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Abstract

The regulatory requirements on PSA in the frame of comprehensive safety reviews for NPPs are being extended in Germany presently. Referring to this and based on national and international state-of-the art and experiences on PSA the technical requirements on procedures and methods of PSA Level 2 for full power operation states are being elaborated and will be set out in supplementary technical documents. The paper gives an overview on the actual working status. 

The main part of the paper discusses a proposal on recommendations regarding the quantification of accident progression event trees. Based on a practicable and a generally valid split of the core melt scenarios into different accident phases, significant accident phenomena and processes and their associated plant conditions are described. A systematical approach is recommended to derive reasonable conditional probability ranges for these phenomena and processes. Focus is on those phenomena that are of importance with respect to their consequences and to which a large uncertainty is associated. As far as possible quantitative values are introduced.

The aim of the proposed recommendation is to give general guidance to the PSA analyst on how to determine branching probabilities for accident progression event tree analysis: In addition, the database for this analysis step of PSA Level 2 is broadened.
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1 Introduction

Based on the recommendation of the German Reactor Safety Commission to make every operating NPP subject to comprehensive safety review regulatory guides have been filed for the different elements of periodic safety review (PSR) by a task force of the Federal States Committee for Atomic Nuclear Energy in the middle of the nineties: the basic principles of PSR, the guide on safety status analysis and the guide on PSA /BMU 97/.

The regulatory guide on PSA (German PSA guide) covers the fundamental and minimal requirements concerning the performance of PSAs. The technical details regarding the performance of PSA are set out in two technical documents (PSA Me​thods /MET 97/ and PSA Data /DAT 97/ that have been developed by a working group of PSA experts (Facharbeitskreis Probabilistische Sicherheitsanalyse für Kernkraftwerke (FAK PSA)). These documents refer to a Level 1 PSA. Level 2 issues had been beyond the scope at that time.

An overview of typical PSA results carried out in this frame together with information on safety improvements implemented according to the PSR findings is provided in /BER 02/.

According to a recent amendment of the Atomic Energy Act it is now mandatory to perform Safety Review at ten years intervals including a plant-specific PSA /BER 02/. The regulatory PSA documents mentioned before are presently being updated to account for this legal change.

In 2001, the competent governmental supervi​sory authority in Germany have concluded to revise the regulatory requirements of the PSA guide. Ba​sed on the experiences of performed plant-specific PSAs and PSA studies mentioned above, the revi​sion process shall be concentrated on the completeness of PSA Level 1 requirements such as:

· Extension of the event spectrum regarding internal and external initiating events which shall be analyzed,

· Determination of core damage states including AM and their frequencies,

· Involvement of low power and shutdown states and

· Quantification of uncertainties.

Furthermore it was pointed out, that in future and according to the international state of the art Level 2 PSA for all NPP shall be included. For more details of the full revision process reference is again made to /BER 02/.

This paper is focussed on the developments that have been carried out with respect to Level 2 PSA, specifically on the guidance for deriving branching probabilities in severe accident event trees.

Concerning the schedule the regulatory PSA guidance documents are in an advanced state of the revision. A draft of these documents has been completed in march 2004. These documents will be discussed with the Federal States and the Reactor Safety Commission. Target is the completion of the full set of PSA requirement documents before the end of 2004.

Though level 2 PSA had not been required in regulation before and was not carried out in the non-mandatory PSRs during the nineties there is sufficient know how in Germany with respect to this analytical task. As examples, the following studies and projects can be mentioned. Full-scope PSAs were at first performed in the frame of research studies, especially the German Risk Study /GRS 90/. For NPP Gundremmingen (BWR) PSA was developed by Gesellschaft für Anlagen- und Reaktorsicherheit (GRS) in the framework of research and development of risk analysis /GRS 93/. The aspects of beyond design basis accident management for a Konvoi type PWR and the results of a screening type PSA level 2 for the EPR are presented in /FAB 00/, /KOL 02/.

2 Overview on Regulatory Guidance for PSA Level 2

The extension of probabilistic analyses in the frame of PSR regarding severe accident sequences with core melt as well as all requirements regarding extent, methods and procedural steps are oriented on basic international recommendations on procedures for conducting level 2 PSA, published e.g. in /IAEA 95/ or /NEA 97/. Detailed methodological requirements based on German experiences as mentioned above and current knowledge about core melt phenomena according to the state of the art complete the level 2-part of the guidance. It comprises the following objectives from the regulatory point of view:

· determination of a plant-specific possible spec​trum of relevant severe accident scenarios and the impacts on the plant resulting from accident do​minated phenomena,

· evaluation of efficiency AM-measures in order to mitigate the consequences,

· estimation of the release of radioactive materials inside and outside the containment envelope and determination of quantity, quality and frequency of relevant release categories,

· investigation of sensitivities and uncertainties taking into account the insights of reactor safety research and the achieved current state of the art.

Purpose and task concentrate on verification of the AM concept and procedures and on the derivation of technical solutions in order to reduce accident consequences.

Apart from the procedures of the Level 2 analyses there are also basic requirements on:

· necessary prerequisites and assumptions derived from Level 1 analyses,

· determination of representative core damage states,

· deterministic analyses of accident progression especially physical and chemical phenomena, containment behavior and failure modes of components, fission product release and transport,

· probabilistic event tree analyses,

· uncertainty-, sensitivity- and importance-calculations and 

· description and evaluation of result, quality assu​rance and documentation.

It is seen as essential that these analyses shall be performed with substantial involvement of the licensee in order to benefit from plant specific know-how.

The performance of Level 2 analyses shall be li​mited to power operation states. 

3 Branching Probabilities in Severe Accident Event Trees

3.1 Objective

The objective of this guidance is to support a systematical assessment of branching probabilities for severe accident progression event tree (CET) analysis and broadening the information and database for this analysis step of PSA Level 2. The guide also specifies for which branching probabilities generic, plant-typ specific or plant specific numbers need to be used.

Starting point is the observation that a number of the complex phenomena are rather uncertain in nature and can be assessed in terms of expert judgement only but, nevertheless, contribute significantly to level 2 results. This situation encompasses potential for controversial expert views – for example in the frame of PSA review – which might be difficult to resolve. To reduce this potential the ways of estimating the corresponding branching probabilities have been described in a largely generic manner thus providing an approach that can be selected in all cases. This leads necessarily to data that have considerable uncertainty bands.

3.2 Approach

The following phenomena are selected:

· Depressurization of the RCS,

· Keeping the partially destroyed core in configuration that can be cooled,

· Molten Core-Water-Interaction (in-vessel explosion),

· Hydrogen combustion,

· Loss of RPV integrity under high pressure,

· Coolability of core material covered with water,

· Core-concrete-interaction,

· Pressure build-up in the containment.

Each of these processes is discussed in a fourfold way:

Firstly, the phenomenon is described in qualitative way addressing the key physical and chemical features.

Following this description, available methods to treat the problem in a PSA Level 2 are presented.

These methods are illustrated by examples, which are taken from available PSAs and are therefore plant specific.

Finally, general recommendations are issued, see chapt. 3.4, on how to deal with the problem in those PSAs that have to be carried out as part of safety review.

In the next section, this approach is illustrated using two relevant examples:

· Containment failure due to hydrogen combustion,

· Containment failure due to basemat penetration (core-concrete-interaction).

3.3 Examples

3.3.1 Hydrogen Reactions

The description comprises the relevant ways of hydrogen production and the potential impacts of hydrogen reactions on containment integrity.

The method of treating this phenomenon can be composed of the following steps:

· Calculation of mass and energy input into the containment using for example integral codes like MAAP or MELCOR,

· Calculation of the time dependent distribution of gases and temperature (codes: integral codes or specific “lumped parameter” containment codes like COCOSYS, or CFD codes, as GASFLOW),

· Calculation of AICC
 pressure,

· Assessing the potential of flame acceleration based on experimentally validated criteria,

· Assessing the potential of DDT
 based on experimentally validated criteria,

· Applying a Monte Carlo approach by variation of essential parameters, as mass of hydrogen, steam concentration, characteristic length for DDT and code specific parameters to get a pressure distribution that can be related to the probability of containment failure as function of the pressure to generate a failure probability for each hydrogen combustion event.

The examples refer to analyses carried out for a Konvoi-plant and for the EPR.

As the problem is highly plant specific, the available results can not directly be applied to other plants. It is, however, recommended to use the methods described here.

3.3.2 Core-concrete-interaction

Regarding the potential containment overpressurisation failure and basemat penetration induced by core-conrete-interaction this chapter describes the main phenomena and effects as well as the method to evaluate the coolability of debris materials.

The following two processes are relevant for the loss of containment integrity:

· release of gaseous components (CO2, CO, steam, hydrogen), which contribute to increasing containment pressure and

· basemat erosion up to complete melt-through.

The method for evaluating core-concrete-interaction, especially the coolability of core materials, will be treated for basemat erosion taking into account the following aspects:

· residual heat flux and molten core material inventory,

· material and spread characteristics (flow properties),

· melt coolability by cavity flooding, 

· heat flux removal by water cooling (coolability limit) and concrete erosion rate,

· duration of basemat melt-through.

Although a large number of experiments regarding melt spreading and melt coolability (KATS, COMAS, MACE) as well as theoretical analyses exist, an evaluation of the coolability of any given melt/ concrete/ water configuration in terms of definite results seems impossible.

One example is included in the revised PSA data document, which illustrates calculated results of vertical erosion rate of calcium and silicon concrete compositions.

For the event tree quantification the following recommendations are given for existing German LWR with typical conditions in the containment cavity:

Core-concrete-interaction in dry cavity

· It has to be assumed, that core material – without water covering – completely melts through the basemat and that released gaseous components increase the containment pressure (PWR, BWR Typ 72). In case of one BWR-type (Typ 69) fire hazards shall be considered in adjacent buildings (e.g. reactor building). Important parameters (erosion rate, gas release rate) relevant to containment integrity are to be estimated.

·  A ground-level leakage of about 1 sqm should be postulated. The resulting fission product release rate strongly depends on successful prior containment venting. 

Core-concrete-interaction in cavity filled with water
· In case that the cavity is water flooded, a continous coolability can be realised and the erosion process can be stopped if the so called EPRI-criterion for long time debris coolability is fulfilled /EPR 87/, /FAU 90/. An uncertainty distribution is suggested around this criterion.

· In case of water flooded cavity without long time coolability, erosion rate and gas release should be handled in the same way as in the case with dry cavity, taking into account a steam source relevant to containment pressure.

3.4 List of Recommendations

The following list summarises the recommendations for the most important phenomena.

	Phenomenon or Process
	Recommendation
	Rationale

	Depressurisation of the RCS
	Evaluation of the available time for the operator action

Evaluation of the success taking into account previous operator errors
	This analysis is necessary for each PDS. Also for similar plants a different mix of scenarios with different time development may contribute to each PDS

	Failure of components of the RCS (e.g. hot leg, SGT) in case of high pressure in the RCS
	Basis should be plant specific calculations on surface temperature history. Creep failure can be either calculated with the thermohydraulic code, if possible, or general correlation can be applied considering the proper material.

For SGT at these conditions:

Tube-temperature:  700 – 800 °C

RCS-pressure:        80 bar

following generic values can be applied

5% fractile:    0.01

50% fractile:  0.05

95% fractile:  0.5

The distribution of failure probability consideres pre existing mechanical damages as well as intact tubes.
	It depends also on the importance of this phenomenon which effort is adequate.

	Arrest of core degradation in-vessel
	In case of PWR a generic correlation is given:

if core degradation is less than 20% and coolability can stabilised by water injection RPV integrity can be assumed.
	TMI as example;

Similar correlations for BWR are to be established.

The large degree of uncertainty does not justify plant specific investigation

	In vessel steam explosion
	For the probabibility of alpha mode failure the following generic values can be applied for the PWR:

5% fractile:    10-5
50% fractile:  10-4
95% fractile:  10-3

A method is presented that can be applied to BWR.
	The numbers are in line with international assessments (e.g. SERG2) and new experimental findings (BERDA, ECO)

The low probabilities and the large uncertainties justify generic numbers.

	Hydrogen combustion
	Plant specific calculations are required in order to get:

· The range of hydrogen production (in total and for each PDS)

· The likelihood of ignition as function of time taking into account plant specifics of the electrical installations and the recombiners

· Plant specific calculations of the pressure distributions for each PDS in case of combustion

· Plant type specific analysis of the structural behaviour of the containment (failure probability and mode as function of the pressure)
	The large contribution of containment failure due to hydrogen combustion to the risk , the availability of validated tools justifies a partly plant specific approach.

	Failure of the RPV under high pressure 
(>80 bar)
	a) leak size PWR

5% percentile:    0.04 m2
50% percentile:  0.3 m2
95% percentile:  3.6 m2
b) leak size BWR

5% percentile: 50 cm2
50% percentile: 0.05 m2 (10 penetrations)

95% percentile: 3.6 m2
c) containment rupture by missiles (1 m2)

large leak (>3.6 m2):    90%

small leak (< 3.6 m2):  10%

d) containment rupture due to DCH (1 m2)

plant typ specific calculation required taking into account Zr oxidation and hydrogen combustion.
	a) Sandia LHF experiments as basis

d) Simplified methods available in the literature /PIL 96/

	Coolability of core debris and arrest of core concrete interaction
	Dependent on the particle size distribution:

5% percentile:  0.05 MW/m2
50% percentile: 0.2 MW/m2
95% percentile: 1 MW/m2
	A large set of experiments are available in the literature

	Pressurisation of the containment
	Plant specific calculations necessary to assess the time period available for counter measures, e.g. venting
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� AICC...adiabatic isochoric complete combustion


� DDT...deflagration-to-detonation transition
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