines).

For passive feeding steam generators the depressurization of steam generators is needed after
their dryout in order to have SG pressure below the pressure in the feedwater trains and the deaerators.
This allows for passive water delivery from the feedwater trains and the deaerators. SG
depressurization can be done by forced opening of BRU-As (steam dump to atmosphere).

Besides that in the Balakovo NPP units the water supply into steam generators from fire
engines has been implemented. The equipment modernization needed was performed. The main
element of the modernization was installation of special pipeline Dn100 into the feedwater pipeline
system. In the Balakovo NPP the following pumps of ire engines are available for feeding steam
generators: pumps with capacity of 40 kg/s and 110 kg/s at pressure below 1,18 MPa and also a pump
with capacity of 30 kg/s at pressure below 5,88 MPa.

Basic uncertainty in case of the strategy implementation is associated with cooling of SG tubes
when water is supplied into steam generators. Depending on the primary circuit state (respectively
severe accident phase) the SG tube cooling can prevent the tube creep (moderate primary coolant
heatup at oxidation phase of SA) or facilitate the SG tube damage in case of their strong heatup with
hot gases leaving the core at the phase of severe core degradation. So the primary circuit
depressurization is desirable for success of the SAM strategy discussed.

4. Computer investigation of recovery of water supply into steam generators from fire engines
4.1. Accident scenario and initial data

The total loss of feedwater accident is considered. It is assumed that safety systems are
available and able to supply borated water into the primary circuit when primary pressure becomes
low enough due to accident management (AM) measures.

The following AM measures are simulated: opening of BRU-As (steam dump to atmosphere)
in 6500 seconds after initial event (Figure 2) together with water supply from fire engines with total



flow rate of 40 kg/s (i.e. flow rate of 10 kg/s into each steam generator) in 7000 seconds after initial
event (Figure 6). It is assumed that fire engine pumps supply water from the source of large enough
volume.

4.2. Results of calculation

If the NPP personnel does not intervene the accident considered the first stage of the accident
is dryout of steam generators due to absence of feedwater supply. When water inventory in steam
generators (secondary circuit) becomes low enough the parameters of primary circuit begin to grow
because heat removal to secondary circuit is lost. Primary pressure rises up to the pressurizer safety
valve opening setpoint. Starting from this moment the primary coolant is discharged through the
pressurizer safety valves. Loss of primary coolant leads to the core dryout and heatup. The accident
comes to severe phase.

Time moment of beginning of AM measures in computer analysis (BRU-A opening) was
taken at the phase of the core heatup (Figures 3, 4). With this selection of AM measures beginning
they can not prevent transition of the accident into severe phase and determine the NSSS behaviour
after beginning of the core meltdown.

Water supply into steam generators was simulated after beginning of the core meltdown when
particulate debris are formed. The water supply recovers heat removal from primary circuit to
secondary circuit that can be observed by decrease of primary pressure (Figure 1) and decrease of
primary coolant temperature in the core inlet and outlet (Figure 5).

Primary pressure decrease leads to borated water supply by the HPIS pumps. After certain
time period the primary pressure stabilizes.

Thus, water supply into steam generators from mobile pumps (pumps of fire engines) leads to
cooling of the core melt inside the reactor vessel and prevents the transition of the accident into the ex-
vessel stage.
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Ambient Pressure-dependent Radionuclide Release from Fuel Observed in
VEGA Tests under Severe Accident Condition and Influence on Source
Term Evaluation

Akihide HIDAKA
Japan Atomic Energy Agency

1. Introduction

The radionuclide release from fuel during severe accidents is a primary issue for the source term
evaluation. Although numbers of experiments'™ have been conducted in this domain of research in the
world, information is still insufficient for the precise evaluation. For example, radionuclide release
could mostly occur at high temperature under elevated pressure but very few studies have investigated
the pressure effect so far due to difficulties in experimental operation. Thus, in the previous source term

67 the radionuclide release correlations obtained from the tests at atmospheric pressure have

evaluation
been also applied to the case at elevated pressure. In order to obtain the release data under such high
temperature and elevated pressure and to clarify the pressure effect and the release mechanisms, VEGA

) was conducted at Japan

(Verification Experiments of radionuclide Gas/Aerosol release) program®
Atomic Energy Agency (JAEA) from 1999 to 2005. The program especially focused on the behavior of
low-volatile radionuclide and actinides released from high burn-up UO, or MOX fuel under high

temperature above the fuel melting point and elevated pressure up to 1.0MPa.

This paper describes the dependency of radionuclide release on ambient pressure observed in VEGA
tests, proposed release mechanisms and release model with pressure effect, limitations of VEGA tests
and future issues, possible influences on source term evaluation and accident management measures.

2. VEGA apparatus and measurements

The VEGA apparatus (see Fig. 1) consists mainly of gas supply system, high frequency induction
furnace, three sets of thermal gradient tubes (TGT), aerosol filters, condenser, noble gas trap and y-ray
measurement system. The fuel specimen of a few pellets set in the tungsten or ThO, crucible is
inductively heated up to 3150K (max) in inert or oxidizing atmosphere. The bottom of crucible is
measured by pyrometers located below the furnace which are adjusted so that the measured temperature
might be equal to the fuel one within the error of £50K. The facility can be pressurized up to 1.0MPa
between the gas supply system and the valves just after the aerosol filters.

The temperatures of downstream TGT, filters, condenser and noble gas trap are always kept at the
constant values during a test irrespective of the furnace temperature. The temperature gradually



decreases as the distance from furnace becomes far. The low or semi-volatile radionuclide is trapped at
the piping of furnace outlet at 1023K. The volatile radionuclide is collected at TGT of which
temperature changes from 1023 to 473K and at filters (473K). A condenser (273 K) collects humidity
and gaseous iodine species such as I,. A noble gas trap collects Kr-85 by physical adsorption onto a cold
charcoal at 210K. The behavior of radionuclide release and transport in the apparatus during a test is
on-line measured by y-ray from fuel specimen, filters, condenser and noble gas trap using the hyper-pure
germanium semiconductor detectors.

After the heat-up test, the off-line y-ray measurements are performed for fuel specimen, the piping
between furnace and aerosol filters to evaluate the remained radionuclide in fuel or deposition
distribution in the whole apparatus. The microphotographs of specimen before and after the heat up test
are taken to know the change of fuel structure. A microanalysis with ICP-AES (Inductively Coupled
Plasma - Atomic Emission Spectrometry) is also performed for the nitric acid solution leached from the
VEGA apparatuses to evaluate the released and deposited masses for short-life or no y-ray emitting
radionuclide.

3. Reference tests with PWR, BWR and ATR/MOX fuels

At first, the results of reference heat-up tests with PWR-UO,, BWR-UO, and ATR/MOX fuels
performed under the same conditions are described to help understanding of the basic behavior of
cesium (Cs) release from different fuels”. The specifications of three different fuels used in the tests are
shown in Table 1. The PWR and BWR fuel specimens were irradiated at Japanese commercial reactors.
The MOX fuel irradiated at the Advanced Thermal Reactor (ATR) Fugen was fabricated at JAEA with
the one-step process, similar to the short binderless route (SBR) '?. The area fraction of Pu-rich spots
was 0.2% and the Pu concentration in MOX fuel was almost homogeneous®. The pellet temperatures at
center and peripheral regions were calculated from the average values of linear heat rates during reactor
operation with the FRAPCON-2 code'".

The conditions for reference tests are shown in Table 2. Fuel specimens without cladding were set up in
a tungsten crucible and heated up to 3130K at a rate of 1K/s in helium (He) atmosphere at 0.1MPa.
Histories of Cs release during the three tests are shown in Fig. 2 together with the fuel temperatures. In
all the tests, fractional releases of Cs finally reached about 100% while a difference was found in release
behavior below 1700K among them. The releases from BWR and MOX fuels started at about 1000K
while that from PWR fuel did not start until the temperature increased above 1700K.

The reason for release enhancement below 1700K in BWR and MOX fuels is considered that the
averaged linear heating rates of 26kW/m in BWR and 28kW/m in MOX during reactor operation were
higher than 18kW/m in PWR. This would result in temperature increase up to 1500K - 1700K at pellet
center that is higher by about 500K than that of PWR and could enhance the movement of Cs from
center pellet to peripheral region'”. The distributions of Cs-137 in the diameter direction of PWR and
MOX pellets before heat-up tests were separately measured by y-ray detector (see Fig. 3). It can be seen
that during reactor operation, most of Cs was moved to peripheral region in MOX while almost no
movement in PWR. For BWR, a similar distribution as MOX but slightly less movement was confirmed
in other test'”. It is considered that Cs at pellet center region would become vapor due to high
temperature during reactor operation (boiling and melting points of Csl = 1553K and 899K,
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