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EXECUTIVE SUMMARY
ADVANCE \d6To date, many nuclear power plants have severe accident management guidelines in place. These provide guidance to the plant operators and the Emergency Response Organisation (ERO) in the unlikely event of core damage or core melt. During such an event, successful counteractions depend on an understanding of the plant damage state as provided by a number of critical parameters, the avail​ability of supporting equipment, insights in the possibility to recover lost equipment, and insights in the possible evolution of the accident, both with and without planned countermeasures. This last item is notably important for off-site measures to protect the public, as it will help to estimate possible ongoing and future releases. The guidelines often use quantitative infor​mation in the form of pre-calculated curves and graphs (Computational Aids, CAs), which may not be (fully) applicable for the situation at hand and, hence, may need to be adapted. 

The tasks involved are complex, and must be executed under potentially high stress conditions, often with incomplete information about the status of the plant and its mitigating systems, and the possible evolution of the accident.

ADVANCE \d6The present project develops support for these tasks by the use of artificial intelligence. This support includes signal validation, identification of the initiator event and of plant damage states, guidance for system restoration, prediction of major events like vessel melt-through, steam generator tube creep rupture and con​tainment challenges (hydrogen burns, overpressure) and dose predictions, both for on-site compartments and off-site areas.

This computerized tool is based on a further development of the CAMS tool, originally developed in the OECD Halden Reactor Project. It focuses on the Westinghouse Owners Group Severe Accident Management Guidelines (WOG SAMG) for Western PWRs, plus the application for the VVER. The signal validation method makes use of neuro-fuzzy techniques; identification of the initiator event and of plant damage states is done using extensive logic trees. The MAAP4 code is used to calculate the physics of the severe accident phenomena and does so in an iterative way, to follow the evolution of the accident - other codes could be used as well. Note: it is recognized that application of such codes carries still a large uncertainty.

The full functional specification has been developed and a consortium founded to implement the methodology, once sufficient funding will be found. The work can be accomplished in two years, in a total volume of about 2400 person-days.
A.
INTRODUCTION, OBJECTIVES AND SCOPE
A.1  Introduction and Main Objective

In recent years, many NPPs have developed and implemented severe accident management guid​ance (SAMG), which is aimed at mitigation of accidents involving core degradation and core melt. A recent overview was presented in the SAMIME Concerted Action [1]. The main objective of the SAMOS program is to use artificial intelligence 

· to support the execution of the SAMG; and 

· to provide estimates on major future events, e.g. timing of RPV failure and containment failure, and timing and magnitude of upcoming releases.

ADVANCE \d6
A.2  Background, General Introduction
In most of the SAMG programs, there is a set of severe accident management guidelines, which are executed by qualified personnel within the Emergency Response Organisation (ERO), often in a Technical Support Centre (TSC). The tools available at the TSC are the severe accident guidelines of the plant, plus appropriate other tools (computational aids, simplified formulae). Computational Aids (CAs) are pre-calculated curves and graphs that supply quantitative informa​tion, which may be needed during the course of actions. Examples are the amount of water needed to cool core debris, and the flammability of a hydrogen-steam-air mixture in the containment.

All the tools available to the TSC are in essence paper tools. The CAs are pre-calculated when designing the SAMG, but may not be applicable to the actual situation at hand. Instrument readings are judged on the basis of engineering judgement; outliers may be suspect, but no tools exist to really confirm that they are invalid. Parameters are observed and often kept on wallboards to follow their trends, but no mechanism exists to realistically extrapolate them from observed values. This is an important matter, as many decisions in SAMG space should be taken on the basis of developing trends.

The TSC must judge the usefulness of planned actions, estimate their consequences, estimate the timing of major events in future such as the time to RPV melt-through or the time to containment failure, and estimate the potential source term, which is needed for offsite countermeasures. It must also estimate the present and future availability of equipment and the possibility to restore equipment back to service. These estimates should be made under consideration of the uncertainties involved.

These tasks are believed to be difficult, and may be alleviated by the use of computerized support. In further detail, such a computerized operator‑aid support tool for SAMG could be able to fulfil or contribute to the following functions:

1 Provide an overview of the key parameters including their trends and the validation of the signals involved (e.g., by using fuzzy logic).

1 Indicate success paths, including non‑conventional line‑ups, and prioritise these on the basis of appropriate criteria, e.g. availability of equipment, number op manual actions needed.

1 Monitor the exit criteria of the FRG and determine entrance into SAMG.

1 Identify relevant core damage states (see below).

1 Identify relevant containment damage states (see below).

1 Identify useful countermeasures, developed in the various SAMG approaches.

1 Identify the various thresholds (set points) for these countermeasures on the basis of the actual plant data instead of pre-calculated values.

1 Provide the applicable computational aids for the SAMG approach selected.

1 Indicate (approximately) the time that will to elapse to major events (e.g. core damage, SG tube creep rupture, RPV melt-through, foundation melt-through, containment over-pressurisation), taking due note to the uncertainties involved in these estimates; emphasis should be on those events which may influence the course of SAMG actions to be taken and/or that are relevant for potential releases.

1 Monitor/indicate radiation fields inside the buildings and the amount of time crew can spend there to restore vital equipment to service.

1 Define exit conditions to long-term provisions.

The damage states mentioned in items 4 and 5 could be those used in the US SAMG programme (source: EPRI, [x]), being:

· for the core: 'Oxidised Fuel' (OX), 'Badly Damaged Core' (BD)
, and 'Core Ex‑Vessel' (EX); 

· for the containment: Containment Closed and Cooled’ (CC)
, 'Containment Challenged' (CH), 'Containment Impaired' (I), and 'Containment Bypassed' (B). 

Another potential subdivision for the core and containment damage states, suggested by  R.J. Lutz Jr. [y], is: 

· for the core: In-Vessel Cooled/Not Cooled, Ex-Vessel Cooled/Not-Cooled;

· for the containment: Controlled Stable State, Controlled Not-Stable State (i.e. new strategies required but FP release not imminent), Challenged (new strategies required immediately), On-Going Releases (combines B and I of EPRI-states).

Note that these latter states have more relevance to the selection of appropriate strategies and, hence, are believed to be superior to the ones developed by EPRI.

In order to be able to fulfil the above-mentioned functions, the computerized tool should be able to execute the following tasks:

1. Monitor relevant parameters (e.g., pressure, temperature, water level, radiation in vessels, components, compartments).

2. Keep track of environmental challenges to important sensors.
3. Execute signal validation on relevant parameters;
4. Track missing information.

5. Determine the availability of front line systems and support systems on the basis of the availability of underlying systems
.

6. Infer a physical picture of the plant status from the measured/estimated parameters;

7. Derive the initial event from the status obtained (i.e., the initiating SBLOCA, SGTR, etc.), as far as this is considered relevant;

8. Derive the current status of the RCS (Closed, Intentionally Opened, Breached) and the SG (Heat Sink Available / Not Available);

9. Make clear what accumulation of failures has occurred that brought about the severe accident at hand;

10. Keep track of actions already performed in the EOP-domain;

11. Use an approximate/simplified severe accident code to estimate timing of major events or use a library of pre-calculated timing data where such a code cannot be used with sufficient credibility during the event;

12. Install a learning algorithm for an optimal following of actual events and a prediction of upcoming important phenomena (where this is feasible and appropriate).

The computerized tool, being an important operator-aid, should be designed for optimum user friendliness for the operator/TSC.

The project investigates the possibilities of this approach with the goal to obtain a full functional specification of the computerized tool. The central device to be used is the CAMS programme, developed in the OECD Halden Reactor Project [2, 3]. It is a further development of the work done by Tecnatom/Iberinco at Cofrentes NPP (Spain) and Halden, [4, 5]. Earlier work was performed by Tractebel (OPA-system) and others under the EC Reinforced Concerted Action on Reactor Safety [6, 7].

In the following, the computerized tool shall (often) be referred to as the SAMOS-Tool.
A.3  Objectives and Scope
The objective of the SAMOS project is to develop a functional specification for the computerized tool described above (A.2). This is done in two main steps:

1. to assess the activities associated with managing severe accidents and develop a list of activities where a computerized aid could assist, and eventual other activities which the project team would like to have computerized – a “wish list” for a computerized SAMG tool; and

2. to investigate the use of CAMS (a Halden/IFE computerized accident management system), coupled with a severe accident management code, such as MAAP, to meet the topics of the “wish list” of item 1.

The scope is a generic Western PWR NPP, using generic WOG SAMGs, plus its application on the VVER. Aspects of other reactor types such as the BWRs and other Owners Group approaches (specifically CEOG, for its plant damage state analysis) are considered more briefly.

B. 
WORK PROGRAMME

For a proper understanding of the work programme, a short description of the CAMS system is presented first. A more detailed description can be found in [2].

B.1 
Short Description of the CAMS System

CAMS consists of a number a modules (see Fig. B-1), of which the most important ones are:

· Data Acquisition (DA) and Signal Validation (SV) modules: collect the data from the plant and validate them using neuro-fuzzy techniques;

· Diagnostic Module (DM): identifies the initiator event, determines the status and availability of systems and equipment needed to avoid or mitigate the accident, and diagnoses the status of the reactor core, reactor vessel and containment building;

· Fitting Module (FM): complementary to the diagnosis module, notably in terms of the vessel and containment state - identifies a.o. the source term category;

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

· Man-machine Interface: communication with the CAMS user.

B.2 
Main Elements of the Work Programme

The work programme of the SAMOS project is subdivided into a number of Tasks (Work Packages):

1. Establish a 'Wish List' of items where the computerized tool can support the SAMG process.

2. Description of the adaptation of CAMS to reach the goals identified in 1. This can be further subdivided as follows:

2.1. Adaptation of the various CAMS modules to a generic NPP, including the development of the signal validation module for severe accidents.

2.2. Computerized support for the various tools in the list developed in 1; development of additional CAMS modules for this task.

2.3. Adaptation of the logic schemes in CAMS to identify relevant plant damage states, obtained in 1.

2.4. Outline for the use of the severe accident analysis code MAAP in CAMS.

2.5. Definition of an iteration loop in CAMS capable to correct the MAAP code results on the basis of observed parameters.

2.6. Specification of the connection of SAMOS to the simulator.

3. Adaptation of the computerized tool for a VVER.

4. Development of the complete functional specification for the work to be done on CAMS and its application to an actual PWR plant, including the VVER - a task that summarizes the work done under 1 - 3.
The actual work was carried out by a project team of:

· the Institute for Energy Technology (IFE) in Halden, Norway;

· Tecnatom, a utility supporting organisation, supported by Iberinco, both in Madrid, Spain;  

· Nuklearna Elektrarna Krsko (NEK), which owns and operates Krsko NPP, Slovenia; and 

· NSC Netherlands, Leiden, The Netherlands, as the project coordinator

· VVER-work was done by the Nuclear Regulatory Authority of the Slovak Republic (UJD), supported by VUJE.

The project team made use of the SAMG of generic Westinghouse plant data (4-loop PWR), provided by Westinghouse Electric Europe (WEE), who provided review and feedback. The possible coupling of the SAMOS-tool to a full scope severe accident simulator was provided by the Krsko Nuclear Power Plant.

B.3 
Overview of Packages of the Work Programme

B.3.1
Work Package 1 - Establish a List of Items where the Computerized Tool can Support the SAMG Process

Work Package 1 (WP 1) consists essentially of defining those functional areas where the team feels SAMOS could and should fulfil a valuable service to the operators and the TSC during a SAM event (a ‘Wish List’ for the SAMOS tool). 

Basic information to be used: 

· the SAMG approach of the generic NPP approach, focused on practical application; 

· the various SAM guidelines, their set points, computational aids, graphs and other formulae for quantitative SAMG information;

· the available I&C and its qualification;

· the NPP PSA and other severe accident analyses available; 

· the generic ERO and the responsibilities defined;

· the actual SAMG usage. 

The focus will be on the WOG SAMG in use, and some elements of other approaches (CEOG, BWROG).

The work will consider the coupling to a plant simulator, as the simulator should be the test vehicle for the actual computerized tool.

B.3.2
 Work Package 2 - Adaptation of CAMS to Reach the Goals of B.3.1

B.3.2.1    CAMS Adaptation to a Generic NPP
In this Task, it will be specified in detail where the CAMS method must be adapted to the generic NPP. Notably the various modules in CAMS will be modelled with plant data where this is feasible and it will be indicated how this must proceed for the remainder of the work. The signal validation module should be redesigned for severe accidents. The CAMS structure will reflect the plant and instrumentation layout, so that actual data can be fed in easily. This part of the work includes the possibility of CAMS to infer a physical picture of the event, including the initiating event (such as LOCA, SGTR, station blackout, etc.), and of the status of the RCS and the SG.

B.3.2.2
  Functional Specification of the Various Tools to Support the NPP in the List Provided under B.1
In this Task, the functional specification of the various tools to support the NPP in the list provided under WP 1 will be developed. E.g. methods will be derived to develop Computational Aids, to execute the logic Diagrams of the 'Decision Flow Chart' and 'Severe Challenge Status Tree', and to initiate the Severe Accident Guidelines and Severe Challenge Guidelines. Other examples are the modelling of available success paths, guidance for system restoration, prediction of dose estimates in various plant compartments and off-site doses. If time permits, and in consistency with the final list of functions of the SAMOS, the partners will model in parallel the various Candidate High Level Actions, together with their initiation, termination and throttling criteria, as described by the CEOG approach, and the Restorative Guideline. As in WP 1, it must be indicated what must be done and how it must be done, once the SAMOS-tool will be developed.

B.3.2.3   CAMS Adaptation to the Final Plant Damage States
In this Task, the logical trees in the CAMS method will be adapted/expanded to be able to derive the various plant damage states of the final list. This will include the logical trees of the CEOG Phase I and, as far as is appropriate, the verification tables of Phase II and the default guidance where diagnosis fails. As in WP1, it must primarily be indicated what must be done and how it must be done once the SAMOS-tool will be developed.

B.3.2.4   Outline for the Use of the Severe Accident Analysis Code MAAP in CAMS
In this Task, an outline for the use of the severe accident analysis code is made - based on an existing computer code - to be able to predict the outcome of SAMG actions, or the use of the timing data library, assuming that sufficient initial conditions are known. Examples are the re-flooding of in-vessel debris, flooding of ex-vessel debris, spraying the containment, and venting the containment. If available, characteristics of the ASTEC code will also be considered in this respect.


B.3.2.5   Criteria Definition for an Iteration Loop in CAMS Capable to Correct MAAP Code Results on the Basis of Observed Parameters
In this Task, criteria will be defined for an iteration loop in CAMS that is able to correct code results on the basis of observed parameters (different from the present version that is based on a source term comparison). E.g., if the predicted rise in containment pressure after debris flooding deviates from the observed one, an iteration on input parameters must be performed. Such an input parameter could be the amount of core-concrete interaction that is assumed to take place or has been calculated earlier. Due consideration should be given to the number of input parameters that could affect the outcome. 

The objective should not be a precise prediction of the upcoming events in the actual severe accident scenario (as this is judged to be still impossible), but to determine an estimate of the timing to major events, such as SG tube creep rupture, vessel melt-through, foundation melt-through, containment overpressure. Due consideration should be given to the uncertainties involved. The iteration does not need to be automatic (as this may result in overlooking the uncertainties), i.e. it is done off-line, by manual interaction. Emphasis is on insights that are relevant for SAMG actions to be taken and for estimating off-site releases. Where available and relevant, insights of other European projects under FP5 will be considered.

B.3.2.6   Connection of SAMOS to the simulator
In this Task, it will be indicated how the CAMS modules will be connected to the generic NPP and its simulator. This will be done for the full scope severe accident simulator at Krsko NPP. Due consideration will be given to an optimum man-machine interface. 

More information is provided in Appendix 6.

B.3.3 Work Package 3 - Adaptation of the SAMOS -Tool for a VVER

In this Task, it is investigated how the above tasks should be executed for a VVER. The results should make it possible to develop similar tools for the VVER.

B.3.4
 Work Package 4 - Functional Specification of the Work to be Done on CAMS and its Application to an Actual PWR plant, Including the VVER.

This Task is the preparation of the Final Report, including an overview of the activities needed and their planning.

C.
WORK PERFORMED AND RESULTS

In this chapter, the main achievements are specified. Numbers follow those of chapter B.

C.1
SAMOS ‘Wish List’ to Support SAMG

The project team defined a wide list of applications of computerized support for the execution of SAMG, including the capability to indicate future events, which is notably important for outside protective measures (sheltering, evacuation, etc.). The final ‘wish list’ of functions which the SAMOS-tool should be capable to perform, is as follows:

1. Present an overview of the key parameters including their trends and the validation of the signals.

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

1. Identify the relevant core damage states, as described in A.2.

1. Identify the relevant containment damage states, as described in A.2

1. Identify useful countermeasures, such as the 'severe accident guidelines' (SAGs/SCGs) in the WOG approach, and ‘accident management guidelines’ (AMGs) in the CEOG approach.

1. Identify the various thresholds, including exit conditions, for these countermeasures (e.g., the set points in the WOG approach) on the basis of the actual plant data. 

1. Provide the applicable computational aids for the WOG SAMG approach.

1. Indicate (approximately) the time that will elapse to major events (e.g. core damage, SG creep rupture, RPV melt-through, basemat melt-through, containment over- pressurization). 

1. Monitor/indicate radiation fields inside the buildings and the amount of time crew can spend there to restore vital equipment to service.

The prediction of the source term is implicitly present in the CAMS application.


The full process of developing the ‘wish list’ is contained in SAM-SAMOS-P001, attached in revised form to the full Final Report as Appendix 1.


The corresponding ‘wish list’ for the VVER-440 is contained in Annex 3 to Appendix 1. It contains the same elements, but provides the background from the VVER-perspective.

C.2

CAMS Adaptation to a Generic PWR NPP

C.2.1  Adaptation of the CAMS Modules
The Data Acquisition Module: this module does not need any changes, except a change in the programming language.

The Signal Validation (SV) Module: this module is basically also suitable in the severe accident domain, but the module must be ‘trained’ using data from the severe accident code (neuro-fuzzy systems ‘learn’ by examples). Such ‘training’ may take quite some time; on the other side, the required accuracy is less in the severe accident domain. Validation can also make use of redundantly available signals. This should be incorporated into the SV module. Where parameters are more critical in the decision making process, more value should be attached to their validation. Use should also be made of the error bands provided by the plant process computer.

The Diagnosis Module (DM) will first be described in some more detail.

The DM receives the plant data from the NPP process computer or from the Signal Validation Module and processes them allowing the user to identify the instantaneous status and conditions of the plant during the accident. It has been designed to accomplish the following functions:

· To identify the initiator event. 

· To determine the status or availability of systems and equipment needed to avoid or mitigate the consequences of the accident as derived from the initiator event.  

· To diagnose the status of the reactor core, reactor vessel and containment building (diagnosis of the Plant Damage States).

The methodology developed to achieve these functions comprises of the following tasks:

· Identification of the signals and parameters needed, their operating ranges and possible backups, or their alternative measurements.

· Description of the outgoing information (results) of every function of the module.

· Definition of a series of logic rules that manage the instrumentation data and its variations to carry out a diagnosis or to identify a plant damage state.

The main issues for the adaptation process of the Diagnosis Module to a specific NPP are the following: 

· To check if all the needed variables are already included in the module, pointing out whether the variable is directly measured, or calculated and add the ones that may be missing

· To define the reference values to classify the variables as “normal”, “high”, “low”, etc., and also their tolerances.

· To update logic trees with the defined reference values 

The logic rules are produced as flow charts or logic trees that ask in each node about the value of certain parameters (high, low, normal, etc.). Depending on the answer, one of the possible ways that leave each node is selected. These ways lead to new questions until an end node is reached. Each of these end nodes or exits of the logic tree constitute the most reasonable diagnostic. In this way, discrimination between possible events will be obtained, e.g. “yes, we have RPV failure” or “no, we don’t have RPV failure”, and “yes, we have direct heating”, or “no, we don’t have direct heating”.

Criteria to classify the variables as “normal”, “high”, “low”, etc., have to be formulated, depending on reference values for each variable. These reference values may depend on empirical or theoretical curves.

Furthermore, these criteria cannot be that strict in the way that a small variation in the value of a variable (for example, 0.01ºC in a temperature variable) will produce a complete change in the diagnostic. Hence, a certain relaxation margin is needed. That margin stands for the amount that the reliability of a variable is reduced when its value moves away from the reference value. It depends on the tolerance that can be given to the measurement or calculation of the variable. Criteria should be applied less strictly, the larger the tolerance of a measurement or calculation is.

Set points and comparison criteria should be adjusted and defined for the specific plant, either by severe accident sequences calculations, estimations, or expert and engineering judgement.

The adaptation of the Diagnosis Module for a specific NPP requires, therefore, the definition of the reference values and their tolerances for all the variables used in the logic rules. 

Once the reference values and their tolerances are established for the specific plant, all this information should be included in the logic rules that define the logic trees. This is done through the ASCII files that define the knowledge base of the system.

A table of the variables is available in CAMS, which contains all data necessary to discriminate between the various initiator events and plant damage states in the way described. The table is presented in Appendix 2 as Table T2 (note: this Appendix is only present in the full report). Quite a large number of plant specific MAAP runs will be necessary to obtain the various numerical values.

No variables were found to be missing for the adaptation to the NPP selected (Krsko).

Note: the values in Table T2 may not yet give a full discrimination for all relevant scenarios. E.g., for interfacing system LOCA’s, the hydrogen measurement in the containment may not give the proper diagnostic (no hydrogen yet, but anyhow severe core damage). Various comments of this nature are attached to the variables in the table, and a further development may still be needed. This will be further investigated in the actual development of the SAMOS tool.

Also the Fitting Module (FM) will first be described in some more detail.

The FM is a complement to the Diagnosis Module.  The integration of the Fitting Module in the CAMS structure, along with the Diagnosis Module and the Signal Validation Module will allow to identify, in any moment of a hypothetical severe accident, the initiator event, the plant damage state, and the Source Term Category (STC) associated to the activity expected to be released to the environment.  The information provided by both the Diagnosis Module and the Fitting Module will permit the user to outline the necessary initial and boundary conditions for a MAAP computer code calculation to simulate the accident progression.

The Fitting Module takes several instrumentation signals and some output of the Diagnosis Module and combines them, by means of logic rules, into the STC released to the environment during the ongoing of a severe accident, according to the Level 2 Probabilistic Safety Assessment (PSA) STC diagram. In addition, it will allow to compare the actual STC top events determined by the Fitting Module with the ones calculated in a user defined MAAP computer code sequence.  This comparison will permit the user to decide whether or not to outline a new MAAP calculation (changing the initial and/or boundary conditions according to the Diagnosis and Fitting Modules output) to obtain a more realistic calculation of the accident progression.

The main issues for the adaptation process of the Fitting Module to a specific NPP are the following:

· To adapt the logic rules of this module to the specific Source Term Categories of the NPP Level 2 PSA, if available.

· To check if all the NPP needed variables are already included in the module, pointing out whether the variable is measured or calculated.

· To define the reference values to classify the variables as “normal”, “high”, “low”, etc., and also their tolerances. 

· To update logic trees with the defined reference values.

Once the specific PWR NPP is chosen, the top events used to define its specific Source Term Category Diagram should be studied and compared to those included in the Fitting Module for a generic NPP. If there are big differences among them, new top events should be defined to adapt this module to the real plant. The top events of the generic PWR NPP STC Diagram processed by the Fitting Module are the following:

· Containment Bypass

· Core Cooled Inside of Vessel

· Alpha Mode Containment Failure

· Time of Containment Failure

· Time of Containment Sprays Operation

· Size of Containment Failure Mode

· Fission Product Mitigation.

These top events are intermediate nodes of the STC Main Logic Tree of the Fitting Module, which are evaluated by logic diagrams. The end nodes of the STC Main Logic Diagram are the generic plant Source Term Categories.

Once the reference values and their tolerances are established for the specific plant, all this information should be included in the logic rules and trees. This is done through the ASCII files that define the knowledge base of the system. As with the DM, all this information should be placed in a table, in which the whole list of fitting variables to be studied for the specific NPP is included.

No variables were found to be missing for the adaptation to the NPP selected (Krsko).

As a consequence of the work done on Task B.3.2.5, ‘Criteria Definition for an Iteration Loop in CAMS that is Able to Correct MAAP Code Results on the Basis of Observed Parameters’, it is possible that some new logic trees should be developed to be part of the Fitting Module. Required variables, set points and tolerances for these new logic trees should be then included in the tables of the Fitting Module as expressed in the former items.

Note: the comments at the end of the preceding paragraph on the Diagnostic Module apply also here.

The Man-machine Module must be adapted to the architecture of the CAMS final configuration. As this is a facilitation of the SAMOS-tool, it is not further described here.

A more detailed description of the above mentioned items is available in Appendix 2.


C.2.2

Computerized Support for the Various Items of the ‘Wish List’

A new module needs to be developed for the Computational Aids (CAs) and Decision Support. This module would include the 7 CAs corresponding to the WOG SAMG methodology and the logic diagrams of the diagnostic tools included in the WOG methodology: the Decision Flow Chart (DFC) and the Severe Challenge Status Tree (SCST).


CAs will either be calculated using current system parameters, calculated from pre-given system parameters if these do no change during the event, or read from available pre-calculated CAs, by digitising the associated curves (e.g., decay heat curve since reactor shutdown).


Note that the actual number and form of the CAs is plant specific; the method described is sufficiently flexible to be adapted to plant unique features.


A second new module is the guidance for System Restoration, which evaluates the operability and reliability of plant systems, needed to perform functions in the SAMG.

Two questions are addressed for each system and function identified in the SAMG:

· If the system is available to perform the function, how long can it be expected to continue to be available?

· If the system is not available to perform the function, how much time would be required to make it available?

All plant systems and functions identified in the SAMG should be evaluated in this task. Any support system (e.g., component cooling water), which is required for a system identified in the SAMG to perform a mitigation function, is also assessed.

Assessment Methodology for System Restoration:

The assessment of system and equipment availability should be done through a combination of the following:  (1) evaluating indications, (2) monitoring system performance, and (3) reports from in-plant repair and damage control teams. Examples of inputs which may be useful in assessing component or system availability include: valve position, system flow, pump motive power, trip/logic relay activation, tank levels, etc.

One of the most important tasks is the identification of dependencies between systems. This could be done through the preparation of tables in which the most important physical and functional dependencies between plant systems are described, so that it is visible how front line and support systems depend on other support systems. The tables should include the environmental limits of components and possibilities to actuate them manually actuated.

For injection systems, tables could be generated containing the necessary information to align the system from dedicated and alternative sources and line-ups. Sources should also be included, plus the time that they will be available (e.g., refuelling water storage tank (RWST), condensate storage tank, boric acid storage tank).

Generally, all systems that play a role in SAMG should be addressed. Examples: main/auxiliary feedwater systems, condensate pumps, secondary PORVs, steam dump valves, pressurizer PORVs and spray system, RPV head vent valves, RCS safety injection, charging pumps, RHR pumps, containment heat removal system (fan coolers), containment spray system, hydrogen measurement system (monitors), hydrogen control system (recombiners, igniters), hydrogen purge system, sump level monitoring, instrument air system, containment radiation monitors, off-site radiation monitors, auxiliary building HVAC system.


A third new module is the guidance for Dose Estimate Prediction. Methods of estimating source terms would be considered based on actual or evaluated plant conditions. First, plant damage states need to be found, followed by an estimate of potential release paths. The WOG SAMG addresses releases from three potential sources: containment, steam generators or auxiliary building. Therefore, all three sources should be evaluated, to ensure that all potential release paths will be mitigated. In-plant release paths will reveal present and/or future local radiation levels, which are relevant for repair teams. Finally, the event identification with the core/containment state obtained, would permit the accident classification according to the main guidelines included in the Emergency Plan.

More detail of the above mentioned items is available in Appendix 3.

C.2.3
Adaptation to Plant Damage States

The ‘wish list’ contains multiple items addressing plant damage states (PDS) of various nature (EPRI, CEOG, other). The primary use and need for PDS is as an aid in the decision-making process, to select strategies (e.g., to find whether a release is from a leaking SG, an interfacing system LOCA or a containment breach, or – for other than WOG SAMG – whether there is an RPV failure
) and as a SAMG interface with the emergency plan. 


The parameters needed to support determination of the PDS, within the SAMOS tool, were determined to be available as a result of meeting the other wish list items. The available logic trees and their exits and end states are expected to also cover the plant damage states used in the CEOG SAMG, plus the alternate ones defined in A.2. Small adaptations may still be needed, which were not studied during this project.

C.2.4
Outline of the Use of the MAAP-code in the SAMOS-Tool
The MAAP4 code is a powerful tool for simulating severe accidents, as it has been demonstrated in many PSA plant analyses. This section describes the interactions between the Diagnosis module, the Fitting module and other CAMS modules and the MAAP4 code. 

The system receives the plant automatic and manual data and uses them to calculate the probabilities of the diagnostics of the plant and systems states, and the initiator events. These diagnostics (jointly with some produced by the Fitting module) are used by the Fitting Module to calculate the probabilities of the expected source term categories and to produce the comparisons with the MAAP4 code calculations for every single moment. As the MAAP4 code does not calculate the source term categories directly, the comparisons are done between the results of the Diagnosis and Fitting modules and the plant state and systems conditions given by MAAP4. If an external application (by means of a data base) or the MAAP4 code itself (by means of calculations subroutines) calculate the source term categories from MAAP4 results, they could be included in the comparisons, if this was the objective of the process.

Once the system has been activated, a number of activities is carried out in each sampling period: reading of process data, calculation of the plant state diagnostics and prognostics of the source term categories, MAAP4 comparisons, and refreshment of the information in the output. The sampling period is specified in a definition file and it is modifiable in a state file for the subsequent data readings. The termination of the application can be done by the user or by an external application by means of the modification of a parameter in the state file. The diagnostics and prognostics produced in the different sampling periods can be stored in independent files with the values of the probabilities found and the dates and times of their production for future trend analysis. The period of the diagnostic and prognostic historical saving is also specified in the state file and can be modified for subsequent sampling periods.

The characteristics of a nuclear power plant make it necessary that the values of reference and tolerances of the variables employed in the production of the diagnostics and prognostics can be changed depending on the evolution of the cycle before the accident. This task is only done once before activating the system although it is possible to define reference values that change with the evolution of the accident depending on the value of other variables. The operation conditions affect the reference values of some of the variables; hence, the user should periodically review this configuration.

The architecture of the system is displayed in Fig. C.1

Note: information has been assembled about the ASTEC code [v], which reveals that this code would also be a good candidate for the SAMOS tool. As the present project focuses on the Krsko simulator, which uses MAAP4, further efforts to study the use of ASTEC have not been made. This is part of a follow-up activity, described in C.4.

Further information is provided in Appendix 4.


C.2.5  
An Iteration Loop in the SAMOS-Tool to Correct MAAP Code Results Using Observed Parameters

By using MAAP in an iterative way, the SAMOS tool will be able to provide a predictive capability during a severe accident while following its evolution. This section describes the function of an iteration loop, a process by which this prediction can be updated based upon real-time data.


When the Diagnosis Module detects plant conditions which match an initiator event, the system will prepare an input file to initialise a simulation with the MAAP4 code. If the user agrees, the simulation will start. Every sampling period, comparisons are carried out and saved by the system, showing these to the user every time interval previously defined. When the system recommends a restart, the user can agree or not, or may ignore this information, if dedicated to other tasks at this particular moment. In case the system does not receive an answer, the MAAP4 simulation continues running without any change. When the user decides to accept the recommendation of doing a restart, then it is foreseen that the system will look for the first restart input file suggested and will execute it. The process is shown in Fig. C.1

If the Diagnosis Module identifies an initiator event which is different from the one that started the MAAP4 calculation, the simulation is restarted from the beginning of the sequence. If the wrong status of a safety system is the cause of the discrepancies, or a miss-detected plant damage state, the simulation would be restarted from the time step when the discrepancy was detected. If later in the accident evolution the user demands a new restart, this process would be repeated: it would be executed with the older restart file saved prior to this new simulation. This means that the fitting of the calculation will be done in an iterative way.

The logic of the process of weighting differences in calculated and measured plant characteristics and the subsequent decision making is depicted in Fig. C-2.

Every time the restart recommendation is done, the MAAP Auxiliary Program prepares a restart input file. The user will be able to display it, like a text file, and edit it if desired. Caution must be exercised, as the results cannot be better than the uncertainty associated with the use of the MAAP code.  These uncertainties should be estimated and should be properly propagated through the calculation process.



A more detailed description is available in Appendix 5.


C.2.6  
Connection of SAMOS to the Simulator

Early in the project, a decision was made to focus the first application of the SAMOS tool to the Krsko NPP full scope severe accident simulator, which uses the MAAP4 code. As a result, this task was specific to the connecting of SAMOS to Krsko; however, the basic process would not change for another application.


SAMOS must keep the modular architecture that CAMS already has. Additional or different modules can be connected to the system with little effort. The System Manager is responsible to keep all the modules together and synchronize the flow of the operations and the exchange of information among modules. Fig. C.3 highlights the modular architecture of CAMS. The modules never communicate directly with each other, but only through the System Manager.

The Calculation Module

Some of the variables needed by the SAMOS Tool are not directly available through the plant instrumentation. The Calculation Module, which is located between the validation unit and the database, is responsible to calculate or estimate all the necessary variables that depend on the available instrumentation. This module does not exist in the current version of CAMS and must be designed from scratch. The Calculation Module must provide, as a minimum, the following values to the system:

 1. Alternating Current Electric Power. Electric power availability signal (ACEP)

 2. Auxiliary Feedwater Flow (AFWF)

 3. Battery banks available and with adequate charge (BATS)

 4. Heat Exchanger Operating Signal (HXOS)

 5. Available Net Positive Suction Height in containment (NPSHa)

 6. Reactor Decay Heat

 7. Time since reactor trip signal (T)

 8. Core Exit Thermocouples Temperature (Tcore)

 9. Average RCS temperature

10. Pressurizer Relief Tank Level Variation (VLRT)

11. Pressurizer Relief Tank Pressure Variation (VPRT)

12. Pressurizer Relief Tank Line Temperature Variation (VTRT)

The Krsko simulator

NPP Krsko has a full scope state of the art plant specific simulator, which has a capability of simulating also severe accidents or so called beyond design bases accidents. This was achieved by integration of MAAP4 as a severe accident code into the simulator model. An integral part of the simulator plant computer system (acronym: PIS), identical to the one used in the real plant, is also included. During a simulation, the simulator host computer simulates data acquisition or so-called Level 1 PIS system. All the data that is available in the real PIS is transferred to SPIS (simulated PIS) from the simulator host computer every 1-second (for analog values) and upon the change (for all digital points). It is anticipated that the SPIS data will feed into PEANO to support the application of the SAMOS tool.

C.3
Adaptation of SAMOS to a VVER

Currently, data sets from Technological Information System (TIS), Radiation Information System (RIS) and Teledosimetric System (TDS) are available for the monitoring of the VVER plants in Slovakia. The systems provide more than 1,000 analogue and binary signals every 2(5) minutes. The signals include data on the unit actual status, the functioning of the safety systems, the radiation situation in the containment, the buildings, the plant site, and the emergency planning zones. The received signals are continuously recorded, stored and evaluated. It is believed these would be compatible with the needs of SAMOS.

An assessment of potentially needed efforts on individual CAMS modules for VVER-440 is given below. Only modules that would require substantial activities are discussed.

Data acquisition module (DA)

The DA module was developed to avoid any dependency from other CAMS modules or the external data source, with only a few exceptions. Thus, most adjustments regarding individual plants must be done within this module. The VVER hardware, especially at the older plants, the different approach in monitoring and other specific characteristics can result in extensive modifications to the DA module. In addition, there are differences in evaluation modules, as mentioned below.

As a typical example, the DA bridge will need extensive modification to be adjusted to the VVER-440 display system (Picasso).

Generally, there is enough detailed coverage of the VVER-440 units with appropriate measured values, comparable to the plants for which the CAMS was developed. This does not involve parameters for severe accident identification and management, as these are at present under investigation and in design, and which are also dependent on the outcome of the present SAMG project. 

Signal validation (SV)

Modifications are expected to be most demanding and most challenging at the SV modules. Especially, the neural network methods, which need a large amount of both experimental (for normal operation) and calculation (for beyond-normal conditions) data sets, could lead to extensive development and tuning periods. Even much simpler direct validation schemes would need detailed knowledge of VVER-440 operation and interconnections between monitored parameters.

Diagnosis Module (DM)

It is probable that relatively large modification of algorithms will be necessary to adjust the identification part of the system (the identification of the initiator and the damage state of the plant), as well as the definition of logic rules for induced actions. This is because of differences in both the way information is monitored and the evolution of transient processes in the VVER-440 design.

Most of the user-defined set points for the DM need to be derived from plant specific calculations, for which there are appropriate codes. Some set points, especially those for severe accident guidelines, need to take into account at least the location of the detector (or other source) of the relevant value to be checked. Other sets of variables are dependent on the structure of the SAMG, and the various phases of core and containment response. Additionally, there is a large group of other parameters, which is dependent on the calculations, the structure of the SAMG, the strategy chosen, etc. Also these data could be in general potentially made available, once the boundary requirements and conditions are known.
Once developed for one VVER-440 unit, the DM module would be easily adapted to other VVER-440 units, by simply updating the reference values and tolerances. 

Further information is provided in Appendix 7.

C.4
Functional Specification of the SAMOS-Tool
The various tasks to be performed for the actual development of the SAMOS-tool are described in the preceding sections. They are summarized as follows:

1. Various CAMS modules need to be developed to accommodate the SAMOS tasks, notably the System Restoration and the Activity Release Module, others must be adapted, also the programming language of some modules must be changed.

2. The Diagnosis and Fitting Modules need to be adapted.

3. The data tables for discrimination of events and plant damage states must be developed.

4. The CEOG logic must be available for comparison.

5. A coupling needs to be made with MAAP4.

6. A MAAP4 iterative loop needs to be developed.

7. The SAMOS-Tool must be connected to the Krsko simulator and its use demonstrated.

A further investigation could be the application of Bayesian networks to identify a.o. plant damage states, as alternatives to the methods at present applied in various SAMOS Modules, notably the Diagnosis and Fitting Modules. This option seems to be promising, but its evaluation has not been part of the present project.

The detailed activities are grouped differently, for ease of detailed planning and description. They are subdivided as follows:

1. Design specification of the SAMOS-tool.

2. Development of the software for the SAMOS modules.

3. Development of other software (MAAP application).

4. Implementation of SAMOS at the Krsko simulator.

5. Testing and validation.

6. VVER-application

7. Documentation. 

8. Dissemination.

Table C-I specifies the various activities. Table C-II specifies the estimated volume of work for a future consortium, which is close to 2400 person-days, and a planning. The present partners and subcontractors have agreed to be full members of this consortium. On its request, the Royal University of Technology (KTH) in Stockholm, Sweden, has been added to the consortium, as well as a subcontractor to KTH, the Silesian University in Poland.

The work described above could be performed in about 24 months. After that, the following tasks could be foreseen, in the following or different sequence:

1. Dissemination of the work.

2. Further preparation of the SAMOS-tool for VVERs;

3. Introduction of the SAMOS-tool to other plants (French, German PWRs);

4. Feedback of experience;

5. Introduction of Bayesian networks, if deemed successful;

6. Use of other severe accident codes in the SAMOS-tool;

7. Development of the SAMOS-tool for BWRs.

Ad 1.

This is already included in the first part of future work.

Ad 2.

The volume of the VVER-work will be estimated in the first 24 months. It is anticipated that much of the work for Krsko can be used. Differences are expected in the decision diagrams (the Diagnostic Flow Chart, DFC, and the Severe Challenge Status Tree, SCST), as has been discussed. Also the tables of the discrimination processes will be different (Task C.2.1 above); they also need to be calculated for the VVER, e.g. using MAAP-VVER. The coupling to the VVER-simulator will be similar, but no VVER simulator has capacities in the severe accident domain, so that the verification and validation must be organized differently.

Ad 3.

Adaptation to French and German PWRs will require some fundamental work. The detailed development of SAMG for these reactors is still in progress and does not look like the WOG SAMG, so that some basic adaptations will be needed. The actual support of the SAMOS-tool for the SAMG of these plants is, therefore, difficult to assess at this stage. The predictive part is not expected to be much different.

Framatome-ANP, France, has however already expressed its interest.

Ad 4.

Further experience at Krsko and the implementation at other plants will lead to results that should be fed back to the main mechanism of SAMOS. Various improvements are expected. At this stage, no detailed assessment can be made.

Ad 5.

The introduction of Bayesian networks is a basic step, that can have impact on the existing modelling of the diagnostic tools. If they indeed are useful and can improve the present mechanisms substantially, redesign of some of the modules in SAMOS may be needed. This is a considerable task, of which the volume cannot be estimated at this stage. At most, both diagnostic modules in SAMOS need to be redesigned.

Ad 6.

The introduction of codes like ASTEC, MELCOR, ICARE, ATHLET-CD, can be important for a family of plants that use other codes in their PSAs than MAAP4. This will have voluminous consequences, as the core of SAMOS is built around MAAP4. At this stage, the consequences cannot be estimated in detail.

Ad 7.

The development for BWRs is straightforward, for those BWRs that use SAMG of the BWROG (Spain, Switzerland), as much work is already done, [4]. German and Swedish BWRs have other characteristics and other SAMG, so that large parts of SAMOS need to be redeveloped for those plants.

D.  CONCLUSIONS

The above description of the SAMOS project work, completed over the past 2 years, clearly indicates that development of the SAMOS computerized tool for TSC support during a severe accident is viable and that CAMS is an excellent program to serve as the base for this tool. The flexibility of the CAMS system is very valuable for adapting the final SAMOS tool for many NPP types, including the VVER. 

The SAMOS tool reduces uncertainty of signals, provides information on the status of the plant, keeps the Computational Aids current, guides system restoration, and predicts - with an uncertainty band - major events such as vessel melt-through, steam generator tube creep rupture and containment challenges by hydrogen burn or overpressure. It also provides source terms / dose estimates inside and outside the plant, associated with ongoing and future releases.

Hence, the SAMOS tool, once developed, is expected to be a considerable aid for the execution of severe accident management guidance at the plant and the protection measures by the off-site emergency organisation. It will bring relief and support in a potentially high-stress environment, and thereby further reduce the risk of faulty decisions.

The actual construction of the SAMOS tool can be accomplished within two years, by a number of competent consortium partners, and in a volume of about 2400 person-days.
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	Task
	Sub-tasks

	1. Develop SAMOS Design Specification
	Module Communications specification

	
	Performance and design constraints

	
	External Interface design specification

	
	Verification and Validation criteria

	
	Scenario (10) and transient scope specification

	
	Software specification

	2. Software Development SAMOS Modules:
	System Manager

	
	Data acquisition

	
	Signal validation

	
	Diagnosis

	
	Fitting

	
	Computational aids

	
	Activity release

	
	DFC & SCST (diagnostic and challenge trees)

	
	MAAP Auxiliary program

	
	System Restoration

	
	User interface

	3. Software Development
	Test developed software

	
	Scenario analysis (10) and development of Tables associated with the diagnosis and fitting modules

	
	Identification of plant specific database for SIM – SAMOS interface

	4. Software and Module integration within SAMOS
	Verification and validation

	
	Test the integration

	
	FAT

	5. Install and implement SAMOS at Krsko simulator
	Simulator interface development


	
	Perform final system verification and validation

	
	SAT

	6. Complete SAMOS  documentation
	Final Design Spec.

	
	Users Manual

	
	Operations and maintenance program


	
	Summary Test results

	7. VVER-application
	Summary of all steps needed to implement the SAMOS-tool at a VVER

	8. Other applications
	Summary of all steps to implement the SAMOS-tool at Swedish reactors and Framatome-ANP plants; use of other severe accident codes (ASTEC, etc.)

	9. Bayesian networks
	Future use of Bayesian networks in diagnostic modules

	10. Dissemination programme
	Document lecturing material

Design/participate courses and training

	11. Project Management and Administration
	


Table C-I  -  Overview of Tasks in the SAMOS Tool Functional Specification

	WP

 nr.
	Work Package Title
	Lead con-tractor
	Person

-days
	Start

(month)
	End

(month)
	Deliv-erable

nr.

	1
	Complete design spec
	NSC
	129
	  0
	4
	 1

	2
	Development SAMOS

modules software
	Iber/Tec/

IFE
	725
	  4

	16
	 2

	3
	Other software development
	Iber/Tec
	 103
	10
	18
	 3

	4
	Software and Module integration within SAMOS
	Iber/Tec
	149
	18
	21
	 4

	5
	Install and implement SAMOS

at Krsko simulator
	NEK
	110
	21
	23
	 5

	6
	Complete SAMOS  documentation
	NSC
	181
	  0
	24
	 6

	7
	VVER-application
	VUJE
	218
	  0
	24
	 7

	8
	Other applications
	WEE, KTH
	  90
	  4
	24
	 8

	9
	Bayesian networks
	KTH
	115
	  0
	12
	 9

	10
	Dissemination programme
	NSC
	 68
	18
	24+
	10

	11
	Project Management and Administration
	NSC
	194
	  0
	24
	11

	12
	Final report
	NSC
	  72
	18
	24
	12

	
	Contingency
	
	200
	  0
	24
	

	
	TOTAL
	
	2354
	

	
	


Note: the project partners and subcontractors of SAMOS have been theoretically selected to perform the tasks (plus the Royal University of Technology in Stockholm (KTH), who is an additional partner). This was done to realistically estimate the amount of work

Deliverables 1 - 5 are limited in scope, as the full documentation of these Work Packages is done in WP 6. Similarly, WP 7 - 11 are fully documented in WP 12. All deliverables will be confidential, but with a summary in the public domain.

Table C-II    List of Work Packages and Deliverables of the SAMOS Tool Development
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Fig. B-1  Architecture of the CAMS modular system 
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Fig C.1 – Modules in the iteration process
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Fig. C.2  - Characteristics of the SAMOS tool iteration process

Fig. C.3 – Architecture of  CAMS

� Most approaches do not separate between OX and BD in practice.


�  This is not really a containment damage state, but is a relevant plant damage state if associated with one of the mentioned core damage states.


� A useful methodology here is the one designed for the BWROG by ERIN Engineering, [u].


�  The WOG SAMG does not make use of RPV failure recognition.
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